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Background: Given rising morbidity, mortality, and costs due to heart failure (HF),

new approaches for prevention are needed. A quantitative risk-based strategy, in line

with established guidelines for atherosclerotic cardiovascular disease prevention, may

efficiently select patients most likely to benefit from intensification of preventive care, but

a risk-based strategy has not yet been applied to HF prevention.

Methods and Results: The Feasibility of the Implementation of Tools for Heart Failure

Risk Prediction (FIT-HF) pilot study will enroll 100 participants free of cardiovascular

disease who receive primary care at a single integrated health system and have a 10-year

predicted risk of HF of ≥5% based on the previously validated Pooled Cohort equations

to Prevent Heart Failure. All participants will complete a health and lifestyle questionnaire

and undergo cardiac biomarker (B-type natriuretic peptide [BNP] and high-sensitivity

cardiac troponin I [hs-cTn]) and echocardiography screening at baseline and 1-year

follow-up. Participants will be randomized 1:1 to either a pharmacist-led intervention

or usual care for 1 year. Participants in the intervention arm will undergo consultation

with a pharmacist operating under a collaborative practice agreement with a supervising

cardiologist. The pharmacist will perform lifestyle counseling and recommend initiation or

intensification of therapies to optimize risk factor (hypertension, diabetes, and cholesterol)

management according to the most recent clinical practice guidelines. The primary

outcome is change in BNP at 1-year, and secondary and exploratory outcomes include

changes in hs-cTn, risk factor levels, and cardiac mechanics at follow-up. Feasibility will

be examined by monitoring retention rates.

Conclusions: The FIT-HF pilot study will offer insight into the feasibility of a strategy of

quantitative risk-based enrollment into a pharmacist-led prevention program to reduce

heart failure risk.

Clinical Trial Registration: https://clinicaltrials.gov/ct2/show/NCT04684264

Keywords: heart failure, primary prevention, pharmacist, risk prediction, natriuretic peptides
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BACKGROUND

Although overall cardiovascular disease mortality has declined 3-
fold over the past five decades (1), this has been largely driven
by improvement in ischemic heart disease mortality rates (2).
Advances in the prevention of ischemic heart disease have now
been offset by increasing mortality related to heart failure (HF),
resulting in stagnation in overall cardiovascular disease mortality
rates since 2011 (3). HF affects an estimated six million American
adults, a prevalence which is expected to increase nearly 50% by
2030, and is responsible for ∼1 million hospitalizations and two
million physician office visits annually (4).

Given the large and rising morbidity, mortality, and costs
of HF, evidence-based and generalizable prevention strategies,
which currently exist for atherosclerotic cardiovascular disease
(ASCVD) (5) but not HF, are needed. Two important questions in
the design of a potential HF prevention strategy include (1) how
to assess patients’ individual risk for HF and (2) how to intensify
prevention efforts in patients identified as high risk.

Heart Failure Risk Assessment
The 2017 focused update of the American College of
Cardiology/American Heart Association (ACC/AHA) Guideline
for the Management of HF highlights the potential role of
natriuretic peptide biomarker screening, followed by team-based
care, in those at risk for HF (6). This guideline recommendation
was informed by two randomized controlled trials, the STOP-HF
trial and the PONTIAC trial, which demonstrated that referral
to collaborative cardiology care based on natriuretic peptide
value cutoffs in patients at high cardiovascular risk may prevent
HF (7, 8). However, in STOP-HF, only 27% of patients had a
BNP > 50 pg/mL, the threshold for referral to cardiology. In
addition, a risk factor-based approach that treats all risk factors
equally (as in STOP-HF) or requires the presence of a particular
risk factor such as diabetes (as in PONTIAC) may miss some
patients at high risk due to elevations below treatment thresholds
in multiple risk factors and may over-sample some patients at
low risk, such as younger adults with a single risk factor. In
contrast, multivariable risk prediction equations for HF, such as
the Pooled Cohort equations to Prevent HF (PCP-HF) (9), that
incorporate clinical measures readily available in primary care
settings may improve identification of those at risk for HF who
may merit more intensive prevention strategies.

Pharmacist-led Intensification of
Preventive Care
Efforts to intensify preventive care have been implemented
with a variety of healthcare and non-healthcare team members
such as pharmacists (10, 11), nurses (12, 13), and community
healthcare workers (14), and through leveraging digital tools
such as web-based portals (15) and remote monitoring (16).
Several prior reports suggest a potential benefit of involvement
of these team members in strategies for hypertension or diabetes
control (11, 13–16); for example, a trial of a nurse-led clinic
for patients with diabetes showed that, at 1 year, 37.2% of
patients in the intervention met their cholesterol and/or blood
pressure target compared with 30.7% of patients receiving

usual care (OR 1.37 [95% CI: 1.11, 1.69]) (13). Pharmacist-
led interventions have unique advantages, as pharmacists are
experts in the medications that achieve core targets of primary
prevention, including blood pressure, glucose, and lipid lowering;
pharmacists are well-positioned to counsel patients about
sodium-glucose cotransporter-2 (SGLT-2) inhibitors, one of the
most promising recent medications for the prevention of heart
failure (17); and pharmacists may, under collaborative practice
agreements with supervising physicians, directly prescribe and
titrate medications for patients. In addition, pharmacists may
be deployed in communities and have a potent effect on
preventive care for underserved populations, as was recently
demonstrated in a trial of a pharmacist-led intervention for
blood pressure reduction in barbershops in predominantly Black
communities (18).

Rationale of Risk-Based Heart Failure
Prevention
It would be neither feasible nor cost-effective to perform
biomarker screening or intensify preventive efforts in the
entire population. Risk-based prevention strategies, in which the
intensity of prevention efforts are tailored to the predicted risk of
disease based on a comprehensive risk factor profile, maximize
the potential benefits of preventive strategies and are well-
established in atherosclerotic cardiovascular disease (ASCVD)
(19–21). However, a quantitative risk-based approach has not
yet been applied to the primary prevention of heart failure and
requires further investigation with regard to the feasibility and
efficacy of such an approach. Therefore, in this report we describe
the design of a pilot study of a pharmacist-led intervention
program for risk-based prevention of HF, the Feasibility of the
Implementation of Tools for Heart Failure Risk Prediction (FIT-
HF) Study. The FIT-HF Study will enroll 100 patients free of any
type of cardiovascular disease with a predicted 10-year risk of
developing heart failure, based upon the PCP-HF, (9) of 5% or
higher. Patients will undergo BNP, hs-cTn, and echocardiogram
testing at baseline and will be randomized to a pharmacist-led
intervention or usual care. Successful completion of this pilot
study will demonstrate feasibility of the proposed strategy and
generate preliminary data to support the design of a subsequent,
well-powered trial evaluating clinical event outcomes.

STUDY DESIGN

Eligible Study Population
The FIT-HF study will enroll 100 participants who receive
primary care at a single integrated academic healthcare center,
Northwestern Medicine. Eligible participants will be aged 30–79
years and have at least one internal medicine visit in the past
year, at least two such visits in the past 5 years, and cholesterol
and glucose levels measured within the past 5 years. In addition,
using the most recently available data in the electronic health
record (EHR), participants will have a predicted 10-year risk
of developing HF of at least 5% based on the PCP-HF model
(9). The variables in the PCP-HF model are age, sex, race,
smoking, body mass index, systolic blood pressure, hypertension
treatment, fasting glucose, diabetes treatment, total cholesterol,
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high density lipoprotein cholesterol, and QRS duration. Because
real-world glucose measurements are often non-fasting, and
QRS duration is not routinely clinically available, a version
of the PCP-HF equations calibrated to random glucose values
and excluding QRS duration will be used (22). The 5% cutoff
of 10-year predicted HF risk represents approximately the
top quintile of risk among US adults (23). Participants are
ineligible if they have a history of cardiovascular disease (by
EHR diagnosis code or self-report), signs or symptoms of HF,
a current pregnancy, an estimated glomerular filtration rate <

45 mL/min/1.73 m2 using the CKD-EPI (2009) formula either
prior to or during the baseline exam, or stage three or four
cancer. Detailed inclusion and exclusion criteria are available in
the Supplementary Methods.

Study Recruitment
Recruitment will be accomplished leveraging the robust
Northwestern Medicine Enterprise Data Warehouse (NMEDW),
which is a comprehensive and integrated repository of all clinical,
administrative, and research data sources on the campus. Briefly,
the NMEDW currently stores observations on more than
7.1 million distinct patients and is updated in real time with
data elements from 142 separate sources, including electronic
health records, pathology data from the hospital and research
laboratories, biomarker data from research databases and
research transactional data from the Northwestern Institutional
Review Board and other institutional systems. The NMEDW-
based algorithm has been customized to identify all patients
meeting study eligibility criteria based on existing data in their
electronic health record and automatically excludes patients who
opted out of being contacted for research studies, thus allowing
for targeted and highly efficient recruitment of patients. The
baseline characteristics of patients in the recruitment report
are listed in Table 1, which identified 13,059 potentially eligible
patients with a mean (standard deviation) age of 66.6 (8.5)
years. The time frame for full enrollment is 1 year, with the final
participant expected to complete the protocol 2 years after the
beginning of the study.

Study Protocol
A research coordinator will call patients listed in the recruitment
report to confirm eligibility, describe the study, and ask if they
are interested in participating. If so, the research coordinator
will review study procedures over the phone and schedule
a visit in the research clinic. Participants will be emailed a
link to sign electronic consent (e-Consent) and complete a
baseline health and lifestyle questionnaire. The e-Consent option
will offer flexibility and minimize in-person time to decrease
participant burden during and after the COVID-19 pandemic.
The questionnaire is composed of previously validated questions
from the World Health Organization, Multi-Ethnic Study of
Atherosclerosis (MESA), and EuroQol. Participants who are
unwilling or unable to complete these procedures online will
be instructed to arrive 30min before their scheduled visit in
order to sign written consent and complete the questionnaire
in person. After consent is obtained, participants will then
be randomized in 1:1 fashion to intervention vs. usual care

TABLE 1 | Baseline characteristics of patients potentially eligible for recruitment.

N 13,059

Age (years), mean (SD) 66.6 (8.5)

Gender, N (%)

Female 6,040 (46.3%)

Male 7,019 (53.7%)

Self-reported race, N (%)

White 8,832 (67.6%)

Black or African American 2,210 (16.9%)

Asian 450 (3.4%)

Other or Declined 1,567 (12.0%)

Body mass index (kg/m2), median (IQR) 29.7 (26.1, 34.6)

Systolic blood pressure (mmHg), mean (SD) 136.1 (17.2)

Diastolic blood pressure (mmHg), mean (SD) 78.3 (10.0)

Glucose (mg/dL), mean (SD) 116.3 (42.4)

Total cholesterol (mg/dL), mean (SD) 181.3 (40.5)

HDL cholesterol (mg/dL), mean (SD) 53.8 (15.7)

LDL cholesterol (mg/dL), mean (SD) 101.6 (36.3)

Medication use, N (%)

Antihypertensive 10,594 (81.1%)

Antidiabetic 2,919 (22.4%)

Statin 8,132 (62.3%)

Current smoking, N (%) 1,180 (9.0%)

Estimated 10-year heart failure risk, median (IQR) 8.0% (6.2, 11.2)

(Figure 1). The randomization table will be generated using
random permuted blocks of sizes four and six by a statistician
with no other involvement in the study.

All participants will undergo phlebotomy for measurement
of BNP, hs-cTn, basic metabolic panel, lipid panel, and
biorepository storage, and baseline echocardiography with
Doppler measurements. All participants will also undergo
measurement of vital signs and receive an educational packet
of information from the Centers for Disease Control and
Prevention and American Heart Association on signs and
symptoms of HF and heart-healthy lifestyle.

Participants who are randomized to the intervention arm
will receive a referral to the pharmacist-led intervention
(supervised by an attending cardiologist), and have their
first visit on the same day as the baseline testing. Two
pharmacy residents will deliver the intervention under the
supervision of an attending pharmacist. Residents have received
standardized training on lifestyle modification and risk factor
management through the residency program. Pharmacists will
review participants’ medications and may make adjustments
according to a medication protocol (Figure 2) for blood pressure,
glucose, and lipid control according to the latest evidence-
based practice guidelines. Specifically, the medication protocol
specifies blood pressure control according to the protocol
employed by Kaiser Permanente Health (24), consideration
of SGLT-2 inhibitor initiation in patients with diabetes
per ACC/AHA and American Diabetes Association (ADA)
guidelines (5, 25), and statin initiation or intensification per
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FIGURE 1 | Overview of the FIT-HF study. Participants will be recruited by invitation from the eligible study population using an electronic health record-based report.

They will complete eConsent and questionnaires online and have biomarkers measured and echocardiograms performed at baseline and 1 year. In the interim, they

will be randomized 1:1 to a pharmacist-led intervention or to usual care. HF represents heart failure; EDW Enterprise Data Warehouse. Created with BioRender.com.

the 2018 ACC/AHA cholesterol guideline (20). Pharmacists will
additionally counsel patients regarding heart-healthy lifestyles
and may order laboratory tests when medications are added
to follow potassium levels, kidney function, or other relevant
laboratory parameters according to the standard of care.
Adherence to follow-up lab tests is monitored by the pharmacists,
with reminders sent at their discretion according to their
typical clinical practice. The study population comprises patients
who receive their usual care on the same medical campus as
the study site, mitigating access to care limitations for the
purposes of this pilot study. The pharmacist visits are provided
at no cost to participants; medications are e-prescribed to
participants’ preferred pharmacies according to the standard
of care and are billed through participants’ insurance. The
results from participants’ BNP, hs-cTn, and echocardiography
will be provided to them and their primary care physicians
as well as the pharmacist and cardiologist team members.
Participants in the intervention arm will receive follow-up
from the pharmacist team approximately every 3 months for
a period of 1 year. Follow-ups will be clinical telephone visits
structured similarly to the baseline visit, with interim review of
laboratory values, if applicable, for medication monitoring and
titration. The pharmacist team will provide a detailed note in the

electronic medical record to the primary care doctor after every
clinical encounter.

The participants (and their primary care physicians) who
are randomized to usual care will be blinded to their 10-
year heart failure risk estimates as well as biomarker and
echocardiography results, unless there are critical or alert values
from the hs-cTn (i.e. >500 pg/mL) or echocardiography (see
Supplementary Methods), in which case their primary care
physician will be informed. All patients will be requested to
repeat the health and lifestyle questionnaire and schedule an in-
person visit at 1-year follow-up. At this visit, all participants will
undergo repeat measurement of vital signs and anthropometrics,
phlebotomy, and echocardiography. The 1-year follow-up time
was selected based on a limited duration by which a significant
change in risk factor control would be expected based on prior
studies (11, 13, 18). Participants receive free parking for all study-
related visits and are paid $25 at the end of the study for their time
spent participating.

Study data will be collected and managed using REDCap
(Research Electronic Data Capture) electronic data capture
tools hosted at Northwestern University (26, 27). REDCap is
a secure, web-based software platform designed to support
data capture for research studies, providing (1) an intuitive
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FIGURE 2 | Pharmacist-directed intervention treatment algorithm. The treatment algorithm was derived from professional society guidelines for the primary prevention

of cardiovascular disease as well as blood pressure, glucose, and lipid lowering. Special consideration is given to the early initiation of SGLT-2 inhibitors in patients

with diabetes, given the evidence supporting their efficacy in heart failure prevention and current guideline recommendations. BP represents blood pressure; ACEi

angiotensin converting enzyme inhibitor; ARB angiotensin receptor blocker; CCB calcium channel blocker; SMBG self-monitored blood glucose; eGFR estimated

glomerular filtration rate; PCP primary care physician; DM diabetes mellitus; SBP systolic blood pressure; DBP diastolic blood pressure; HTN hypertension.

interface for validated data capture; (2) audit trails for tracking
data manipulation and export procedures; (3) automated
export procedures for seamless data downloads to common
statistical packages; and (4) procedures for data integration and
interoperability with external sources.

Outcomes
The primary outcome is change in BNP at 1 year. Secondary
outcomes include change in hs-cTn, systolic and diastolic
blood pressure, weight and body mass index, serum glucose
and low density lipoprotein cholesterol, estimated glomerular
filtration rate and creatinine, and current smoking at 1
year. Exploratory outcomes include medication adherence and
changes in echocardiographic parameters such as left ventricular
mass index, diet and physical activity, and health utility at 1
year. Adherence to medications is measured using the same
questionnaire as the Atherosclerosis Risk in Communities
(ARIC) study: the four-item Morisky Green Levine Scale,
frequency of non-adherence in the past 4 weeks, and direct
measure of adherence in the past 4 weeks (28). Feasibility will also
be examined bymonitoring participant retention rates. Retention
will be defined as completion of the 1-year study protocol and
measured as the proportion of enrolled participants in each arm
who successfully complete the study. All demographics (e.g., sex,
race, ethnicity, education), health behaviors (e.g., smoking, diet,

physical activity), and patient-centered outcomes (e.g., health-
related quality of life) are self-reported.

The following serious adverse events will be reported:
echocardiogram or troponin alert (at baseline or 1-year follow-
up), death, hospitalization, or ER visit (all at 1-year follow-up, or
sooner if the study team becomes aware of the adverse event). All
adverse events will be determined by chart review and personally
adjudicated by the principal investigator. As a process of care
intervention using guideline-directed medical therapy (rather
than a trial of a novel therapy), drug-related adverse events will
not be reported for this study.

Statistical Analysis
Baseline characteristics will be reported by group assignment
in the form of means (standard deviations) and medians
(interquartile ranges) for continuous variables, as appropriate,
and proportions for categorical variables. The analysis will use
two-sample t-tests to compare continuous variables and χ

2-
tests to compare categorical variables between the pharmacist-
directed intervention and usual care groups. All participants
will be included according to the intention-to-treat principle
for all endpoints. A per protocol analysis will be reported
as a secondary analysis to evaluate whether study dropout
significantly influenced the outcome of the trial. Because the total
study population is 100, subgroup analyses are not planned for
this study due to insufficient power. Since this is a pilot and
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feasibility study, no formal power analysis has been performed to
inform the sample size. However, givenN = 50 in each study arm
and under the assumption of similar BNP changes as in STOP-HF
(7), the study would have 80% power to detect a 12 pg/mL mean
difference in the change in BNP between the two study arms.

DISCUSSION

This report describes, to our knowledge, the first clinical
study of a quantitative risk-based screening and pharmacist-led
intervention for the primary prevention of heart failure. BNP-
based risk assessment has shown potential to identify patients
at higher risk of developing heart failure, and other biomarkers
such as hs-cTn and imaging modalities such as echocardiogram
have a potential role in sequential testing strategies. However,
such adjunctive risk stratification methods are unlikely to be
cost-effective if applied to the general population (29), and an
important gap remains to understand which subpopulations of
patients may be best to target for screening and intensification
of preventive care. Successful completion of the FIT-HF pilot
trial, leveraging the multivariable risk prediction tool, PCP-
HF, is anticipated to offer insight into the feasibility, safety,
and potential efficacy of a risk-based strategy to reduce the
risk of incident HF events. Examination of the distributions of
predicted risk, biomarkers, clinical data, and echocardiographic
parameters, and how these measures respond to a pharmacist-
led intervention, will support refinement of the risk-based
protocol for a future well-powered, multi-center clinical
outcomes trial.

Prior studies of pharmacist-led interventions for individual
risk factors or chronic conditions, such as blood pressure and
diabetes, have shown that pharmacist management is often
superior, if not equal, to usual care (30–35). However, neither
pharmacist-based intervention nor other non-physician team-
based care has been tested specifically in HF prevention, in
particular using the risk factor-agnostic strategy of FIT-HF. Thus,
a feasibility study is warranted, and the study outcomes align
with two of the eight general areas of feasibility studies as
described by Bowen et al. (36): limited efficacy (evaluated using
the primary outcome of change in BNP as a key intermediate
variable) and practicality (evaluated with successful enrollment
of 100 participants and high retention through the end of the
study). As this process of care trial will test a new concept of
HF prevention, usual care rather than another non-physician role
has been selected as the comparator. The usual care group is
selected as individuals with a primary care physician in the health
system and, therefore, have access to routine care. However, an
important limitation to note if there is a significant difference
between the two groups is that the intervention group likely
has more interactions with the healthcare system during the
study period.

The ultimate goal of this research is to develop a paradigm
for HF prevention that is analogous to established practice
guidelines for risk-based ASCVD prevention. Even in the context
of ASCVD prevention, prospective randomized trial data of
quantitative risk-based interventions are limited; most prior

trials have used inclusion criteria based on the presence of
one or more risk factors, and quantitative risk, if used, is
added as an additional inclusion criterion (37). Thus, the
benefit of a pure quantitative risk-based prevention strategy
is largely extrapolated from such trials and observational
data. A large trial of quantitative ASCVD risk modification,
the Centers for Medicare and Medicaid Services-sponsored
Million Hearts Model evaluation, is underway; a pre-specified
interim analysis showed improvements in the use of statins
and antihypertensives (38). In this context, FIT-HF and
subsequent studies may also inform the design of risk-based
interventions in the primary prevention of cardiovascular
diseases more generally. A key consideration to strengthen
these studies to be generalizable and promote health equity is
the representative recruitment of participants. Given practical
constraints on the scope of a pilot study, FIT-HF will
recruit from a convenience sample of patients of a large
urban medical center. Although the representation of Black
patients in our recruitment report is 17%, we recognize
that due to socioeconomic and structural factors such as
competing demands of work and residential segregation, the
final recruitment of Black patients into FIT-HF may not
be as high. However, we have assembled a diverse study
team with expertise in recruiting populations traditionally
underrepresented in clinical research. In larger, multi-centered
trials that may follow, we propose partnerships with community
organizations and study sites in under-resourced communities
with lower access to care to ensure that the population studied
represent those at greatest risk of HF, as well as use of the
RE-AIM framework during a wider implementation phase to
evaluate whether the intervention has the intended public health
impact (39).

Of particular relevance to potential strategies for HF
prevention are the SGLT-2 inhibitors. Large outcome trials
have already supported the use of SGLT-2 inhibitors not only
to decrease major adverse cardiovascular events in patients
with HF with reduced ejection fraction (40, 41), but also to
prevent HF in patients at high risk based on established risk
factors of diabetes (42) and chronic kidney disease (43). In
response, multiple professional societies have recommended the
use of SGLT-2 inhibitors in patients with type two diabetes
(5, 25), and these guideline recommendations were incorporated
into the medication protocol of the FIT-HF intervention. As
ongoing trials validate the efficacy of SGLT-2 inhibitors for HF
prevention in other subgroups, such as those with chronic kidney
disease, future guidelines may be able to broaden the patient
populations in which SGLT-2 inhibitors are recommended;
SGLT-2 inhibitors could potentially take a place in heart failure
prevention akin to statins for atherosclerotic cardiovascular
disease prevention (44). In this context, pharmacists are
uniquely positioned to collaborate with physicians in identifying
appropriate patients for SGLT-2 inhibitor initiation, counseling
patients on their risks and benefits, and prescribing and titrating
the medication. Future studies may be able to incorporate
pharmacist-led intensification of preventive care in the context
of expanded indications for SGLT-2 inhibitors to primary
prevention patients without diabetes, given the low risk of
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hypoglycemia with these agents owing to their mechanisms of
action (45).

CONCLUSION

The FIT-HF pilot study will test a strategy of quantitative
risk-based enrollment into a screening and pharmacist-led
intervention program for the primary prevention of heart
failure. FIT-HF is designed to be an initial step toward
developing a robust, generalizable, and efficacious prevention
strategy to disrupt the increasing burden of heart failure in the
general population.
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Introduction: Hepatocyte growth factor (HGF) is a cytokine released in response to

endothelial injury and a potential biomarker of cardiovascular disease (CVD) risk. We

examined the association between cardiovascular health (CVH) and HGF in a multi-ethnic

cohort of adults free from CVD at baseline.

Methods: This cross-sectional study conducted between 2020 and 2021 used MESA

baseline examination data (2000–2002) from 6,490 US adults aged 45–84 years. The

independent variable was CVHmeasured by the CVH score and number of ideal metrics.

The score was derived from seven metrics: smoking, body mass index, physical activity,

diet, total cholesterol, blood pressure and blood glucose. Each metric was scored 0

points (poor), 1 point (intermediate) and 2 points (ideal). The total CVH score ranged

from 0 to 14. An inadequate score was 0–8, average, 9–10 and optimal, 11–14. The

dependent variable was logarithmically transformed HGF. We used regression analyses

to estimate associations between CVH and HGF adjusting for sociodemographic factors.

Results: Participants’ mean (SD) age was 62 (10) years. Fifty-three percent were female.

A one-unit increment in the CVH score was significantly associated with 3% lower HGF

levels. Average and optimal CVH scores were significantly associated with 8% and 12%

lower HGF levels, respectively, compared to inadequate scores. Additionally, a greater

number of ideal metrics was associated with lower HGF levels.

Conclusion: Favorable CVH was significantly associated with lower HGF levels in this

ethnically diverse cohort. Interventions aimed at promoting and preserving favorable CVH

may reduce the risk of endothelial injury as indicated by lower serum HGF levels.

Keywords: biomarker, cardiovascular disease, hepatocyte growth factor, ideal cardiovascular health metrics, life’s

simple 7, risk factors

15

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.760281
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.760281&domain=pdf&date_stamp=2022-01-03
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:oosib002@fiu.edu
https://doi.org/10.3389/fcvm.2021.760281
https://www.frontiersin.org/articles/10.3389/fcvm.2021.760281/full


Osibogun et al. Cardiovascular Health & Hepatocyte Growth Factor

INTRODUCTION

Hepatocyte growth factor (HGF) is a mesenchyme-derived
cytokine released in response to endothelial injury and may
be elevated due to insufficient compensatory mechanisms
(1–4). However, HGF has cardioprotective effects in cardiac
tissue through the activation of several biological pathways
such as angiogenesis, anti-apoptosis, anti-inflammation
and anti-fibrosis (1–4). Several studies have provided
evidence that HGF is an independent predictor of coronary
heart disease, heart failure, stroke and progression of
atherosclerosis (5–8). Likewise, higher serum levels of HGF
have been found in individuals with cardiovascular disease
(CVD) risk factors e.g., smoking, obesity, hypertension and
diabetes (9–13).

The American Heart Association (AHA) introduced the
concept of “ideal cardiovascular health (CVH)” defined as
meeting specific criteria for seven metrics. These modifiable
health behaviors and factors include smoking, physical activity,
body mass index (BMI), diet, blood pressure, total cholesterol
and fasting plasma glucose (14, 15). The goal of the concept is
to use the CVH metrics to measure and monitor CVH along
with the incidence, mortality and outcomes of CVD globally (14–
17). With prior studies showing that favorable CVH is associated
with better endothelial function (18), lower risk of incident
CVD (19) and lower levels of CVD biomarkers such as GlycA,
homocysteine and cardiac troponin (20, 21), it is expected that
individuals with favorable CVH would also be at lower risk of
endothelial injury.

However, as little is known about the association between
favorable CVH and HGF, our study aimed to analyze data
from the Multi-Ethnic Study of Atherosclerosis (MESA) to
examine whether participants with favorable CVH have lower
levels of HGF and if the association is modified by age, sex
or race/ethnicity.

MATERIALS AND METHODS

Study Population
The methodology of the MESA study has been described
elsewhere (22). In brief, the MESA study was initiated to
investigate the characteristics of subclinical CVD along with
the risk factors that may predict progression to clinical CVD.
Between July 2000 and August 2002, MESA study personnel
recruited 6,814 men and women between 45 and 84 years
with no history of clinical CVD at the time of enrollment.
The six recruitment centers in the U.S. were Los Angeles,
CA; Chicago, IL; Baltimore, MD; St Paul, MN; Forsyth
County, NC and New York, NY. The study enrolled 38%
non-Hispanic White American, 12% Chinese American, 28%
non-Hispanic Black American and 22% Hispanic American
participants. Baseline data were collected using standardized
questionnaires, physical examinations, and fasting laboratory
blood tests. In this study, we included 6,490 participants from
the baseline examination after the exclusion of participants
with missing information for the CVH score and HGF
(n= 324).

Independent Variable: Cardiovascular
Health
According to the AHA, a person meets the criteria for “ideal
CVH” if they have ideal levels for seven modifiable health
behaviors and factors which is defined as follows: (1). non-
smoking; (2). BMI <25kg/m2; (3). weekly physical activity of
75min of vigorous exercise or 150min of moderate exercise;
(4). a healthy diet consistent with recommended guidelines;
(5). untreated total cholesterol <200 mg/dL; (6). untreated
blood pressure <120/<80 mmHg and (7). untreated fasting
blood glucose <100 mg/dL (14). Information on smoking status
was obtained from a self-report questionnaire and defined as
non-smokers (participants who had never smoked or stopped
smoking >12 months), former smokers (participants who
stopped smoking within the last 12 months) and current
smokers. Using the measured weights and heights of participants,
BMI was calculated and reported in kg/m2. A self-report
survey instrument adapted from the Cross-Cultural Activity
Participation Study (23) was used to assess physical activity. The
survey contained 28 questions on time and frequency of activities
during a week in the previous month. The total sum of minutes
for moderate and vigorous exercise were calculated in metabolic
equivalent of task (MET/min) (24). MESA study personnel used
a 120-item validated food frequency questionnaire adapted from
the Insulin Resistance Atherosclerosis Study instrument (25,
26) to collect data on dietary habits. Based on recommended
dietary guidelines, a healthy diet comprised of fruits and
vegetables, fish, whole grains, intake of sodium <1,500 mg/day
and sugar-sweetened beverages ≤450 kcal (36 oz.)/week 14.
Fasting blood samples were collected after a 12-h fast to measure
total cholesterol (mg/dL) and blood glucose (mg/dL) levels.
MESA study personnel used the cholesterol oxidase method to
measure total cholesterol in ethylenediaminetetraacetic (EDTA)
plasma using a centrifugal analyzer (Roche). While blood glucose
was measured by the glucose oxidase method on a Vitros
analyzer (Johnson & Johnson). Three blood pressure readings
were taken from participants after 5minutes was of rest in a
seated position using a Dinamap model Pro 100 automated
oscillometric sphygmomanometer (Critikon) and the mean of
the last two blood pressure readings was used in the analysis.

Dependent Variable: Hepatocyte Growth
Factor
MESA study personnel obtained peripheral blood samples
from participants for the measurement of HGF at baseline.
The samples were stored at −70◦C in serum separated by
centrifugation within 30minutes of collection (8). Serum
HGF was measured by quantitative sandwich enzyme-linked
immunosorbent assay using the Human soluble HGF/CD62P
Immunoassay kit (R&D Systems, Minneapolis, MN) with a
lower limit of detection of 40 pg/mL (5, 8). For lyophilized
manufacturer’s controls, the inter-assay laboratory coefficients of
variation (CV) were 12.0, 8.0 and 7.4% at mean concentrations
of 687, 2,039 and 4,080 pg/mL, respectively (5, 8). For in-
house pooled serum control, the inter-assay laboratory CV was
10.4% at a mean concentration of 688 pg/mL (5, 8). HGF
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TABLE 1 | Characteristics of study participants at the MESA baseline exam (2000–2002) by cardiovascular health score.

Total Inadequate Average Optimal P-value

N = 6,490 n = 3,069 n = 2,115 n = 1,306

HGF, pg/mL 903 (755–1,085) 969 (821–1,159) 870 (740–1,036) 807 (678–962) –

Age, years 62 (10) 63 (10) 62 (11) 60 (10)

<65 years 3,703 (57%) 1,682 (55%) 1,202 (57%) 819 (63%) <0.001

≥65 years 2,787 (43%) 1,387 (45%) 913 (43%) 487 (37%)

Sex

Male 3,067 (47%) 1,460 (48%) 1,000 (47%) 607 (46%) 0.80

Female 3,423 (53%) 1,609 (52%) 1,115 (53%) 699 (54%)

Race/ethnicity

Non-Hispanic White 2,534 (39%) 977 (32%) 905 (43%) 652 (50%) <0.001

Chinese-American 796 (12%) 216 (7%) 319 (15%) 261 (20%)

Non-Hispanic Black 1,706 (26%) 1,035 (34%) 472 (22%) 199 (15%)

Hispanic 1,454 (22%) 841 (27%) 419 (20%) 194 (15%)

Education

≥ Bachelor’s degree 2,329 (36%) 795 (26%) 833 (39%) 701 (54%) <0.001

<Bachelor’s degree 4,161 (64%) 2,274 (74%) 1,282 (61%) 605 (46%)

Income

≥$40,000 3,206 (49%) 1,267 (41%) 1,122 (53%) 817 (63%) <0.001

<$40,000 3,284 (51%) 1,802 (59%) 993 (47%) 489 (37%)

Health insurance

Yes 5,909 (91%) 2,781 (91%) 1,940 (92%) 1,188 (91%) 0.39

No 581 (9%) 288 (9%) 175 (8%) 118 (9%)

HGF, hepatocyte growth factor; MESA, multi-ethnic study of atherosclerosis. Data were presented as mean (SD), median (IQR) or n (%). Percentages were rounded up to whole numbers.

P-values indicate differences across the CVH score categories.

was logarithmically transformed for this analysis because of the
skewness of the data.

Covariates
Baseline sociodemographic factors included as covariates were
age, sex, race/ethnicity, education, income, health insurance
status and study site. Age was assessed as a continuous
variable while sex was categorized into male and female.
Study participants self-classified themselves as either non-
Hispanic White, Chinese, non-Hispanic Black, or Hispanic
American. Education and income were grouped into 9 and
13 categories, respectively for analysis but both variables were
dichotomized in the descriptive statistics reported in Table 1.
We categorized health insurance status as participants with or
without health insurance.

Statistical Analysis
All analyses were conducted with version 15.0 of STATA
(StataCorp LP, College Station, TX) between 2020 and 2021
and a two-sided p value < 0.05 was considered statistically
significant. We reported the characteristics of participants
for the total study population and by the CVH score.
In Supplementary Material, we also presented the baseline
characteristics of study participants by HGF tertiles. For
categorical variables, we reported frequencies with percentages
while for continuous variables we reported medians with
interquartile range (IQR) or means with standard deviation

(SD). We used the chi-square and ANOVA tests to compare
baseline characteristics by the CVH score for categorical and
continuous variables, respectively. The individual CVH metrics
were categorized into poor, intermediate and ideal as shown
in the Supplementary Table S1 (14). We assigned points to the
categories as follows: 0 points for poor, 1 point for intermediate
and 2 points for ideal with a total CVH score of 0 to 14 (27). The
CVH score was further categorized as inadequate (0–8), average
(9–10) and optimal (11–14) based on prior studies (28, 29).

We estimated the associations between CVH and log (HGF)
using multiple linear regression. We fitted two separate models.
Model 1 was unadjusted while model 2 was adjusted for
sociodemographic factors [age, sex, race/ethnicity, education
(9 categories), income (13 categories), health insurance status
and study site]. We analyzed CVH using three measures: the
continuous CVH score, the categorical CVH score and the
number of ideal metrics. Of note, the number of ideal metrics
was derived by counting the number of individual CVH metrics
in the ideal category. We reported the percentage difference
of the geometric mean of log (HGF) and the corresponding
95% confidence intervals (CI) for each measure of CVH. The
percentage difference was calculated from the exponentiated beta
coefficient minus 1 multiplied by 100 ([Exp (β) – 1]∗100). For
the CVH score and the number of ideal metrics, the reference
groups were the “inadequate score” and “zero ideal metrics,”
respectively. We assessed effect modification by age (<65 vs.≥65
years), sex and race/ethnicity by inserting interaction terms in
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FIGURE 1 | Box plot of HGF by CVH scores. The lower and upper boundaries

of the rectangles denote the 25th and 75th percentiles while the horizontal line

within the rectangles is the median. Lines extend from the rectangles to the

smallest and largest values within 1.5 × interquartile range.

model 2. Furthermore, we examined the associations between
the individual CVH metrics and log (HGF) using multiple linear
regression. The models were adjusted as previously described.
We reported the percentage difference of the geometric mean of
log (HGF) and the corresponding 95% CI for the intermediate
and ideal categories of each CVH metric compared to the
poor category.

RESULTS

Most of the baseline characteristics of study participants (N =

6,490) varied by the categories of the CVH score and HGF tertiles
as reported in Table 1 and in the Supplementary Table S2.
The mean age (SD) of participants was 62 (10) years and
53% were female. As illustrated in Figure 1, participants with
inadequate CVH scores had higher HGF levels compared to
those with optimal CVH scores. Additionally, the mean (SD)
of CVH scores declined across tertiles of HGF [9.4 (2.0), 8.6
(2.1) and 7.8 (2.2) for tertiles 1–3, respectively] as shown in the
Supplementary Table S2.

Table 2 shows the associations between CVH and HGF. A
one-unit increment in the continuous measure of the CVH
score was significantly associated with 3% lower HGF levels
after adjusting for sociodemographic factors. For the categorical
measure of the CVH score, the average and optimal scores
were significantly associated with 8% and 12% lower HGF
levels, respectively, compared to inadequate scores. In addition,
a greater number of ideal metrics was associated with lower
HGF levels. For example, study participants with 5 and 6–7
ideal metrics had 18% and 23% lower HGF levels, respectively.
These associations were slightly attenuated when compared to
the unadjusted model. The tests for effect modification by age,
sex and race/ethnicity were not statistically significant (p > 0.05).

TABLE 2 | Associations between cardiovascular health and hepatocyte growth

factor in MESA (2000–2002), N = 6,490.

Model 1 Model 2

% difference (95% CI) % difference (95% CI)

CVH score, continuous −4 (−4, −3)* −3 (−3, −3)*

CVH score, categorical

Inadequate Reference Reference

Average −10 (−11, −9)* −8 (−9, −6)*

Optimal −17 (−18, −16)* −12 (−14, −11)*

Number of ideal metrics

0 Reference Reference

1 –3 (–12, 7) –4 (–13, –5)

2 –6 (–15, 3) –6 (–14, 3)

3 −13 (−21, −5)** −12 (−20, −4)**

4 −18 (−25, −10)* −15 (−23, −7)*

5 −22 (−29, −15)* −18 (−25, −10)*

6–7 −29 (−36, −22)* −23 (−30, −16)*

CI, confidence interval; CVH, cardiovascular health; MESA, multi-ethnic study

of atherosclerosis.

CVH score ranges from 0 to 14. Inadequate score, 0–8; average, 9–10; optimal, 11–14.

% difference is the % difference of the geometric mean of HGF calculated from [Exp (β)

– 1]*100.

Statistically significant results are in bold font: *P < 0.001; **P < 0.01.

Model 1: Unadjusted.

Model 2: Adjusted for age, sex, race/ethnicity, education, income, health insurance and

study site.

Interpretation: A one-unit increment in the CVH score was significantly associated with

3% lower HGF levels in model 2 [−3 (−3, −3)]. No significant interaction by age, sex

or race/ethnicity.

Table 3 shows the associations between the individual CVH
metrics and HGF. Participants in the ideal category for smoking
had 11% lower HGF levels in the adjusted model compared
to those in the poor category of smoking which was a
stronger association in comparison to the unadjusted model.
Although slightly attenuated, ideal BMI and physical activity
were associated with an adjusted 12% and 4% lower HGF levels,
respectively. Participants who reported eating an ideal diet had
7% lower HGF levels with no appreciable change from the
unadjusted model. However, those who met the ideal criteria
for total cholesterol had an adjusted 3% higher HGF levels.
Ideal blood pressure and blood glucose were associated with 7%
and 11% lower HGF levels, respectively, although the estimates
were slightly attenuated in comparison to the estimates from the
unadjusted model.

DISCUSSION

In this cross-sectional analysis of 6,490 adults free of clinical CVD
at baseline, we found that participants with higher CVH scores
or greater number of ideal metrics had lower levels of HGF.
Similarly, we found that participants who met the ideal criteria
for the individual CVH metrics had lower levels of HGF except
for total cholesterol where ideal levels were associated with higher
levels of HGF.
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TABLE 3 | Associations between the cardiovascular health metrics and

hepatocyte growth factor in MESA (2000–2002), N = 6,490.

Model 1 Model 2

% difference (95% CI) % difference (95% CI)

Intermediate

vs Poor

Ideal vs Poor Intermediate

vs Poor

Ideal vs Poor

Smoking –10 (–15, –4)** –9 (–11, –7)* –11 (–16, –5)* –11 (–12, –9)*

Body mass

index

–9 (–10, –7)* –14 (–16, –13)* –8 (–10, –7)* –12 (–14, –11)*

Physical activity –3 (–5, –1)** –7 (–8, –5)* −1 (−3, 1) –4 (–6, –3)*

Diet –2 (–3, –1)** –7 (–13, –1)** –2 (–3, –1)** –7 (–13, –1)**

Total cholesterol 1 (−2, 3) 0 (−3, 2) 2 (0.1, 4)** 3 (1, 5)**

Blood pressure –5 (–7, –3)* –12 (–13, –11)* –2 (–4, –1)** –7 (–9, –6)*

Blood glucose –5 (–7, –2)* –15 (–17, –13)* –3 (–5, –1)** –11 (–13, –9)*

CI, confidence interval; MESA, multi-ethnic study of atherosclerosis.

% difference is the % difference of the geometric mean of HGF calculated from [Exp (β)

– 1]*100.

Statistically significant results are in bold font: *P < 0.001; **P < 0.01.

Model 1: unadjusted.

Model 2: adjusted for age, sex, race/ethnicity, education, income, health insurance and

study site.

Interpretation: Ideal smoking was significantly associated with 11% lower HGF levels in

model 2 [−11 (−12, −9)].

Prior studies in the MESA cohort have examined the
association between HGF and CVD. One of these studies found
that the risk of incident stroke was 17% greater with every
standard deviation increase in circulating HGF independent of
sociodemographic and CVD risk factors (7). Another study from
the same cohort found that every standard deviation increase in
circulating HGF was associated with 12% greater odds of having
any coronary artery calcium and 20% increased risk of coronary
heart disease after adjusting for traditional CVD risk factors (30).
Furthermore, in another analysis from the MESA cohort, the risk
of heart failure and heart failure with preserved ejection fraction
was 59% and 90% higher, respectively, for participants with HGF
levels in the 3rd tertile compared to those in the 1st tertile,
independent of sociodemographic and CVD risk factors (31).
These studies support our findings of an association between
favorable CVH and lower levels of HGF since HGF is elevated in
CVD as a response to endothelial damage (7). Factors that lead to
HGF release may mediate the association between poorer CVH
and incident CVD events.

In addition, our results showing that ideal CVH metrics
(excluding total cholesterol) were associated with lower levels
of HGF are supported by the findings from prior research.
For example, Chen et al. (32) demonstrated that a history of
current or previous smoking increases HGF expression in non-
tumor lung tissue. The authors postulated that smoking increases
HGF levels by activating HGF gene expression, however, the
mechanism by which this process occurs is yet to be determined
(32). Rehman et al. (10) showed that obesity was associated
with more than three times increase in HGF levels and this
finding was correlated linearly with BMI. The presence of excess
adipose tissue may explain the association between poor BMI
and elevated HGF (10). The explanation for the association

between ideal physical activity and lower HGF levels is still
under investigation.

In contrast to the inverse association for the other CVH
metrics, we found that ideal cholesterol was paradoxically
associated with higher HGF. This finding has also been observed
in another study by Hiratsuka et al. (13) where participants
with higher HGF levels in the fourth quartile had lower
total cholesterol levels compared to those in the first quartile.
However, the biological pathway responsible for the association
between higher HGF levels and lower cholesterol levels is
still unknown. Nakamura et al. (11) reported HGF levels in
participants with hypertension was significantly higher than in
participants without hypertension. In addition, Bancks et al. (12)
observed that higher levels of circulating HGF was significantly
associated with incident type 2 diabetes in the MESA cohort.
These findings are not surprising given that hypertension and
diabetes are associated with endothelial damage and dysfunction
which may lead to elevated HGF levels (11, 12).

Our study revealed that poorer CVH was associated with
higher HGF levels, therefore measuring HGF levels may be
of utility in identifying people in poorer CVH because prior
research has provided insight into the clinical significance of
HGF as a risk marker for subclinical and clinical CVD (7, 8, 30).
With the increasing burden and cost of managing CVD, effective
interventions that promote favorable CVH are needed (33).
These public health intervention programs should encourage
lifestyle modification which will reduce the risk of developing
CVD through several potential mechanisms including the
reduction of endothelial injury as indicated by lower HGF
levels (33).

Strengths and Limitations
Although this study was conducted in a large multi-ethnic
population using standardized methods for data collection, our
study findings should be interpreted with the consideration of
some limitations. First, because this study is cross-sectional,
we cannot determine temporality or make causal inferences for
the association between CVH and HGF. Second, information
collected from study participants for the individual CVHmetrics
such as smoking, diet and physical activity was from self-report
questionnaires and may be subject to recall bias. Third, MESA
study personnel assessed circulating HGF and not tissue-specific
HGF, however, prior studies have shown that both measurements
are correlated (8, 34). Fourth, selection of our study population
was non-randomized. In addition, the participants were free
of CVD at the time of study enrollment and may have been
healthier compared to the general population, therefore limiting
the generalizability of our findings. Finally, CVH was measured
only at baseline and may not reflect the future CVH status of
study participants.

CONCLUSION

In this multicenter cross-sectional study of adults free of CVD at
baseline, we found that favorable CVH was associated with lower
levels of HGF. Interventions aimed at promoting and preserving
favorable CVHmay reduce endothelial injury and decrease CVD
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risk as indicated by lower serum HGF levels. However, there is
need for prospective studies to examine the relationship between
CVH andHGF to determine whether HGF levels can bemodified
by improvements in the CVH metrics. More research is needed
to provide further understanding of the underlying mechanisms
driving the associations.
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Introduction: Certain complications of pregnancy, including hypertensive disorders of

pregnancy, gestational diabetes mellitus, intrauterine growth restriction, spontaneous

preterm birth, and placental abruption, are established independent risk factors for

premature cardiovascular disease in women. Metabolic syndrome, which is associated

with an increased risk of cardiovascular disease, may be a suitable alternative to

traditional cardiovascular risk calculators that underestimate risk in young women.

This study aimed to investigate the prevalence of metabolic syndrome in women who

experienced a complicated pregnancy 6 months earlier.

Methods: This observational study investigated the prevalence of metabolic syndrome

as defined by the International Diabetes Federation in all eligible participants (n = 247)

attending a postpartum lifestyle intervention clinic from August 2018 to June 2021 at the

Lyell McEwin Hospital in Adelaide, South Australia.

Results: A total of 89 (36%) participants met the criteria for metabolic syndrome

at a mean follow up time of 7 months postpartum. Almost 90% of the cohort were

abdominally obese, and over two thirds of the total cohort met at least two of the criteria

for metabolic syndrome.

Conclusions: Women with a prior history of one of the common major pregnancy

complications are at high risk of future cardiovascular and metabolic disease, with many

showing either metabolic syndrome or multiple risk factors at only 7 months postpartum.

The results indicate that follow-up within 1 year postpartum is an appropriate time to

commence preventative strategies, as many women are already showing early signs

of disease.

Keywords: metabolic syndrome, pregnancy complications, cardiovascular disease, cardiovascular disease

prevention, women
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INTRODUCTION

Cardiovascular disease (CVD) continues to be the leading
cause of death for women worldwide, and rates of CVD
and stroke are increasing in women aged <45 years (1, 2).
Certain complications of pregnancy, including hypertensive
disorders of pregnancy, gestational diabetes mellitus, intrauterine
growth restriction, spontaneous preterm birth, and placental
abruption, are established independent risk factors for premature
cardiovascular disease in women (3–9). Despite this, awareness
of the increased risk of CVD for women who have experienced
at least one of these complications of pregnancy remains low
(10, 11).

In 2011, the American Heart Association and the European
Society of Cardiology updated their guidelines to include
recommendations for monitoring women with a previous history
of any of these complications (12, 13), an important step in
recognizing the risk posed to this specific population of high-
risk women. The Maternal Health Clinic in Ontario, Canada,
was introduced in 2011 and is the first postpartum intervention
for women with a recent history of complicated pregnancies,
inviting eligible women to attend lifestyle education at 6 months
postpartum (14). This model has been adopted across a number
of sites worldwide in the last decade, and in recent years, a
number of research-based postpartum interventions have also
been developed. However, these research-based interventions are
often opt-in research studies rather than routine outpatient care,
tend to focus on specific complications of pregnancy, such as
preeclampsia (15–18), and the effectiveness of these interventions
at reducing cardiovascular and metabolic disease risk has not
been rigorously assessed in a real-world clinic setting. The first
nurse-led postpartum clinic in Australia was introduced in 2018
at the Lyell McEwin Hospital and aims to provide structured
lifestyle and risk education (19). To our knowledge, this is the
only published and freely available nurse-led model of care in
Australia of standardized, routine, ongoing outpatient care for
all eligible women who have experienced a serious complication
of pregnancy. In most areas of Australia and the world, there
remains little to no attention paid to women in this cohort,
despite the recommendations for follow-up in national and
international guidelines.

In the minority of women who do receive follow up
after a complicated pregnancy, there remains the difficulty
of effectively communicating risks to women. The currently
available cardiovascular risk scores have been developed using
acute coronary syndrome thresholds found in predominantly
male populations, reducing their reliability for use in women
(20). The vast majority also fail to consider early changes in
cardiovascular measures as well as the young age of the study
population, which conceals the high-risk, long-term impact of
a complication of pregnancy (21). The Absolute Cardiovascular
Disease Risk Calculator, for example, is commonly used by
general practitioners in Australia for calculating cardiovascular
risk in adults, and is recommended by the Australian Heart
Foundation. However, there is minimal evidence supporting
its use in people aged less than 30 years old, and limited
strong evidence for people aged 30–45 years (22). Current

cardiovascular risk calculators are therefore not appropriate tools
for detecting subclinical disease in and communicating risk to
young women. A lack of a clear and effective way to explain risk
to women may reduce the impact of preventative strategies.

Metabolic syndrome is defined as a ‘cluster of the most
dangerous heart attack risk factors: diabetes and prediabetes,
abdominal obesity, high cholesterol and high blood pressure’
(23, 24). Metabolic syndrome is associated with a 4-fold higher
risk of developing cardiovascular disease in women and 2-fold
higher risk in men (25). Considering the lack of availability
of appropriate cardiovascular risk scores for younger women,
metabolic syndrome may be an appropriate alternative for
assessing and communicating the high long-term risk to women
who are at low short-term risk of CVD. However, the prevalence
of metabolic syndrome in young women is not well-documented,
especially in socioeconomically disadvantaged cohorts where it
may be higher (26). Therefore, investigating the prevalence of
metabolic syndrome is the first step in understanding the risk of
future cardiovascular disease in these populations.

The primary objective of this research is to investigate the
prevalence of metabolic syndrome in a cohort of women who
experienced a severe maternal complication of pregnancy 6
months earlier. The secondary objectives were to explore the
presence of socioeconomic, metabolic, and cardiovascular risk
factors in this cohort.

METHODS

Study Design
This was an observational study of women attending the
postpartum lifestyle intervention clinic from 7th August 2018
to 30th June 2021 at the Lyell McEwin Hospital, located
within the Northern Adelaide Local Health Network (NALHN),
South Australia (19). The Central Adelaide Local Health
Network Human Research Ethics Committee approved the
study [HREC/16/TQEH/258].

Study Participants
To be eligible for referral to the postpartum intervention clinic,
patients must have experienced at least one of the following
complications in their index pregnancy:

• Hypertensive disorders of pregnancy (including gestational
hypertension, preeclampsia, eclampsia and HELLP
syndrome), requiring medical therapy or resulting in
birth <37 weeks’ gestation. Hypertensive disorders were
diagnosed according to criteria defined by the International
Society for the Study of Hypertension in Pregnancy (27).

• Gestational diabetes mellitus, diagnosed according to HAPO
criteria (28, 29) requiring metformin or insulin therapy.

• Spontaneous preterm birth <34 weeks’ gestation.
• Intrauterine growth restriction indicated by serial ultrasound

measurements, estimated fetal weight, and umbilical artery
doppler, or delivery of a small for gestational age infant at<5th
customized birth centile, as per South Australian Perinatal
Practice Guidelines (30, 31).

• Placental abruption.
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Study Setting
The Lyell McEwin Hospital is a public tertiary acute-care facility
providing obstetric care, adult cardiac and intensive care services,
and neonatal care for infants for ≥32 weeks’ gestation. Located
within the NALHN catchment area, the Lyell McEwin Hospital
services a population of approximately 400,000 people in the
northern and north-eastern suburbs of Adelaide, South Australia.
The NALHN area is characterized by a population with low
socioeconomic status with high rates of CVD morbidity and
mortality, and is among Australia’s most disadvantaged suburban
communities (32).

Study Procedures
The postpartum intervention is a hospital-based outpatient
clinical service with an associated quality assurance registry, the
methods of both have been previously described (19). Briefly,
eligible patients are offered appointments at approximately 6 and
18 months postpartum to undergo a thorough health assessment
and receive individualized health counseling from an expert
nurse practitioner. Variables are collected from a combination
of patient self-report and abstraction from the hospital medical
record. Information collated and included in the registry includes
patient demographics, medical history, family history, current
medications, alcohol, drug and smoking practices, obstetric
history, cardiovascular and metabolic screening pathology
results, peripheral and central blood pressure, augmentation
index, pulse rate, height, weight, and waist circumference.
Blood pressure, augmentation index, and pulse rate were
measured using an oscillometric pulse wave analysis device,
the USCOM BP+ [USCOM, Sydney, Australia]. This device
has been previously validated against aneroid blood pressure
measurements (33).

Outcomes
The primary outcome of interest for this study was prevalence of
metabolic syndrome at approximately 6-months postpartum.

Metabolic syndrome was defined as the presence of any three
of the following five risk factors (24):

• Elevated waist circumference with ethnicity specific values
defined by the International Diabetes Federation (23), which
for women is ≥80 cm for all ethnicities.

• Elevated triglycerides of ≥1.7 mmol/L, or drug treatment for
this lipid abnormality.

• Reduced HDL cholesterol of <1.3 mmol/L, or drug treatment
for this lipid abnormality.

• Elevated systolic blood pressure of ≥130 mmHg and/or
diastolic blood pressure of ≥85 mmHg, or antihypertensive
drug treatment.

• Elevated fasting glucose of≥5.6 mmol/L, or drug treatment of
elevated glucose.

Secondary outcomes were individual cardiovascular and
metabolic risk factors and included current smoking, waist
circumference, BMI, peripheral and central systolic blood
pressure, peripheral and central diastolic blood pressure, pulse
rate, augmentation index, triglycerides, HDL cholesterol, fasting

plasma glucose, and fasting insulin. Demographic outcomes
recorded included ethnicity, country of birth, preferred
language, level of education, employment status, marital status,
and combined household income. Area-level socioeconomic
status was recorded using the Socio-Economic Indexes for
Areas (SEIFA), specifically the Index of Relative Socioeconomic
Advantage and Disadvantage (IRSAD).

Analysis
Continuous variables are presented as mean and standard
deviation for normally distributed variables, and median and
interquartile range for non-normally distributed variables.
Categorical data are presented as count and percentage.
Participants with metabolic syndrome at 6 months postpartum
were compared to the reference group, which was comprised
of participants without metabolic syndrome. As this study
presented purely descriptive data and no inferences could be
made, no statistical tests were performed. All descriptive analyses
were conducted using IBM SPSS Statistics for Windows, version
27.0 (Armonk, NY: IBM Corp).

Participants were only included in this study if their metabolic
syndrome status could be confirmed. Therefore, those with
abdominal obesity who did not complete biochemistry were
excluded, as metabolic syndrome status could not be confirmed.
Participants who were pregnant again at the time of their
appointment were also excluded due to the inability to accurately
determine abdominal obesity and the influence of the pregnancy
on blood pressure, maternal lipids, and glucose.

COVID-19 Considerations
During the study period, the postpartum intervention clinic
was required to close for two separate periods, firstly between
1st April 2020 and 20th May 2020, and then again between
20th and 27th of July 2021, due to COVID-19 lockdowns.
During these periods, appointments were unable to take
place and patients with scheduled appointments were planned
to be rescheduled upon the clinic reopening. Online and
telehealth consults were not offered due to the impossibility
of obtaining accurate anthropometric measurements (including
blood pressure, height, weight, and waist circumference) and
performing physical assessments.

RESULTS

A total of 517 eligible women were offered appointments at
the postpartum intervention clinic during the study timeframe.
A total of 261 participants (50.4%) attended appointments and
were included in the registry. Ten participants were excluded
from the present analysis as they had not completed their
biochemistry testing and metabolic syndrome status was unable
to be determined. Another four participants were excluded due
to being pregnant at their first postpartum appointment. This
resulted in a final cohort of 247 for analysis in the present study.

Descriptive statistics for metabolic measures and
socioeconomic factors at time of appointment are presented in

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 March 2022 | Volume 9 | Article 85385124

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Aldridge et al. Metabolic Syndrome After Pregnancy Complications

TABLE 1 | Maternal characteristics according to maternal metabolic syndrome status at first postpartum appointment.

Variable Value, mean ± SD or n (%)

Total cohort Total, n MetS n = 89

(36%)

Total, n No MetS n =

158 (64%)

Total, n

Time to follow-up, months 7.13 ± 2.2 247 7.4 ± 2.1 89 7.0 ± 2.3 158

Age, years 32.8 ± 5.2 247 33.3 ± 5.2 89 32.6 ± 5.2 158

Gravidity at time of referral, n 2.8 ± 1.7 247 3 ± 2.0 89 2.7 ± 1.6 158

Pregnancy booking BMI, kg/m2 30.6 ± 8.0 242 33.8 ± 7.7 88 28.7 ± 7.7 154

Cardiovascular and metabolic risk factors

BMI, kg/m2 31.62 ± 7.9 247 35.8 ± 7.9 89 29.3 ± 6.9 158

Waist circumference, cm 98.30 ± 17.7 246 107.8 ± 16.6 89 92.9 ± 15.9 157

Peripheral SBP, mmHg 123 ± 13 245 127 ± 13 88 120 ± 12 157

Peripheral DBP, mmHg 74 ± 10 245 78 ± 10 88 72 ± 10 157

Central SBP, mmHg 116.0 ± 13.5 238 120.6 ± 13.0 86 113.4 ± 13.1 152

Central DBP, mmHg 76.6 ± 10.5 238 80.4 ± 10.0 86 74.36 ± 10.1 152

Pulse rate, bpm 74.6 ± 11.0 245 77.1 ± 12.2 88 73.2 ± 10.0 157

Augmentation index, % 76.4 ± 28.9 238 77.5 ± 28.5 86 75.8 ± 28.5 152

Triglycerides, mmol/L 1.33 ± 0.8 242 1.9 ± 0.8 88 1.0 ± 0.6 154

HDL cholesterol, mmol/L 1.37 ± 1.0 241 1.1 ± 0.2 88 1.5 ± 1.2 153

Glucose, mmol/L 5.24 ± 1.34 240 5.7 ± 1.5 86 5.0 ± 1.2 154

Insulin, µ/L 15.60 ± 13.7 237 23.4 ± 1.7 86 11.2 ± 10.1 151

Current smoking 23 (9.3) 247 10 (11.2) 89 13 (8.2) 158

T2DM 11 (4.5) 247 8 (9.0) 89 3 (1.9) 158

T1DM 4 (1.6) 247 0 (0) 89 4 (2.5) 158

Hypertension 16 (6.5) 247 13 (14.6) 89 3 (1.9) 158

Demographics

Born in Australia 133 (53.8) 247 48 (53.9) 89 85 (53.8) 158

Interpreter required 43 (17.4) 247 16 (18.0) 89 27 (17.1) 158

Ethnicity 247 89 158

Caucasian

Chinese & other Asian

Middle eastern

Indian subcontinent

African

Hispanic

Aboriginal

135 (54.7)

50 (20.2)

22 (8.9)

20 (8.1)

14 (5.7)

2 (0.8)

4 (1.6)

49 (55.1)

20 (22.5)

9 (10.1)

7 (7.9)

2 (2.2)

1 (1.1)

1 (1.1)

86 (54.4)

30 (19.0)

13 (8.2)

13 (8.2)

12 (7.6)

1 (0.6)

3 (1.9)

Marital status 247 89 158

Married

De facto

Single

Relationship, not living together

Separated

174 (70.4)

49 (19.8)

19 (7.7)

4 (1.6)

1 (0.4)

61 (68.5)

17 (19.1)

10 (11.2)

1 (1.1)

0 (0)

113 (71.5)

32 (20.3)

9 (5.7)

3 (1.9)

1 (0.6)

Level of education 247 89 158

Unknown

<= Year 10

Year 11

Year 12

TAFE certificate/diploma

Bachelor

Higher degree

27 (10.9)

15 (6.1)

12 (4.9)

33 (13.4)

96 (38.9)

48 (19.4)

16 (6.5)

13 (14.6)

6 (6.7)

2 (2.2)

14 (15.7)

36 (40.4)

14 (15.7)

4 (4.5)

14 (8.9)

9 (5.7)

10 (6.3)

19 (12.0)

60 (38.0)

34 (21.5)

12 (7.6)

Currently employed 130 (53.8) 247 37 (41.6) 89 93 (58.9) 158

Type of employment 247 89 158

Maternity leave

Full-time

Part-time

Casual

Student

None

73 (29.6)

8 (3.2)

25 (10.1)

22 (8.9)

2 (0.8) 117

(47.4)

21 (23.6)

5 (5.6)

4 (4.5)

6 (6.7)

1 (1.1)

52 (58.4)

52 (32.9)

3 (1.9)

21 (13.3)

16 (10.1)

1 (0.6)

65 (41.1)

(Continued)
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TABLE 1 | Continued

Variable Value, mean ± SD or n (%)

Total cohort Total, n MetS n = 89

(36%)

Total, n No MetS n =

158 (64%)

Total, n

Annual household income 247 89 158

$205,000

$105–205,000

$70–100,000

$40–70,000

$20–40,000

<= $20,000

Unknown or declined to answer

2 (0.8)

39 (15.8)

54 (21.9)

43 (17.4)

15 (6.1)

9 (3.6)

85 (34.4)

0 (0)

9 (10.1)

21 (23.6)

16 (18.0)

4 (4.5)

4 (4.5)

35 (39.3)

2 (1.3)

30 (19.0)

33 (20.9)

27 (17.1)

11 (7.0)

5 (3.2)

50 (31.6)

SEIFA - IRSAD 920.5 ± 65.4 247 916.2 ± 69.9 89 922.9 ± 62.7 158

SD, standard deviation; MetS, metabolic syndrome; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoprotein; T2DM, type 2

diabetes mellitus; T1DM, type 1 diabetes mellitus; TAFE, technical and further education; SEIFA, socioeconomic index for area; IRSD, index of relative socioeconomic disadvantage;

IRSAD, index of relative socioeconomic advantage and disadvantage; IEO, index of education and occupation; IER, index of economic resources.

Table 1. The mean time to follow up was 7 months postpartum,
with a range of 4–21 months. Delayed appointments were
caused by numerous factors, including: clinic closure due to
COVID-19, multiple rescheduled appointments due to maternal
request/illness, missed or late referrals to the service, and
administrative issues.

Overall, 89 (36%) of the participants met the criteria for
metabolic syndrome. The mean age of women seen in the
postpartum intervention clinic was 32.8 years, with a BMI of
31.62 kg/m2. Sixteen and eleven women had been diagnosed
with hypertension and type 2 diabetes prior to their first
postpartum appointment, respectively. Half of the cohort was
Caucasian and born in Australia, and most were married or in
de facto relationships.

When comparing those women with and without metabolic
syndrome, there were differences in all metabolic measures,
as expected. There was also a higher number of participants
with previously diagnosed type 2 diabetes and hypertension in
the metabolic syndrome group. There were no differences in
socioeconomicmeasures between groups, excepting employment
status. Employment rates were higher in participants that did
not have metabolic syndrome (58.9%) vs. those with metabolic
syndrome (41.6%).

Table 2 presents metabolic and cardiovascular risk factors for
the total cohort and comparing between metabolic syndrome
status groups. Overall, 89.5% of the cohort had abdominal obesity
at the time of their appointment, and over 90% of the cohort
fulfilled at least one criterion for metabolic syndrome (including,
but not necessarily meeting the abdominal obesity requirement).

The breakdown of referring pregnancy complications is
presented in Table 3. There were no differences between the
metabolic syndrome group and the group without metabolic
syndrome, although there was a slightly higher percentage
of gestational diabetes in the metabolic syndrome group.
Gestational diabetes was the most frequent reason for referral
to the clinic (71.7%), followed by hypertensive disorders of
pregnancy (32.4%).

DISCUSSION

In this prospective cohort of 247 participants with a major prior
pregnancy complication, over one-third (36%) of the cohort met
the criteria for metabolic syndrome 6months after pregnancy.
This indicates that these young women are at detectably high risk
of future cardiovascular disease. Worryingly, two-thirds (67.5%)
of the whole cohort met at least two of the metabolic syndrome
criteria, and 89.5% had abdominal obesity with a BMI>30 kg/m2

and/or waist circumference ≥80 cm, irrespective of metabolic
syndrome. In the group without metabolic syndrome, 89.6% met
at least one of the metabolic syndrome criteria. This suggests
that, even in those without metabolic syndrome, the vast majority
of women in this cohort are at least obese and therefore on a
trajectory to additional cardiovascular andmetabolic disease risk.
Although metabolic syndrome status prior to pregnancy was not
able to be determined, pregnancy booking BMI, taken at the
time of the antenatal triage appointment in the first trimester,
was significantly higher in the group of participants who had
metabolic syndrome postpartum (33.8 kg/m2) vs. those without
(28.7 kg/m2), suggesting that metabolic syndrome was likely
already present in a number of the cohort prior to conception.

Previous studies have found that women with a history of
pregnancy complications show increased risk and subclinical
signs of chronic disease early after pregnancy. The prevalence
of metabolic syndrome in this study was more than twice
that found in a Canadian study by Cusimano and colleagues,
which reported that 17.4% of women had metabolic syndrome
at 6 months postpartum following a complicated pregnancy
(34). Their cohort included women of any gravidity with the
same complications of pregnancy who were included in our
study, and therefore their results are directly comparable to
those presented in this analysis. The disparity in prevalence of
metabolic syndrome between cohorts demonstrate how risk and
health status may vary greatly between populations, emphasizing
the need for analyzing and understanding the risk profile of local
cohorts when introducing preventative strategies.
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TABLE 2 | Metabolic syndrome and cardiovascular risk factors present in total cohort.

Variable Value, n (%)

Whole

cohort

Total, n MetS Total, n No MetS Total, n

Abdominal obesity: add BMI + WC 221 (89.5) 247 89 (100) 89 132 (83.5) 158

Reduced HDL cholesterol: <1.29 mmol/L or

treatment for this lipid abnormality

113 (46.8) 241 76 (86.4) 88 37 (24.2) 153

Raised triglycerides: ≥1.7 mmol/L or treatment

for this lipid abnormality

62 (25.6) 242 54 (61.4) 88 8 (5.2) 154

Raised fasting plasma glucose: ≥5.6 mmol/L

or treatment for T2DM

48 (19.8) 242 39 (44.3) 88 9 (5.8) 154

Additional risk factors

Raised fasting plasma glucose: ≥5.6 mmol/L,

treatment for T2DM or raised fasting insulin:

≥12 µ/L

132 (55.5) 238 77 (88.5) 87 55 (36.4) 151

Treated hypertension, SBP ≥135mmHg or

DBP ≥85mmHg

75 (30.6) 245 48 (54.5) 88 27 (17.2) 157

Current smoking 23 (9.3) 247 10 (11.2) 89 13 (8.2) 158

Number of MetS risk factors present* 243 89 154

0

1

2

3

4

5

16 (6.6)

63 (25.9)

76 (31.3)

54 (22.2)

27 (11.1)

7 (2.9)

0 (0)

0 (0)

1 (1.1)

54 (60.7)

27 (30.3)

7 (7.9)

16 (10.4)

63 (40.9)

75 (48.7)

0 (0)

0 (0)

0 (0)

* Includes any one criterion for metabolic syndrome, whether or not abdominal obesity is present.

MetS, metabolic syndrome; HDL, high-density lipoprotein; T2DM, type 2 diabetes mellitus; SBP, systolic blood pressure; DBP, diastolic blood pressure.

There are some previous studies exploring metabolic
syndrome both in pregnancy and after pregnancy complications.
A study of the Screening for Pregnancy Endpoints (SCOPE)
cohort found that 29.4% of nulliparous women recruited from
the Adelaide, South Australia, site had metabolic syndrome
at 15 weeks’ gestation (35). These participants were recruited
in 2005–2008 from the same hospital as the cohort in the
present study. Although the study included healthy nulliparous
women without pre-existing hypertension and/or diabetes,
most of whom went on to have an uncomplicated pregnancy,
the lower percentage of metabolic syndrome reported in a
very similar population could suggest that rates may have
increased over the last 15 years. The higher prevalence of
metabolic syndrome in our cohort also suggests that we
are referring the right individuals for further follow up
and education.

Another study found 34% of women with a history of
hypertensive disorders of pregnancy had metabolic syndrome
2.5 years after the index pregnancy, compared to only 5%
of those who had had a normotensive pregnancy (36).
This is a similar percentage to our cohort (36%) but our
women were followed up much earlier in the postpartum
period. It is possible that, especially without intervention, we
would see an increase in the rate of metabolic syndrome
in our cohort over time. However, Smith and colleagues
followed women with a history of preeclampsia and found
that the prevalence of metabolic syndrome did not change
from 1 to 3 years postpartum (37). Further research should

TABLE 3 | Index pregnancy complications of cohort* (n = 247).

Variable Value, n (%)

Total cohort

N = 247

MetS

N = 89

No MetS

N = 158

Hypertensive disorder

of pregnancy

80 (32.4) 33 (37.1) 47 (29.7)

Gestational diabetes 177 (71.7) 70 (78.7) 107 (67.7)

Placental abruption 4 (1.6) 1 (1.1) 3 (1.9)

Intrauterine growth

restriction

17 (6.9) 4 (4.5) 13 (8.2)

Spontaneous preterm

birth

5 (2.0) 2 (2.2) 3 (1.9)

*Participants may have experienced more than one complication; the pregnancy

complication categories are not mutually exclusive. These complications include only

those listed on the referral, which is made at time of discharge from delivery of infant.

Only complications experienced in the index pregnancy were considered during the

referral process.

MetS, metabolic syndrome.

explore the progression of metabolic syndrome over time,
especially in women with a history of the complications not
characterized by hypertension. Although the current study was
not able to address progression of metabolic syndrome without
intervention, the results indicate that due to a high prevalence
of metabolic syndrome at 6 months postpartum, commencing
follow-up and education strategies within 1 year postpartum
is appropriate.
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In the existing literature, less attention has been paid to the
rarer complications of pregnancy, including intrauterine growth
restriction, spontaneous preterm birth, and placental abruption.
Underweight women are at higher risk of having a growth
restricted infant (38), and would therefore not meet the essential
abdominal obesity criterion of metabolic syndrome. However,
one study exploring women with previous delivery of a small for
gestational age infant reported 7.6% had metabolic syndrome (as
defined by the World Health Organization) after pregnancy (39).
Another small study found that womenwithmetabolic syndrome
early in pregnancy were almost three times more likely to deliver
preterm compared to those without metabolic syndrome (40).
Our study was unable to show any differences in metabolic
syndrome prevalence between complications of pregnancy due
to small numbers, but further research in these groups should
be conducted.

This study also explored differences in individual- and
area-level socioeconomic factors between those with metabolic
syndrome and those without, although there were no noticeable
differences in any of these except for employment status.
Although women with metabolic syndrome were less likely
to be employed (41.6) compared to those without metabolic
syndrome (58.9), the data may not capture an accurate reflection
of employment history, as some women may have been
previously employed but recently ceased working due to caring
responsibilities for their new infant. We did not collect data
on future employment plans or recent employment history.
There were also missing data in education (10.9%) and income
variables, with 34.4% of the cohort either declining to answer
or reporting not knowing their household income. Previous
literature has reported a relationship between low socioeconomic
status (determined using one or a combination of level of
education, income, and employment) and higher incidence of
metabolic syndrome, especially for women (41–45). The lack
of differences in the present analysis may be due to the small
sample size or the heterogeneity of the participants. Further
socioeconomic analyses of this cohort will be conducted as more
women are included in the quality assurance registry.

The high prevalence of metabolic syndrome, and the high
percentage of modifiable metabolic and cardiovascular disease
risk factors, in our cohort provide justification for the need for
early postpartum intervention with ongoing follow up for women
who experience complicated pregnancies. In the literature, it is
evident that many women remain unaware of the risk posed
to them after having a complicated pregnancy. Follow up for
cardiovascular risk screening after hypertensive disorders of
pregnancy remains minimal (46), with most women reporting
low personal awareness of cardiovascular disease risk (11).
Even after being informed of their increased risk, most women
attending the Maternal Health Clinic in Canada continued
to underestimate their risk (10). Furthermore, women with
gestational diabetes also underestimate their risk of developing
type 2 diabetes (47), generally tend to not adopt healthy lifestyles
postpartum (48), and report a number of barriers to making
healthy lifestyle changes (49). It is therefore vital to provide
structured follow up care for these patients to encourage positive
lifestyle modifications as soon as possible.

The attendance rate to the intervention clinic was only
just over 50% during the study timeframe, and the current
analysis did not capture data from women who did not attend
their appointment, so inclusion bias in the present study is
highly likely. Although not explored in this analysis, previous
research from the Maternal Health Clinic in Canada found that
women choosing not to attend had more adverse metabolic
and social risk profiles than those who did attend (50). This
could indicate that the women in our population most in
need of intervention are not engaging with preventative health
services. Future research into how to improve engagement
is required. Introduction of positive health messages during
pregnancy and ideally prior to conception may be of additional
benefit. A previous systematic review found that dietary
and lifestyle interventions introduced during pregnancy
have the potential for reducing the risk of developing
preeclampsia (51).

Another factor that may have influenced the attendance rate is
the COVID-19 pandemic. COVID-19 lockdowns resulted in the
postpartum intervention clinic closing for two separate periods
during the study. Althoughwomenwere re-offered appointments
upon reopening, we expect that attendance was at least in
part influenced by general concerns about attending healthcare
facilities during the pandemic, when the general population
were strongly encouraged to avoid leaving their homes unless
absolutely necessary. Since 2022, online consultations have been
offered by the postpartum clinic due to ongoing pandemic
restrictions on outpatient services, however online or telehealth
consults introduce further difficulties as measurements and
physical assessments cannot be performed. Remote consults are
also impractical for non-English speaking patients who require
an interpreter.

There are several limitations of the present study that
warrant discussion. The postpartum clinic’s eligibility criteria are
currently limited to the most severe examples of complications
of pregnancy and do not include women with unmedicated
hypertensive disorders of pregnancy or gestational diabetes.
If unmedicated participants were also included, the overall
prevalence of metabolic syndrome may have been reduced.
Furthermore, there are no data available on the prevalence of
metabolic syndrome in women with healthy pregnancies or in
the wider population of young women from which our cohort
was recruited, and so the prevalence reported in this study may
be reflective of the broader profile of our population. Only
prospective data were recorded at the time of the postpartum
appointment, so no historical socioeconomic information (for
example, the socioeconomic status the women were raised in)
were available. Finally, the data in this study were collected from a
unique outpatient service in a highly disadvantaged community,
and therefore the prevalence of metabolic syndrome may not
reflect that of other settings.

A strength of this study included using complete metabolic
syndrome diagnostic criteria instead of traditional cardiovascular
risk calculators to provide a more accurate reflection of risk. We
were also able to collect a comprehensive dataset for inclusion
in the registry, which will continue to collect data for future
in-depth analyses as this cohort grows.
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CONCLUSION

The results of this study highlight the need for ongoing
follow-up services for women who have had a complication
of pregnancy, as they are at high risk of future metabolic and
cardiovascular disease. Pregnancy and the early postpartum
period are opportune times to engage with high-risk women
about their increased risk due to increased contact with
the healthcare system. Future research should focus on
improving engagement with postpartum interventions,
exploring the effectiveness of preventative services in the
reduction of metabolic syndrome, and development of
other methods of calculating cardiovascular risk in this
disadvantaged population.
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Background: All randomized-controlled trials (RCTs) are required to follow high
methodological standards. In this study, we aimed to assess the methodological quality
of published cardiovascular clinical research trials in a representative sample of RCTs
published in 2017.

Methods: Cochrane Central Register of Controlled Trials was used to identify
cardiovascular clinical research trials with adult participants published in 2017. Overall,
250 (10%) RCTs were randomly selected from a total of 2,419 studies. Data on general
trial characteristics were extracted and the risk of bias (RoB) was determined.

Results: Overall, 86% of RCTs have reported at least one statistically significant
result, with the primary outcome significant in 69%, treatment favored in 55%, and
adverse events reported in 68%. Less than one-third (29%) of trials were overall
low RoB, while the other two-thirds were rated unclear (40%) or with high RoB
(31%). Sequence generation, allocation concealment, and selective reporting were the
domains most often rated with high RoB. Drug trials were more likely to have low
RoB than non-drug trials. Significant differences were found in RoB for the allocation
concealment and blinding of participants and personnel between industry-funded and
non-industry-funded trials, with industry-funded trials more often rated at low RoB.

Conclusion: Almost two-thirds of RCTs in the field of cardiovascular disease (CVD)
research, were at high or unclear RoB, indicating a need for more rigorous trial planning
and conduct. Prospective trial registration is a factor predicting a lower risk of bias.

Keywords: randomized controlled trials, risk of bias, cardiovascular diseases, funding source, data monitoring
committee, trial registration

Abbreviations: RCT, randomized-controlled trials; RoB, risk of bias; CVD, cardiovascular disease.
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INTRODUCTION

Randomized controlled trials (RCTs) are widely recognized as the
most optimal methodology for causal inference, where humans
are prospectively included and randomly allocated to groups
to evaluate the efficacy and safety of an intervention (1). The
strength of the RCTs comes from the randomization procedure,
which ensures that all participants have the same chance of
being assigned to each of the study groups (1) and guarantees
that the characteristics of the participant are similar through
the different groups at the baseline (2). However, the extent to
which we can draw final conclusions based on RCTs strongly
depends on how rigorous study methodology is; methodological
inaccuracies during trial planning and conduct will subsequently
reduce the reliability of results and their usability in medical
practice (3). Biased results can finally lead to the underestimation
or overestimation of the true intervention effect (3).

In cardiovascular disease (CVD) research, RCTs have been
widely used to provide reliable knowledge on the best treatment
strategies, such as therapies which are able to improve patient’s
symptoms, correct disease markers, and improve clinical
outcomes (4, 5). However, the risk of bias (RoB) has not been
assessed in these studies.

The risk of bias (RoB) reflects the degree to which the results of
a trial should be believed (6, 7). To reduce the possibility of RoB in
RCT’s, the Cochrane Collaboration introduced a tool designed to
appraise RoB (8, 9), involving six domains related to the internal
validity of a trial: sequence generation, allocation concealment,
blinding, incomplete outcome data, selective outcome reporting,
and “other” potential threats to validity (6, 7). The risk of bias
assessment enables the assessment of flaws in the trial design,
conduct, and analysis that may affect study results (10).

In this study, we aimed to describe the reliability of evidence
of cardiovascular diseases from a representative sample of
cardiovascular RCTs published in 2017. Specific objectives were
to examine: (1) the reliability of published cardiovascular trials
using the RoB tool; (2) specific trial characteristics which
increase the likelihood of unclear/high RoB; and (3) any potential
differences in methodological issues between studies funded by
the industry or the academy.

MATERIALS AND METHODS

Sample Selection
We used the Cochrane CENTRAL Register of Controlled Trials
to search for RCTs published in 2017 using subject headings and
keywords related to adults (aged ≥ 18 years) and CVDs (such
as, atherosclerosis, arrhythmia, cardiomyopathy, heart failure,
hypertension, ischemic heart disease, heart attack, angina, sudden
death, cardiac arrest, hypercholesterolemia, high blood pressure,
CVD, ejection fraction, echocardiography, pericarditis, coronary
artery disease, angioplasty, and angiography). The search and
the screening of identified studies for eligibility were conducted
by the first author (OB). Our search yielded a total of 2,556
studies (Supplementary File 1). Following deduplication, 2,419
studies underwent further analysis. Cochrane CENTRAL was the
priority search source as it is the most comprehensive resource

available of RCTs, containing publications from MEDLINE and
EMBASE, as well as hand-search results, and gray literature (6,
11). Results of the search were randomly ordered in Excel, by the
following method: after exporting the search result as an Excel
file from Cochrane CENTRAL, we assigned a random number
between 0 and 1 to each record using Excel’s random number
generator, then reordered them from the smallest to the highest
number (12). As a next step, we screened studies consecutively
for eligibility, and the first 250 (∼10%) RCTs matching our pre-
specified inclusion criteria were selected (Supplementary File 2).
Trials were eligible for inclusion if they were published in the year
2017, were written in English, the described results of an RCT
in the field of cardiovascular medicine, and included participants
aged ≥ 18 years. Decision on the inclusion of a study was made
after a careful consideration of the methodology in the full text.

Data Extraction
For data extraction, we used a data extraction sheet already
tested and described in a previous study (11), data extracting
guide available here: https://doi.org/10.1016/j.jpeds.2017.09.014
(12). The following data were extracted: journal type (e.g.,
specialty cardiovascular, or general medical), the publication
details and characteristics of the published trials (such as study
design, intervention, trial conduct, study sample, sample size,
presence of a data monitoring committee, research outcomes,
and conclusions). Further, we collected information about trial
registration. Data extraction was completed by two reviewers
(OB, OF): the first reviewer extracted the data and then, the
second reviewer double-checked the sample. Conflicts were
resolved through discussion and by reaching a consensus.
Trial registration and protocol availability were investigated by
retrieving information from the publications and via additional
Internet searches (in Google and Google scholar). For the
internet searches, we used the trial register number, the
investigators’ names, and keywords describing the intervention
or the condition.

Assessment of Methodological Quality
and Reporting
We used the Cochrane RoB assessment tool (13) to evaluate the
methodological quality of included RCTs. This tool assesses seven
domains: (1) random sequence generation (whether the method
used to generate the allocation sequence is described in sufficient
detail to allow an assessment of whether it should produce
comparable groups); (2) allocation concealment (whether the
method used to conceal the allocation sequence is described in
sufficient detail to determine whether intervention allocations
could have been foreseen before or during enrollment); (3)
the blinding of participants and personnel; (4) the blinding
of outcome assessors; (5) incomplete outcome data (whether
attrition and exclusions were reported, whether missing data
were balanced across groups or were related to the outcomes);
(6) selective reporting (whether pre-specified outcomes were
reported in a pre-specified way); and (7) other bias.

We used the Cochrane RoB tool to assess RoB for the
primary outcome. When the primary outcome was not clearly
defined, we presumed it was the outcome either (1) described
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FIGURE 1 | Flowchart of study selection.

under aims/objectives of the study, (2) the outcome used
to determine the sample size, or (3) the first outcome
reported in the publication (the first applicable was used).
One researcher performed a RoB assessment, while a second
researcher was assigned to ensure the correctness of the
assessments for each study.

Following Cochrane procedures (7), we classified each domain
as low, unclear, or high risk. Then, the overall RoB was
determined as follows: low when all domains were assessed as low
RoB; unclear when at least 1 domain was assessed as unclear and
no domains were assessed as high RoB; and high if any domain
was assessed as high RoB (7).

Statistical Analysis
Statistical analyses were conducted by the statistical software
R version 4.1.2 (14). The data were analyzed descriptively,
using means and standard deviations (SDs) or medians and
ranges for continuous variables and proportions for categorical
variables. A multivariable logistic regression analysis was
conducted to investigate the association between pre-specified
study characteristics and the odds of high/unclear RoB. The value
of p < 0.05 was considered as a significant result.

RESULTS

Study Design and Reporting
Characteristics of the Study Sample
Out of the 2,419 studies identified via search, we included
the first 250 randomly selected trials, which met our search
inclusion criteria as shown in Figure 1. The publication and trial

TABLE 1 | Publication and trial characteristics (N = 250).

Study characteristics N (%)

The geographical location of the corresponding author

Asia 65 (26.0%)

North America 69 (27.6%)

Europe (Excluding United Kingdom) 93 (37.2%)

South America 13 (5.2%)

Australia 2 (0.8%)

United Kingdom 8 (3.2%)

Type of journal

Specialty cardiovascular journal 100 (40.0%)

General cardiovascular journal 46 (18.4%)

Specialty medical journal 49 (19.6%)

General medical journal 41 (16.4%)

Non-medical journal 14 (5.6%)

Study design

Parallel 231 (92.4%)

Crossover 15 (6.0%)

Factorial 4 (1.6%)

Study type

Efficacy/Superiority 237 (94.8%)

Equivalence 3 (1.2%)

Non-inferiority 4 (1.6%)

None of the above 6 (2.4%)

Intervention

Drug 139 (55.6%)

Prevention or screening 20 (8.0%)

Device 23 (9.2%)

Other 68 (27.2%)

Placebo-controlled

Yes 68 (27.2%)

No 182 (72.8%)

Number of centers

Multicenter 157 (62.8%)

Single center 93 (37.2%)

Data Monitoring Committee

Yes 105 (42.0%)

No 94 (37.6%)

Unclear 51 (20.4%)

Funding source

Academic or Research institute 94 (37.6%)

Pharmaceutical 48 (19.2%)

Government 24 (9.6%)

Industry for device 10 (4.0%)

No external funding 4 (1.6%)

Private 50 (20.0%)

Unclear 21 (8.4%)

Primary outcome explicitly specified

Yes 157 (62.8%)

No 93 (37.2%)

Intervention favored

Treatment 139 (55.6%)

Control 9 (3.6%)

Non 104 (41.6%)

(Continued)
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TABLE 1 | (Continued)

Study characteristics N (%)

Sample size calculation reported

Yes 151 (60.4%)

No 99 (39.6%)

Was there at least one statistically significant outcome?

Yes 215 (86.0%)

No 35 (14.0%)

Was the primary outcome statistically significant?

Yes 173 (69.2%)

No 77 (30.8%)

Overall authors conclusion

Positive 170 (68.0%)

Negative 34 (13.6%)

Neutral 46 (18.4%)

Adverse events

Reported 170 (68.0%)

Non-reported 82 (32.8%)

Trial registered

Yes 209

No 41

characteristics of our sample are shown in Table 1. Most of the
included trials had a parallel design (92.4%) and were efficacy
trials (94.8%). Overall, 20.8% were placebo-controlled trials. An
important part of the results of the trial was published in specialty
cardiovascular journals (40.0%). In 139 studies (55.6%), the main
goal was to evaluate the effects of pharmacological interventions.
All geographic areas were represented; the majority of authors
were from Europe (37.4%) and North America (26.0%).

The funding source was specified in 91.6% of the included
trials: most of the trials were funded by an academic grant or a
research institute (37.6%), while industrial and pharmaceuticals
funding were reported in 23.2% of the trials.

When analyzing the main results of trials, we observed that
at least one statistically significant result was reported in 86.0% of
the studies; in these studies, the primary outcome was reported to
be statistically significant in 69.2% of the cases. The treatment was
favored in 55.6% and control in 3.6%. At least one adverse event
was reported in 68% of the trials. A data monitoring committee
was reported in 42% and sample size calculation in 60.4%. A total
of 83.6% of the studies were registered in one of the clinical trials
registries out of the 77.5% were registered in clinicaltrials.gov.

Risk of Bias Assessment
Table 2 shows the RoB assessment results. Overall, 29.2% of the
studies were deemed as low RoB, while the remaining studies
were at either unclear (39.6%) or high risk (31.2%). We rated
the domains sequence generation, allocation concealment, and
selective reporting to be the domains most often at high RoB
(13.2, 9.6, and 10.4%, respectively).

We investigated whether the RoB was associated with the
following variables: type of the intervention (drug vs. non-drug);
single or multiple study centers; sample size; the presence of
a Data Monitoring Committee; statistical significance of the
primary outcome and trial registration (Table 3). Of these

TABLE 2 | Risk of bias (RoB) assessments by domain (N = 250).

Domain Risk of bias assessment N (%)

High Unclear Low

Sequence generation 33 (13.2%) 68 (27.2%) 149 (59.6%)

Allocation concealment 24 (9.6%) 51 (20.4%) 175 (70.0%)

Blinding: participant and personnel 11 (4.4%) 112 (44.8%) 127 (50.8%)

Blinding: outcome assessor 11 (4.4%) 33 (13.2%) 206 (82.4%)

Incomplete outcome data 8 (3.2%) 57 (22.8%) 185 (74.0%)

Selective reporting 26 (10.4%) 67 (26.8%) 157 (62.8%)

Other bias 36 (14.4%) 106 (42.4%) 108 (42.8%)

Overall RoB 78 (31.2%) 99 (39.6%) 73 (29.2%)

variables, trial registration influenced overall RoB to the greatest
extent (odds ratio [OR] 0.06, 95% CI 0.03–0.31). Drug trials were
more likely to have a low RoB than non-drug trials (OR 0.53,
95% CI 0.29–0.97), and multicenter trials more likely than single-
center trials (OR 0.39, 95% CI 0.18–0.80). Other investigated
variables did not have a significant influence on the RoB.

We observed the following results after investigating
individual RoB intems separately: drug trials (OR 0.39, 95% CI
0.22–0.66) and registered trials (OR 0.39, 95% CI 0.18–0.83) were
more likely to have low RoB for random sequence generation.
Drug trials (OR 0.51, 95% CI 0.28–0.93), registered trials (OR
0.49, 95% CI 0.26–0.91), and multicenter trials (OR 0.49, 95%
CI 0.26–0.91) were more likely to have low RoB for allocation
concealment, while trials with a statistically significant result
were more likely to have unclear or high RoB (OR 2.59, 95% CI
1.34–5.31). Registered trials (OR 0.18, 95% CI 0.06–0.43), trials
larger than 500 participants (OR 0.47, 95% CI 0.24–0.92), and
trials with a Data Monitoring Committee (OR 0.50, 95% CI 0.28–
0.87) had more often low RoB for the blinding of participants
and personnel while the blinding of outcome assessors was more
often low RoB in multicenter trials (OR 0.42, 95% CI 0.19–0.89)
and registered trials (OR 0.27, 95% CI 0.12–0.63). There were no
factors that increased the likelihood of low RoB for incomplete
outcome data; however, trials with statistically significant results
decreased the likelihood of low RoB for incomplete outcome
data (OR 2.40, 95% CI 1.18–5.21). Larger trials with more than
500 participants were more likely to have low RoB for selective
reporting (OR 0.44, 95% CI 0.19–0.95). Registered trials (OR
0.23, 95% CI 0.08–0.56) and multicenter trials (OR 0.31, 95% CI
0.16–0.59) were more likely to have low RoB for other biases.

Risk of Bias According to a Funding
Source
When funding source was added as an additional independent
variable to the multivariable regression model, funding did not
seem to influence the likelihood of overall low RoB (industry
funding: OR 0.76, 95% CI 0.40–1.45).

In the sub-group of industry-funded trials, multicenter trial
and Data Monitoring Committee were factors that increased the
likelihood of overall low RoB. None of the investigated factors
influenced the overall RoB within the sub-group of trials with
non-industry funding (Table 3).
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TABLE 3 | Multivariable regression analyses for all included trials, and trials with and without stated funding from the industry*.

All trials (N = 250) Industry-funded trials (N = 106) Non-industry funded trials (N = 119)

OR (95%CI) p OR (95%CI) p OR (95%CI) p

Drug trial (vs. non-drug trial) 0.53 (0.29 – 0.97) 0.04 0.49 (0.18 – 1.27) 0.15 0.50 (0.20 – 1.20) 0.12

Multicentre (vs. single center) 0.39 (0.18 – 0.80) 0.01 0.13 (0.02 – 0.61) 0.02 0.80 (0.32 – 2.00) 0.64

Sample size (>500 vs. smaller) 0.67 (0.34 – 1.31) 0.24 0.60 (0.23 – 1.56) 0.29 1.72 (0.52 – 6.86) 0.40

Data Monitoring Committee (yes vs. no) 0.59 (0.32 – 1.09) 0.09 0.36 (0.13 – 0.96) 0.045 0.91 (0.37 – 2.27) 0.84

Primary outcome statistically significant (vs. not) 0.92 (0.48 – 1.74) 0.80 0.52 (0.81 – 1.11) 0.49 1.36 (0.54 – 3.38) 0.51

Trial registration reported (vs. not reported) 0.06 (0.003 – 0.31) <0.01 0.19 (0.01 – 1.28) 0.15 1.13 (0.01 – 0.75) 0.06

*Funding was not reported in N = 25 studies.

TABLE 4 | Risk of bias assessments by domain in studies funded by the industry
or non-industry (N = 250).

RoB domain Funding source (industrial vs. non-industrial)

Industrial N (%) Non-
industrial

N (%) p-value

Random sequence
generation

Low
Unclear
High

66 (62.3)
32 (30.2)
8 (7.5)

Low
Unclear
High

71 (59.7)
33 (27.7)
15 (12.6)

0.4533

Allocation
concealment

Low
Unclear
High

90 (84.9)
13 (12.3)
3 (2.8)

Low
Unclear
High

76 (63.9)
32 (26.9)
11 (9.2)

0.0014*

Blinding: participant
and personnel

Low
Unclear
High

70 (66.0)
35 (33.0)
1 (0.94)

Low
Unclear
High

51 (42.9)
61 (51.3)
7 (5.9)

0.0001*

Blinding: outcome
assessor

Low
Unclear
High

95 (89.6)
8 (7.5)
3 (2.8)

Low
Unclear
High

95 (79.8)
19 (16.0)
5 (4.2)

0.1198

Incomplete outcome
data

Low
Unclear
High

86 (81.1)
14 (13.2)

6 (5.7)

Low
Unclear
High

91 (76.5)
25 (21.0)
3 (2.5)

0.1734

Selective reporting Low
Unclear
High

80 (75.5)
23 (21.7)

3 (2.8)

Low
Unclear
High

86 (72.3)
29 (24.4)
4 (3.4)

0.8598

Other bias Low
Unclear
High

55 (51.9)
41 (38.7)
10 (9.4)

Low
Unclear
High

47 (39.5)
56 (47.1)
16 (13.4)

0.1659

Overall RoB Low
Unclear
High

42 (39.6)
41 (38.7)
23 (21.7)

Low
Unclear
High

30 (25.2)
53 (44.5)
36 (30.3)

0.0587

Statistical analysis was made by regression analysis. *Statistically significant results
(p < 0.001).

Compared with non-industry funded studies more industry
funded studies were rated as low RoB (84.9 vs. 63.9%) and less
were rated as unclear (12.3 vs. 26.9%) or high RoB (2.8 vs. 9.2%)
for allocation concealment (p < 0.001) (Table 4). More industry
funded studies were rated low (66.0 vs. 42.9%) and fewer were
rated as unclear (33.0 vs. 51.3%) or high risk (0.94 vs. 5.9%) for
the blinding of participants and personnel (p < 0.001).

DISCUSSION

Summary of Main Findings
To our knowledge, this is the first research evaluating the RoB
and its association with specific trial characteristics in a randomly

selected sample of recently published clinical trials in adult
cardiovascular disease. Included trials were mainly parallel RCTs
investigating the efficacy of an intervention, with a very diverse
trial scope and published in a variety of cardiovascular and
general medical journals.

Of the 250 studies included, more than 85% have reported at
least one statistically significant result, with the primary outcome
significant in 69%. Treatment was favored in 55% of the studies,
and adverse events were reported in 68%.

Less than one-third of our samples were overall low RoB,
while the other two-thirds were unclear or high RoB. Sequence
generation, allocation concealment, and selective reporting were
the RoB domains most frequently rated at high risk. Trial
registration influenced overall RoB to the greatest extent. Drug
trials were more likely to be at low RoB than non-drug trials,
and multicenter trials were more likely at a low risk RoB than
single-center trials.

In the subgroup of industry-funded trials, multicenter trial
and Data Monitoring Committee were factors that increased the
likelihood of overall low RoB, while none of the investigated
factors influenced the overall RoB within the subgroup of non-
industry-funded trials. Significant differences were found in the
RoB for the domains allocation concealment and the blinding of
participants and personnel between industry-funded and non-
industry-funded trials, with industry-funded trials more often
rated at low risk.

Strengths and Weaknesses of the Study
We aimed to select a sample of studies representative for all
randomized controlled trials published in 2017; we did not
exclude published trials based on the country, type of journal,
type of participants, or type of intervention. Included trials
were randomly selected from all eligible trials. We used the
most well-recognized tool for methodological assessment and the
results indicated several areas of methodological weaknesses. To
increase the reliability of findings, both data extraction and RoB
assessment were conducted by two independent researchers.

This study was not pre-registered. Our study is limited by
the included trials published in the English language only;
conclusions cannot be generalized to trials published in other
languages. We could not identify register entries or trial protocols
for a subsample of trials, and it was difficult to properly evaluate
the selective outcome reporting in these trials. We have not
contacted the authors to get additional information about their
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trials, therefore the assessments are solely based on published
information. Additionally, our study focused on the internal
validity of trials, but have not assessed factors that may impact
the external validity.

Discussion of Findings Considering
Other Studies
Of the 250 analyzed trials, more than two-thirds (70.8%) were
at high or unclear RoB, which is consistent with previous
study results (15, 16). The RoB domains sequence generation,
allocation concealment, and selective reporting were rated most
often to be at high risk in our study.

Trial registration had the most beneficial effect on RoB in
our study. In previous studies, random sequence generation,
allocation concealment, and selective reporting were shown
to differ between registered and unregistered gynecology and
fertility trials (17). Registration was shown to be a factor
influencing all RoB domains except selective outcome reporting
in a sample of pediatric research trials (6). Trial registration is a
factor that has the potential to facilitate higher methodological
quality (18).

We found that drug trials were more likely at a low
RoB than non-drug trials. This might be in connection with
the strict regulations surrounding drug trials. Differences in
protocol quality (19) registration and publication tendencies were
described already in previous publications (20, 21), between trials
with regulated and non-regulated interventions.

In our study, multi-center trials have demonstrated lower
RoB compared with single-center trials. This is consistent with
the conclusions of Landoni et al., who underlined bias issues
characteristic for single-center trials (e.g., local effect bias,
selection and performance bias, detection and reporting bias,
analysis and attrition bias, concomitant therapy bias, low fragility
index, and publication bias). Caution is advised for the results of
single-center RCTs (22).

The source of funding may have an important impact on
trial planning, conduct, and reporting (23–25). In our study, we
investigated the role of funding sources on RoB by comparing
trials both funded or not by the industry. In our study, industry-
funded studies were rated more often low for the allocation
concealment and the blinding of participants and personnel,
as non-industry-funded studies. Our findigs on the higher
probability of industry-funded trials to have adequate blinding
are supported by the results of a similar study conducted in
pediatric RCTs (6, 25). The blinding of participants and personnel
may not always be feasible, however, studies should attempt
blinding wherever possible.

Implications for Practice and Future
Research
Our results underline the need of further improvement in the
process of planning and performing a clinical trial in the field
of CVD research. Trial registration was associated with a larger
likelihood of low RoB, therefore mandatory trial registration
should be endorsed and enforced by ethic committees, funders,
and journal editors. Further favorable trial features associated
with the lower RoB were multicenter trials, larger trials with

more than 500 participants, and trials with a Data monitoring
Committee. Trials not funded by the industry were more often
at a high RoB for the allocation concealment and the blinding
of participants and personnel, indicating, that studies without
industry involvement need to pay greater attention to following
certain methodological recommendations. The same is applicable
for cardiovascular research trials investigating the effects of a
non-drug intervention. In the present study, we focused on
the methodological quality of CVD research trials but did
not assess reporting issues in detail. This may need further
assessed in the future.

CONCLUSION

Almost two-thirds of RCTs published in 2017 in the field of
CVD research were at high or unclear RoB. This indicates a need
for more rigorous trial planning and conduct. Prospective trial
registration is a factor that predicts the lower RoB.
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Background: Although research indicates an association between hypertensive
disorders of pregnancy (HDP) and congenital heart defects (CHDs) in offspring,
consistency is still lacking. Therefore, we aimed to synthesize the updated published
epidemiologic evidence to estimate the association of maternal HDP with the risk of
total CHDs and its phenotypes in offspring.

Methods: A systematic search of Web of Science Database, PubMed, and Embase
were searched from inception through April 30, 2021 based on a preprepared
protocol, and the reference lists were also manually searched. The combined risk
estimates were calculated using either the fixed-effect models or random-effect models.
Possible heterogeneity moderators were detected by subgroup, sensitivity analyses,
and Galbraith plot.

Results: Twenty-four studies involving 477,839 CHDs cases among 40,394,699
participants were included in our meta-analysis. Mothers who had HDP exposure
were significantly associated with an increased risk of total CHDs compared with non-
exposure. When maternal HDP exposure was further subdivided into pre-eclampsia
(OR = 1.79, 95% CI: 1.50–2.13), gestational hypertension (OR = 1.16, 95% CI:
1.02–1.31), and chronic hypertension (OR = 1.68, 95% CI: 1.49–1.89), a significantly
increased risk of total CHDs were still presented. Furthermore, a statistically significant
increased association was found between maternal HDP exposure and most CHD
phenotypes. Besides, relevant heterogeneity moderators have been identified by
subgroup and sensitivity analyses.
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Conclusion: Our study suggested that maternal HDP exposure may be associated with
an increase in the risk of CHDs in offspring. These findings highlight the need for greater
surveillance of pregnant women with HDP exposure to allow early prevention that may
be good for reducing the risk of CHDs in offspring.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [CRD42021268093].

Keywords: congenital heart defects, pre-eclampsia, gestational hypertension, chronic hypertension, meta-
analysis, hypertensive disorders of pregnancy

INTRODUCTION

Congenital heart defects (CHDs), defined as gross structural
malformation of the heart or large blood vessels during the fetal
period, are the most frequent congenital anomalies in newborns,
affecting 8.6–10.3 per 1,000 live births (1–3). Heart defects are
a major cause of infant non-infectious morbidity and mortality,
which can lead to about 6.0% neonatal and 46% congenital
deaths (4, 5). Evidence showed that more than one million
children with CHDs are born every year in the world, and
more than half of them need surgical intervention within 1-year-
old (6, 7). Although the surgical repair of CHD has achieved
remarkable success, many interventions are palliative rather than
curative (8). Survivors with CHDs are usually at significant
risk of cardiovascular complications and neurodevelopmental
disorders in the long term (8, 9). At present, the cause of CHDs is
largely unknown.

Hypertensive disorders in pregnancy (HDP) are a group of
maternal disorders characterized by increased blood pressure
during pregnancy, which include gestational hypertension, pre-
eclampsia or eclampsia, chronic hypertension, and preeclampsia
superimposed on chronic hypertension (10). It was estimated
that approximately 5–8% of all pregnant women worldwide
were affected by HDP (11). Previous studies suggested that
HDP produces an adverse in utero environment, which may
increase the risk of adverse pregnancy outcomes (for example,
low birth weight, neonatal death, intrauterine growth restriction,
congenital malformations, and so on) (12, 13). These indicated
that mothers with HDP may increase the risk for heart defects
in offspring. Despite some published original studies that have
evaluated the relationship between HDP and CHDs risk, the
findings were still inconsistent (14–18).

Until now, one meta-analysis has been published to discuss
this question (19). This study reported a significant association
between maternal hypertension and the risk of CHDs in
offspring (19). However, this review did insufficient consider
the heterogeneity of results when exploring the association of
maternal hypertension with CHDs (19), so the risk estimates
are not entirely precise and robust. Meanwhile, the association
between hypertension and specific CHD phenotypes was limited
in terms of sample size, which may cause the bias of results
due to the lack of statistical power. Additionally, of note, the
previous review did not focus on the associated different types of
HDP with the risk of CHDs. Furthermore, given the increasing
prevalence of HDP, and partially after the publication of that
meta-analysis, several large-scale cohort studies with inconsistent

outcomes have been reported, collating the existing evidence of
the association of HDP with CHDs is required (14–18).

Therefore, based on the above-mentioned situation, we
synthesized the available published studies on the association
between maternal HDP and the risk of CHDs in offspring in a
systematic review and meta-analysis. The objective of this study
is as follows: (i) to review and summarize the epidemiologic
evidence on the association of maternal HDP on total CHDs
and specific CHD phenotypes in offspring; (ii) to estimate
the association of different types of HDP with total CHDs in
offspring; and (iii) to identify potential sources of heterogeneity
by subgroup, sensitivity analyses, and Galbraith plot.

MATERIALS AND METHODS

Literature Search Strategy
We conducted and reported this study by following the
protocol of the Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) statement (20). Web of Science
Database, PubMed, and Embase was searched from inception
through April 30, 2021. Search terms associated with HDP and
CHDs were combined according to the principles of Boolean
logic (using AND, OR, or NOT). For example, (hypertensive
disorders in pregnancy OR gestational hypertension OR
preeclampsia) AND (congenital heart disease OR congenital
heart defect OR congenital heart malformation). The full search
strategy is included in Supplementary Table 1. Additionally,
the reference lists of relevant studies and reviews were also
manually searched. The protocol for this systematic review and
meta-analysis was registered on PROSPERO, the international
prospective register of systematic reviews (CRD42021268093),
and subsequently published.

Exposure and Outcomes
The exposures of interest were HDP, which was defined as a
group of characteristic diseases that occur during the gestational
period. HDP was usually divided into four categories: gestational
hypertension, preeclampsia/eclampsia, chronic hypertension,
and preeclampsia superimposed on chronic hypertension. The
definitions of HDP of individual studies were guided by
guidelines in place at the time of each study in our study.
Traditionally, gestational hypertension was defined as new-onset
elevated blood pressure (≥140/90 mmHg) after 20 weeks of
gestation, and recovery before 12 weeks of delivery (21, 22).
Preeclampsia was defined as hypertension (≥140/90 mmHg) and
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proteinuria (≥300 mg protein per day) developing after 20 weeks
of gestation in women who were previously normotensive
(21, 22). Chronic hypertension was defined as increased blood
pressure (≥140/90 mmHg) before 20 weeks gestation, but not
associated with additional systemic features of preeclampsia
(21, 22). Chronic hypertension with superimposed preeclampsia
was defined when ≥1 of the systemic features of preeclampsia
develops in women with chronic hypertension (21, 22).
Additionally, considering the possibility that CHDs could be
more strongly associated with some variants of preeclampsia,
preeclampsia was further classified as mild or severe preeclampsia
according to the disease severity, and early onset preeclampsia
(less than 34 weeks of gestation) or late-onset preeclampsia
(greater than or equal to 34 weeks) based on the disease onset
(23).

The outcomes of interest were CHDs or specific CHD
phenotypes including conotruncal defects (CTD), atrial septal
defects (ASD), ventricular septal defects (VSD), atrioventricular
septal defect (AVSD), tetralogy of fallot (TOF), transposition of
the great vessels (TGA), coarctation of the aorta (COA), right
ventricular outflow tract obstruction (RVOTO), left ventricular
outflow tract obstruction (LVOTO), hypoplastic left heart
syndrome (HLHS), and heterotaxia, which were confirmed by
surgery and/or diagnosed by ultrasonography.

Study Selection
Two authors (SMZ and TTW) independently initial screened
titles and abstracts of all studies, and then reviewed full texts of
relevant studies when necessary. Eligibility criteria for fulfilling
in our meta-analysis included the following: (i) cohort or
case-control studies; (ii) HDP were the exposure of interest
including gestational hypertension, pre-eclampsia or eclampsia,
chronic hypertension, and preeclampsia superimposed on
chronic hypertension; (iii) CHDs or specific CHD phenotypes
(e.g., ASD, VSD, TOF, etc.) were the outcomes of interest;
(iv) the association between HDP and CHDs or specific CHD
phenotypes were part of the main objective of the study
(including studies that investigated other perinatal risk factors
in addition to HDP); (v) reported odds ratios (ORs) or relative
risks (RRs), with corresponding 95% confidence intervals (CIs)
(or provided sufficient information to calculate effect value, such
as β coefficient and standard error (se), or complete four grid
table data (2 × 2 tables) which is sufficient to calculate their OR
value or RR value); (vi) published in English-language. On the
contrary, exclusion criteria of studies were as follows: (i) reviews,
meta-analysis, case reports, letters, and conference abstracts; (ii)
without sufficient or clear data; (iii) duplicate publications (If
the same population was studied in more than one study, we
included the study with the longest follow-up time or the most
information). Additionally, we also excluded some studies that
focused on the treatment of HDP or special populations (e.g., very
low birth weight preterm infants).

Data Extraction and Quality Assessment
Two authors (SM.Z and TT.W) independently extracted data
and assessed study quality for each included literature using
a standardized data collection form. All discrepancies were

resolved through discussion with third authors (X.Q) until
consensus could be reached. Information extracted included the
first author’s, year of publication, recruitment period, geographic
region, study design, sample sources, sample sizes, the exposure
of interest, the outcome of interest, whether confounding factors
were adjusted, and quality assessment. Quality assessment of
all included studies was conducted by using the Newcastle-
Ottawa Scale (24). With this tool, each study is evaluated
from three dimensions: the selection of study groups, the
comparability of groups, and the ascertainment of the interest
of exposure or outcome for case-control or cohort studies. The
Stars awarded for each quality item (a total of 9 items) can
be used as a quick visual assessment. A study that received
greater than or equal to 7 stars was considered of high
methodological quality.

Statistical Analysis
OR and their corresponding 95% CIs were used as the common
measure of association of maternal HDP exposure with the risk
of CHDs in offspring. Since CHDs were rare (the prevalence
was 8.6–10.3 per 1,000 live births), we considered OR as RRs.
Random-effect models were used to calculate the combined risk
estimates when there is heterogeneity across studies, otherwise,
the fixed-effect model was used (25). The Q statistics (significance
level at P < 0.10) and I2 statistic (significance level at I2 > 50%)
were identified as a quantitative measurement index for detecting
the heterogeneity between studies (26).

Subgroup analyses were performed according to the following
factors: geographic region, sample sources, study design, sample
sizes, publication years, types of HDP, whether the confounding
factors were adjusted, and quality assessment. Sensitivity
analyses were conducted to estimate the effect of removing
one or more studies at a time on the overall risk estimate.
Meanwhile, a Galbraith plot was also conducted to detect
the heterogeneity due to individual studies. Besides, funnel
plots and Egger’s test was used to evaluate the publication
bias (significance level at P < 0.10) (27). Data were analyzed
using Review Manager Version 5.3 and Stata version 12.0.
Each effect size was weighted by the inverse of its variance.
Statistical analyses were performed using two-sided P-values,
and P < 0.05 was viewed as statistically significant unless
otherwise specified.

RESULTS

Literature Search
We initially searched 4,140 possibly relevant literature from three
databases. The original search engendered 3,187 unique results
after excluding duplicate literature. Meanwhile, most articles
(n = 3,135) were further eliminated after screening titles and
abstracts. Then 52 potential articles were carefully reviewed by
full-text. Of these, 28 articles were further removed because they
did not meet the inclusion criteria. Finally, a total of 24 articles
(14–18, 28–46) were included in our meta-analysis. The detailed
process is summarized in Figure 1.
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FIGURE 1 | Flow chart of literature selection.

Characteristics of Study
All included literature that was published from 1989 to 2021,
with a summary of 477,839 CHDs cases among 40,394,699
participants, are provided in Table 1. Of them, five studies
were conducted in Asia, eight in Europe, eight in North
America, and the remaining three studies were from South
America, Oceania, and Africa. Thirteen studies were based
on community populations, while the remaining studies were
hospital populations. Seventeen studies belonged to cohort
design and seven studies were case-control studies. Among them,
most studies (n = 15) controlled for possible confounding factors
when evaluating the association of maternal HDP with CHDs
risk. Fifteen studies had a higher methodological quality; these
studies devote most research participants. Additionally, based
on the types of HDP, pre-eclampsia was reported in ten studies,
gestational hypertension in six studies, chronic hypertension

in twelve studies, and preeclampsia superimposed on chronic
hypertension in one study.

Maternal Hypertensive Disorders of
Pregnancy and Risk of Congenital Heart
Defects in Offspring
Figure 2 displays the pooled risk estimates between maternal
HDP and the development risk of total CHDs in offspring
according to random-effect models Overall, mothers who had
HDP exposure had a significantly increased risk of total CHDs
(OR = 1.70, 95% CI: 1.46–1.98; P < 0.001) compared with those
without HDP exposure. However, substantial heterogeneity was
found in the present study (P < 0.001; I2 = 94.0%).

The results of pooled estimates between maternal HDP and
risk of CHD phenotypes are summarized in Figure 3 and
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TABLE 1 | Characteristic of studies of maternal HDP exposure and risk of congenital heart defects in offspring.

References Geographic
region

Study
design

Sample
source

Recruitment
period

No. of
Cases/Controls*

Types of
exposure

Outcomes Whether the
confounding
factors were
adjusted or

matched

Quality
scores

Stoll et al. (28) France
(European)

Case-
control

Hospital 1979–1986 801/801 CH CHDs/VSD/ASD Crude 5

Tikkanen and
Heinonen (29)

Finland
(European)

Case-
control

Hospital 1982–1984 573/1055 CH CHDs Adjusted 6

Strobino et al.
(30)

America
(North America)

Case-
control

Hospital 1985–1995 796/704 CH CHDs Crude 5

Cedergren and
Kallen (31)

Sweden
(Europe)

Cohort Population 1992–2001 6346/770355 PE CHDs Adjusted 7

Zen et al. (32) Brazil
(South America)

Case-
control

Hospital 2005–2006 250/330 CH CHDs Crude 5

Mateja et al.
(33)

America
(North America)

Case-
control

Hospital 1996–2005 234/934 CH CHDs Adjusted 6

Csáky-
Szunyogh et al.
(36)

Hungary
(Europe)

Case-
control

Population 1980–1996 598/38151 CH CTD Matched 7

Liu et al. (35) Canada
(North America)

Cohort Population 2002–2010 23200/
2278838

CH CHDs/CTD/VSD/ASD/
AVSD/LVOTO/RVOTO/

Heterotaxia

Adjusted 9

Tabib et al. (34) Iran
(Asia)

Case-
control

Hospital 2008–2012 14/155 CH CHDs Crude 6

Demirpence
et al. (37)

Turkey
(Asia)

Cohort Hospital 2010–2012 66/337 GH CHD Adjusted 6

Auger et al. (38) Canada
(North America)

Cohort Population 1989–2012 1219/1942072 PE CHD/VSD/ASD/TGA/
TOF/COA/
Heterotaxia

Adjusted 9

Bateman et al.
(40)

American
(North America)

Cohort Population 2000–2007 NA/878126 CH CHDs/CTD/VSD/
ASD/LVOTO/

RVOTO

Adjusted 8

Liu et al. (39) China
(Asia)

Cohort Population 2009–2011 1817/90796 GH CHDs Adjusted 8

Brodwall et al.
(42)

Norway
(Europe)

Cohort Population 1994–2009 10691/
914703

GH/PE CHDs/AVSD/TGA
/TOF/COA/HLHS/

Heterotaxia

Adjusted 8

Chou et al. (14) China
(Asia)

Cohort Population 2004–2010 23483/
1387650

CH CHDs Adjusted 8

Ruiz et al. (41) Spain
(Europe)

Cohort Population 2003–2014 279/6314 PE CHDs Crude 6

Boyd et al. (15) Denmark
(Europe)

Cohort Population 1978–2011 17035/
1972857

GH/PE CHDs/CTD/VSD/ASD/
AVSD/LVOTO/RVOTO/

Heterotaxia

Adjusted 9

Steurer et al.
(43)

American
(North America)

Cohort Population 2007–2012 6903/2989925 CH/GH/PE CHDs Crude 7

Weber et al.
(44)

American
(North America)

Cohort Population 2007–2011 2041/2209691 CH/GH/PE
/PE

superimposed
on CH

CHDs/TGA/TOF/COA Adjusted 8

Fantasia et al.
(16)

England
(Europe)

Cohort Hospital 2006–2017 206/91407 PE CHDs Crude 7

(Continued)
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TABLE 1 | (Continued)

References Geographic
region

Study
design

Sample
source

Recruitment
period

No. of
Cases/Controls*

Types of
exposure

Outcomes Whether the
confounding
factors were
adjusted or

matched

Quality
scores

Liu et al. (45) Australia
(Oceania)

Cohort Hospital 2010–2017 342/73030 HDP CHDs/TGA/HLHS Crude 7

Liu et al. (17) China
(Asia)

Cohort Population 2004–2017 1289/201987 PE CHDs/VSD/ASD
/TGA/TOF/COA/

Adjusted 8

Sanapo et al.
(18)

American
(North America)

Cohort Hospital 1997–2012 363116/
24525889

HDP CHDs/CTD Adjusted 7

Yilgwan et al.
(46)

Nigeria
(Africa)

Cohort Hospital 2017–2018 45/90 PE CHDs Adjusted 6

CHDs, congenital heart defects; CTD, conotruncal defects; ASD, atrial septal defect; VSD, ventricular septal defect; AVSD, atrioventricular septal defect; TOF, tetralogy of
fallout; TGA, D-transposition of the great; COA, coarctation of the aorta; RVOTO, right ventricular outflow tract obstruction; LVOTO, left ventricular outflow tract obstruction;
HLHS, hypoplastic left heart syndrome; HPD, hypertensive disorders of pregnancy; PE, pre-eclampsia; GH, gestational hypertension; CH, chronic hypertension; NA, not
available.
*Number of participants with heart defects/total participants are listed when the study was not a case–control study.

FIGURE 2 | Forest plot of maternal HDP exposure and risk of total CHDs in offspring.

detailed forest plots are provided in Supplementary Figures 1–
3. Our results indicated that mothers with HDP exposure had
a significantly higher risk of most CHD phenotypes including
CTD (OR = 1.55, 95% CI: 1.33–1.79; P < 0.001), TOF
(OR = 1.35, 95% CI: 1.05–1.72; P = 0.020), ASD (OR = 1.78,
95% CI: 1.11–2.87; P = 0.020),HLHS (OR = 2.10, 95% CI: 1.29–
3.42; P = 0.003), COA (OR = 1.73, 95% CI: 1.38–2.17; P <
0.001),LVOTO (OR = 1.33, 95% CI: 1.06–1.67; P = 0.010),and
RVOTO (OR = 1.69, 95% CI: 1.31–2.18; P < 0.001). Nevertheless,
there was no substantial heterogeneity except for ASD (P< 0.001;
I2 = 94.0%). Additionally, our results indicated that mothers with

maternal HDP was not significantly associated with the risk of
TGA (OR = 1.14, 95% CI: 0.86–1.52; P = 0.360), VSD (OR = 1.31,
95% CI: 0.86–1.99; P = 0.200), AVSD (OR = 2.20, 95% CI: 0.91–
5.32; P = 0.080), and Heterotaxia (OR = 1.12, 95% CI: 0.73–1.73;
P = 0.600). Nevertheless, obvious heterogeneity was observed for
several above-mentioned phenotypes except for TGA (P = 0.100;
I2 = 48.0%) and Heterotaxia (P = 0.750; I2 = 0.0%).

Subgroup Analysis
Results of subgroup analyses between maternal HDP and
risk of total CHDs were outlined in Table 2. In general,
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FIGURE 3 | Forest plot of maternal HDP exposure and risk of most CHD phenotypes in offspring.

a significantly increased risk of CHDs was found in most
subgroups. Subgroup analyses suggested that different types
of HDP (test for subgroup difference [TSD]: I2 = 90.0%),
geographic region (TSD: I2 = 61.8%), sample sources (TSD:
I2 = 63.0%), sample sizes (TSD: I2 = 61.5%), and quality
assessment (TSD: I2 = 43.4%), were determined as potential
heterogeneity moderators. However, a statistically significant
difference was only found in different types of HDP (χ2 = 29.99;
P < 0.001) and geographic region (χ2 = 13.10; P = 0.020),
while different sample sources (χ2 = 2.70; P = 0.100), sample
sizes (χ2 = 2.60; P = 0.110) and quality assessment (χ2 = 1.77;
P = 0.180) were not statistically different. Additionally, subgroup
analyses showed that the risk of total CHDs also was significantly
increased when data were restricted to specific HDP types
(Figure 4), such as pre-eclampsia (OR = 1.79, 95% CI:1.50–
2.13), gestational hypertension (OR = 1.16, 95% CI: 1.02–1.31),
and chronic hypertension (OR = 1.68, 95% CI: 1.49–1.89).
Besides, our results showed that the risk of total CHDs was also
significantly increased when restricted to specific preeclampsia
types, e.g., mild preeclampsia (OR = 1.33, 95% CI: 1.16–1.53),
severe preeclampsia (OR = 2.31, 95% CI: 2.05–2.60), early onset
preeclampsia (OR = 4.03, 95% CI: 2.63–6.18), and late-onset
preeclampsia (OR = 1.27, 95% CI: 1.02–1.57) (Supplementary
Figure 4).

Sensitivity Analysis
Sensitivity analyses were applied to find the possible sources
of heterogeneity and to evaluate the effect of various
exclusion criteria on pooled risk estimates. Exclusion of
poor methodological quality when assessing the association
of maternal HDP with the risk of total CHDs did not change

the combined results (OR = 1.59; 95% CI: 1.34–1.89), but
heterogeneity still exists (P < 0.001; I2 = 96.0%). Further
exclusion of four old studies (before 2010) also yielded similar
results (OR = 1.75; 95% CI: 1.48–2.07). Furthermore, removing
nine studies that did not control any confounding factors still
did not change the combined risk estimate (OR = 1.70; 95% CI:
1.42–2.04), but heterogeneity cannot be ignored (P < 0.001;
I2 = 96.0%). Besides, removing any single study at a time still did
not substantially affect the combined risk estimate (Figure 5).

Galbraith Plot
Galbraith plot was performed to find the studies that bring about
heterogeneity. Among 24 studies, nine studies were identified
after Galbraith plot analysis (Figure 6). After excluding these 9
studies, mothers who had HDP exposure compared with those
who did not have HDP exposure still had a significantly increased
risk of total CHDs in offspring (OR = 1.63, 95% CI: 1.50–1.78;
P < 0.001). But, it is worth noting that there was an obvious
decrease in heterogeneity (I2 decreased from 94.0 to 15.0%).

Publication Bias
Visual inspection of funnel plot showed a mild asymmetry
(Figure 7), but Egger’s test showed no significant substantial
publication bias between maternal HDP and the risk of total
CHDs in offspring (P = 0.608).

DISCUSSION

Our meta-analysis aimed to synthesize the published literature
on the association of maternal HDP with the risk of CHDs
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TABLE 2 | Subgroup analysis of association maternal HDP exposure and risk of
congenital heart defects in offspring.

Subgroup variables No. of
studies

Pooled OR
(95% CI)

Measure of

heterogeneity

χ2 P I2

Geographic region 13.10* 0.020* 61.8%*

Asia 5 1.84
(1.63-2.07)

4.26 0.370 6.0%

Europe 8 1.38
(1.12-1.71)

39.10 <0.001 82.0%

North America 8 1.74
(1.41-2.15)

170.95 <0.001 96.0%

South America 1 2.69
(1.14-6.34)

NA NA NA

Oceania 1 1.64
(1.17-2.30)

NA NA NA

Africa 1 7.90
(2.50-24.93)

NA NA NA

Sample sources 2.70* 0.100* 63.0%*

Community 13 1.54
(1.36-1.75)

116.46 <0.001 90.0%

Hospital 11 1.99
(1.51-2.64)

29.69 0.001 66.0%

Study design 0.15* 0.690* 0.0%*

Case-control studies 7 1.58
(1.02-2.44)

14.25 0.030 58.0%

Cohort studies 17 1.73
(1.46-2.05)

395.96 <0.001 96.0%

Sample sizes 2.60* 0.110* 61.5%*

≤ 2000 8 2.47
(1.45-4.22)

30.02 <0.001 77.0%

>2000 16 1.56
(1.32-1.85)

375.99 <0.001 96.0%

Publication years 1.15* 0.280* 13.2%*

Before 2010 4 1.36
(0.87-2.13)

11.08 0.01 73.0%

2010 or after 20 1.77
(1.50-2.09)

367.72 <0.001 95.0%

Types of HDP 29.99* <0.001* 90.0%*

PE 10 1.79
(1.50-2.13)

93.24 <0.001 90.0%

GH 6 1.16
(1.02-1.31)

6.81 0.240 27.0%

CH 12 1.68
(1.49-1.89)

23.81 0.010 54.0%

PE superimposed on CH 1 2.60
(1.67-4.05)

NA NA NA

Whether the confounding factors were adjusted 0.00* 0.990* 0.0%*

Adjusted 15 1.70
(1.42-2.04)

379.03 <0.001 96.0%

Unadjusted 9 1.70
(1.19-2.44)

31.51 <0.001 75.0%

Quality assessment 1.77* 0.180* 43.4%*

< 7 9 2.23
(1.40-3.55)

35.52 <0.001 78.0%

≥ 7 15 1.59
(1.34-1.89)

375.33 <0.001 96.0%

HPD, hypertensive disorders of pregnancy; OR, Odd Ratios; 95% CI,
confidence interval; PE, pre-eclampsia; GH, gestational hypertension; CH, chronic
hypertension; NA, not available.
*Test for subgroup differences.

in offspring. Four principal findings were obtained. First, our
study suggested that mothers who had HDP exposure were
associated with a 70% increased risk of CHDs in offspring
compared with non-exposure. Second, our study indicated that
maternal HDP exposure could significantly increase the risk of
most CHD phenotypes in offspring including CTD (OR = 1.55),
TOF (OR = 1.35), ASD (OR = 1.78), HLHS (OR = 2.10), COA
(OR = 1.73), LVOTO (OR = 1.33), and RVOTO (OR = 1.69).
Third, the results of subgroup analyses indicated that the
development risk of total CHDs in offspring had significantly
increased when data were confined only to specific HDP types,
such as pre-eclampsia (OR = 1.79), gestational hypertension
(OR = 1.16), and chronic hypertension (OR = 1.68). Fourth,
our results showed that the risk of total CHDs was also
significantly increased when restricted to specific preeclampsia
types, e.g., mild preeclampsia (OR = 1.33), severe preeclampsia
(OR = 2.31), early onset preeclampsia (OR = 4.03), and late-
onset preeclampsia (OR = 1.27). These findings indicated that
early onset and severe preeclampsia had a higher risk of CHDs
than late-onset and mild preeclampsia, respectively, and the
increased exposure to the hypertensive disorder could generate
more important complications. Besides, our results found that
the association of maternal HDP with CHDs still exists after
subgroup analyses, sensitivity analyses, and Galbraith plot, which
indicated that our findings were credible.

To our knowledge, the potential mechanisms involved in
the association of maternal HDP exposure with CHDs risk
in offspring remain uncertain. However, several underlying
mechanisms have been put forward to try to explain the
association of maternal HDP with CHDs risk. The most
potential explanation is that maternal HDP can occur in
early damage of the vasculogenesis, leading to abnormal
development of the placenta (18). Previous studies showed
that placental dysplasia may cause alteration in placental
genes, oxygen concentration, and protein expression (18).
These alterations can lead to altered antioxidant enzyme
activity, increased apoptosis, reduction of angiogenic factors,
the abnormal balance of growth factors, hypoxic stress, and
ultimately to lead to the abnormal development of the fetal
cardiovascular system (15, 42, 47). For example, animal
studies demonstrated that the blockage of vascular endothelial
growth factor (VEGF) receptors resulted in a functional
and structural defect in heart valve development, indicating
that these receptors are involved in heart valve formation
(48, 49). Moreover, animal studies also corroborated that
hypoxic stress is associated with abnormal proteins activation
and signaling, which may increase the risk of CHD (50).
Meanwhile, persisting elevated blood pressure levels may affect
cardiovascular health through a variety of mechanisms, including
increased afterload, myocardial ischemia, myocardial fibrosis,
and mechanical damage on the aortic valve. These alterations
may induce abnormally high stress on aortic leaflets, turbulent
flow, endothelial injury, and subsequent progression toward
alteration in aortic valve morphology, finally causing aortic
regurgitation, stenosis, and aortic dilatation, suggesting that
persisting hypertension are closely related to cardiac structural
abnormalities (51).
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FIGURE 4 | Forest plot of different types of HDP exposure and risk of total CHDs in offspring.

Additionally, there are a few possible explanations for the
association of maternal HDP with CHDs risk in offspring. On
the one hand, evidence indicates that maternal HDP exposure
can lead to compromised blood flow to the developing fetus.
Decreasing blood flow to the uterus during pregnancy could
cause fetal intracardiac blood flow alterations and cell death, thus
affecting normal heart development in the fetus (40, 52). On the
other hand, although the heart develops were earlier than the
period of pre-eclampsia from the theory of primitive embryo
development [in embryology, the period of organogenesis starts
3 weeks and ends 8 weeks (42)], researchers have proposed
that pathophysiologic changes in preeclampsia begin well before
20 weeks. Recently study has detected imbalances in angiogenic
biomarkers as early as the first trimester in women who later
developed preeclampsia (38). Among them, overexpression of the
antiangiogenic biomarkers soluble endoglin (sEng) and soluble
fms-like tyrosine kinase 1 (sFlt-1) associated with angiogenic

placental growth factor and vascular endothelial growth factor
begins at the start of pregnancy (38, 53). Meanwhile, a researcher
found that a fetal imbalance toward anti-angiogenesis at the
trophoblast stage could result in abnormal heart formation (38).
Therefore, we can speculate that pre-eclampsia may already
have clinical changes in early pregnancy, which may affect the
development of the heart and lead to an increased risk of CHDs.
Additionally, research showed that gestational hypertension may
be in the spectrum of pre-eclampsia and was included in the
definition of mild preeclampsia (54). Thus, the effect of pre-
eclampsia on CHD may be consistent with that of gestational
hypertension on CHD. Furthermore, findings regarding the
association of maternal HDP with CHDs subtypes are varied in
our study. Despite our study suggesting that maternal HDP may
increase the risk for most CHDs, the mechanisms are almost
unknown. We think that the differences between HDP and
specific CHDs phenotypes could be explained by the fact that the
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FIGURE 5 | Sensitivity analysis for the association of maternal HDP exposure with risk of overall CHDs in offspring.

FIGURE 6 | Galbraith plots for maternal HDP exposure and CHDs risk in offspring.

pathophysiology of CHDs is multifactorial, involving genetic and
environmental factors.

This systematic review had several strengths compared to
the existing meta-analysis. First, as far as we know, our
study was the first meta-analysis to independently estimate
the association of pre-eclampsia, gestational hypertension, and
chronic hypertension with the risk of CHDs. Our results
indicated that the risk of total CHDs in offspring had significantly
increased when data were restricted to pre-eclampsia (OR = 1.79),
gestational hypertension (OR = 1.16), and chronic hypertension

(OR = 1.68). Second, compared with the previous review (19),
our study supplied up-to-date evidence on this topic and
involved a large number of studies that not only included
America and Europe populations, but also Asia, Oceania,
and Africa populations. With the accumulation of evidence
and the expansion of sample size and population, we have
enhanced our statistical power to provide generalizable risk
estimates. Third, although the previous meta-analysis also
estimates the association of maternal hypertension with specific
CHDs phenotypes (19), the number of studies included in the
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FIGURE 7 | Funnel plot for the association of maternal HDP exposure with risk of overall CHDs in offspring.

analysis is limited, including only 2–3 studies. Our study further
enlarged the sample size in our analysis, which may contribute
to improving the accuracy and reliability of risk estimates.
Therefore, different from the results of the previous study (19),
our results suggested a significant association of maternal HDP
with most CHD phenotypes, which not only included CTD and
ASD, but also TOF, HLHS, COA, LVOTO, and RVOTO. Besides,
our study also fully considered the effect of heterogeneity and the
most relevant heterogeneity moderators have been identified by
subgroup analysis.

However, several limitations should be noted in our study.
Firstly, in our review, results were limited to English-language
literature, which may lead to possible language bias. Moreover,
potential publication bias with under-publication of negative
results may influence the findings, and it cannot be ignored.
Secondly, substantial heterogeneity was found in the our study.
This is not surprising, given the different study populations
and methodologies. Based on the results of subgroup analyses,
we found that types of HDP and geographic region were the
potential source of heterogeneity. The possible explanation was
that the risk of CHDs and HDP were not consistent in different
geographical regions due to differences in race, medical level,
and health awareness. For example, in some developing countries
(e.g., Africa and Asia), there are still many pregnant women who
do not receive adequate antenatal and pregnancy care because
of the limited medical service, and the incidence and mortality
of HDP were relatively high in these countries. Moreover,
the health awareness of pregnant women in these developing
countries is relatively weak, which may lead to the diagnosis
delay of HDP, and result in a lack of effective early clinical
interventions for HDP. Besides, since the definition of HDP
may change over time, bias on outcome detection is difficult to

avoid, which may increase clinical heterogeneity between studies.
Nevertheless, we should still view the results with caution as the
heterogeneity cannot be ignored. Thirdly, both case-control and
cohort studies were selected in our study. Case-control studies are
widely acknowledged to be prone to recall and selection biases,
which restrict the strength and quality of evidence. Although
the exposure history of maternal HDP was confirmed through
medical records and/or physician-diagnosed self-reporting, the
potential bias was unavoidable.

Fourth, considering that other subtypes of HDP were
mostly diagnosed after organogenesis in addition to chronic
hypertension, it is difficult to establish a causal link between
pre-eclampsia or gestational hypertension and CHDs based
on existing studies. Therefore, our study was mainly used to
evaluate the association of maternal pre-eclampsia or gestational
hypertension with CHDs in offspring, and could not explain the
causal relationship. Fifth, of note, although our results found
that early onset and severe preeclampsia had a higher risk of
CHDs than late-onset and mild preeclampsia, respectively, the
number of studies included in the analysis is limited, only three
and four studies. In the future, more studies was needed to
further explore the potential association between different types
of preeclampsia and the risk of CHDs, which may contribute
to improving the accuracy and reliability of risk estimates.
Sixth, it is difficult to accurately evaluate the effect of the
management of these disorders or the use of antihypertensive
treatment on the occurrence of complications because of the
limited information from original studies. Last but not least,
the potential limitations including these studies (studies that
were old or poor consideration of confounding factors) are
inevitable. Although most of the included studies have tried to
control for some potential confounding factors and restricting
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the analysis to studies that have controlled confounding factors
did not substantially change the pooled risk estimate, the possible
influences of confounding factors might not be completely
omitted. Therefore, further studies with adequate adjustment of
potential confounding factors are still warranted to clarify the
association of HDP with CHDs in offspring.

CONCLUSION

In conclusion, our findings have two implications significant for
the public health of pregnant women. First, our study indicated
maternal HDP exposure including pre-eclampsia, gestational
hypertension, and chronic hypertension may be associated with
an increase in the risk of CHDs. Second, our findings showed
that maternal HDP exposure was significantly associated with
the risk of most CHD phenotypes in offspring, such as CTD,
ASD, and so on. These findings emphasize that maternal HDP
exposure could seriously endanger the health of their babies,
and lead to an increased risk of death in offspring. Therefore,
for pregnancies, especially pregnant women at high risk of
HDP, clinical workers should form a coalition of obstetricians,
pediatricians, sonographers, and specialists in pregnancy-related
hypertensive disease to conduct dynamic monitoring of these
pregnant women, and increase cardiac developmental early
screening of HDP-exposed infants in order to early intervention,
so as to avoid missing the best treatment time and reduce the
risk of death in children with CHDs. However, considering that
the mechanisms involved in the association between maternal
HDP and CHDs in offspring are unclear, further studies
are essential to explore the potential mechanisms and find
probable interventions.
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Psoriatic arthritis (PsA) is a chronic autoimmune inflammatory joint disease related to

psoriasis (PsO). The risk of PsA patients with cardiovascular disease (CVD) is significantly

higher than that of the general population. At present, the relevant mechanism is not clear,

chronic inflammation and traditional cardiovascular risk factors are the most important

factors for the increased risk of CVD in PsA patients. Early assessment of the risk of

PsA patients with CVD, and active control of the disease activity of PsA patients and

intervention of traditional cardiovascular risk factors can delay the progression of CVD

risk. This article reviews the epidemiology and pathogenesis between PsA and CVD,

and reviews the latest developments in the risk assessment and management of CVD in

PsA patients.

Keywords: psoriatic arthritis, cardiovascular disease, traditional cardiovascular risk factors, inflammation risk,

treatment management

INTRODUCTION

According to the World Health Organization, 17.7 million people die from cardiovascular disease
(CVD) each year, accounting for 31% of all deaths worldwide (1). Psoriatic arthritis (PsA)is a
chronic, inflammatory and immune-mediated disease that affects up to 30% of patients with
psoriasis (PsO) (2). PsA was once considered a relatively mild disease, but more and more studies
have shown that it can bring a huge economic burden to patients and families, especially with CVD,
including Ischemic Heart Disease, all stable and unstable angina, Myocardial infarction, transient
ischemic attack, coronary artery insufficiency, peripheral artery disease, stroke, congestive heart
failure (3). Studies have found that CVD is the most common comorbidity in patients with PsA
(4, 5). At present, with the advent of targeted therapy, the joint and skin performance of PsA
patients has been greatly improved. However, due to insufficient recognition or treatment of PsA
combined with CVD, serious morbidity and even mortality have been caused (6). The EULAR
for PsA pharmacological management in 2019 recommends that when dealing with PsA patients,
comorbidities such as metabolic syndrome and CVD should be considered (7). This article will
review the research progress in the epidemiology, pathogenesis, risk assessment and management
of PsA combined with CVD.
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EPIDEMIOLOGY OF PSA WITH CVD

Compared with the general population, the incidence and
mortality of CVD in PsA patients have increased (8–11). CVD-
related risk factors and morbidity risks in the PsA population
are also higher than those in the general population (12, 13).
Polachek et al. (14) conducted a meta-analysis and included
11 studies, the results showed that compared with the general
population, the incidence of CVD of PsA increased by 43%,
and the risk of incidence increased by 55% in 2017. Among
them, myocardial infarction, cerebrovascular disease and the
risk of heart failure increased by 68%, 22%, and 31%. Schieir
et al. (15) stated in another systematic review and meta-analysis
that the risk of myocardial infarction in patients with PsA
is significantly increased, even after adjustment for traditional
cardiovascular risk factors, the risk of PsA combined with CVD
is still significantly increased. A large population-based study in
2019 found that the risk of PsA patients with CVD increased
by 29%, and also showed that the increase in CVD risk in PsA
and PsO was similar (16). However, some studies have found that
compared with PsO patients, PsA patients have a higher burden
of carotid artery plaque and a higher incidence of combined
CVD (17, 18). But compared with RA, AS and diabetes, patients
with PsA have a similar CVD risk (19–21). In recent years,
studies have shown that CVD is the main cause of death in PsA
patients, Juneblad et al. (22) used Swedish national registration
data to compare 464 PsA patients with the general population and
found that the standard mortality rate of CVD in PsA patients
was significantly higher. Clinicians should pay attention to the
comorbidities of PsA patients, multidisciplinary cooperation, and
reduce mortality.

RISK FACTORS OF PSA WITH CVD

Chronic Inflammation and Autoimmune
Factors
The increased risk of CVD cannot be fully explained by
traditional cardiovascular risk factors, and PsA inflammation
is considered to be the main reason for the increased risk
of PsA combined with CVD. There is evidence that the
pathogenesis of CVD includes systemic inflammation, insulin
resistance, dyslipidemia, angiogenesis, oxidative stress, and
endothelial dysfunction (23). Studies have shown that many
pro-inflammatory cytokines, including TNF, IL-6, and IL-17,
are involved in the pathogenesis of PsA, as well as in the
pathogenesis of endothelial dysfunction and atherosclerosis (24)
(Figure 1). These inflammatory factors suggest that PsA is
potentially related to CVD. In addition, systemic inflammation
in PsA patients is thought to change lipid structure and
function, thereby forming a pro-atherosclerotic profile, this
lipid imbalance has been confirmed in PsA cross-sectional
studies, although causal data is lacking (25, 26). Systemic
inflammation of PsO can lead to insulin resistance, which in turn
leads to endothelial dysfunction, atherosclerosis and ultimately
CVD (27). In addition to systemic inflammatory factors, chronic

FIGURE 1 | Pathogenesis of psoriatic arthritis complicated with cardiovascular

disease.

recurring inflammation is also involved in the occurrence of PsA-
related CVD, because the number and duration of disease activity
will increase the risk of CVD. Studies have shown that cumulative
inflammation is related to arteriosclerosis in PsA patients, after
correcting for traditional cardiovascular risk factors, chronic
inflammation still plays an important role in accelerating
the development of cardiovascular risk in PsA patients (28–
31). The results of a meta-analysis also showed that PsA-
related subclinical atherosclerosis and endothelial dysfunction,
suggesting that chronic inflammation plays an important role
in its pathogenesis, independently and/or in conjunction with
traditional cardiovascular risk factors, increase the risk of CVD
(32). PsA patients with tendon enthesitis and/or structural
damage are at high risk of CVD (33). A cross-sectional study
showed that nail involvement in PsA patients is independently
related to carotid plaque, and nail involvement is related to
severe skinmanifestations and joint involvement, which is caused
by increased inflammation burden (34). Baseline increases
in joint counts, index inflammation counts, and erythrocyte
sedimentation rate (ESR) count levels in patients with PsA are
independently associated with increases in cardiovascular events
(CVE) (35, 36). In short, inflammation is the core mechanism
of PsA combined with CVD, however, the data on the effect of
PsA-targeted inflammation on cardiometabolism are limited, and
further research is needed.

Traditional Cardiovascular Risk Factors
Studies have found that traditional cardiovascular risk factors
(obesity, hypertension, diabetes, dyslipidemia, metabolic
syndrome, smoking) are related to PsA, and it also shows that
PsA is closely related to increased CVD risk (37). A large study
report in 2017 showed that the traditional cardiovascular risk
factors of PsA patients are higher than those of RA and PsO (38).
In subsequent studies of PsA patients, almost 88% of patients
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had at least one modifiable cardiovascular risk factor: smoking
17%, type 2 diabetes 13%, hypertension 45%, dyslipidemia 50%,
overweight or obesity >75% (39). Compared with those PsA
patients without CVD risk factors, PsA patients with more
CVD risk factors showed higher disease activity (40). Among
them, the obesity factor is more important, and it has been
proven to promote the production of IL-17 in adipose tissue
and peripheral tissue, and IL-17 is involved in the pathogenesis
of obesity and PsA (41). PsA can produce a variety of pro-
inflammatory cytokines, which can interfere with metabolic
activities and affect adipose tissue and lipid distribution. This
can lead to type 2 diabetes, metabolic syndrome, hyperlipidemia,
hypertension, and obesity, which can have a profound impact on
the management of PsA patients (42). Hyperuricemia appears
to be an independent risk factor for PsA (43). for PsA patients
without CVD, serum uric acid concentration is associated
with subclinical atherosclerosis (44). Appropriate control of
hyperuricemia and metabolic diseases can improve the outcome
of cardiovascular disease in PsA and play a preventive role (45).

Genetic Factors
First-degree relatives with a family history of premature
cardiovascular event (CVE) (males before the age of 55, females
before the age of 65) can significantly increase the risk of CVD
in patients with inflammation and the general population (46).
At present, there are few genetic research data on PsA patients
with CVD, and more data are about the role of genes in the
human leukocyte antigen (HLA) region in RA patients with CVD
risk. Other genetic polymorphisms in different inflammatory and
metabolic pathways located inside and outside the HLA region
appear to increase the risk of CVD in RA patients (47, 48).

RISK ASSESSMENT OF PSA WITH CVD

In order to achieve bettermanagement and prevention of patients
with PsA combinedwith CVD, it is necessary to carry out relevant
assessments of their risks (Table 1). Studies have shown that high
ESR values are related to the high burden of atherosclerosis and
clinical CVD in PsA patients. Another study on the levels of
serum cytokines and adhesion molecules related to endothelial
function has found that ESR and DAS28 in endothelin-1 and
PsA related, suggesting that the progression of PsA combined
with CVD may be slowed by controlling ESR and endothelin-
1 levels (35, 78). PsA patients have a moderately increased risk
of hyperlipoproteinemia (a) which may help improve the CVD
risk assessment of PsA patients (79). Imaging examinations such
as ultrasound and coronary CT can help assess the risk of CVD
in PsA.Study found that 39% of PsA patients showed carotid
plaque formation on ultrasound examination (80). Another
meta-analysis showed that in patients with PsA, the common
carotid artery intima-media thickness (CCA-IMT) increased,
and the blood flow-mediated dilatation (FMD) decreased (32).
It is suggested that ultrasound can be used to screen and
monitor carotid artery plaque, CCA-IMT and brachial artery
FMD to predict the possibility of CVD. However, brachial artery
FMD is easily affected by the level of technique, which greatly
limits its reproducibility and outcome correlation. CCA-IMT

TABLE 1 | Risk assessment of PsA combined with CVD.

Assessment method Evaluation metrics

Scale DAPSA, MDA, Framingham, SCORE (8–60,64,65)

Serology ESR, endothelin-1, hyperlipoproteinemia (a)

(35,49–50)

Videography Ultrasound (CCA-IMT, FMD, carotid plaque, aortic

pulse wave velocity),CT coronary angiography

(29,32,51–52,57–60)

ultrasound technology is safe and reproducible, but the accuracy
of different doctors may vary. Current studies have found that
CCA-IMT can be used as a surrogate marker for atherosclerosis
and CVD risk, the HR for CCA-IMT increased by 0.1mm and
related CVE was 1.65 (81). After carotid ultrasound assessment,
patients with PsA are more often reclassified into a very high-
scoring risk category than the control group, which is explained
independently by disease activity (82–84). A recent multicenter
study also found that both PsO and PsA are associated with
an increased prevalence of coronary artery calcification (85).
Szentpetery et al. (29) used coronary CT angiography to evaluate
the relationship between PsA and coronary plaques and found
that the prevalence of PsA coronary plaques was 76%, compared
with 44% in the control group, the total plaque volume was even
larger and mixed plaques have a higher incidence in PsA. Mixed
plaques contain thin cap fibrous atherosclerosis, which helps PsA
with CVD and poor prognosis. The course of arterial stiffness is
highly correlated with the risk of CVD, and the risk of CVD in
PsA patients can be assessed by detecting the aortic pulse wave
velocity (53, 81). At present, EULAR recommends the routine use
of Framingham and SCORE for risk scores to calculate the 10-
year risk of CVD events in PsA patients. This risk score can easily
underestimate the CVD risk of PsA patients, even after adjusting
for the traditional risk factors of PsA patients (51, 86). In PsA
patients, in addition to the traditional CV risk score, the presence
of higher DAPSA and carotid plaque can independently predict
CVD events (87). Therefore, the risk assessment of patients with
PsA combined with CVD is particularly important.

MANAGEMENT RISK FACTORS FOR CVD
WITH PSA

Management of Traditional Cardiovascular
Risk Factors
The risk of CVD in PsA patients is significantly higher than
that of the general population, EULAR recommends that all
PsA patients undergo a CVD risk assessment at least once every
5 years to screen and identify risk factors for CVD in order
to implement risk management and preventive treatment of
CVD, at the same time, it is recommended that when using
Framingham and SCORE to assess the 10-year risk of CVD
events in PsA patients, if the Framingham score is 10% or
the SCORE score is 5%, it is recommended that the patient
change lifestyle and use lipid-lowering drugs for treatment
(51). For overweight or obese PsA patients, ACR/American
Psoriasis Foundation recommends weight loss (88). Weight loss
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intervention can increase the proportion of patients with PsA
who reach minimum disease activity (MDA) (89, 90). Once
the MDA level is reached, the MDA level should ideally be
extended to prevent the progression of carotid atherosclerosis
and arteriosclerosis in PsA patients (91, 92). In addition, studies
have shown that exercise has a significant beneficial effect on PsA
on disease activity and CVD risk (93). Schieir et al. (15) found in
a systematic review and meta-analysis that traditional risk factors
are more common when PsA is combined with CVD. Therefore,
they support a more comprehensive CVD prevention strategy
for this population, with the goal of reducing inflammation and
enhancing management of traditional CVD risk factors.

Reasonable Use of NSAIDs Drugs and
Glucocorticoids
There is evidence that cyclooxygenase-2 inhibitors (COXIBs)
and NSAIDs increase the risk of CVD. A recent meta-analysis
showed that non-selective NSAIDs and COXIBs have an adverse

effect on the CVD outcome of PsA patients (52). It may be
that the use of NSAIDs is related to arterial stiffness in PsA
patients, increasing the risk of CVD (53). Another cohort study
from the United Kingdom found that the incidence of major
adverse cardiovascular events (MACE) in PsA patients receiving
glucocorticoid therapy was significantly higher (49). An 11-
year retrospective study showed that the increased burden of
inflammation reflected by elevated CRP levels in PsA patients was
associated with an increased risk of CV events, while the use of
NSAIDs in PsA patients significantly reduced the risk of CVD (3).
In PsA patients, the use of NSAIDs or glucocorticoid therapy is
associated with a high risk of new-onset hypertension. Doctors
should pay attention to the early diagnosis of hypertension
during treatment with such drugs, reduce the risk of PsA
combined with CVD (50). There are few direct data on this
relationship in PsA, and further research is needed. EULAR
recommends that NSAIDs should be used cautiously in patients
with CVD records or CVD risk factors for PsA, because these
drugs are usually essential when dealing with the disease activity

TABLE 2 | Risk of CVD in patients with PsA after drug treatment.

Drug Favorable evidence for CVD Unfavorable evidence for CVD

Glucocorticd 1. The incidence of MACE in PsA patients receiving glucocorticoid

therapy is significantly higher (49)

2. Glucocorticoid therapy increases the risk of hypertension in PsA

patients, leading to an increased risk of CVD (50)

3. Glucocorticoids can eliminate the harm of PsA inflammation to

CVD, but it can also increase the risk of CVD (51)

NSAIDs 1. the use of NSAIDs in PsA patients can improve inflammation

and significantly reduce the risk of CVD (3)

1. Non-selective NSAIDs and COXIBs have adverse effects on the

CVD outcome of PsA patients (52)

2. The use of NSAIDs is associated with arterial stiffness in PsA

patients and increases the risk of CVD (53)

3. Treatment of NSAIDs in PsA patients increases the risk of

hypertension, leading to an increased risk of CVD (50)

csDMARDs 1. Methotrexate may reduce cardiovascular risk by suppressing

inflammation (54)

2. Vascular endothelial function of PsA patients in the MTX group

improved more than that in the TNF-αi-MTX group (55)

3. There is no difference in MACE between TNF-αi, MTX and

untreated PsA patients (35)

1. Compared with TNF-αi treatment of RA, methotrexate has an

increased risk of MACE and stroke (56)

bsDMARDs-TNF-αi 1. TNF-αi inhibitors can delay the progression of subclinical

atherosclerosis, reduce arterial stiffness, and reduce the risk of

CVD while treating PsA inflammation (57–64)

2. The reduced cardiovascular morbidity observed in PsA patients

receiving TNF-αi therapy may be partly due to its beneficial effects

on complement (65)

3. TNF-αi targeting systemic inflammation can provide

cardioprotection for patients with PsO and/or PsA (66)

bsDMARDs-IL-17/ IL-12/23 1. In patients with PsO or PsA, compared with TNF-αi, there was

no difference in the MACE or mortality of ulinumumab (IL-12/23)

initiation of treatment (67)

1. Compared with TNF-αi, patients with PsA using IL-12/23 and

IL-17 have a greater MACE risk (68)

tsDMARDs-PDE-4 1. Apremilast can help restore vascular endothelial dysfunction

and stability, prevent the progression of atherosclerotic plaque,

thereby reducing the risk of CVD (69–71)

2. Compared with TNF-αi, there is no difference in the risk of

MACE for major adverse cardiovascular events in PsA patients

using Apremilast (68, 72)

1. Apremilast can improve the disease activity of patients with

PsO, but cannot improve vascular endothelial function (73)

tsDMARDs-JAKi 1. Tofacitinib treatment of PsA patients increases the risk of

dyslipidemia, while the risk of CVE decreases (74–76)

1. A real-world study found that tofacitinib has a higher incidence

of MACE when treating PsA patients (77)
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of PsA patients, clinicians should evaluate them based on the
patient’s specific conditions. Then use NSAIDs according to
specific treatment guidelines, and glucocorticoids can eliminate
the harm of inflammation to CVD, but it will also increase the
risk of CVD. When treating patients with active PsA, the lowest
effective dose can be given short-term continuous treatment (51).

Control PsA Disease Activity
EULAR proposed that controlling disease activities can reduce
the risk of PsA combined with CVD (Table 2). Current studies
have shown that the use of biologics in PsA patients is related to
the reduction of major CVD (57, 72). And proper disease activity
control will reduce the use of non-steroidal anti-inflammatory
drugs and glucocorticoids, which will ultimately help reduce
the incidence of new CVE in these patients (35, 94). The most
common first-line csDMARDs for the treatment of PsA patients
is methotrexate (MTX) (70.9%), and the most common first-
line bsDMARDs is adalimumab (30.8%) (95). There is conflicting
evidence regarding the clinical cardiovascular end points of
myocardial infarction, stroke, and cardiovascular-related death
in PsA patients treated with biologics. A meta-analysis of 10
cohort studies including patients with RA, PsO, and PsA found
that MTX treatment can reduce overall cardiovascular risk by
21% and myocardial infarction risk by 18%. MTX may be reduce
cardiovascular risk by suppressing inflammation (54). Another
study found that the vascular endothelial function of PsA patients
in the MTX group improved more than that in the TNF-αi-MTX
group (55). A recent meta-analysis of observational studies of
14 RA patients found that compared with TNF-αi treatment,
methotrexate has an increased risk of MACE and stroke (56).
Eder et al. (35) investigated the incidence of CVE in a large
PsA clinic and found that there was no difference in MACE
between TNF-αi, MTX, and untreated PsA patients. Studies
have found that TNF-αi inhibitors can delay the progression of
subclinical atherosclerosis, reduce arterial stiffness, and reduce
the risk of CVD while treating PsA inflammation (57–64).
The reduced cardiovascular morbidity observed in PsA patients
receiving TNF-αi therapy may be partly due to its beneficial
effects on complement (65). Another meta-analysis showed that
the use of TNF-αi to target systemic inflammation can provide
cardioprotection for patients with PsO and/or PsA, and can
reduce the risk of CVD (66). A systematic review and meta-
analysis by Roubille et al. (52). In 2015 showed that in patients
with PsO and PsA, biologics and other DMARDs may be related
to reducing the risk of CVD, but compared with RA, the evidence
is not conclusive. Data from two large commercial databases
in the United States show that in patients with PsO or PsA,
compared with TNF-αi, there is no difference in the MACE or
mortality of uzumumab (IL-12/23) initiation of treatment (67).
A national cohort study in 2021 showed that compared with
TNF-αi, patients with PsA using IL-12/23 and IL-17 are at greater

MACE risk (68). Studies have found that Apremilast can help
restore vascular endothelial dysfunction and stability, prevent
the progression of atherosclerotic plaque, thereby reducing the
risk of CVD (69–71), this is in contrast to a recent study by
Ferguson et al. (73). Studies have found that compared with
TNF-αi, there is no difference in the risk of MACE for major
adverse cardiovascular events in PsA patients using Apremilast
(68, 72). Tofacitinib treatment of PsA patients increases the risk
of dyslipidemia, while the risk of CVD decreases (74–76). But
a real-world study found that tofacitinib has a higher incidence
of MACE when treating PsA patients (77). Regarding the effect
of drugs on the incidence and mortality of CVD in the PsA
population, large-scale, prospective, adequately controlled and
powerful studies are still needed.

CONCLUSION

With the improvement of the level of diagnosis and treatment,
more and more evidences show that the CVD burden of PsA
patients has increased significantly. In terms of management,
it is recommended to intervene in the traditional risk factors
of CVD that are increased in PsA, and then further research
is needed on the impact of anti-inflammatory treatments,
especially DMARDs and biological agents (including TNF-αi
inhibitors) on the burden of CVD. In addition to considering
traditional risk factors, chronic and systemic inflammation
may lead to the accelerated development of atherosclerosis,
which can be measured by some non-invasive techniques, early
identification, early treatment, and reduced incidence rate and
death rate.
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Machine Learning Analyzed Weather
Conditions as an Effective Means in
the Predicting of Acute Coronary
Syndrome Prevalence
Aleksandra Wlodarczyk 1†, Patrycja Molek 1†, Bogdan Bochenek 2, Agnieszka Wypych 2,3,

Jadwiga Nessler 1 and Jaroslaw Zalewski 1*

1Department of Coronary Artery Disease and Heart Failure, Jagiellonian University Medical College, John Paul II Hospital,

Kraków, Poland, 2 Institute of Meteorology and Water Management, National Research Institute, Warsaw, Poland,
3Department of Climatology, Jagiellonian University, Kraków, Poland

Background: The prediction of the number of acute coronary syndromes (ACSs) based

on the weather conditions in the individual climate zones is not effective. We sought to

investigate whether an artificial intelligence system might be useful in this prediction.

Methods: Between 2008 and 2018, a total of 105,934 patients with ACS were

hospitalized in Lesser Poland Province, one covered by two meteorological stations. The

predicted daily number of ACS has been estimated with the Random Forest machine

learning system based on air temperature (◦C), air pressure (hPa), dew point temperature

(Td) (◦C), relative humidity (RH) (%), wind speed (m/s), and precipitation (mm) and their

daily extremes and ranges derived from the day of ACS and from 6 days before ACS.

Results: Of 840 pairwise comparisons between individual weather parameters and the

number of ACS, 128 (15.2%) were significant but weak with the correlation coefficients

ranged from −0.16 to 0.16. None of weather parameters correlated with the number of

ACS in all the seasons and stations. The number of ACSwas higher in warm front days vs.

days without any front [40 (29–50) vs. 38 (27–48), respectively, P < 0.05]. The correlation

between the predicted and observed daily number of ACS derived frommachine learning

was 0.82 with 95% CI of 0.80–0.84 (P < 0.001). The greatest importance for machine

learning (range 0–1.0) among the parameters reached Td daily range with 1.00, pressure

daily range with 0.875, pressuremaximum daily range with 0.864, and RHmaximum daily

range with 0.853, whereas among the clinical parameters reached hypertension daily

range with 1.00 and diabetes mellitus daily range with 0.28. For individual seasons and

meteorological stations, the correlations between the predicted and observed number

of ACS have ranged for spring from 0.73 to 0.77 (95% CI 0.68–0.82), for summer from

0.72 to 0.76 (95% CI 0.66–0.81), for autumn from 0.72 to 0.83 (95% CI 0.67–0.87), and

for winter from 0.76 to 0.79 (95% CI 0.71–0.83) (P < 0.001 for each).
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Conclusion: The weather parameters have proven useful in predicting the prevalence

of ACS in a temperate climate zone for all the seasons, if analyzed with an artificial

intelligence system. Simultaneously, the analysis of individual weather parameters or

frontal scenarios has provided only weak univariate relationships. These findings will

require validation in other climatic zones.

Keywords: weather, acute coronary syndrome, myocardial infarction, machine learning, artificial intelligence,

prediction

INTRODUCTION

When I look out the window, I can forecast whether today’s see of
practice will be busy or not. This unwritten, intuitive observation
often works in the case of an interventional cardiologist treating

patients with acute coronary syndromes (ACS). Nevertheless,

this common truth is insufficiently proven and does not allow
for any practical recommendations to be drawn. A seasonal

variation in the prevalence of acute coronary syndromes (ACS)
and cardiovascular morbidity is a conventional wisdom. Already

in 1926, an association was noted between coronary thrombosis
and cold weather in New England during winter (1).

Although weather is a complex phenomenon, usually the

impact of only individual weather parameters on ACS prevalence
has been analyzed so far. Bayentin et al. (2) have shown that

cold temperatures during winter months and hot periods during

the summer are associated with a 12% increase in the daily
hospital admission rate for ischemic heart disease. In a large
Swedish registry, one incorporating more than 280,000 patients,
an increase in minimum air temperature by 7.4◦C was associated
with the reduction of the prevalence of the ACS ratio by 2.8%
(3). In contrast, Schwartz et al. have revealed that with each
1◦C temperature decrease the mortality ratio rises by 0.49% and
the frequency of all-cause, circulatory, coronary heart disease,
and ST-segment elevation myocardial infarction (STEMI) death
(4). Blazejczyk et al. (5) have shown that the number of deaths
attributed to a strong heat stress was five times higher and the
total mortality was almost 10% higher in June 2019 than the
average for the period of 2010–2018 in Poland. Also, the exposure
to an acute air pressure decrease more than 10.7 hPa within
7 days before STEMI increased the rate of STEMI (odds ratio
1.12, 95% CI 1.03–1.21) (6). In the population of New York
state, certain demographic groups including the elderly, males,
people with Medicaid insurance, people living in warmer areas,
or in areas with a high PM2.5 concentration were more prone
to cold acute myocardial infarction (MI) effects than others (7).
Barnett et al. (8) have proved that inhabitants of colder countries
such as North Sweden, North Korea, or Finland are less prone
to ACS with temperature changes. This is most likely caused
by better protection against cold temperature including clothes
as well as housing and metabolic adaptation by inhabitants of
these cold areas as observed in the Indians of Tierra del Fuego,
Arctic Indians, and Inuits (9). In turn, in Poland, an increase in
mortality by 9–19% on cold stress days was noted mainly in the
so-called “cool” cities characterized by a clear thermal optimum,

approximately in the range of 5–30◦C of the Universal Thermal
Climate Index (UTCI) (10).

Despite a lot of univariate associations between weather
parameter and the prevalence of ACS, their prediction in a given
geographical or climatic zone and season is so far ineffective.
On the other hand, data concerning a multifactorial approach
to this issue are limited (11). Data mining and machine learning
techniques seem to be the optimal choices for the reasons that
they are trying to predict non-linear and complex relationships
between many parameters (12, 13). Among algorithms mostly
used in meteorological and climatological studies, the Random
Forest method is widely applied (14, 15). Therefore, we sought
to investigate if multiple weather conditions analyzed together
with an artificial intelligence system are useful in predicting
the prevalence of ACS in a temperate climate zone. Lesser
Poland Province, being the area of interest, is located in Central
Europe where the global circulation model constitutes a westerly
advection dependent also on the low pressure systems allocated
in north-west Europe in both a cold and warm half-year.

METHODS

Study Design and Population
Between 1 January 2008 and 31 December 2018, a total of
105,934 patients with were hospitalized in the north part of
Lesser Poland Province. The region of interest had a population
of 1,812,272 inhabitants in 2014 and in this period was served
by two meteorological stations in Tarnow (Station A, 50.03N,
20.98 E) and Krakow (Station B, 50.08N, 19.8 E), both located
approximately 200m above sea level (Supplementary Figure 1).
In the area represented by stations A and B, 30,143 and 75,791 of
patients with ACS were treated, respectively.

The studied population was composed of patients who
had been admitted to emergency medical services, emergency
departments, or hospital wards and their diagnosis was
conducted by the treating physician and coded at discharge
according to the International Classification of Diseases (ICD)
classification as unstable angina (UA) (I.20.0), ST-segment
elevation myocardial infarction (STEMI) including acute
transmural MI of the anterior wall (I21.0), of the inferior wall
(I21.1), of other sites (I21.2), or non-ST-segment elevation
myocardial infarction (NSTEMI) including acute transmural MI
of an unspecified site (I21.3), acute subendocardial MI (I21.4), or
unspecified acute MI (I21.9). The exclusion criteria for this study
were an age of<18 years and doubled records of the same patient
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who was transferred between two different units due to the same
incident. The clinical characteristics of the studied patients,
including age, sex, diabetes mellitus (E10–E14), hypertension
(I10–I15), duration of hospitalization, history of renal failure
(N18–N19) or stroke (I62–I64), and in-hospital mortality, were
obtained from the Polish National Health Fund (NHF) registry.
This study protocol complied with the Declaration of Helsinki
was approved by the Ethical Committee of the Jagiellonian
University (approval number 1072.6120.88.2020).

Meteorological Data and Definitions
Meteorological data were obtained from the Institute of
Meteorology and Water Management-National Research
Institute (IMWM-NRI) operating as the National Weather
Service. The weather registry included air pressure (P) (hPa),
air temperature (T) (◦C), dew point temperature (Td) (◦C),
relative humidity (RH (%), wind speed (WS) (m/s), and
precipitation (RR) (mm) as measured in accordance with the
World Meteorological Organization’s standards and regulations
(16). All the data were collected at synoptic stations each hour
a day with the use of calibrated instruments, i.e., barometers,
dry and wet bulb thermometers, anemometers, and rain gauges,
respectively. Most of measurements were in parallel conducted
with dedicated automated sensors for further validation. All the
meteorological variables, with their daily extremes, including
maximum (T_max) or minimum (T_min) temperature,
maximum (Td_max) or minimum (Td_min) of dew point
temperature, maximum (P_max) or minimum (P_min) of air
pressure, maximum (RH_max) or minimum (RH_min) of
relative humidity, maximum (WS_max) or minimum (WS_min)
of wind speed, and maximum (RR_max) or minimum (RR_min)
of precipitation, were analyzed for the day of ACS and for 6
days prior to ACS itself. The daily ranges of the aforementioned
variables were defined as the difference between the maximum
and minimum value within each analyzed day and expressed
as the range of temperature (T_range), range of dew point
temperature (Td_range), range of air pressure (P_range),
range of relative humidity (RH_range), range of wind speed
(WS_range), and range of precipitation (RR_range). To indicate
the day prior to the index ACS for which the weather conditions
were analyzed included was a subscript with values from
1 to 6. For example, RH_max2 means a maximum relative
humidity 2 days prior to the index ACS. Furthermore, a 3-h
air pressure tendency (P3h_tend) and a 6-h aggregated amount
of precipitation (RR6h) were added to the overall analysis. Any
negative value of P3h_tend expresses pressure decrease, whereas
any positive value of P3h_tend expresses pressure increase.

Finally, the catalog of synoptic scenarios in the upper Vistula
river basin covering the area of Lesser Poland Province (17)
was used to distinguish the type and direction of air masses
advection as well as the type of pressure pattern together with the
type of frontal system. Synoptic maps also served as the source
of information of frontal systems distinguished by a surface
weather analysis supported by upper air information (18). Strong
horizontal temperature, moisture, wind gradient, as well as the
vertical shear of a horizontal wind and high vorticity as the
attributes of the boundaries between air masses were identified

and every front was classified as cold, warm, quasi-stationary,
or occluded.

Weather seasons were established on the basis of
meteorological rules as follows: spring (1st March to 31st
May), summer (1st June to 31th August), autumn (1st
September to 30th November), and winter (1st December
to 28/29th February).

Statistics
Statistical analysis was performed with SPSS Statistics software
(version 25.0.0.2, IBM Incorporation, USA). Continuous
variables are expressed as median (interquartile range) and
categorical variables are expressed as number (percentage).
Continuous variables were first checked for normal distribution
by the Shapiro–Wilk test. Differences between two continuous
variables were compared by the Student’s t-test or the Mann–
Whitney U test, if distribution was normal or different
than normal, respectively. ANOVA followed by the post-hoc
Bonferroni test was used to compare the differences in the three
or more groups with normally distributed data, whereas non-
normally distributed data were analyzed by the Kruskal–Wallis
test and the differences between the individual groups were
identified using a test for multiple comparisons of mean ranks.
Categorical variables were analyzed by the chi-squared test or the
Fisher’s exact test. The association between two variables with a
normal or non-normal distribution was assessed by the Pearson
or Spearman test, respectively. A two-tailed P-value of <0.05 was
considered as statistically significant.

Predictions With Machine Learning System
Machine learning analysis was performed using the R package
with the Random Forest algorithm (19). We examined models
with repeated 10-fold cross-validation (10 repeats), which
partitions the original sample into 10 disjoint subsets, uses
seven of those subsets in the training process, and then makes
predictions about the remaining subset. We trained an ensemble
classifier by using the results of a set of constituent classifiers
by taking a (weighted) vote of their individual predictions. The
predictive learning model was based on artificial intelligence
with the Random Forest algorithm. The latter is a decision
tree-based method constructed by creating a series of decision
trees from bootstrapped training samples (20). The decision
tree split is a random process, where a new division of data
is constructed, rather than using the full set of predictors.
The model takes predictions from individual learning algorithm
as an input to build an ensemble learning predictive model
that classified required meteorological parameters up to 6 days
before the day with a specific number of ACS. The variable
importance of each weather parameter was a derivative of all its
measurements obtained on the day of ACS and 6 days before
ACS. For example, the variable importance for T_max means
value calculated for all the maximum temperatures collected
within 7 days. The training and testing datasets were driven from
meteorological parameters, their derivatives, and were combined
with the date and day of the week for each number of ACS,
as there was found a decreasing trend in the numbers of ACS
between 2008 to 2018, as well as significant differences in their
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TABLE 1 | Baseline clinical characteristics.

All patients

n = 105,902

UA

n = 55,786

STEMI

n = 20,042

NSTEMI

n = 30,074

P-value

Age, years 68 (60–76) 67 (60–75) 66 (57–76) 70 (61–79) <0.001

Male 65,859

(62.2)

33,828

(60.6)

13,180

(65.9)

18,851

(62.7)

<0.001

Comorbidities

Diabetes mellitus

type 1 or 2

37,419

(35.3)

19,452

(34.9)

6,530 (32.6) 11,437

(38.0)

<0.001

Hypertension 75,418

(71.2)

39,474

(70.6)

13,799

(68.9)

22,145

(73.6)

<0.001

Renal failure 4,798 (4.5) 2,074 (3.7) 804 (4.0) 1,920 (6.4) <0.001

History of stroke 7,211 (6.8) 3,407 (6.1) 1,432 (7.1) 2,372 (7.9) <0.001

Outcome

Length of

hospitalization,

days

6 (3–9) 7 (4–9) 5 (4–9) 5 (3–9) <0.001

In-hospital death 4,649 (4.4) 583 (1.0) 1,967 (9.8) 2,099 (7.0) <0.001

Data are shown as median (interquartile range) or numbers (percentage), ACS, acute

coronary syndrome; UA, unstable angina; STEMI, ST elevation myocardial infarction;

NSTEMI, non-ST elevation myocardial infarction; P-value for differences between UA,

NSTEMI and STEMI.

distribution between Monday and Saturday or Sunday. The
Random Forest was used to build a predictive model, as well as to
give information about the learning process itself. In this study,
the variable importance of each parameter was examined to
quantify how a meteorological condition or clinical characteristic
is important in the prediction of the number of ACS per day. The
higher the variable importance value (results ranged from 0 to 1),
the more important the given parameter was in the training of
the model. The prediction performed with the Random Forest
algorithm was finally adjusted for age, sex, diabetes mellitus,
arterial hypertension, renal failure, and history of stroke.

RESULTS

Study Population
The demographic and clinical characteristics of the studied
patients are shown inTable 1. In the whole study period, unstable
angina was the most frequent diagnosis comprising 52.7% of all
the patients with ACS, while STEMI occurred in fewer than one-
fifth of patients (Table 1). Patients with STEMI were the youngest
(P < 0.001), with the highest percentage being males (P <.001).
Only 1% of patients with UA died during index hospitalization,
whereas the highest in-hospital mortality occurred in the STEMI
population (P < 0.001). Simultaneously, patients with NSTEMI
were characterized by the highest percentage of diabetes mellitus,
hypertension, renal failure, and history of stroke (all P < 0.001)
(Table 1).

The total number of acute coronary syndromes has been
decreasing since 2013 (Supplementary Table 1). Between 2008
and 2018, the annual number of UA decreased by 67% and
STEMI by 47%. Simultaneously, the absolute number of patients
with NSTEMI increased during the analyzed period by 39%. In
2018, hypertension was identified more frequently than in 2008

TABLE 2 | Seasonal weather characteristics at both the meteorological stations.

Weather

parameter

Season Station A Station B P-value

T_max, ◦C Spring 15.1 (9.6–20.4) 14.5 (9.0–19.6) <0.001

Summer 24.9 (21.4–28.3) 24.3 (20.9–27.5) <0.001

Autumn 14.3 (9.3–19.1) 13.4 (8.7–18.6) <0.001

Winter 3.2 (−0.5–6.8) 2.4 (−0.9–5.7) <0.001

T_min, ◦C Spring 4.4 (0.7–8.2) 3.8 (0.1–7.7) <0.001

Summer 13.2 (10.8–15.8) 13.1 (10.9–15.5) 0.021

Autumn 5.7 (2.2–9.3) 4.9 (1.1–8.5) <0.001

Winter −1.9 (−6.2–0.9) −2.9 (−6.8 to −0.3) <0.001

P_max, hPa Spring 1,018 (1,013–1,023) 1,019 (1,013–1023) <0.001

Summer 1,018 (1,014–1,020) 1,018 (1,015–1,021) <0.001

Autumn 1,021 (1,016–1,026) 1,021 (1,017–1,026) 0.075

Winter 1,022(1,015–1,028) 1,022 (1,015–1,028) 0.027

P_min, hPa Spring 1,013 (1,007–1,018) 1,013 (1,007–1,018) <0.001

Summer 1,013 (1,010–1,016) 1,014 (1,010–1,016) <0.001

Autumn 1,016 (1,011–1,021) 1,016 (1,011–1,021) 0.286

Winter 1,015 (1,008–1,022) 1,015 (1,008–1,022) 0.255

RH_max, % Spring 95 (91–98) 95 (91–97) 0.002

Summer 96 (93–98) 95 (92–97) <0.001

Autumn 97 (93–98) 96 (95–98) <0.001

Winter 94 (89–97) 96 (93-−98) <0.001

RH_min, % Spring 44 (34-60) 47 (37–64) <0.001

Summer 44 (37–57) 46 (38–58) <0.001

Autumn 61 (49–74) 65 (52–79) <0.001

Winter 69 (59–79) 75 (65–83) <0.001

WS_max,

m/s

Spring 3 (3–4) 6 (5–8) <0.001

Summer 3 (2–3) 6 (4–7) <0.001

Autumn 3 (2–4) 5 (4–7) <0.001

Winter 3 (2–4) 6 (4–8) <0.001

Data are shown as median (interquartile range), T, daily temperature; P, air pressure; RH,

relative air humidity; WS, wind speed;max, maximum daily value; min, minimum daily

value; P-value for comparisons between station A and B.

(68.1 vs. 65.8%, P = 0.002, respectively), but diabetes mellitus
(30.0 vs. 34.5%, P < 0.001), renal failure (2.4 vs. 4.7%, P <.001),
and a history of stroke (4.0 vs. 7.7%, P < 0.001) were identified
less frequently. The mortality rate was similar in 2018 vs. 2008
(4.7 vs. 4.6%, P = 0.377).

Patients with ACS were hospitalized most frequently on
Mondays (P < 0.0001, Supplementary Table 2) without
significant trends in the annual cycle (Supplementary Figure 2).
UA was most frequent on Mondays (P < 0.0001), while STEMI
(P < 0.0001) or NSTEMI (P < 0.0001) was most frequent
on Saturdays. The oldest patients with a median age of 69
years were admitted on weekends. Also, renal failure (5.1 vs.
4.1%, P = 0.002) or stroke (7.3 vs. 6.7%, P = 0.002) was more
frequent, while in-hospital death was higher (6.7 vs. 3.9%, P <

0.001) in patients admitted during weekends as compared with
working days.

General Meteorological Characteristics
Both the stations are located relatively close. So, for all the
seasons, most of the weather characteristics had a similar
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TABLE 3 | The correlations between the number of acute coronary syndrome (ACS) and the weather conditions as measured in the day of ACS.

Station A Station B

Spring Summer Autumn Winter Spring Summer Autumn Winter

T_max ◦C r 0.01 −0.06 0.00 −0.12 −0.06 −0.03 −0.01 −0.02

P 0.87 0.06 0.96 <0.001 0.07 0.28 0.70 0.61

T_min,
◦C r −0.01 −0.00 −0.06 −0.14 −0.06 −0.04 0.02 −0.07

P 0.89 0.93 0.08 <0.001 0.07 0.20 0.46 0.03

T_range,
◦C r 0.01 −0.07 0.06 0.04 −0.02 −0.01 −0.04 0.08

P 0.68 0.03 0.07 0.17 0.45 0.78 0.18 0.01

P_max, hPa r 0.02 −0.02 0.03 0.06 −0.03 −0.01 −0.04 0.05

P 0.46 0.56 0.30 0.06 0.30 0.83 0.17 0.13

P_min, hPa r 0.02 −0.03 0.02 0.02 −0.03 −0.02 −0.03 0.04

P 0.55 0.29 0.45 0.57 0.37 0.50 0.31 0.27

P_range, hPa r 0.01 0.04 0.01 0.08 −0.01 0.03 −0.02 0.02

P 0.79 0.25 0.70 0.02 0.77 0.28 0.63 0.53

P3h_tend, hPa r −0.05 −0.00 0.02 0.04 −0.01 0.04 −0.01 −0.04

P 0.10 0.90 0.51 0.23 0.74 0.19 0.84 0.22

Td_max, ◦C r −0.01 0.03 −0.01 −0.10 −0.04 −0.02 0.01 −0.02

P 0.79 0.38 0.81 0.002 0.21 0.45 0.85 0.57

Td_min, ◦C r −0.02 0.03 −0.04 −0.14 −0.02 −0.02 0.02 −0.06

P 0.63 0.36 0.25 <0.001 0.44 0.52 0.60 0.07

Td_range, ◦C r 0.02 −0.01 0.07 0.12 −0.03 −0.00 −0.02 0.09

P 0.67 0.82 0.03 <0.001 0.30 0.96 0.44 0.003

RH_max, % r −0.03 0.05 0.11 0.02 0.04 0.02 −0.01 0.05

P 0.35 0.11 <0.001 0.57 0.16 0.44 0.82 0.15

RH_min, % r 0.00 0.09 −0.02 −0.01 0.06 0.03 0.02 0.00

P 0.99 0.005 0.45 0.87 0.08 0.30 0.59 0.99

RH_range, % r −0.01 −0.07 0.06 0.02 −0.05 −0.03 −0.02 0.02

P 0.67 0.02 0.05 0.56 0.15 0.39 0.55 0.56

RR6h, mm r −0.03 0.01 −0.01 −0.03 0.02 0.03 0.05 −0.05

P 0.29 0.64 0.82 0.43 0.62 0.42 0.13 0.14

WS_max, m/s r 0.02 0.00 −0.07 0.02 −0.04 0.06 0.07 −0.01

P 0.54 0.97 0.03 0.62 0.26 0.05 0.04 0.83

r, correlation coefficient; T, daily temperature; P, air pressure; P3htend, daily 3-hour pressure tendency; RH, relative air humidity; Td, dew point temperature; RR6h, cumulative amount

of precipitation within 6 h; WS, wind speed; max, maximum daily value; min, minimum daily value; range, daily range; The significant associations are highlighted with bold.

distribution. However, due to differences in their geographical
location, the median values of most of the meteorological
characteristics calculated for the study period of 11 years
were different in both the stations (Table 2). The highest
absolute differences between both the stations concerned with
air temperature, relative humidity, and wind speed. Station A
had higher maximum and minimum temperatures than station
B in all the seasons, with the median T_max value in summer
reaching 24.9◦C as compared to 24.3◦C in station B. Station
A had lower median values of RH_min also in all the seasons,
with the biggest difference for winter. Median values of wind
speed in station A were equal to 3 m/s, while for station B they
reached 5 m/s for autumn and 6 m/s for the rest of the year
(Table 2).

Acute Coronary Syndrome Prevalence vs.
Individual Weather Parameters
Analysis comparing individual weather parameters derived from
the day of ACS and the 6 preceding days with the number of ACS

in the index day including their seasonal distribution concerned
420 pairwise comparisons for each station separately. Of them, in
station A 88 (21.0%) and in station B 40 (9.5%) were significant
but weak, with the correlation coefficients ranged from −0.16 to
0.16 (Table 3 and Supplementary Table 3).

In both the stations, 16 (13.3%) of the weather parameters
derived from the day of ACS incident were significantly
correlated with ACS number. In the case of 5 (4.2%) parameters
recoded in station A (T_min, T_max, Td_min, Td_range,
and RH_max), correlation coefficients were higher than |0.10|
(Table 3).

In both the stations, in total, 66 (18.3%) of the weather
parameters recorded at least once, 1 to 3 days prior to ACS
incident, were significantly correlated with the number of ACS
in the given index day (Supplementary Table 3). In the case of
14 (3.9%) measurements, the correlation coefficients were higher
than |0.10|, including 13 in station A in winter (T_max1−3,
Td_max1−3, T_min1−3, Td_min1−3, and Td_range3) and one in
station B in spring (WS_max3), while in station A in winter, the
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TABLE 4 | Median values of ACS in relation to the occurrence of a specific atmospheric front.

No front

N = 2,339

Cold front

N = 361

Warm front

N = 517

Quasi–stationary

front

N = 221

Occluded front

N = 341

Different

fronts

N = 239

P–value#

The whole period 38 (27–48) 40 (29–52) 40 (29–50)* 37 (28–49) 37 (27–48) 38 (27–51) 0.012

January 37 (25–48) 40 (31–51) 37 (25–48) 42 (30–49) 39 (28–52) 48 (36–62) 0.155

February 40 (29–51) 41 (29–56) 40 (27–58) 41 (32–48) 40 (31–49) 47 (33–59) 0.861

March 40 (29–48) 44 (29–55) 46 (29–56) 37 (21–57) 39 (31–46) 40 (28–52) 0.708

April 36 (25–50) 42 (37–52) 39 (30–52) 39 (36–54) 37 (30–46) 38 (28–55) 0.481

May 37 (28–48) 45 (32–50) 46 (30–54)* 34 (30–42) 30 (23–45)* 36 (30–45) 0.015

June 37 (26–47) 40 (33–59) 39 (28–47) 32 (27–42) 38 (28–45) 35 (25–57) 0.276

July 35 (26–46) 34 (32–44) 38 (30–46) 34 (27–46) 32 (23–41) 34 (24–51) 0.423

August 36 (27–45) 32 (27–43) 38 (27–47) 48 (26–56) 28 (20–38)* 26 (21–48) 0.017

September 38 (28–48) 39 (31–52) 42 (31–50) 39 (33–49) 36 (22–53) 40 (26–47) 0.805

October 40 (28–50) 41 (32–54) 46 (32–56) 39 (32–51) 45 (35–53) 37 (31–52) 0.388

November 38 (28–52) 39 (26–55) 38 (29–52) 31 (23–50) 46 (40–62) 44 (33–50) 0.284

December 34 (25–46) 36 (23–45) 37 (25–50) 28 (23–47)* 56 (44–60)* 36 (25–50) 0.019

Data are shown as median (interquartile range), #ANOVA Kruskal-Wallis for differences in six groups, *P < 0.05 vs. no-front days for post-hoc comparisons. The significant differences

are highlighted with bold.

lower T_max, Td_max, T_min, Td_min, or the higher T_range
and Td_range in the 3 days preceding the higher number of ACS
in the index day.

In both the stations, in total, 46 (12.8%) of the weather
parameters recorded at least once, 4 to 6 days prior to
ACS incident, were significantly correlated with the number
of ACS in the given index day. In the case of 15 (4.2%)
measurements, the correlation coefficient was higher than |0.10|.
All of them were found in station A, 13 in winter (T_max4−6,
T_min4−6, Td_min4−6, Td_range4−6, and P_range5) and 2 in
autumn (RH_max5,6).

Acute Coronary Syndrome Prevalence vs.
Frontal Analysis
In the years 2008–2018, 58% of ACS occurred during days
without any fronts as they constitute almost 60% of all the
analyzed days. The remaining ACS happened on days with cold
(11%) or warm (10%) fronts or during days with quasi-stationary
frontal systems (9%), occluded fronts (6%), or with different
fronts in the course of the self-same same day (6%).

In the whole period studied, especially in spring months,
the number of ACS was the highest during days with cold
or warm fronts, but a significant difference in the number
of ACS was found only between warm front days and days
without any front (Table 4). In summer, autumn, and winter,
there were no significant differences in the median number of
ACS across the different frontal scenarios. The occurrence and
type of front was associated with different ACS distribution
in May, August, and December (Table 4). The number of
ACS in days with an occluded front was the lowest in May
and August, while in December this was the highest. In the
remaining months, there were no significant differences in
ACS distribution.

Machine Learning-Based Prediction for
Acute Coronary Syndrome Prevalence
The correlation between the predicted and observed number
of ACS per day was 0.82 with a CI of 0.80–0.84 (P <

0.0001) (Figure 1A). Of all the weather parameters, the highest
variable importance for machine learning (range 0–1) involved
dew point temperature daily range, air pressure daily range
and its maximum, and RH maximum with 1.00, 0.875,
0.864, and 0.853, respectively (Figure 1B). Among the clinical
parameters, the variable importance for hypertension was 1.00,
the variable importance for diabetes mellitus was 0.28, the
variable importance for a history of stroke was 0.10, the variable
importance for chronic kidney disease was 0.07, the variable
importance for median age was 0, and the variable importance
for sex was 0 (Figure 1C).

For individual seasons, the correlations between the observed
and predicted number of ACS (Figure 2) within the operations
of station A were for spring 0.77 (CI 0.72–0.82), for summer
0.76 (CI 0.71–0.81), for autumn 0.83 (CI 0.80–0.87), and for
winter 0.79 (CI 0.75–0.83) (P < 0.0001 for each correlation).
The analogous correlations for station B were for spring 0.73 (CI
0.68–0.78), for summer 0.72 (CI 0.66–0.77), for autumn 0.72 (CI
0.67–0.78), and for winter 0.76 (CI 0.71–0.81) (P < 0.0001 for
each prediction).

Of all the analyzed meteorological parameters, the most
important in the machine learning model with a variable
importance of more than 0.8 was for station A in spring RH_max,
T_max, and P_range, in summer Td_max, T_range, and
RH_range, in autumn T_range, and in winter P_min, P_range,
and Td_max (Figure 3). For station B, the meteorological
parameters with a variable importance of more than 0.8 were
in spring P_max, RH_max, Td_range, P3htend, and P_min, in
summer RH_max, in autumn Td_range, P_range, and P3h_tend,
and in winter Td_range and T_range.
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FIGURE 1 | The predicted vs. observed numbers of ACS. (A) The correlation between the predicted vs. observed number of ACS per day. (B) The importance of

individual weather conditions for machine learning. (C) The importance of clinical parameters for machine learning. ACS, acute coronary syndrome; T, temperature; P,

air pressure; P3h_tend, daily 3 hours pressure tendency, RH, relative air humidity, Td, dew point temperature, RR6h, precipitation, WS, wind speed, max, maximum

daily value, min, minimum daily value, range, daily range.
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FIGURE 2 | The predicted vs. observed numbers of ACS in individual seasons and meteorological stations. ACS, acute coronary syndrome.
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FIGURE 3 | The importance of weather conditions in prediction of the number of ACS with machine learning in relation to the season and the meteorological station.

T, temperature; P, air pressure; P3h_tend, daily 3 h pressure tendency; RH, relative air humidity; Td, dew point temperature; RR6h, precipitation; WS, wind speed; max,

maximum daily value; min, minimum daily value; range, daily range.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 April 2022 | Volume 9 | Article 83082368

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wlodarczyk et al. Weather and Acute Coronary Syndromes

DISCUSSION

Summary of Findings
To the best of our knowledge, this study is the first study to
demonstrate that weather parameters analyzed with an artificial
intelligence system using machine learning accurately predict
the daily number of ACS in a temperate climate zone. The
accuracy of this prediction turned out to be irrespective of
the season and location of the meteorological station. Machine
learning system has produced a unique prediction pattern based
on a broad set of weather data including their absolute values,
several hour tendencies, and also their dynamic changes derived
from the day of ACS and 6 days prior to ACS. Of all the
analyzed meteorological parameters in this specific population,

the most influential on these predictions was both the daily
ranges of dew point temperature and air pressure, as well as

the maximum value of air pressure and of relative humidity.

On the other hand, analysis of atmospheric fronts as well as
individual weather parameters provided several univariate and

significant relationships; however, ones not universal and only
specific to a selected season and station. Thus, this study provides

evidence indicating that artificial intelligence algorithms used for
the analysis of weather conditions together might be a valuable
and clinically important tool estimating the everyday risk of ACS.

Univariate Relationships Between Weather
and Acute Coronary Syndrome Prevalence
In this study, we observed significant but weak correlations
between individual weather parameters and ACS prevalence.
Unfortunately, these relationships were not repeatable for all the
seasons and meteorological stations, thus their predictive value
was useless. The WHO Monitoring Trends and Determinants
in Cardiovascular Disease (MONICA) project (21) showed that
a 10◦C decrease was associated with a 13% increase of the
total number of myocardial infarctions or coronary deaths.
For an atmospheric pressure, a V-shaped relationship was
found with a minimum of the daily event rate at 1,016 hPa.
Simultaneously, a 10-hPa decrease below or a 10-hPa increase
above 1,016 hPa was associated with a 12 or 11% increase in
ACS event rate, respectively. Swedish analysis (3) indicated a
higher ACS prevalence in the days with air temperatures of
<0◦C, while ACS rate was lower when temperatures rose to 3–
4◦C. Equally Canadian data (22) revealed that cold days with a
temperature below the 1st percentile of temperature distribution
were associated with a 29% increase in acute MI rate (95% CI 15–
45) and high temperatures above the 99th percentile increased
coronary heart disease hospitalizations by 6% (95% CI 1–11) as
compared with the days with an optimal temperature. Low air
temperatures were a significant risk factor for hospital admissions
from diseases of the circulatory system also in the Iberian
Peninsula, regardless of calculated meteorological index (23).
Urban and Kyselý (24) have found that apparent temperature
and physiologically equivalent temperature appear to be more
universal predictors of heat- and cold-related mortality than
UTCI when both the urban and rural environments were of
concern. In turn, significant cold-related mortality in the rural
region showed potential for UTCI to become a useful tool in

cold exposure assessments. Michelozzi et al. (25) have analyzed
the impact of high environmental temperatures on hospital
admissions in 12 European cities participating in the Assessment
and Prevention of Acute Health Effects of Weather Conditions
in Europe project. They found that high temperatures have a
specific impact on respiratory admissions, particularly in the
elderly population, but the underlying mechanisms were unclear.
In turn, high temperature was associated with an increased
cardiovascular mortality, but not cardiovascular admissions.
These relationships also remain not elucidated. In this study,
the strongest univariate correlations concerned with temperature
and dew point temperature only in winter in station A. These
results indicate that a universal ACS prediction based on single
individual weather parameters does not work. It may be due to
the fact of significant day-to-day variability of weather conditions
in Southern Poland, described also by Piotrowicz (26).

Given the complex nature of the weather, in the next step, we
focused on the influence of atmospheric fronts on the occurrence
of ACS. The median daily number of ACS was higher on days
with warm fronts compared to days without any front, especially
in spring. Recently, Boussoussou et al. (27) have observed
in patients with acute cardiovascular diseases in the area of
Budapest a 9.5% increase in hospitalizations associated with cold
or occluded fronts. This effect was 10% stronger in a situation
of day-to-day front replacement from warm or stationary to a
cold one. In Europe, active frontal weather occurs in 40% of days
in a year and frontal systems induce substantial and dynamic
modifications of weather conditions, including significant air
pressure and wind speed shifts, as well as temperature changes
(28). Therefore, the approach to assess the number of ACS
depending on the type of front seemed to be particularly justified,
but again it turned out that the results were not repeatable for
individual seasons as well as for shorter time intervals such
as months.

Weather Parameters Analyzed With
Artificial Intelligence for Prediction of
Acute Coronary Syndrome Prevalence
The lack of a satisfactory predictive value of individual weather
parameters as well as frontal analysis has become an argument for
applying a more sophisticated analytical method. In this study,
artificial intelligence with machine learning using the Random
Forest system was used to predict the number of ACS based
on the weather characteristics. Ambale-Venkatesh et al. (29)
have tested random survival forest to predict six cardiovascular
outcomes in comparison to standard risk scores. They found
that artificial intelligence added to traditional methods improves
the prediction accuracy of cardiovascular events in an initially
asymptomatic population. In turn, Wang et al. (30) have shown
that the Random Forest displayed a satisfying performance
compared to traditional linear regression models for heatstroke
prediction based on meteorological and socioeconomic factors.
The feature identification process of building a machine learning
model that combined both the data-driven methodology and
domain knowledge resulted in comprehensive variables in
complex sets. Our machine learning-based analysis showed
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seasonal and regional differences in the influence of atmospheric
processes on ACS prevalence indicating the most influential
weather parameters specific to a given time and place. Weather
elements act as stimuli, especially when they reach extreme
values or their parameters change in a short time interval. Some
of them act permanently, being intensified by synergism with
others finally forming a stimulant weather complex. Thermal and
moisture conditions are one of the most important factors, which
profile the human heat budget. In this study, the most influential
on the prevalence of ACS was maximum relative humidity and
the daily range of dew point temperature describing temperatures
at which the concentration of water vapor in the air was
saturated. A low temperature activates the thermoreceptors of
the hypothalamic-pituitary-adrenal axis and stimulates adrenal
glands to secrete adrenalin, which causes vasoconstriction
and blood pressure elevation. Finally, increased shear stress
may induce atherosclerotic plaque rupture. Simultaneously,
cold weather increases diuresis and diminishes serum volume
deteriorating its rheological properties (31). In contrast, a
high temperature leads to parasympathetic nervous system
stimulation, vasodilatation, and a decrease in blood pressure (32).
Mechanical stimuli caused, in turn, by atmospheric circulation,
particularly pressure and frontal systems, fluctuations that affect
the human body through air pressure and wind speed. In this
study, the maximum and daily range of atmospheric pressure was
found to be the most influential for a learning machine process
with specific differences for separate seasons.

First, weather conditions vary across different climate zones;
therefore, analysis with a machine learning model for our specific
region cannot be one-to-one extrapolated to other regions, with
local validation being required each time. Second, particular
caution must be exercised when interpreting the results of
meteorological variables with local effects, such as precipitation,
even if they were included in regional analyses. Third, for
patients with NSTEMI, the date of hospital admission does not
precisely reflect the time of symptom onset due to the delay
effect associated with the diagnosis process, while the timing
of symptoms for patients with STEMI can be considered fairly
accurate. Fourth, in this study, solar radiation characteristics
were not analyzed. Although they are important for human body,
their effects are gradual and their availability is limited what
would make a study difficult for further implementation. Finally,

the clinical characteristics of the studied groups are limited;
hence, the National Health System has to collect data selectively.

CONCLUSION

Our findings indicate that weather conditions are useful for the
prediction of the number of ACS in a temperate climate zone,
if analyzed with an artificial intelligence system. Simultaneously,
the analysis of individual weather parameters or frontal scenarios,
although separately providing weak univariate relationships, was
insufficient for a reproducible prognosis in different seasons
and locations. The adoption of these novel findings in other
climatic zones might be clinically relevant, but would require
local validation.
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Background: Several studies have shown the cost-effectiveness of direct oral

anticoagulants (DOACs), compared with warfarin, to prevent atrial fibrillation (AF) related

complications. However, few have reported cost-effectiveness of DOACs in AF patients

with intermediate stroke risk. Thus, we investigated the cost-effectiveness of DOACs

vs. warfarin in non-valvular AF patients with intermediate stroke risk using national

representative data.

Methods: We identified 7,954 newly diagnosed non-valvular AF patients (≥18 years)

with intermediate stroke risk (CHA2DS2-VASc score: 1 for men and 2 for women)

using the national healthcare utilization data from August 1, 2016, to July 31, 2019.

Annual incidence rate of AF-related composite outcomes (heat failure, myocardial

infarction, ischemic stroke, intracerebral hemorrhage, and gastrointestinal bleeding) was

estimated. Cost-effectiveness was estimated using a Markov chain model with the

transition probability of 1 year. The willingness-to-pay (WTP) was set at $32,000 per

quality-adjusted life-year (QALY) gained.

Results: The total cost of warfarin, rivaroxaban, apixaban, dabigatran and edoxaban

was $2,874, $5,761, $5,151, $5,761 and $5,851, respectively. The QALYs gained

were 10.83, 10.95, 11.10, 10.49 and 10.99 years, respectively. The incremental

cost-effectiveness ratio of rivaroxaban, apixaban, dabigatran and edoxaban was

$29,743.99, $8,426.71, -$8,483.04 and $18,483.55, respectively. The WTP was set at

$32,000. DOACs (except dabigatran) were more cost-effective compared with warfarin

because they did not exceed the WTP in the base-case analysis.

Conclusion: Our findings showed that DOACs were more cost-effective than warfarin

in non-valvular AF patients with intermediate stroke risk.

Keywords: atrial fibrillation, cost-effectiveness, anticoagulants, warfarin, intermediate stroke risk
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INTRODUCTION

The global incidence and prevalence of atrial fibrillation (AF)
have increased rapidly in elderly people (1). In the Republic
of Korea, AF prevalence is estimated to be 2.1% among those
aged more than 65 years, and it is expected to rise to 5.8% by
2060 due to rapid population aging (2). Accordingly, the risk of
complications (including stroke) and the related cost of treating
AF have increased steadily (3). In the United States, the estimated
incremental cost for treating AF patients reached $26 billion
during 2004–2006 (4). In Europe, AF-related costs increased up
to e3,000 per patient-year from 1990 to 2009 (5).

Use of anticoagulants is of importance in preventing
cardiovascular complications in patients with AF. AF increases
the risk of developing a thrombus due to turbulent flow
in the left atrium. The thrombus from the left atrium can
cause embolization in a primary organ or tissue, leading
to complications such as stroke or systemic embolism,
myocardial infarction (MI), and heart failure (HF) (6–8).
To prevent these complications, vitamin K antagonists or
direct oral anticoagulants (DOACs; rivaroxaban, apixaban,
dabigatran, and edoxaban) are prescribed to patients
with AF.

Based on mounting evidence on the DOACs had more cost-
effective than warfarin (9–12), guidelines in Europe and the USA
recommend preferential use of DOACs over warfarin to prevent
cardiovascular complications in patients with AF (13, 14). In
line with this, use of DOACs to prevent stroke is subsidized in
AF patients since 2015 in the Republic of Korea (15). However,
this reimbursement scheme is limited to AF patients with high
stroke risk (defined as a CHA2DS2-VASc score of 2 or higher),
as most previous studies on the cost-effectiveness of DOACs
included AF patients with high stroke risk or did not consider
the risk of stroke (16). Some studies have investigated the
cost-effectiveness of DOACs after a stratification on individuals
regarding stroke risk (9, 17, 18). To the best of our knowledge,
no purposely designed study has investigated the cost-
effectiveness of DOACs by focusing on the intermediate stroke
risk group.

Therefore, this study investigated the cost-effectiveness of
DOACs and warfarin among AF patients with intermediate
stroke risk by using national representative data.

MATERIALS AND METHODS

Data Source
In this study, we used data from the Health Insurance
Review and Assessment (HIRA) on the demographics (age
and sex), diagnosis [International Classification of Disease 10th
Revision (ICD-10) codes and date of diagnosis], in-hospital
mortality, information on prescriptions (date and chemical
name), and cost. Because the HIRA database covers almost
98% of the total population (15), sampling or selection bias
was minimized.

This study was approved by the Institutional Review Board
of Yonsei University Health System (2021–1748–001), and
informed consent was waived.

Study Population
Of the 781,583 individuals who visited hospitals with the AF
code (ICD-10: I48) between August 1, 2016, and July 31, 2019,
we further identified 7,954 non-valvular AF patients using the
following inclusion criteria (Supplementary Figure 1):

Individuals who were not diagnosed with AF (or valvular
AF) and AF-related complications from August 1, 2015, to
July 31, 2016;
Individuals who visited outpatient clinics at least twice or were
admitted to a hospital at least once for AF (ICD-10: I48, I48.0,
and I48.1);
Adults (aged ≥ 18 years) who took warfarin or DOACs
(rivaroxaban, apixaban, dabigatran and edoxaban) and we
excluded AF patients with prescriptions of both DOACs and
warfarin during the study period;
Individuals with intermediate stroke risk (defined as the
CHA2DS2-VASc score of 1 in men or 2 in women).

CHA2DS2-VASc Score
To calculate the CHA2DS2-VASc score (an indicator of stroke
risk), this study set the index date for each participant. The
index date is defined as the date of admission or of the second
outpatient visit for AF, whichever came earlier. The CHA2DS2-
VASc score was calculated based on the demographics on the
index date and healthcare utilization 1 year prior to the index
date. The CHA2DS2-VASc score is the sum of the scores of each
component. One point was given to those who aged 65–75 years;
those with a history of hypertension, diabetes, congestive HF,
or vascular disease (MI or a peripheral vascular disease); and
women. Two points were given to those aged 75 years or older
and those with a history of stroke or systemic embolism. The
ICD-10 codes used for calculating the CHA2DS2-VASc score are
presented in Table 1.

Composite Outcome Measure
In this study, we calculated annual rates of the composite
outcome of the following AF-related complications: HF, MI,
ischemic stroke (IS), intracerebral hemorrhage (ICH), and
gastrointestinal (GI) bleeding. For each composite outcome,
there were records of outpatient visits at least twice or admission
at least once. If the definition is satisfied no matter how
many times an event occurs within a year, the analysis was
conducted with one event occurrence. The ICD-10 codes used
for calculating the composite outcome are presented in Table 2.

Cost-Effectiveness Analysis
A Markov chain decision-analysis model was constructed
to evaluate the cost-effectiveness of DOACs compared with
warfarin in intermediate stroke risk patients. We categorized
health status into healthy with AF, post-health event (post-HF,
post-IS, post-ICH, post-GI bleeding, or post-MI), and death. All
health events, except for GI bleeding, were assumed to remain
in the post-disease state or to transition to the death state. GI
bleeding was assumed to transition to the healthy with AF state
or death state (Supplementary Figure 2).

This study assumed the transition of health status in a 1-
year cycle. Transient probabilities were determined by the annual
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TABLE 1 | Definition of CHA2DS2-VASc score components (ICD-10).

Disease ICD-10 code

Hypertension I10, I11, I12, I13, I15 Essential (primary) hypertension, hypertensive heart disease, hypertensive renal disease, hypertensive heart and

renal disease, secondary hypertension

Heart failure I50 Heart failure

Stroke (IS, ICH) I60, I61, I62, I63, I64 Subarachnoid hemorrhage, intracerebral hemorrhage, other non-traumatic intracranial hemorrhage, cerebral

infarction, stroke, not specified as hemorrhage or infarction

Myocardial infarction I21, I22 Acute myocardial infarction, subsequent myocardial infarction

Peripheral artery disease I70, I71 Atherosclerosis, aortic aneurysm and dissection

IS, ischemic stroke; ICH, intracranial hemorrhage.

TABLE 2 | Definition of health event (ICD-10).

Disease ICD-10 code Inclusion criteria

Heart failure I50 Heart failure Admission ≥1 or outpatient department ≥2

Myocardial infarction I21 Acute myocardial infarction Admission ≥1 or outpatient department ≥2

I22 Subsequent myocardial infarction

Ischemic stroke I63 Cerebral infarction Admission ≥1 or outpatient department ≥2 + brain imaging (CT, MRI)

Intracranial hemorrhage I60 Subarachnoid hemorrhage Admission ≥1 or outpatient department ≥2+ brain imaging (CT, MRI)

I61 Intracerebral hemorrhage

I62 Other non-traumatic intracranial hemorrhage

Gastrointestinal bleeding K22.6 Gastro-esophageal laceration-hemorrhage syndrome Admission ≥1 or outpatient department ≥2

K25 Gastric ulcer

K26 Duodenal ulcer

K27 Peptic ulcer, site unspecified

K28 Gastrojejunal ulcer

K92.2 Gastrointestinal hemorrhage, unspecified

ICD, International Classification of Disease 10th Revision (ICD-10) code; CT, computed tomography; MRI, magnetic resonance imaging.

incidence rates of five diseases (HF,MI, IS, ICH, andGI bleeding).
The Markov chain decision-analysis model was repeated for 20
cycles. The discount rate was set as 4.5% (19).

This study took the perspective of a Korea healthcare system.
All cost incurred from the point of view of Korean payers
(medicine cost, cost due to health event) were included the cost
consisted of medication cost, health event-related cost, and post-
health event cost. Annual costs of medication were defined as 365
times the daily medication price. Health event-related cost was
defined as the average admission cost for each health event. Post-
event cost was estimated by subtracting the medication cost and
event-related cost from the total costs. The willingness-to-pay
(WTP) was set at $32,000 per quality-adjusted life-year (QALY)
to reflect the South Korean gross domestic product ($31,494 in
2020). All costs were converted to USD (1 USD=1,000 KRW).
We used the QALYs provided by previous studies (20–25).

Sensitivity Analysis
Deterministic sensitivity analysis (DSA) was performed to
examine which input parameter among those used in the above
cost-effectiveness analysis most affects the model. In addition,
probabilistic sensitivity analysis (PSA) was performed using a

Monte Carlo simulation (10,000 times). The parameter used in
sensitivity analysis shown in Supplementary Table 2.

All analyses were performed in TreeAge Pro 2020 (TreeAge
Software, Inc., Williamstown, MA, USA) and SAS 9.4 (SAS
Institute Inc., Cary, NC, USA).

RESULTS

The input parameter used to this analysis is shown in
Supplementary Table 1.

We derived the annual incidence rate from a nationwide
database. The annual incidence rate of IS was 0.75, 1.07, 1.50,
4.55, and 1.33% for warfarin, rivaroxaban, apixaban, dabigatran
and edoxaban, respectively, with a CHA2DS2-VASc score = 1.
Patients with CHA2DS2-VASc score = 2 had annual incidence
rates of IS of 1.52, 0.64, 0.62, 0.53 and 0.64% for warfarin,
rivaroxaban, apixaban, dabigatran and edoxaban, respectively.
The utilities of warfarin, rivaroxaban, apixaban, dabigatran and
edoxaban were 0.987, 0.994, 0.998, 0.970 and 0.998, respectively
(Table 3). Their annual medication costs were $19.490, $795.420,
$470.968, $870.890 and $670.010, respectively (Table 4).
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TABLE 3 | Fatality and utility used in base-case analysis.

Model parameter Base-case value

(raw)

Base-case value

(%/year)

Distribution

Fatality

Heart failure 4/1,223 0.32% Beta

Myocardial infarction 0/61 0.00% Beta

Ischemic stroke 2/92 2.17% Beta

Intracranial hemorrhage 1/8 12.50% Beta

GI bleeding 1/54 1.85% Beta

Utility

Warfarin (20) 0.987 0.987 Gamma

Rivaroxaban (20) 0.994 0.994 Gamma

Dabigatran (21) 0.970 0.970 Gamma

Apixaban (21) 0.998 0.998 Gamma

Edoxaban (21) 0.998 0.998 Gamma

Heart failure (22) 0.69 0.69 Beta

Myocardial infarction (23) 0.84 0.84 Beta

Ischemic stroke (24) 0.41 0.41 Beta

Intracranial hemorrhage (24) 0.56 0.56 Beta

GI bleeding (25) 0.70 0.70 Beta

GI, gastrointestinal.

TABLE 4 | Cost used in base-case analysis.

Model parameter Base-case value

(raw)

Base-case value

(%/year)

Distribution

Cost($)

Medication cost (yearly)

Warfarin 19.490 19.490 Gamma

Rivaroxaban 795.426 795.426 Gamma

Apixaban 470.968 470.968 Gamma

Dabigatran 870.890 870.890 Gamma

Edoxaban 670.010 670.010 Gamma

Event-related cost (per

event)

Heart failure 2,964.92 2,964.92 Gamma

Myocardial infarction 7,482.15 7,482.15 Gamma

Ischemic stroke 4,557.36 4,557.36 Gamma

Intracranial hemorrhage 7,108.77 7,108.77 Gamma

GI bleeding 1,583.03 1,583.03 Gamma

GI, gastrointestinal.

In the base-case analysis, the total cost of warfarin,
rivaroxaban, apixaban, dabigatran and edoxaban in non-valvular
AF patients was $2,874, $6,379, $5,151, $5,761 and $5,851,
respectively (Table 5). The QALYs gained were 10.83, 10.95,
11.10, 10.49 and 10.99 years, respectively. The incremental cost-
effectiveness ratios (ICERs) of rivaroxaban, apixaban, dabigatran
and edoxaban (compared with warfarin) were $29,743.99,
$8,426.71, –$8,483.04 and $18,483.55 each, respectively, and
these estimates did not exceed the WTP threshold ($32,000 per

TABLE 5 | Base-case analysis result comparing warfarin and DOACs.

Strategy Cost ($) Incremental cost QALY ICER ($/QALY)

Warfarin 2,874 Ref. 10.83 Ref.

Rivaroxaban 6,379 3,505 10.95 29,743.99

Apixaban 5,151 2,276 11.10 8,426.71

Dabigatran 5,761 2,886 10.49 −8,483.04

Edoxaban 5,851 2,976 10.99 18,483.55

ICER, incremental cost-effectiveness ratio; QALY, quality adjusted life year; DOACs, direct

oral antagonist oral anticoagulants.

QALY). Rivaroxaban, apixaban, and edoxaban were thus cost-
effective compared with warfarin.

In the deterministic sensitivity analysis, the input parameter
most affecting the ICER was the drug cost in all analyses of
DOACs compared with warfarin (Supplementary Figures 3–6).
In a probabilistic sensitivity analysis, rivaroxaban, apixaban,
dabigatran and edoxaban were cost-effective at 21.19, 49.73, 22.3,
and 9.97% compared with warfarin, respectively (Table 6). In
the acceptability curves for warfarin and DOACs, the ICERs of
apixaban and rivaroxaban were lower than that of warfarin at
the WTP ($32,000; Figure 1). The cost-effectiveness scatter plot
is presented in Supplementary Figure 7.

DISCUSSION

This study is the first to investigate the cost-effectiveness
of DOACs compared with warfarin in South Korean non-
valvular AF patients with intermediate stroke risk with fully
independent from pharmaceutical company. In the base-case
analysis, apixaban was the best alternative treatment to warfarin
(with an ICER of $8,426.71). Rivaroxaban was also cost-effective
compared with warfarin (with an ICER of $29,743.99). However,
Dabigatran was not cost effective than warfarin (With an
ICER of -$8,483.04). Although edoxaban exhibited an ICER of
$18,483.55, it was not cost-effective compared with warfarin in
the sensitivity analysis.

It is well known based on previous studies that the cost-
effectiveness of DOACs is higher than that of warfarin (26, 27),
which is consistent with our findings. Furthermore, the present
study showed that apixaban and rivaroxaban were cost-effective
compared with warfarin in both the base-case and sensitivity
analyses (28, 29), which is consistent with previous studies (28–
33). By contrast, our sensitivity analysis showed dabigatran and
edoxaban to be less cost-effective than warfarin among patients
with AF, which is not consistent with previous studies (33,
34). This discrepancy may stem from the difference in study
population: the previous studies did not consider stroke risk
(26, 27), while the present study focused on the intermediate
stroke risk group.

There is little evidence in previous literature on the cost-
effectiveness of DOACs in AF patients with intermediate stroke
risk, and only a few investigated the cost-effectiveness of DOACs
compared with warfarin while considering stroke risk (9, 17,
18). A UK study, which included 1,000 AF patients, showed
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TABLE 6 | The PSA result of DOACs and warfarin.

Cost ($) QALYs

Warfarin Rivaroxaban Dabigatran Apixaban Edoxaban Warfarin Rivaroxaban Dabigatran Apixaban Edoxaban

Mean ± SD 3,024 ± 218 6,431 ± 426 6,765 ± 495 5,132 ± 327 5,787 ± 383 10.72 ± 0.71 10.84 ± 0.71 10.87 ± 0.73 11.11 ±0.74 10.60 ± 0.69

Median 3,015 6,420 6,749 5,773 5,773 10.73 10.85 10.89 11.11 10.61

Minimum 2,333 4,967 5,152 4,463 4,463 7.76 7.88 8.31 8.31 7.83

Maximum 3,890 8,176 8,925 7,557 7,557 13.5 13.32 14.01 14.72 13.04

Sum 30,242,571 64,310,937 67,652,251 57,873,216 57,873,216 107,216.51 108,407.77 108,713.93 111,061.42 106,007.53

Size (n) 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000

Variance 47,351 181,617 245,238 146,479 146,479 0.51 0.5 0.53 0.55 0.47

Variance/Size 5 18 25 15 15 0 0 0 0 0

SQRT (variance/size) 2 4 5 4 4 0.01 0.01 0.01 0.01 0.01

SD, standard deviation; SQRT, square root; PSA, probabilistic sensitivity analysis; DOACs, direct oral antagonist oral anticoagulants; QALY, quality-adjusted life year.

FIGURE 1 | Cost-effectiveness acceptability curve of Warfarin vs. DOACs in AF patients with intermediate stroke risk.

that apixaban was more cost-effective than aspirin among AF
patients with intermediate stroke risk, both having an ICER of
$26,852 for a CHADS score of 1 and $14,001 for a CHA2DS2-
VASc score of 1, respectively (17). However, our study included
7,954 AF patients with intermediate stroke risk, and the ICER
of apixaban was $8,426.71 per QALY. A recent study from
the Republic of Korea on AF patients with a CHA2DS2-
VASc score of 1 (N=805) found that rivaroxaban was more
cost-effective than warfarin (with an ICER of $98,051 per
QALY) (9). The present study (N=7,954) included AF patients
with intermediate stroke risk (having a CHA2DS2-VASc score
of 1 in men 2 in women) and showed that the ICERs of

apixaban and rivaroxaban were $8,426.71 and $29,743.99 per
QALY, respectively.

In accordance with the previous studies, our findings clearly
showed that DOACs were more cost-effective than warfarin.
The higher cost-effectiveness of DOACs (vs. warfarin) in
AF patients with intermediate stroke risk aligns with the
current recommendations from Europe and the USA (13, 14).
Nonetheless, DOACs are not subsidized in AF patients with
intermediate stroke risk in many countries including the UK,
USA, and China. In Korea, National Health Insurance program
covers almost 100% of the Korean population (15). Thus, present
studymay provide evidence on the need for including AF patients
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with intermediate stroke risk as the beneficiary group of the
DOACs’ subsidy scheme.

Although our study included all AF patients in Korea during
the study period and used real-world hospital utilization data
to estimate cost-effectiveness, there are some limitations to be
noted. First, the generalizability of the findings to other countries
is limited since this study only included Koreans. Although
many studies have been conducted in the West, they reported
results similar to this study. Second, as an inherent issue of
cost-effectiveness research, our findings are based on several
assumptions.We assumed that the cost only includedmedication
and health-related costs. Another assumption was that the
transition probability evaluated the incidence of health events
within 1 year. The other assumption was that we didn’t consider
health losses related to aging. To examine uncertainty, we
performed a sensitivity analysis using Monte Carlo simulation.
Third, in this study, the patients who had switched to the counter
group had been excluded. The cost-effectiveness of warfarin
depends on the time in therapeutic range (TTR), which was
not evaluated in the present study (35). Warfarin users with
poor TTR maintenance or minor bleeding episodes which were
not included in clinical outcome, might underestimate cost of
warfarin group. Fourth, because health events usually proceeded
by systemic embolism and limitations of diagnosis existed in
claims data. We could not consider systemic embolism as a final
health event. Thus, considering the preventative effect of DOACs
on systemic embolism (36, 37), our estimates might have been
underestimated the cost-effectiveness of DOACs.

Lastly, only direct costs related to clinical events were
considered in this study. As warfarin has a narrow therapeutic
window and interactions with food or drugs, there may
be indirect costs related to monitoring of the international
normalized ratio, clinic visits, time spent during traveling and
waiting, and consultation. This issue may have led to the
underestimation of the cost-effectiveness of DOACs vs. warfarin.

In summary, we evaluated the cost-effectiveness of DOACs
and warfarin using real-world hospital utilization data. The data
of the study might be affected by reimbursement criteria of
DOAC, not included the intermediate stroke risk patients in

Korea. However, in this group of patients, the incidence of clinical
events was substantial and DOAC has shown to be cost effective.

However, because it has been only a few years since DOACs
were subsidized in South Korea, the long-term follow-up data
are not sufficient to evaluate cost-effectiveness of DOACs and
warfarin. Considering the result, the reimbursement scope of
DOAC should be extended to the intermediate stroke risk
patients who would benefit from DOAC. Therefore, future
research on this topic might be necessary.
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The main objective of this study was to study predictors of vascular health with focus

on adiposity-related factors. Glucose metabolism, blood lipids, inflammatory markers

and body composition were assessed 15 years before assessment of vascular health

which was assessed with pulse wave velocity (PWV) in 660 subjects born 1934–44. In

a univariate analysis in women the strongest association with PWV was seen for age,

systolic blood pressure, dysglycemia, dyslipidemia, inflammatory markers and body fat

percentage measured in late midlife and PWVmeasured 15 years later. In men age, body

mass index (BMI), systolic blood pressure, dysglycemia, and body fat percentage in late

midlife were associated with PWV. One novel finding was that adiposity-related factors

were strong predictors of vascular health, something not fully encapsulated in BMI, lean

body mass or body fat percentage alone. A higher fat mass index was associated

with worse vascular health, which was not ameliorated by a higher lean mass index.

Our findings stress the importance to study body composition and fat and lean body

mass simultaneously because of their close interaction with each other also in relation to

vascular health.

Keywords: vascular aging, blood pressure, body composition, pulse wave velocity, lean body mass, body fat

percentage, prenatal programming

WHAT IS KNOWN ABOUT TOPIC

• Arterial stiffness is closely linked with blood pressure and arteriosclerosis.
• Other factors that contribute to arterial stiffness include impaired glucose regulation, low grade

chronic inflammation and oxidative stress which are associated with adiposity. However, the
overall influence of adiposity and body composition on vascular health has received little interest.

79

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.865544
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.865544&domain=pdf&date_stamp=2022-04-14
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:johan.eriksson@helsinki.fi
https://doi.org/10.3389/fcvm.2022.865544
https://www.frontiersin.org/articles/10.3389/fcvm.2022.865544/full


Eriksson et al. Predictors of Vascular Aging

WHAT THIS STUDY ADDS

• Adiposity-related factors were strong predictors of vascular
health, something not encapsulated in BMI, lean body mass
or body fat percentage alone. A higher fat mass index
was associated with worse vascular health, which was not
ameliorated by a higher lean mass index.

• The study findings stress the importance to study body
composition and fat and lean body mass simultaneously also
in relation to vascular health.

INTRODUCTION

With increasing age cardiovascular disease (CVD) morbidity and
mortality increase (1). Arteriosclerosis and atherosclerosis are
major underlying factors influencing CVDmorbidity. Both aging
and hypertension are major CVD risk factors associated with the
arteriosclerotic process and strongly linked to overall vascular
health (2, 3). One of the core components in vascular health is
believed to be arterial stiffness which is closely linked with blood
pressure and arteriosclerosis (4–8).

Other factors that contribute to arterial stiffness include
impaired glucose regulation, low grade chronic inflammation
and oxidative stress (9–11). Several of these factors are
associated with overweight and obesity and an unfavorable body
composition. However, the overall influence of adiposity and
body composition on vascular health has received little interest.

There is a large individual variation in the overall aging
process, including vascular aging (12). This could partly be
explained by factors that are active early in life; consequently, the
importance to focus upon health and disease from a life course
perspective has been stressed (13). Non-communicable chronic
diseases (NCDs) including CVD and type 2 diabetes are known
to have risk factors originating early in life, as a consequence of
what is often called “early life programming” (14, 15).

The main aim of the present study was to study adiposity-
related predictors of vascular health by using unique longitudinal
phenotypic data from participants in the Helsinki Birth Cohort
Study (HBCS) available from prenatal life until the ninth decade
of life.

METHODS

Helsinki Birth Cohort Study (HBCS) consists of an
epidemiological study cohort including men and women
born at Helsinki University Hospital and Helsinki City Maternity
Hospital between 1934 and 1944 and who attended child welfare
clinics in the city, the majority also attended schools in the city
of Helsinki. Details of the birth records, child welfare clinics and
school health records have been described previously (14). From
the epidemiological cohort we identified 8,760 people (4,630
men and 4,130 women) who were born at Helsinki University
Hospital and who were living in Finland in 1971, when a unique
identification number was allocated to each member of the
Finnish population.

For a clinical study in the years 2001-04 we used random-
number tables to select a subset of people from the initial

study group who were still alive and living in Finland. In order
to achieve a sample size in excess of 2,000 people for this
clinical study, we selected 2,902 subjects for evaluation. Of these
subjects, 2,003 attended a clinic after an overnight fast. A 2-
hr 75 g oral glucose tolerance test (OGTT) was performed and
blood samples were drawn for laboratory assessment including
plasma glucose, insulin, blood lipids and inflammatory markers.
Plasma glucose concentrations were measured according to a
hexokinase method, whereas plasma insulin concentrations were
determined by two-site immunometric assay (16, 17). Serum total
cholesterol and triglyceride concentrations were measured with
the use of standard enzymatic methods (18, 19). Height was
measured with a Kawi stadiometer. Weight was measured on a
Seca Alpha 770 scale. Blood pressure was measured from the
right arm while the subject was in the sitting position and was
recorded as the mean of two successive readings from a standard
sphygmomanometer. Body composition was assessed at baseline
by bioelectrical impedance analysis using the InBody 3.0 eight-
polar tactile electrode system (Biospace Co, Ltd, Seoul, Korea)
(20). The instrument estimates lean body mass and body fat mass
by segmental multi-frequency (5, 50, 250, and 500 kHz) analysis.
The measurements were made with the subject standing in light
indoor clothing on the four foot electrodes on the platform of the
analyzer and gripping the two palm and thumb electrodes.

Fat and lean mass indices were calculated as follows: fat mass
index (FMI, kg/m2) = fat mass/height2 and lean mass index
(LMI, kg/m2) = lean mass/height2 (21). We divided the study
cohort based upon sex-specific median values for fat and lean
mass indices. Four groups were created separately for women and
men; those are: (A) low LMI and low FMI, (B) high LMI and low
FMI, (C) low LMI and high FMI and (D) high LMI and high FMI.

Leisure-time physical activity (LTPA) was assessed by using a
validated Kuopio Ischaemic Heart Disease Risk Factor (KIHD)
Study 12-month LTPA history questionnaire (22). The subjects
were asked to fill in frequency (occasions per month), average
duration and intensity of each type of activity performed during
the previous 12 months. For each type of activity we signed a
metabolic equivalent of task (MET) -value based on available
databases. To calculate the volume of LTPA in MET-hours
(METh), MET values were multiplied with the average duration
and frequency of activities per week.

From the original clinical study cohort (n = 2,003), 1,404
people who were alive and living within 100 km distance from
our study clinic inHelsinki were invited to participate in a clinical
follow-up in 2011. A total of 1,094 participants attended the
clinical examination between 2011 and 2013. Those participants
alive and living within 100 kmdistance from our study clinic were
invited to a clinical follow-up in 2017-18. Eight hundred and
fifteen people from the original clinical study cohort took part in
a study to assess vascular health with pulse wave velocity (PWV)
measurements (23). Of these 660 participants had valid data on
both PWV and body composition and were included in the study.
PWV was measured between the carotid and femoral artery
with mechanotransducer sensors using the Complior (ALAM
Medical, France) at rest and in supine position. The following
equation was used: PWV = 0.8 × (direct distance between a.
carotis and a. fermoralis measuring site/1 time between upstroke
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TABLE 1 | Baseline clinical characteristics of the study participants divided into four groups of carotid-femoral pulse wave velocity (CFPWV)* in the 15-year follow-up.

I II III IV P for linearity

Women, n 69 107 112 72

CFPWV (m/s) <10.05 10.05–12.00 12.05–14.50 >14.50

Age (years) 61 (3) 61 (3) 61 (3) 62 (3) 0.016

Height (cm) 163 (5) 164 (6) 163 (5) 164 (6) 0.62

Years of education 13.2 (3.6) 12.7 (3.5) 12.4 (3.4) 12.3 (3.6) 0.093

BP (mmHg)

Systolic 134 (19) 139 (17) 144 (18) 145 (25) <0.001

Diastolic 84 (9) 87 (9) 88 (10) 87 (11) 0.12

MAP 101 (11) 104 (11) 106 (11) 106 (14) 0.003

Pulse rate (bpm) 66 (9) 69 (10) 69 (10) 72 (11) <0.001

P-glucose (mmol/l)

Fasting 5.35 (0.83) 5.29 (0.47) 5.51 (1.06) 5.56 (0.96) 0.041

2-hr 6.39 (2.40) 6.61 (1.60) 7.52 (3.31) 7.65 (2.16) <0.001

Cholesterol (mmol/l) 5.86 (1.11) 5.83 (0.96) 6.07 (1.01) 6.13 (1.24) 0.047

LDL-cholesterol (mmol/l) 3.54 (0.93) 3.48 (0.84) 3.69 (0.87) 3.69 (1.07) 0.13

HDL-cholesterol (mmol/l) 1.82 (0.44) 1.77 (0.44) 1.77 (0.47) 1.72 (0.37) 0.19

Triglycerides (mmol/l) 1.12 (0.48) 1.30 (0.60) 1.40 (0.77) 1.57 (0.91) <0.001

BMI (kg/m2 ) 25.7 (3.0) 26.8 (4.4) 27.0 (4.9) 26.4 (3.3) 0.30

LBM (kg) 47.1 (4.5) 48.0 (5.5) 47.7 (5.5) 47.1 (5.0) 0.84

Fat percentage (%) 30.2 (6.2) 32.7 (6.6) 32.6 (6.4) 33.1 (5.4) 0.014

LMI 17.7 (1.2) 17.7 (1.5) 17.9 (1.7) 17.5 (1.4) 0.83

FMI 7.9 (2.4) 9.0 (3.2) 9.0 (3.5) 8.9 (2.4) 0.073

hsCRP (mmol/l) 1.9 (1.9) 2.7 (3.0) 2.8 (3.2) 2.8 (3.4) 0.045

TNF-alfa (pg/ml) 7 (5) 19 (47) 11 (13) 18 (43) 0.27

Smoking history 25 (36) 49 (46) 40 (36) 24 (33) 0.36

METh/week 39 (26) 40 (25) 41 (28) 34 (24) 0.38

Use of lipid-lowering drugs 7 (10) 8 (7) 20 (18) 10 (14) 0.13

Use of BP-lowering drugs 18 (26) 22 (21) 27 (24) 22 (31) 0.42

Use of diabetes drugs 0 (0) 0 (0) 4 (4) 3 (4) 0.017

Men, n 57 88 92 63

CFPWV (m/s) <10.05 10.05–11.80 11.85–14.80 >14.85

Age (years) 60 (2) 61 (2) 61 (3) 62 (3) 0.020

Height (cm) 177 (6) 177 (6) 177 (6) 178 (6) 0.59

Years of education 12.9 (3.9) 14.0 (4.0) 13.3 (3.8) 13.4 (3.7) 0.83

BP (mmHg)

Systolic 137 (21) 141 (16) 145 (18) 145 (17) 0.003

Diastolic 87 (11) 89 (9) 89 (10) 89 (10) 0.21

MAP 103 (13) 106 (10) 108 (11) 108 (11) 0.024

Pulse rate (bpm) 66 (11) 64 (11) 66 (10) 68 (11) 0.23

P-glucose (mmol/l)

Fasting 5.51 (0.57) 5.69 (0.61) 5.92 (1.26) 5.95 (0.79) 0.002

2-hr 7.35 (2.91) 6.79 (2.02) 7.75 (3.82) 7.57 (2.60) 0.23

Cholesterol (mmol/l) 4.84 (1.03) 4.72 (1.12) 4.66 (1.09) 4.85 (1.03) 0.95

LDL-cholesterol (mmol/l) 3.75 (0.71) 3.72 (0.80) 3.62 (0.90) 3.62 (0.86) 0.28

HDL-cholesterol (mmol/l) 1.47 (0.34) 1.45 (0.35) 1.42 (0.37) 1.45 (0.32) 0.56

Triglycerides (mmol/l) 1.14 (0.42) 1.22 (0.49) 1.22 (0.86) 1.25 (0.44) 0.34

BMI (kg/m2 ) 26.3 (3.2) 25.9 (2.8) 26.6 (3.2) 27.3 (2.8) 0.027

LBM (kg) 65.4 (8.4) 63.5 (5.9) 64.8 (6.2) 66.0 (7.5) 0.38

Fat percentage (%) 20.7 (4.6) 21.0 (4.7) 21.8 (5.6) 23.3 (4.4) 0.003

LMI 20.7 (1.7) 20.4 (1.3) 20.6 (1.4) 20.9 (1.6) 0.42

FMI 5.5 (1.9) 5.6 (1.7) 5.9 (2.2) 6.4 (1.8) 0.005

(Continued)
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TABLE 1 | Continued

I II III IV P for linearity

hsCRP (mmol/l) 1.7 (2.4) 1.6 (2.2) 2.2 (3.0) 2.1 (2.5) 0.21

TNF-alfa (pg/ml) 14 (25) 18 (49) 24 (60) 13 (23) 0.71

Smoking history 34 (60) 67 (76) 61 (66) 47 (75) 0.28

METh/week 36 (27) 38 (27) 38 (22) 36 (22) 0.98

Use of lipid-lowering drugs 8 (14) 19 (22) 16 (17) 14 (22) 0.44

Use of BP-lowering drugs 10 (18) 29 (33) 25 (27) 17 (27) 0.48

Use of diabetes drugs 2 (4) 0 (0) 4 (4) 2 (3) 0.55

Values are given as mean and SD or proportions and percentages. Values are mean and SD or n and %. BMI, body mass index; BP, blood pressure; MAP, mean arterial blood pressure;

LBM, lean body mass; LMI, lean mass index; FMI, fat mass index; CFPWV, carotid-femoral pulse wave velocity; METh, metabolic equivalent hours.
*
CFPWV sex-specific categories

corresponding to 20, 50, and 80th percentiles of total distribution.

of pressure waves). A scaling factor of 0.8 was used because
direct distance leads to overestimation of real PWV (24). Two
recordings were performed in supine position.

Written informed consent was obtained from each subject
participating before any procedures were carried out. The
Coordinating Ethics Committee, Hospital District of Helsinki
and Uusimaa approved the study.

STATISTICS

Data are presented as means with standard deviation (SD) or
as counts (n) with percentages (%). Statistical significances for
linearity across categories of carotid-femoral pulse wave velocity
(CFPWV) and characteristics of the study participants were
evaluated by using the Cochran–Armitage test for trend and
analysis of variance (ANOVA) (with an appropriate contrast)
(orthogonal). CFPWV values were divided into sex-specific four
level categories (ordinals) corresponding to 20, 50, and 80th
percentiles of the total distribution. The crude and adjusted
relationship between body composition grouping and CFPWV
were analyzed by using general linear models. In the case of
violation of the assumptions (e.g., non-normality), a bootstrap-
type test was used. Correlation coefficients were calculated by
the Pearson method. The normality of variables was evaluated
graphically and by using the Shapiro–Wilk W test. Stata 16.1
(StataCorp LP; College Station, Texas, USA) statistical package
was used for the analysis.

RESULTS

Table 1 shows baseline characteristics in 2001-04 of the study
participants at a mean age of 61 years grouped into percentiles
according to PWVmeasured 15 years later in 2017-18, separately
for women and men. Mean age of the participants in 2017-18
was 75.8 (SD 2.7) and 75.6 (SD 2.4) years in women and men,
respectively. Mean BMI at follow-up was 25.8 (SD 3.1) and 26.6
(SD 4.3) kg/m2, respectively. Follow-up time was 14.7 (SD 0.9)
years (range 12.5–16.8 years).

A univariate analysis was performed in order to identify
variables with the strongest association with PWV. In women
age, systolic blood pressure and mean arterial pressure, fasting

and 2-h plasma glucose, total cholesterol, triglycerides, body fat
percentage, pulse rate and hsCRP all measured in late midlife
were associated with PWVmeasured 15 years later.

In men age, body mass index (BMI), systolic blood pressure,
mean arterial pressure, fasting plasma glucose, body fat
percentage and fat mass index in late midlife were associated with
PWVmeasured 15 years later.

LTPA, smoking and lean body mass were not associated with
PWV, nor was the inflammatory marker TNF-alfa. Neither birth
weight nor BMI at 7 years of age were associated with PWV.

Adiposity-related variables showed a strong association with
PWV in the univariate analyses are therefore focused upon in
greater details. The relationships between LMI and FMI and
the median-split categories of body composition in women and
men are shown in Figure 1. Figure 2 shows the crude unadjusted
differences between the groups in relation to PVW. There is a
statistically significant difference between the groups, with lower
PWV values in groups A and B (both low FMI) compared
to groups C and D (both high FMI). No sex differences were
observed, nor any interactions between group and sex.

Table 2 shows linear regression models predicting PWV at
follow-up based upon the four body composition categories in
women and men combined and separately in women and men.
Group B (high LMI and low FMI) was set as the reference group
in further analyses. There were statistically significant differences
between Group B (reference group) and Group C (low LMI and
high FMI) and Group D (high LMI and high FMI) when women
and men were combined. The trends and the beta values were
similar also when women and men were analyzed separately.
There was no significant difference between Group A (low LMI
and low FMI) and Group B suggesting that a higher lean mass
index was not associated with a better PWV in the presence of
a low fat mass index. In a similar way there were no statistically
significant differences between Groups C and D suggesting that
a higher lean mass index was not associated with better vascular
health in the presence of a high fat mass index.

DISCUSSION

In this study we assessed predictors of vascular health in old
individuals from a life course perspective. Early life factors, in
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FIGURE 1 | Mean lean mass index-fat mass index scatter plots for women (left) and men (right) divided into four groups (A, B, C, D) around the sex-specific median.

FIGURE 2 | Pulse wave velocity in women and men at mean age 76 years

according to body composition at 61 years, in four groups based on lean

mass index (LMI) and fat mass index (FMI). (A) low LMI and low FMI, (B) high

LMI and low FMI, (C) low LMI and high FMI, and (D) high LMI and high FMI.

this case birth weight and body mass index at age 7 years,
did not predict vascular health in the ninth decade of life. As
expected, blood pressure in late midlife was a strong predictor
of PWV in old age among men and women. Further, this
study showed sex differences in predictors of PWV. In men
primarily systolic blood pressure, fasting plasma glucose and
adiposity related factors were associated with PWV during a 15-
year follow-up. Interestingly in women the same factors seemed
to be of importance but also markers of inflammation and
lipid metabolism were associated with PWV measured in old
age. Further a novel finding was that adiposity-related factors
were strong predictors of vascular health, something not fully
encapsulated in body mass index, lean body mass or body fat
percentage alone. A higher fat mass index was associated with
worse vascular health and was not ameliorated by a higher lean
mass index. Our findings stress the importance to study fat and
lean body mass simultaneously because of their close interaction
with each other.

It is well known that blood pressure and arterial stiffness

are closely correlated, also shown in the present study (5, 8).

Besides the well-known association between blood pressure and

arterial stiffness several other factors have also been proposed

to be associated with arterial stiffness. These include non-
hemodynamic factors like chronic low-grade inflammation,

dyslipidemia and an impairment in glucose regulation (9–
11). Our findings support these previous reports, but we also
report sex differences in factors predicting arterial stiffness. In
men systolic blood pressure, dysglycemia and a higher body
fat percentage were predictors of arterial stiffness, while in
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TABLE 2 | Regression models predicting pulse wave velocity 15 years later based upon body composition groups in men and women combined and separately in

women and men.

Model I β (95% CI) Model II β (95% CI) Model III β (95% CI)

ALL

B Reference Reference Reference

A 0.09 (−0.02–0.20), p = 0.12 0.08 (−0.02–0.19), p = 0.15 0.08 (−0.03–0.19), p = 0.18

C 0.18 (0.08–0.28), p < 0.001 0.17 (0.07–0.27), p < 0.001 0.15 (0.05–0.24), p = 0.002

D 0.18 (0.07–0.29), p < 0.001 0.17 (0.06–0.28), p = 0.002 0.12 (0.01–0.23), p = 0.028

Women

B Reference Reference Reference

A 0.11 (−0.04–0.27), p = 0.15 0.11 (−0.05–0.26), p = 0.18 0.11 (−0.04–0.26), p = 0.15

C 0.18 (0.05–0.31), p = 0.007 0.15 (0.02–0.28), p = 0.021 0.13 (0.01–0.26), p = 0.042

D 0.18 (0.02–0.33), p = 0.024 0.16 (0.01–0.31), p = 0.038 0.10 (−0.05–0.25), p = 0.18

Men

B Reference Reference Reference

A 0.06 (−0.10–0.23), p = 0.43 0.06 (−0.10–0.22), p = 0.49 0.04 (−0.12–0.21), p = 0.60

C 0.18 (0.04–0.32), p = 0.012 0.18 (0.04–0.32), p = 0.012 0.15 (0.01– to 0.30), p = 0.042

D 0.19 (0.03–0.34), p = 0.020 0.18 (0.02–0.34), p = 0.023 0.14 (−0.02–0.31), p = 0.081

Model I, Crude. Model II, Adjusted for age, LTPA, smoking history. Model III, Model II + further adjustment for systolic blood pressure, pulse rate, fasting blood glucose and cholesterol.

β, standardized regression coefficient; A, low lean mass index and low fat mass index; B, high lean mass index and low fat mass index; C, low lean mass index and high fat mass index;

D, high lean mass index and high fat mass index.

women also dyslipidemia and inflammation related factors were
predicting arterial stiffness.

Since dyslipidemia, dysglycemia and a low-grade chronic
inflammation are all closely associated with overweight and
obesity we wanted to focus upon the importance of body
composition from a holistic point, simultaneously taking lean
and fat mass into account (25). It is often assumed that a high
lean body mass could ameliorate the negative effects of a higher
fat mass. In order to be able to study the impact of fat and lean
mass on vascular health we divided the study participants into
four groups according to sex-specific median values for fat and
lean mass indices. The group with low fat mass index and high
lean mass index was set as the reference group. This because
we hypothesized that those with a higher lean body mass and
lower fat mass would be those with the best vascular health.
In the present study we show that a higher fat mass index was
associated with worse vascular health, which was not ameliorated
by a higher lean body mass. The present findings are supported
by findings from the Southampton Women’s survey in the UK
reporting that most vascular measurements in children at 8 to
9 years of age were related to BMI, and fat and lean mass
contributed differently and PWV was positively associated with
fat mass index. The authors conclude that “differences in vascular
structure and function in relation to BMI probably represent
combinations of adverse effects of fat mass, adaptive effects of
body size, and relatively protective effects of lean mass” (26).

Factors active in early life and influencing e.g., fetal growth
and childhood growth have been associated with a large number
of NCDs including hypertension and type 2 diabetes (14, 15).
Consequently, these factors have been proposed to be associated
with vascular aging. In fact, an Austrian study reported that
being born preterm or SGA were associated with higher PWV

in a cohort studied at a mean age of 16 years (27). However, in
the present study with a follow-up into the ninth decade of life
we could not find any association between early life factors and
vascular health when simultaneously taking into account factors
active in later life. We have previously shown that body mass
index at birth is positively associated with adult lean and fat mass
indices (28). Therefore, we studied whether the influence of fat
mass index on vascular health was mediated by body size at birth.
However, based on the mediation models (data not shown) this
was not the case.

Our findings suggest that lean mass without simultaneously
taking fat mass into account is not a good predictor of vascular
health among older people. These findings are supported by
previous studies focusing upon physical performance among
elderly people (29, 30). We believe that fat mass is to a certain
degree confounding lean mass because individuals with a high
fat mass tend to also have higher lean mass than those with
low fat mass. Therefore, it is challenging to use lean mass as
a predictor of various health outcomes without simultaneously
accounting for the influence of fat mass (31). Overweight and
obesity are known to be associated with several adverse health
outcomes including CVD and Type 2 diabetes. The underlying
mechanisms could include similar factors as those identified
in predicting vascular health in the present study. Obesity is
associated with a systemic low-grade inflammation and insulin
resistance which are also known to contribute to the development
of atherosclerosis (32, 33).

Strengths of the present study include a longitudinal
study design with a 15-year clinical follow-up time and a
register-based follow-up throughout the life course. We made
assessment of body composition instead of relying solely on
BMI, which allowed us to study fat and lean mass separately
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as well as simultaneously. Measurement of vascular health
was based on measurements of carotid-femoral pulse wave
velocity which is a valid way to measure arterial stiffness
and predictive of fatal and non-fatal CVD as well as overall
mortality (34, 35).

This study has some limitations. Our design was longitudinal,
but we had no information on the participants PWV at
baseline and therefore, we were not able to assess the
change in PWV over the follow-up. Bioelectrical impedance
analysis was used to determine body composition. The
use of dual-energy x-ray absorptiometry would have
ensured better validity but between-day precision of
InBody 3.0 has been reported to be 2.7% and when
compared to fat-free mass assessed by DXA scan, percent
root mean square error of InBody 3.0 was 6%, which
can be considered acceptable (20). As typical in studies
including older adults, there was a loss of participants
in the follow-up. Our participants were Europeans
and the results may therefore not be generalizable to
other populations.

Our findings stress the importance to study
body composition and fat and lean body
mass simultaneously because of their close
interaction with each other also in relation to
vascular health.
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The Effect of Periodontal Treatment
on the Reactive Hyperemia Index.
A 1-Year Follow-Up Pilot Study
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University of Amsterdam, Amsterdam, Netherlands, 2 Department of Oral and Maxillofacial Surgery, Isala Hospital, Zwolle,
Netherlands, 3 Department of Periodontology, Academic Centre of Dentistry Amsterdam (ACTA), University of Amsterdam
and Vrije Universiteit Amsterdam, Amsterdam, Netherlands, 4 Practice for Periodontology Zwolle (PPZ), Zwolle, Netherlands,
5 Department of Epidemiology, Isala Hospital, Zwolle, Netherlands, 6 Department of Cardiology, Maastricht University Medical
Center and Cardiovascular Research Institute Maastricht (CARIM), Maastricht, Netherlands, 7 Department of Cardiology,
Zuyderland MC, Heerlen, Netherlands

Background: Periodontitis is a chronic multifactorial inflammatory disease of the
supportive tissues of the teeth. In more recent years, remarkable epidemiological
and pathophysiological associations between periodontitis and cardiovascular disease
(CVD) have been presented. Whether or not treatment of periodontitis is valuable for
primary or secondary prevention of cardiovascular disease, has not yet been fully
established. In this practice-based pilot study we focused on primary prevention of
cardiovascular disease, by investigating the effect of periodontal treatment on the
earliest detectable stage of CVD; endothelial dysfunction.

Methods: Otherwise healthy periodontitis and non-periodontitis participants 45–
70 years of age were included in the study. One year after completing periodontal (non-
surgical and surgical) treatment of the periodontitis patients and 1 year after inclusion of
the controls, all baseline measurements were repeated. Full-mouth examinations were
performed by a periodontist to determine their Periodontal Inflamed Surface Area (PISA)
score and other dental parameters. To assess the cardiovascular conditions, endothelial
function through the reactive hyperemia index (RHI) assessed by the EndoPATTM, and
several physical and biochemical parameters were measured.

Results: 21 patients with diagnosed, untreated periodontitis and 21 participants
without periodontitis were included in this follow-up study. After periodontal therapy
in the periodontitis patients, the PISA reduced significantly. The RHI did not show
a significant improvement after treatment of the periodontitis patients (−0.1 ± 0.8,
p = 0.524). Similarly, other secondary cardiovascular outcome measurements, hsCRP,
total cholesterol, HDL cholesterol, triglycerides, HbA1c, and systolic blood pressure
did not improve significantly after periodontal treatment. Controls did not show any
significant changes in the RHI, in other CVD parameters and in the PISA after
1-year follow-up.

Conclusion: In this practice-based pilot study, periodontal treatment did not improve
the endothelial function in otherwise healthy adults with periodontitis. Future studies
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are needed to be of larger size and could focus on periodontitis patients with co-
morbidities to investigate whether periodontal treatment has secondary preventive effect
on endothelial function and other CVD parameters.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [ISRCTN55656827].

Keywords: periodontitis, dental health, cardiovascular disease, endothelial dysfunction, EndoPAT—pulse wave
velocity, periodontal treatment, cardiovascular prevention

INTRODUCTION

Periodontitis is a chronic multifactorial inflammatory disease
of the supportive tissues of the teeth (1). It is the most
common oral disease, and the sixth most common human
disease, affecting 30–50% and approximately 10% of the global
adult population in its most severe form (2, 3). Periodontitis
starts with localized inflammation of the gingiva that is
initiated by bacteria in the dental plaque. As a result of
inflammation, the tissues surrounding the tooth are infiltrated
by neutrophils, macrophages and activated lymphocytes. The
subsequent state is periodontitis, with progressive loss of alveolar
bone and tooth attachment and ultimately tooth loss. Bacteria
and cytokines from the periodontal inflammatory lesions are
dispersed throughout the body and acute phase reactants [C-
reactive protein (CRP), fibrinogen] are produced (4). Although
bacteria are necessary for periodontitis to take place, a susceptible
host is also needed. Consequently, several risk factors for
periodontitis have been established, including smoking, diabetes
mellitus, socio-economic position, psychosocial factors, and
genetic predispositions (5). Interestingly, some genetic risk
variants for cardiovascular diseases show overlap with identified
genetic variants of periodontitis (6).

The first study that found positive epidemiological evidence
for the association between periodontitis and atherosclerosis was
in 1989 by Mattila et al. (7). In more recent years, remarkable
pathological and epidemiological associations between these
two diseases have been presented, though without final
conclusions (8–11). The explanation of the association between
periodontitis and CVD generally fall into two categories: (a)
microbial mechanisms, which through vascular invasion may
locally affect the development of the atheroma lesions; and
(b) inflammatory and immunologic mechanisms that directly
influence the pathobiology of the atheroma lesion (12). Most
pathophysiological links between these two diseases are based
on the possible common inflammatory background between
periodontitis and CVD (13, 14).

The possible link between CVD and periodontitis is of great
public health importance because of the high prevalence of
both diseases and the potential impact on public health if risk
modification or therapeutic opportunities could be identified.
Whether or not treatment of periodontitis is valuable for primary
or secondary prevention of cardiovascular disease, have not
yet been fully established. The majority of the intervention
trials, aimed to study this purpose, has examined the effect of
periodontal treatment on markers of systemic inflammation,
focusing primarily on the role of common inflammatory
pathways (15).

Endothelial dysfunction has been recognized as the critical
junction between CVD risk factors and clinical disease, and is
the earliest detectable stage of CVD (16). Tonetti et al. sought to
assess the effect on intensive periodontal treatment on endothelial
function measured by Flow-Mediated dilatation (FMD) of the
brachial artery. The FMD was greater, and thus improved, in the
intensive-treatment group than in the control-treatment group
60 days after therapy (absolute difference 0.9%; 95% CI, 0.1–
1.7; P = 0.02) and 180 days after therapy (difference, 2.0%;
95% CI, 1.2–2.8; P < 0.001). The degree of improvement was
associated with improvement in measures of periodontal disease
(17). More recent studies did not find clinical evidence for a
positive effect on endothelial function after periodontal therapy,
and therefore a possible cause-to-effect relationship remains
controversial (18, 19).

In this pilot study we focused on possible primary prevention
of CVD in a practice-based setting. Accordingly, the primary
aim of this study was to determine the effect of periodontal
treatment on endothelial function as assessed by the reactive
hyperemia index (RHI) in otherwise healthy patients with
periodontitis. Secondary aims were to investigate the effect
of periodontal treatment on other parameters, including high
sensitive C-reactive Protein (hsCRP), (systolic) blood pressure,
cholesterol (HDL, LDL, and total), triglycerides and glycosylated
hemoglobin (HbA1c).

MATERIALS AND METHODS

Study Design
This dental-practice based clinical intervention study was
a 1-year follow-up, of our prospective cross-sectional study
as published previously (20). The study was approved by
the Medical Ethics Committee, Isala Academy, Zwolle, the
Netherlands (NL43083.075.13) and has been registered in
the ISRCTN trial registry with study ID ISRCTN55656827.
All participants provided written consent for participation at
baseline and at the time of follow-up. This study was performed
in accordance with the Declaration of Helsinki guidelines for
human research, 1964, and amended in 2013 (64th World
Medical Association General Assembly, Fortaleza, Brazil). Data
were collected, analyzed and interpreted by the authors.

Participants
We included periodontitis patients and control subjects, between
45 and 69 years of age, without known systemic diseases and with
at least 10 teeth. At baseline, all subjects were included in our
previously published prospective cross-sectional study (20). The
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periodontitis patients received periodontal treatment after the
baseline measurements. One year after completing periodontal
treatment, these patients were recruited for participation in
this follow-up study. The control group was also recruited
for participation in this follow-up study, 1 year after the
baseline measurements. All mentioned measurements below
were performed at baseline and after 1 year of follow-up.

Measures of Dental Health
All participants underwent a full-mouth periodontal examination
performed by two trained periodontists at the Practice for
Periodontology Zwolle (PPZ). Inter observer agreement of
these two periodontists was examined by comparing individual
measurements of 10 random participants. The statistically
determined intraclass correlation coefficient of 0.81 represented
an excellent reliability according to Fleiss (21). Periodontitis was
initially diagnosed and staged according to the consensus report
of the World Workshop on the classification of periodontal
and peri-implant diseases and conditions (22). The Periodontal
Inflamed Surface Area (PISA) score was applied. This scoring
tool calculated the amount of inflamed periodontal tissue in
square millimeters and quantified the total inflammatory burden
resulting from periodontitis (23). The PISA score was calculated
after extensive periodontal examination, including periodontal
probing pocket depth (PD), plaque score and bleeding on probing
(BOP). All measurements were performed on all teeth, on six
sites per tooth using a manual periodontal standard probe. Rather
than presenting mean pocket probing results and bleeding on
probing scores, we regarded it essential for the current study
to use the PISA score because it is the best integrative and
overall score for quantifying the inflammatory burden posed by
periodontitis. Moreover, it can be easily and broadly interpreted
and applied by clinicians as well as patients.

Measures of General Health
All participants completed questionnaires to collect data on
their medical history, perceived health, parental history, lifestyle,
socio-economic status, and oral hygiene.

At least 2 weeks after the periodontal examination, the
participants were examined by a trained nurse at the Department
of Cardiology of the Isala hospital, Zwolle. Physical examinations
were performed, and blood pressure (BP), heart rate (HR),
body mass index (BMI), waist-to-hip ratio (WHR), and
electrocardiogram measurements (ECG) were obtained.
Venous blood was collected to determine levels of high
sensitive C-reactive Protein [hsCRP (mg/L)], total cholesterol
(mmol/L), HDL-cholesterol (mmol/L), LDL-cholesterol
(mmol/L), triglycerides (mmol/L), estimated Glomerular
Filtration Rate (eGFR ml/min/1.73 m2) and glycosylated
hemoglobin [HbA1c (%)].

Measures of Cardiovascular Condition
As primary outcome we performed an endothelial function
assessment by the EndoPATTM (Itmar Medical, Israel), based on
non-invasive Peripheral Arterial Tone (PAT) signal technology
measuring endothelium-mediated changes in vascular tone
using bio-sensors placed on the fingertips. This endothelial

function assessment is validated vs. the invasive gold standard
(intracoronary infusion of acetylcholine). It is a short and
operator independent endothelial dysfunction test, that is easy
practice or office based performable (24). The final result of the
EndoPATTM is the Reactive Hyperemia Index (RHI), which is a
ratio of the post-to-pre occlusion PAT amplitude of the tested
arm, divided by the post- to pre- occlusion ratio of the control
arm. A RHI score of 1.67 and below correlates to endothelial
dysfunction (25, 26).

Periodontal Treatment
All periodontitis patients received periodontal treatment,
including training in oral hygiene, and counseling on control of
risk factors (e.g., smoking, alcohol usage and overweight/obesity).
Supra- and subgingival bacterial plaque and calculus was
removed by comprehensive, meticulous periodontal scaling and
root planning performed by an experienced dental hygienist
in the specialized periodontal practice using local anesthesia.
When the non-surgical treatment had insufficient effect on
the pocket depth and bleeding score, or when residual pockets
deeper than 5 mm were still present, surgical treatment by a
periodontist was incorporated. Surgical treatment consisted
of procedures to reduce or eliminate periodontal pockets
and create an acceptable gingival contour that facilitates oral
hygiene and periodontal maintenance. Selective teeth that could
not be saved were extracted. Finishing procedures included
post-treatment evaluation with review and reinforcement of
daily oral hygiene when appropriate. Thereafter, patients were
enrolled in a periodontal maintenance program of 3–4 times
a year performed by the dental hygienist of the specialized
periodontal practice.

Controls
The controls without periodontitis were educated in oral
hygiene and were counseled on control of risk factors for

TABLE 1 | Characteristics of the study population.

Total Periodontitis Control

n = 42 n = 21 n = 21

Age 54.1 ± 6.3 55.4 ± 7.1 52.9 ± 5.4

Gender

Male 17 (40.5) 10 (47.6) 7 (33.3)

Female 25 (59.5) 11 (52.4) 14 (66.7)

BMI 24.3 ± 3.2 25.4 ± 3.8 23.2 ± 1.8

Waist to hip ratio 0.9 (0.8–0.9) 0.9 (0.2–1.0) 0.9 (0.8–0.9)

Smoking 4 (9.5) 4 (19.0) 0 (0.0)

Alcohol servings/week* 4.0 ± 4.1 2.2 ± 2.7 5.4 ± 4.5

Education

Primary 3 (7.1) 2 (9.5) 1 (4.8)

Secondary 18 (42.9) 8 (38.1) 10 (47.6)

Tertiary 21 (50.0) 11 (52.4) 10 (47.6)

Positive family history for CVD 17 (40.5) 7 (33.3) 10 (47.6)

*Alcohol servings/week: 8 missing. Values represent mean ± standard deviation,
number of subjects (%), or median (Q1–Q3). There were no statistically significant
differences between the periodontitis and the controls.
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FIGURE 1 | Changes in PISA score. (A,B) Are boxplots showing the distribution of PISA score at baseline and at follow up, respectively. Point shapes indicate
sample means. (C,D) Are waterfall plots showing the change of PISA score while ordered by the extent of PISA change and ordered by baseline PISA score,
respectively. In (C) the solid line indicates mean PISA change for periodontitis patients and the dashed line indicates mean change for controls.

periodontitis (e.g., stress and smoking). The dental health
was maintained by their own dental hygienist 1–2 times
a year.

TABLE 2 | Changes in dental health.

Baseline Follow-up Change p-value

All

PISA score 1030.1 ± 868.0 290.0 ± 226.0 −740.2 ± 872.2 <0.001

Teeth 28.0 (26.0–28.0) 27.0 (25.0–28.0) 0.0 (−0.3 to 0.0) 0.005

Plaque score 40.6 ± 28.1 15.1 ± 9.9 −25.5 ± 30.1 <0.001

Bleeding score 43.8 ± 31.1 15.1 ± 9.8 −28.7 ± 33.2 <0.001

Periodontitis

PISA score 1740.7 ± 612.5 295.9 ± 221.6 −1444.8 ± 612.4 <0.001

Teeth 28.0 (24.0–28.5) 26.0 (22.0–28.0) 0.0 (−2.5 to 0.0) 0.017

Plaque score 60.6 ± 19.4 12.8 ± 7.2 −47.8 ± 19.1 <0.001

Bleeding score 67.6 ± 18.4 13.2 ± 9.0 −54.4 ± 19.9 <0.001

Control

PISA score 319.6 ± 330.3 284.0 ± 235.7 −35.6 ± 376.6 0.670

Teeth 28.0 (26.0–28.0) 28.0 (26.0–28.0) 0.0 (0.0–0.0) 0.102

Plaque score 20.7 ± 20.0 17.4 ± 11.7 −3.3 ± 21.2 0.485

Bleeding score 20.0 ± 21.2 17.1 ± 10.3 −2.9 ± 21.6 0.544

Values represent mean ± standard deviation, or median (Q1–Q3). Group
differences were tested by a paired t-test or Wilcoxon signed rank test.

Statistics
Descriptive statistics [mean ± standard deviations (SD), Median
(Q1–Q3) or numbers (%) of subjects] were used to present
patient characteristics and results, depending on the distribution.
Between group differences were tested by the Fisher’s exact test
or Chi-square test for categorical variables and independent
t-tests for quantitative variables. Change scores were calculated
by subtracting old values from new values. Hence a negative
value indicates a lower follow up value, i.e., decrease. Within
group differences/changes were tested using the McNemar test
for categorical variables and the paired t-test or the Wilcoxon
signed ranks test for quantitative variables, depending on the
distribution of change. The significance level was set at a p-value
of 0.05. All analyses were performed using SPSS 26.0 (IBM Corp.,
Armonk, NY, United States). Figures were created using RStudio
version 1.4.1717 (R version 4.0.3).

RESULTS

Inclusion
At baseline, 27 patients with untreated periodontitis and 27
controls without periodontitis were included. Of these 54
participants, 12 subjects (6 periodontitis patients and 6 control
subjects) were lost to follow-up, because of refusing to participate.
Thus 21 periodontitis patients and 21 non-periodontitis controls
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TABLE 3 | Changes in cardiovascular conditions.

Baseline Follow-up Change p-value

All

Endothelial function (RHI) 2.5 ± 0.7 2.4 ± 0.9 −0.1 ± 0.8 0.424

hsCRP 1.1 (0.6–2.3) 0.75 (0.0–1.9) −0.3 (−0.6 to 0.3) 0.123

Total cholesterol 5.4 ± 0.8 5.3 ± 0.8 −0.1 ± 0.7 0.350

HDL cholesterol 1.7 ± 0.5 1.7 ± 0.4 0.0 ± 0.2 0.705

LDL cholesterol 3.3 ± 0.9 3.2 ± 0.8 −0.1 ± 0.6 0.173

Triglycerides 1.0 (0.7–1.2) 0.9 (0.7–1.1) 0.0 (−0.2 to 0.1) 0.634

HbA1c 36.1 ± 2.7 36.3 ± 2.6 0.3 ± 1.3 0.195

Systolic BP 126.3 ± 15.2 123.2 ± 11.3 −3.1 ± 13.4 0.113

Periodontitis

Endothelial function (RHI) 2.5 ± 0.6 2.4 ± 1.0 −0.1 ± 0.8 0.524

hsCRP 1.2 (0.6–2.8) 1.0 (0.0–2.5) −0.3 (−0.7 to 0.5) 0.339

Total cholesterol 5.2 ± 0.8 5.1 ± 0.7 −0.1 ± 0.4 0.185

HDL cholesterol 1.6 ± 0.5 1.6 ± 0.4 −0.0 ± 0.2 0.787

LDL cholesterol 3.1 ± 0.8 3.0 ± 0.7 −0.2 ± 0.4 0.101

Triglycerides 1.0 (0.6–1.4) 0.9 (0.8–1.4) 0.0 (−0.2 to 0.4) 0.490

HbA1c 36.9 ± 2.6 36.8 ± 2.5 −0.0 ± 1.2 0.858

Systolic BP 129.3 ± 16.6 125.4 ± 11.0 −3.9 ± 13.8 0.208

Control

Endothelial function (RHI) 2.5 ± 0.8 2.4 ± 0.7 −0.1 ± 0.8 0.623

hsCRP 0.9 (0.6–1.7) 0.6 (0.0–1.4) −0.2 (−0.4 to 0.1) 0.169

Total cholesterol 5.7 ± 0.8 5.6 ± 0.9 −0.1 ± 0.9 0.693

HDL cholesterol 1.7 ± 0.4 1.8 ± 0.4 0.0 ± 0.2 0.438

LDL cholesterol 3.5 ± 0.9 3.4 ± 0.9 −0.1 ± 0.7 0.578

Triglycerides 0.9 (0.7–1.2) 0.8 (0.7–1.1) −0.1 (−0.2 to 0.0) 0.099

HbA1c 35.3 ± 2.6 35.9 ± 2.6 0.6 ± 1.3 0.062

Systolic BP 123.3 ± 13.4 121.1 ± 11.4 −2.3 ± 11.1 0.357

RHI missing at follow-up: 8 (6 periodontitis and 2 control). Values represent mean ± standard deviation, or median (Q1–Q3). Group differences were tested by a paired
t-test or Wilcoxon signed rank test.

were included in this follow-up study. There was no significant
difference at baseline between the age, gender, BMI, PISA score,
and endothelial function between the total 54 participants and the
42 participants included for follow-up.

Participants
The study population consisted of 40.5% (n = 17) male and 59.5%
(n = 25) female participants. The mean age was 54.1 ± 6.3 years.
All participants were Caucasian. Fifty percent (n = 21) of these
participants were tertiary educated, and 42.9% (n = 18) were
secondary educated. Forty-one percent of the participants had a
positive family history for CVD. The characteristics of these 42
participants are presented in Table 1. There was no significant
change in periodontitis risk factors between baseline and follow-
up (BMI p = 0.791, waist to hip ratio p = 0.259, smoking p = 1.000,
alcohol intake p = 0.798).

Dental Health
Figure 1 and Table 2 show baseline values, 1-year follow-
up values and changes in dental health. The inflammatory
burden of the periodontitis patients improved significantly after
periodontal treatment: 1 year after completing the periodontal
treatment, the mean decrease of the PISA score was −1444.8

mm2
± 612.4 (p< 0.001). In the control group, mean decrease of

the PISA score was −35.6 mm2 (p = 0.670). Figure 1C visualizes
an association of baseline PISA score with PISA change.

The mean decrease of the plaque score was −47.8% ± 19.1 and
the mean decrease of the bleeding score was −54.4% ± 19.9. Due
to selective tooth extraction, as part of the periodontal treatment,
the number of teeth also significantly decreased (p = 0.017). The
dental health of the control group did not significantly change
during the follow-up period.

Cardiovascular Health
Data on cardiovascular conditions at baseline and after the
follow-up period of the periodontitis and controls are shown in
Table 3. Endothelial function, the primary outcome, expressed
as RHI, did not show a significant improvement after treatment
of the periodontitis patients (RHI −0.1 ± 0.8, p = 0.524).
Figures 2A,B illustrates the minor changes in endothelial
function, expressed by the RHI, observed from baseline to 1
year after completing periodontal therapy. In Figures 2C,D
we present waterfall plots to demonstrate the change of the
endothelial function ordered by the extent of the RHI change
and ordered by the RHI at baseline. Due to technical problems
with the EndoPATTM, the RHI of 8 subjects (6 periodontitis
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FIGURE 2 | Changes in endothelial function (RHI). (A,B) Are boxplots showing the distribution of RHI at baseline and at follow up, respectively Point shapes indicate
sample means. The dashed line presents RHI cut-off score of 1.67 that correlates to endothelial dysfunction. (C,D) Are waterfall plots showing the change of RHI
while ordered by the extent of RHI change and ordered by baseline RHI, respectively. In (C) the dotted line indicates mean RHI change for periodontitis patients.

TABLE 4 | Differences in cardiovascular change between periodontitis patients and controls.

Change periodontitis Change control Difference p-value

All

Endothelial function (RHI) −0.1 ± 0.8 −0.1 ± 0.8 −0.1 (NA) 0.960

hsCRP −0.3 (−0.7 to 0.5) −0.2 (−0.4 to 0.1) −0.1 (NA) 0.880

Total cholesterol −0.1 ± 0.4 −0.1 ± 0.9 −0.0 (−0.5 to 0.4) 0.839

HDL cholesterol −0.0 ± 0.2 0.0 ± 0.2 −0.1 (−0.2 to 0.1) 0.452

LDL cholesterol −0.2 ± 0.4 −0.1 ± 0.7 −0.1 (−0.4 to 0.3) 0.689

Triglycerides 0.0 (−0.2 to 0.4) −0.1 (−0.2 to 0.0) −0.1 (NA) 0.232

HbA1c −0.0 ± 1.2 0.6 ± 1.3 −0.6 (−1.4 to 0.2) 0.121

Systolic BP −3.9 ± 13.8 −2.3 ± 11.1 −1.6 (−9.4 to 6.2) 0.677

Values represent mean ± standard deviation, or median (Q1–Q3). Group differences were tested by an independent t-test or Mann-Whitney U-test.

patients and 2 control subjects) was unknown. Similarly, all
other secondary cardiovascular outcome measurements, hsCRP,
total cholesterol, HDL cholesterol, triglycerides, HbA1c, and
systolic blood pressure did not significantly improve after
periodontal therapy.

After the 1-year follow-up period of the controls, none of the
cardiovascular variables significantly changed.

Association Between Periodontal
Improvement and Cardiovascular Health
Table 4 emphasizes that there were no significant differences
in change of the cardiovascular variables after treatment of the

periodontitis patients compared to the control group. Figure 3
illustrates that there was no significant association between the
decrease of the PISA score, periodontal improvement, and the
endothelial function, expressed in RHI.

DISCUSSION

The current clinical intervention follow-up study aimed to
investigate the effect of periodontal treatment on endothelial
function, in otherwise healthy adults. The clinical results showed
that significant decrease of the inflammatory burden after
periodontal treatment did not improve the endothelial function,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 April 2022 | Volume 9 | Article 85139792

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-851397 April 8, 2022 Time: 15:25 # 7

Donders et al. Endothelial Function After Periodontal Treatment

FIGURE 3 | Association between periodontal improvement and endothelial function. (A) Association between PISA change and RHI change for the total study
population (R2 linear = 6.549E-4). (B) Association between PISA change and RHI change stratified by periodontitis patients (R2 linear = 0.008) and control group (R2

linear = 0.006) (B).

as measured by the RHI with the EndoPATTM, or other
cardiovascular parameters after 1-year follow-up.

Positive effects of periodontal treatment on endothelial
function and other cardiovascular parameters that were
demonstrated in previous intervention studies, focused more on
patients already suffering from CVD. Correspondingly, levels
of hsCRP of the included untreated periodontitis patients were
somewhat lower than previously studies reported (27, 28). In this
study we focused on otherwise healthy adults, without a history of
CVD. Only 5 participants suffered from endothelial dysfunction
at baseline. The mean baseline endothelial function, expressed
in RHI, in our study population was higher than the RHI
cut-off score of 1.67 that correlates to endothelial dysfunction.
Probably, because the RHI at baseline was well within normal
limits, a positive effect of periodontal treatment could not be
expected. Besides, we used the EndoPATTM device for measuring
endothelial function. This device might not be sensitive enough
to detect small differences in endothelial function.

Some systematic reviews support the positive effects of
periodontal treatment on CVD risk parameters, especially
6 months after the treatment. This effect extinguished after a
follow-up time of 12 months (29). We have chosen consciously
for a follow-up period of 1 year, because intervention studies
with a 1-year follow-up time are scarce. Furthermore, an even
more extended follow-up time, with cardiovascular events as
hard endpoint, is needed to confirm or reject the causal relation
between periodontitis and CVD. However, these kind of studies
are challenging, due to methodological, financial and most
important, ethical considerations (30).

Despite numerous publications investigating the association
between periodontitis and CVD, there is still no consensus
whether periodontitis plays a pathophysiological role in CVD
(8). Ever since the publication of the first studies indicating an
association, this topic received substantial professional and public
interest. Consequently, this subject generated debates between
researchers, caused wide-scale media coverage and prompted
involved professional organizations to issue official statements.
It remains essential to understand the quality of the underlying

literature to be able to perform a critical appraisal. Regrettably, we
must be aware of poor reporting and misinforming, concerning
the clinical trials evaluating the effect of periodontal treatment
on CVD (31).

A limitation of this study is the relatively small study group.
Although the effect of periodontal treatment on endothelial
function in periodontitis patients has been suggested in the
literature, this has rarely been investigated in exclusively,
otherwise healthy periodontitis patients. We are the first
study that investigated asymptomatic healthy periodontitis
patients from the dental practice, using the endothelial function
assessment by the EndoPAT. We focused on this specific
patient population, to investigate whether the apparently
otherwise healthy periodontitis patients in the dental practice
are possibly at risk for a CVD event in the future and
whether periodontal treatment can reduce such risk for a
CVD event. Due to this explorative nature of the study,
a proper power-analysis was not applicable. In retrospect,
enlargement of the study population would have strengthened
the current study. Besides, we included patients who visited a
specialized dental clinic for periodontology. It must be taken into
account that these patients may not fully representative of the
general population.

With the current pilot study, we have attempted to add
further knowledge to the once-wide gap between dentistry and
general medicine, aimed to identify patients at risk for CVD
in an earlier stage. In conclusion, periodontitis and CVD are
complex inflammatory diseases with shared modifiable and
non-modifiable risk factors. Periodontal treatment as primary
or secondary prevention of CVD could be focused on direct
control of periodontitis and changing modifiable risk factors
of both. In this study, we did not find an improvement of
endothelial function or other cardiovascular parameters after
highly effective periodontal treatment including non-surgical and
surgical therapy. Future studies are needed to be a larger size
and could focus on periodontitis patients with co-morbidities,
whether periodontal treatment has secondary preventive effect on
endothelial function and other CVD parameters.
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Ray W. Squires 1, Randal J. Thomas 1, Bruce D. Johnson 1,2, Thomas P. Olson 1 and

Amanda R. Bonikowske 1

1Division of Preventive Cardiology, Department of Cardiovascular Medicine, Mayo Clinic, Rochester, MN, United States,
2Human Integrative and Environmental Physiology Laboratory, Department of Cardiovascular Medicine, Mayo Clinic,

Rochester, MN, United States, 3Division of Epidemiology, Department of Quantitative Health Sciences, Mayo Clinic,
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Objective: We investigated age-related differences for peak oxygen uptake (peak VO2)

improvement with exercise training during cardiac rehabilitation (CR).

Patients and Methods: This was a retrospective cohort study of the Mayo Clinic

Rochester CR program including adult patients who attended CR (≥1 session) for any

eligible indication between 1999 and 2017 and who had a cardiopulmonary exercise

test pre and post CR with VO2 data (peak respiratory exchange ratio ≥1.0). Younger

(20–49 yrs), midlife (50–64 yrs), and older adults (≥65 yrs) were compared using ANOVA

for delta and percent change in peak VO2; and percentage of peak VO2 responders

(>0% change).

Results: 708 patients (age: 60.8 ± 12.1 years; 24% female) met inclusion criteria. Delta

and percent change in peak VO2 was lower for older adults (1.6 ± 3.2mL.kg.min−1;

12 ± 27%) compared with younger (3.7 ± 4.0mL.kg.min−1, p < 0.001; 23 ± 28%,

p = 0.002) and midlife adults (2.8 ± 3.8mL.kg.min−1, p < 0.001; 17 ± 28%, p = 0.04).

For midlife, delta change, but not percent change in peak VO2 was significantly lower

(p= 0.02) compared with younger. Percentage of responders was only different between

older and younger (72 vs. 86%; p = 0.008). Sensitivity analyses in non-surgical patients

showed similar differences for delta change, and differences in percent change remained

significant between older and younger adults (10 ± 20% vs. 16 ± 18%; p = 0.04).

Conclusions: In CR patients, older adults had lower improvement in cardiorespiratory

fitness than younger and midlife adults. While excluding surgical patients reduced

age-related differences, older adults still had lower cardiorespiratory fitness improvement

during CR. These findings may have implications for individualizing CR programming in

aging populations to reduce future cardiovascular risk.

Keywords: peak oxygen uptake (VO2), exercise capacity, older adult, peak VO2 responder, peak VO2

non-responder, exercise training
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INTRODUCTION

Early outpatient (phase II) cardiac rehabilitation (CR) is
internationally recognized as a class 1A recommendation for
patients following a cardiovascular-related event or procedure
(1, 2). CR is comprehensive secondary prevention encompassing
multifaceted strategies to optimize cardiovascular risk reduction,
foster healthy behaviors, and promote an active lifestyle
(1). While CR originated primarily for middle-aged patients
with coronary artery disease, the aging spectrum for cardiac
rehabilitation has broadened over time with a range of eligible
diagnoses and applications. In particular, benefits for aging
populations include improvements in survival, exercise capacity,
frailty, body composition, quality of life, symptom management,
cognition, and socialization (3, 4).

Exercise training is an integral component of CR programs (1,
2), and exerts a multi-system effect on improving cardiovascular
health (5). One of themost important benefits of exercise training
in CR is the improvement in cardiorespiratory fitness, referred
to as peak oxygen uptake (peak VO2) when directly measured
using gas exchange analysis (6). Peak VO2 reflects an integrated
ability to transport oxygen around the body, encompassing
pulmonary function (ventilation and diffusion), right and left
ventricular function (systolic and diastolic), ventricular-arterial
coupling, vascular function (to accommodate and efficiently
transport blood), and the ability of muscle cells to receive and use
oxygen for aerobic energy production as well as communicating
metabolic demands to the cardiovascular control center (7).
Cardiorespiratory fitness is a strong predictor of cardiovascular
events and all-cause mortality (6, 7), and has been shown
to improve risk classification beyond traditional risk factors
(7). Furthermore, changes in peak VO2 during CR are highly
predictive of future readmissions for cardiovascular disease and
all-cause mortality, with each 1ml.kg.min−1 increase in peak
VO2 associated with a 21% reduction in cardiovascular events
and a 13% reduction in all-cause mortality (8).

It is well-established that cardiorespiratory fitness declines
with increasing age (9–11), however the influence of age on
the trainability of cardiorespiratory fitness is less clear, with
evidence suggesting either little or no difference (12–14) or a
reduction (15, 16) in trainability with increasing age. There are
limited data evaluating the influence of age on cardiorespiratory
fitness response during a CR program, particularly using directly
measured peak VO2. Banks et al. investigated percent change
in peak VO2 during cardiac rehabilitation across age decades,
finding those in the younger age categories (<50 years), tended
to show a greater percent change in peak VO2 than adults
in each other age decade (16). However, this study excluded
patients that did not respond to CR with increases in peak
VO2. Therefore, it is unclear how non-responders may influence
the age-related differences in peak VO2 improvements in a

CR population.
The purpose of our study was to investigate age-related

differences in peak VO2 response to an exercise-based CR
program. We hypothesized that improvements in peak VO2

during CR are attenuated with increasing age. And furthermore,

that with increasing age there will be a lower proportion of

patients who are peak VO2 responders (i.e., elicit a change in peak
VO2 > 0%) during CR.

METHODS

Study Population
This was a historical cohort of consecutive patients residing
in Olmsted County, Minnesota, who underwent CR at Mayo
Clinic Rochester between June 1999 and July 2017. Patients
enrolled in CR were included if they were 18 years or older
and had completed a cardiopulmonary exercise test (CPET)
pre and post cardiac rehabilitation, with peak VO2 data and
peak respiratory exchange ratio ≥1.0 (indicative of sufficient
exertion) (17). If, over follow-up, patients were enrolled in
cardiac rehabilitation multiple times, only their earliest program
enrollment was included. The CPET performed closest to the
cardiac rehabilitation enrollment and discharge was included in
the study, including CPETs for diagnostic purposes. This study
was approved by the Mayo Clinic and Olmsted Medical Center
(whose patients attended CR atMayo Clinic) Institutional Review
Boards and, per MN statute. Only patients who had provided
authorization to use their medical records for medical research
were included.

Cardiac Rehabilitation Program
The CR program at Mayo Clinic in Rochester, Minnesota
is based on guidelines from the American Association of
Cardiovascular and Pulmonary Rehabilitation, American Heart
Association, and American College of Cardiology. It is a
comprehensive secondary prevention program that encompasses
core components including exercise training and physical activity
counseling, weight management and nutritional counseling,
cardiovascular risk factor management, medication management
and adherence, stress management, depressive symptom
management, and social support networking. All patients are
prescribed 36 exercise sessions which were typically completed
at a frequency of two to three times per week over 12–18 weeks.
Each exercise session consisted of 20–45min of structured
aerobic exercise and 10–15min of resistance training, following
an individualized prescription from an exercise physiologist
depending on physical capabilities and/or limitations. Exercise
was commonly prescribed at a moderate intensity using ratings
of perceived exertion of 12–14 on the 6–20 Borg Scale (18). On
days of the week with no supervised CR sessions, patients were
encouraged to engage in physical activity independently for at
least 30min consistent with the prescribed exercise program.

CPET Data Collection
Symptom-limited CPETs were conducted by trained exercise
physiologists under the supervision of a cardiologist, using
institutionally derived incremental exercise protocols for
treadmill or cycle ergometer (19). Cardiac medications were not
withheld prior to CPET. A gas exchange metabolic system (MGC
Diagnostics, St Paul, Minnesota, USA) was used to quantify
VO2, carbon dioxide production (VCO2), respiratory exchange
ratio (RER), ventilation (VE), and ventilatory equivalent for
VCO2 (VE/VCO2) according to the American Heart Association

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 April 2022 | Volume 9 | Article 87275797

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Taylor et al. Age-Related Differences in Fitness Improvement

Exercise Standards Statement for Testing and Training (20).
Peak values were obtained during the final minute of exercise.
Predicted peak VO2 was calculated using Wasserman-Hansen
and FRIEND registry prediction equations (21, 22). We further
calculated the percentage of predicted peak VO2 achieved using
our directly measured peak VO2. As a measure of exercise
capacity, peak workload was converted to estimated metabolic
equivalents (METs) using FRIEND registry equations for
treadmill and cycle (23, 24). Peak oxygen pulse (mL/beat) was
calculated as peak VO2 (in mL/min) divided by peak heart rate
(beats/min) (25). The CPET data were extracted electronically
from an institutional registry. To evaluate accuracy, a fraction
of the data were reviewed by a clinical investigator (J.L.T). If
relevant data were missing, electronic medical records were
reviewed, and data were manually extracted.

Clinical Data Collection
Patient demographic and clinical characteristics were extracted
electronically using resources of the Rochester Epidemiology
Project (REP) (26), a record linkage system that captures data
on health conditions (diagnoses, procedures, and other vital
information) for all Olmsted County residents who receive
medical care at Mayo Clinic or Olmsted Medical Center
and its allied health care centers (27, 28). Clinical variables
were operationalized as per the International Classification of
Diseases-9 and 10 (ICD-9 and−10) (29). This data extraction
approach has been previously validated and reported (30, 31).
A random sample of these variables was reviewed in duplicate
for validation (A.C.S, J.M.I), with an excellent inter-observer
agreement (all κ > 0.85).

Statistical Analysis
The overarching aim of this analysis was to evaluate possible
age-related differences in peak VO2 response from participation
in an exercise-based CR program. To achieve this, differences
in patient demographics and exercise testing outcomes were
compared among different age groups across the lifespan (older
adults ≥65 years; midlife adults 50–64 yrs; younger adults 20–
49 yrs) (32, 33) and age decades. Groups were initially compared
using analysis of variance (ANOVA) for continuous variables
and Pearson’s chi-squared for categorical data. Continuous data
are reported as mean values and standard deviations (SD),
and categorical data as frequencies and percentages. Age-group
differences for delta and percent change in relative peak VO2 and
peak workload from pre to post CR, as well as the proportion
of patients classified as peak VO2 responders (i.e., >0% change
in peak VO2) were also compared with ANOVA. Pre-planned
post-hoc comparisons were conducted with pairwise t-test and
Bonferroni correction for multiple comparisons. Due to the
variation between age groups in surgical CR indications, we
performed sensitivity analyses excluding patients with surgical
indications to evaluate whether this influenced our results.
Furthermore, we used linear regression to determine whether
female sex influenced the delta or percent change in relative peak
VO2, within age groups, with data reported as unstandardized
estimate (95% confidence interval). We used logistic regression
to determine whether female sex influenced the likelihood of a

peak VO2 response within age groups, with data reported as odds
ratio (95% confidence interval). A p-value < 0.05 was considered
statistically significant unless otherwise stated. All analyses were
performed using BlueSky Statistics software v. 7.10 (Bluesky
Statistics LLC, Chicago, IL, USA).

RESULTS

Patient Demographics
A total of 708 patients met the inclusion criteria for this
study. Patient demographic characteristics are outlined by age
group in Table 1 and age decade in Supplementary Table 1. On
average, 24% of the study population were female, with the
highest proportion of females in the younger adult group. With
increasing age, there was a higher proportion of patients with
CR indication for percutaneous coronary intervention (PCI) (p
< 0.001) and a lower proportion of patients with surgical CR
indications (p = 0.002), specifically related to heart transplant
(p < 0.001). The proportion of patients with comorbidities
increased with age (p < 0.05) with the exception of chronic heart
failure, chronic kidney disease, and smoking, which were not
different between groups (p > 0.05). Similarly, the proportion of
patients prescribed standard cardiac medications increased with
age (p< 0.05), with the exception of calcium channel blocker and
anticoagulant classes, which were not different between groups (p
> 0.05).

Baseline Exercise Testing Variables
Baseline CPET characteristics are presented by age group
in Table 2 and age decade in Supplementary Table 2. With
increasing age, patients had a lower resting HR and peak
exercise HR, and a higher systolic blood pressure at rest and
peak exercise. Baseline cardiorespiratory fitness (absolute and
relative peak VO2) and peak workload (in estimated METs) was
similar between younger and midlife adults, but lower in older
adults. In contrast, younger adults achieved a lower percentage
of predicted peak VO2 compared with both midlife and older
adults. On average, ratings of perceived exertion (RPE) and RER
were indicative of maximal exertion (RPE: 18.2 ± 0.9; RER:
1.19 ± 0.09), and there were no differences between groups.
Sensitivity analyses, which excluded surgical patients, produced
similar trends and statistical results for baseline exercise variables
(Table 3). On average, baseline CPET was 6.8 ± 13.5 weeks
prior to cardiac rehabilitation commencement, which reduced
to 3.5 ± 10.2 weeks when surgical patients were excluded
from analysis.

Post Exercise Testing and CR Program
Outcomes
CR program variables and outcomes for percentage of predicted
VO2, change in peak VO2, change in peak workload (in estimated
METs), and proportion of peak VO2 responders are presented by
age group in Table 2 and age decade in Supplementary Table 2.
On average, patients improved relative peak VO2 from pre
to post CR by 2.5 ± 3.7mL.kg.min−1 (p < 0.001), with an
average percent change in relative peak VO2 of 16 ± 28%
(p < 0.001). All age groups significantly improved peak VO2
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TABLE 1 | Patient demographics by age group.

Demographic variable Total

(n = 708)

Younger adults

(n = 115)

Midlife adults

(n = 324)

Older adults

(n = 269)

p-value

Age (years) 60.8 ± 12.1 41.2 ± 7.5 58.1 ± 4.3 72.5 ± 5.1 <0.001

Female 167 (24%) 40 (35%) 67 (21%) 60 (22%) 0.008

Body mass index (kg.m−2 ) 29.5 ± 5.3 29.3 ± 6.2 29.8 ± 5.5 29.2 ± 4.6 0.437

Indication for cardiac rehabilitation

Acute coronary syndrome 196 (28%) 27 (23%) 90 (28%) 79 (29%) 0.497

PCI 223 (31%) 18 (16%) 105 (32%) 100 (37%) <0.001

Surgical 173 (24%) 41 (36%) 82 (25%) 50 (19%) 0.002

Heart transplant 100 (14%) 30 (26%) 56 (17%) 14 (5%) <0.001

CABG 36 (5%) 4 (3%) 15 (5%) 17 (6%) 0.448

Valve 33 (5%) 6 (5%) 8 (2%) 19 (7%) 0.029

Other‡ 115 (16%) 29 (25%) 46 (14%) 50 (19%) 0.017

Co-morbidities

Myocardial infarction 260 (37%) 32 (28%) 110 (34%) 118 (44%) 0.004

Hypertension 560 (79%) 61 (53%) 253 (78%) 246 (91%) <0.001

Chronic heart failure 248 (35%) 48 (42%) 110 (34%) 90 (33%) 0.255

Dyslipidemia 642 (91%) 83 (72%) 301 (93%) 258 (96%) <0.001

Arrhythmia 561 (79%) 78 (68%) 261 (81%) 222 (83%) 0.004

Stroke 153 (22%) 15 (13%) 53 (16%) 85 (32%) <0.001

Chronic kidney disease 217 (31%) 27 (23%) 102 (31%) 88 (33%) 0.18

COPD 288 (41%) 31 (27%) 135 (42%) 122 (45%) 0.003

Diabetes 423 (60%) 45 (39%) 199 (61%) 179 (67%) <0.001

Peripheral artery disease 97 (14%) 5 (4%) 34 (10%) 58 (22%) <0.001

Smoking 451 (64%) 64 (56%) 209 (65%) 178 (66%) 0.134

Medications

β-blocker 550 (78%) 80 (70%) 243 (75%) 227 (84%) 0.002

ACE Inhibitor or ARB 389 (55%) 51 (44%) 170 (52%) 168 (62%) 0.002

Calcium channel blocker 179 (25%) 23 (20%) 75 (23%) 81 (30%) 0.055

Diuretics 305 (43%) 39 (34%) 118 (36%) 148 (55%) <0.001

Salicylates or anti-platelet 501 (71%) 66 (57%) 224 (69%) 211 (78%) <0.001

Anticoagulant 139 (20%) 27 (23%) 48 (15%) 64 (24%) 0.012

Cholesterol lowering 566 (80%) 69 (60%) 264 (81%) 233 (87%) <0.001

Age groups: younger adults 20–49 yrs; Midlife adults 50–64 yrs; Older adults ≥65 yrs.

Continuous data are presented as mean ± SD and categorical data presented as n (%). p-values are reported for trend across group comparisons.

PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft surgery; COPD, chronic obstructive pulmonary disease; ACE, angiotensin-converting enzyme; ARB,

angiotensin II receptor blocker.
‡Breakdown of other category includes, stable angina (4%), heart failure (2%), dyspnea (<1%), sudden cardiac death (<1%), peripheral artery disease (<1%), pericarditis or myocarditis

(<1%), or non-specified cardiac event (8%).

(p < 0.001) from pre to post CR (Table 2). However, the
change in relative peak VO2 was lower with increasing age,
with significant differences between younger and midlife adults
(mean difference = 0.9mL.kg.min−1; p = 0.02), younger and
older adults (mean difference = 2.1mL.kg.min−1; p < 0.001),
and midlife and older adults (mean difference 1.2mL.kg.min−1;
p < 0.001) (Figure 1A). Percent change in relative peak VO2

was also lower with increasing age, although differences between
groups were only significant for younger and older adults (mean
difference = 11%; p = 0.002), and midlife and older adults
(mean difference = 5%; p = 0.04) (Figure 1B). On average,
77% of patients showed an improvement in peak VO2 (>0%
change) from pre to post cardiac rehabilitation. While response
rate showed a lower trend with increasing age, the response rate

was only significantly different between younger and older adults
(86 vs. 72%, respectively; p = 0.008). Change in peak workload
was lower for older adults compared with younger adults (0.6
± 1.1 vs. 1.0 ± 1.2 METs; p = 0.007), however percent change
in peak workload was not different between groups. On average,
there was an improvement in percentage of predicted VO2 from
75 ± 22% to 83 ± 22%, however levels remained significantly
lower for younger adults compared with midlife adults (74 ±

22 vs. 84 ± 24; p < 0.001) and older adults (74 ± 22 vs. 86 ±

18; p < 0.001). Older adults completed a significantly greater
number of CR sessions than younger adults (30 ± 11 vs. 24 ±

14 sessions; p < 0.001) and midlife adults (30 ± 11 vs. 26 ± 13
sessions; p < 0.001), and older adults were in the program for
a longer period than younger adults (17 ± 9 vs. 13 ± 9 weeks;
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TABLE 2 | Exercise testing and cardiac rehabilitation variables by age group.

Outcome variable Total

(n = 708)

Younger adults

(n = 115)

Midlife adults

(n = 324)

Older adults

(n = 269)

p-value

Baseline CPET variables

CPET timing prior to program commencement (weeks) 6.8 ± 13.5 10.9 ± 16.5 7.0 ± 13.5 4.7 ± 11.5 <0.001

Resting HR (beat.min−1 ) 68 ± 12 72 ± 13 69 ± 11 66 ± 11 <0.001a,b,c

Resting SBP (mmHg) 115 ± 20 106 ± 18 112 ± 18 122 ± 20 <0.001a,b,c

Resting DBP (mmHg) 70 ± 12 68 ± 15 71 ± 11 70 ± 11 0.038a

Peak exercise HR (beat.min−1 ) 127 ± 23 135 ± 27 129 ± 23 120 ± 20 <0.001a,b,c

Peak exercise SBP (mmHg) 153 ± 35 141 ± 37 154 ± 38 158 ± 30 <0.001a,b

Peak exercise DBP (mmHg) 66 ± 17 62 ± 18 66 ± 17 66 ± 15 0.066

Peak exercise RPE 18.2 ± 0.9 18.2 ± 0.8 18.2 ± 1.0 18.2 ± 0.8 0.828

Peak exercise RER 1.19 ± 0.09 1.20 ± 0.11 1.19 ± 0.09 1.18 ± 0.09 0.177

Peak workload (estimated METs) 6.8 ± 1.6 7.0 ± 1.8 7.0 ± 1.7 6.4 ± 1.4 <0.001b,c

Peak absolute VO2 (L.min−1 ) 1.76 ± 0.66 1.85 ± 0.79 1.90 ± 0.69 1.56 ± 0.48 <0.001b,c

Peak relative VO2 (mL.kg.min−1 ) 20.0 ± 6.7 21.0 ± 8.1 21.1 ± 7.1 18.2 ± 4.9 <0.001b,c

% predicted peak VO2 (Wasserman-Hansen) 75 ± 22 63 ±21 76 ± 24 80 ± 19 <0.001a,b

% predicted peak VO2 (FRIEND-registry) 79 ± 33 67 ± 26 81 ± 38 82 ± 27 <0.001a,b

Peak oxygen pulse (mL.beat−1 ) 13.8 ± 4.2 13.4 ± 4.8 14.5 ± 4.3 13.1 ± 3.8 <0.001a,b,c

Post CPET and CR program variables

CPET timing following program commencement (weeks) 14.9 ± 10.7 14.9 ± 10.7 16.3 ± 10.2 15.7 ± 9.3 0.367

CR program duration (weeks) 15.5 ± 10.1 12.9 ± 9.0 15.2 ± 11.0 16.9 ± 9.0 0.001b

CR program exercise sessions 27.0 ± 12.7 23.9 ± 13.5 25.5 ± 13.4 30.2 ± 10.9 <0.001b,c

Delta change in peak relative VO2 (mL.kg.min−1 ) 2.5 ± 3.7 3.7 ± 4.0 2.8 ± 3.8 1.6 ± 3.2 <0.001a,b,c

Percent change in peak relative VO2 (%) 16 ± 28 23 ± 28 17 ± 28 12 ± 27 0.001b,c

Delta change in peak workload (METs) 0.7 ± 1.1 1.0 ± 1.2 0.8 ± 1.1 0.6 ± 1.1 0.007b

Percent change in peak workload (%) 14 ± 24 17 ± 23 14 ± 22 12 ± 25 0.170

Proportion of VO2 responders (n, %) 546 (77%) 99 (86%) 253 (78%) 194 (72%) 0.010 b

% predicted peak VO2 (Wasserman-Hansen) 83 ± 22 74 ± 22 84 ± 24 86 ± 18 <0.001a,b

% predicted peak VO2 (FRIEND-registry) 86 ± 37 77 ± 26 88 ± 44 87 ± 30 0.017a,b

Age groups: younger adults 20–49 yrs; Midlife adults 50–64 yrs; Older adults ≥65 yrs. Continuous data presented as mean ± SD and categorical data presented as n (%).

Post-hoc comparisons with Bonferroni correction for multiple comparisons, reveal significant differences (p < 0.05) between ayoung and midlife adults; byoung and older adults; and
cmidlife and older adults.

CPET, cardiopulmonary exercise test; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; RPE, rating of perceived exertion; RER, respiratory exchange ratio;

METs, metabolic equivalent; VO2, oxygen uptake.

p= 0.001). The post CPET occurred on average 15.9± 9.3 weeks
following CR commencement, and within 0.4 ± 11.5 weeks of
CR completion.

For sensitivity analyses excluding surgical patients (Table 3),
the average improvement in relative peak VO2 was moderately
lower (2.2 ± 3.3mL.kg.min−1) than the primary analysis, as
well as the average percent change in relative peak VO2 (11
± 20%). Change in relative peak VO2 remained lower for
older adults compared with younger adults (mean difference =
1.9mL.kg.min−1; p < 0.001) and midlife adults (mean difference
= 1.0mL.kg.min−1; p < 0.001) (Figure 1C). Differences in the
percent change of relative VO2 were less pronounced between
older and younger adults (mean difference = 6%; p = 0.04), and
there were no longer differences between younger and midlife
adults or midlife and older adults (Figure 1D). There was no
longer an effect of age group for proportion of VO2 responders.
Moreover, percentage change in peak workload was not different
between age groups.

In Supplementary Table 3, we display changes in peak VO2

for specific CR indications such as acute coronary syndrome
(ACS), PCI, heart transplant, and coronary artery bypass graft
(CABG)/valve surgery. Numerically, the ACS sub-group showed
a similar trend to our non-surgical cohort. In the PCI sub-
group, younger adults show a considerably higher delta and
percent change in peak VO2 when compared to both midlife
and older adults. In the CABG/valve and other sub-groups, delta
and percent change in peak VO2 are markedly reduced in older
adults compared with younger and midlife adults. In the heart
transplant sub-group, all age groups showed dramatically higher
delta and percent change in peak VO2 compared with other CR
indications, however in contrast to other CR indications, older
adults showed markedly higher improvements in peak VO2 than
younger and midlife adults.

We did not find an association of female sex for delta and
percent change in peak VO2, respectively, in younger adults
[−0.7 (−2.3 to 0.8) ml.kg.min−1; p= 0.34 and 7.4 (−3.3 to 18.1)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 April 2022 | Volume 9 | Article 872757100

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Taylor et al. Age-Related Differences in Fitness Improvement

TABLE 3 | Exercise testing variables by age group—non-surgical patients.

Outcome variable Total

(n = 534)

Younger

adults

(n = 74)

Midlife

adults

(n = 241)

Older adults

(n = 219)

p-value

Baseline CPET variables

CPET timing prior to program commencement (weeks) 2.2 ± 9.0 3.4 ± 10.9 2.3 ± 9.1 1.7 ± 8.1 0.358

Resting HR (beat.min−1 ) 67 ± 11 71 ± 13 68 ± 10 66 ± 10 0.002b

Resting SBP (mmHg) 117 ± 19 108 ± 17 114 ± 17 123 ± 19 <0.001a,b,c

Resting DBP (mmHg) 71 ± 10 71 ± 10 72 ± 10 70 ± 10 0.021c

Peak exercise HR (beat.min−1 ) 130 ± 22 143 ± 24 135 ± 20 121 ± 18 <0.001a,b,c

Peak exercise SBP (mmHg) 163 ± 29 155 ± 32 165 ± 30 162 ± 27 0.032a

Peak exercise DBP (mmHg) 67 ± 16 65 ± 16 68 ± 17 66 ± 15 0.200

Peak exercise RPE 18.2 ± 0.8 18.1 ± 0.7 18.2 ± 0.9 18.2 ± 0.8 0.411

Peak exercise RER 1.19 ± 0.09 1.20 ± 0.11 1.20 ± 0.09 1.9 ± 0.10 0.251

Peak workload (estimated METs) 7.1 ± 1.5 7.6 ± 1.6 7.4 ± 1.5 6.5 ± 1.35 <0.001b,c

Peak absolute VO2 (L.min−1 ) 1.90 ± 0.62 2.18 ± 0.69 2.10 ± 0.61 1.59 ± 0.45 <0.001b,c

Peak relative VO2 (mL.kg.min−1 ) 21.3 ± 6.2 23.7 ± 7.2 22.9 ± 6.4 18.7 ± 4.5 <0.001b,c

% predicted peak VO2 (Wasserman-Hansen) 81 ± 18 72 ± 16 83 ± 20 82 ± 17 <0.001a,b

% predicted peak VO2 (FRIEND-registry) 86 ± 31 78 ± 23 90 ± 37 84 ± 26 0.009a

Peak oxygen pulse (mL.beat−1 ) 14.6 ± 4.0 15.2 ± 4.4 15.6 ± 3.8 13.2 ± 3.7 <0.001b,c

Post CPET and CR program variables

CPET timing following program commencement (weeks) 15.7 ± 7.5 14.5 ± 8.3 16.2 ± 8.2 15.5 ± 6.3 0.071

CR program duration (weeks) 16.0 ± 7.3 14.6 ± 7.9 16.7 ± 8.1 15.8 ± 5.9 0.072

CR program exercise sessions 29 ± 12 27 ± 14 28 ± 13 31 ± 10 <0.001b,c

Delta change in peak relative VO2 (mL.kg.min−1 ) 2.2 ± 3.3 3.4 ± 3.9 2.5 ± 3.5 1.5 ± 2.7 <0.001b,c

Percent change in peak relative VO2 (%) 11 ± 19 16 ± 18 12 ± 18 10 ± 20 0.043b

Delta change in peak workload (METs) 0.6 ± 1.0 0.8 ± 1.1 0.6 ± 1.0 0.6 ± 1.0 0.280

Percent change in peak workload (%) 11 ± 19 13 ± 17 10 ± 17 12 ± 22 0.483

Proportion of VO2 responders (n, %) 416 (78%) 64 (86%) 191 (79%) 161 (74%) 0.053

% predicted peak VO2 (Wasserman-Hansen) 89 ± 20 82 ± 19 91 ± 22 89 ± 17 0.007a

% predicted peak VO2 (FRIEND-registry) 92 ± 38 88 ± 24 96 ± 46 90 ± 31 0.085

Age groups: younger adults 20–49 yrs; Midlife adults 50–64 yrs; Older adults ≥65 yrs. Continuous data presented as mean ± SD and categorical data presented as n (%).

Post-hoc comparisons with Bonferroni correction for multiple comparisons, reveal significant differences (p < 0.05) between ayoung and midlife adults; byoung and older adults; and
cmidlife and older adults.

CPET, cardiopulmonary exercise test; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; RPE, rating of perceived exertion; RER, respiratory exchange ratio;

METs, metabolic equivalent; VO2, oxygen uptake.

%; p= 0.17] or older adults [−0.2 (−1.1 to 0.7) ml.kg.min−1; p=
0.71; and 0.1 (−7.6 to 7.7) %; p = 0.98]. There was trend toward
an influence of female sex in midlife adults for delta change in
peak VO2 [−1.0 (−2.0 to 0.0) ml.kg.min−1; p = 0.05] but not
percent change in peak VO2 [−3.1 (−10.7 to 4.5) %; p = 0.42].
There was also no influence of female sex on likelihood of peak
VO2 response for younger adults [0.6 (0.2–1.9); p= 0.42], midlife
adults [1.1 (0.6–2.1); p = 0.82], or older adults [1.2 (0.6–2.3);
p= 0.57].

DISCUSSION

This study investigated age-related differences for improving
cardiorespiratory fitness (peak VO2) and exercise capacity
(as peak workload) during a CR program. All age groups
significantly improved peak VO2 from pre to post CR,

however when evaluating patients with any CR indication, we
found significant attenuation in peak VO2 improvement with
increasing age, from younger adults to midlife adults, and
midlife adults to older adults. Although older adults improved
peak VO2, their percent change in peak VO2 was significantly
lower when compared with both younger adults and midlife
adults; and older adults were less likely to show a peak
VO2 response (>0% change) to the CR program compared
with younger adults. When surgical patients were excluded
from the analysis, age-related differences for percent change in
peak VO2 were reduced, however older adults still achieved
a lower improvement in cardiorespiratory fitness during CR.
Percent change in peak exercise workload showed no age-related
differences throughout CR.

Previous research in healthy populations has shown
that cardiorespiratory fitness decreases by approximately
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FIGURE 1 | Age-related differences in cardiorespiratory fitness as: (A) delta change in peak VO2 for all CR indications; (B) percent change in peak VO2 for all CR

indications; (C) delta change in peak VO2 for non-surgical CR indications; (D) percent change in peak VO2 for non-surgical CR indications. Data are presented as box

and whisker plots with median line, and minimum to maximum.

1-MET (equivalent to 3.5ml.kg.min−1) with each increasing
age decade (10, 34). In the current study, the differences
between age-decades using directly measured peak VO2 at the
beginning of CR were much less pronounced (mean difference
∼ 1.0ml.kg.min−1). Our results were similar to the differences
between age-decades reported by Banks et al. (16) (mean
difference in peak VO2 = 1.8ml.kg.min−1) in their patients
with coronary artery disease undergoing CR. With regards to
changes in peak VO2 with exercise training, our findings were
also similar to Banks et al., with older patients attending CR
showing both lower delta and percent change in peak VO2.
These results are in contrast to studies in healthy populations
showing similar percent change in peak VO2 between age
groups with exercise training (12–14). The Heritage Family
Study investigated the variability in peak VO2 response to a
standardized exercise training program in a healthy population.

They found that while older adults had a lower delta change in
relative peak VO2, the percent change from baseline was similar
to younger adults (12). Robinson et al. (35) also found that
healthy younger and older adults had similar percent change
in peak VO2 with combined training (aerobic + resistance).
In the same study, both young and older adults showed
significant improvements in peak VO2 with high intensity
interval training, however, the percent change was much greater
in the younger adults (35). Therefore, differences in training
intensity could have influenced our age-related differences in
peak VO2 improvement.

Currently there are limited published data showing the
influence of peak VO2 improvement during CR, as a percent
change from baseline, on major adverse cardiovascular events.
However, the differences in delta change for relative peak VO2

that we found between our age groups could be considered
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clinically meaningful, as each 1ml.kg.min−1 increase in peak
VO2 during cardiac rehabilitation has been shown to reduce
cardiovascular events by 21% and all-cause mortality by 13% (8).
Recent work by Carbone et al. (36) found that the percentage of
predicted peak VO2 at the end of CR was a stronger predictor
of long-term survival rather than change in peak VO2 during
CR. While our results showed younger adults had greater
improvements in peak VO2 during CR, midlife and older adults
maintained a significantly higher percentage of predicted peak
VO2 at the end of CR, compared with the younger adults. A
potential bias with this outcome is that older adults who are able
to complete a CPET pre and post CR could be more likely to have
a higher fitness level and may not be representative of the average
older adult attending CR.

Notably, our midlife and older adults also achieved a
significantly higher percentage of predicted peak VO2 at the
beginning of CR (∼76–80%), compared with our younger adults
(∼63%). Lower baseline peak VO2 has consistently been shown
to be a strong predictor for peak VO2 response with exercise
training (37, 38). Although mean baseline peak VO2 was lower
for older adults, the mean percentage of predicted peak VO2

was lower for younger adults, and this likely contributed to
the greater improvements in peak VO2 during CR. The lower
initial fitness level in our younger adults was in part related
to the increased prevalence of heart transplant. Indeed, when
we excluded surgical patients from the analysis, the mean
relative peak VO2 at baseline increased by 2.7ml.kg.min−1

(13%) in our younger adults and 1.8ml.kg.min−1 (9%) in
our midlife adults, with minimal change in our older adults
(0.5ml.kg.min−1; 3%). In non-surgical patients, the age-related
differences between younger and midlife adults diminished.
Therefore, differences in patient populations among age groups
may contribute to bias that CR is less effective for improving
peak VO2 with increasing age. Previous research has shown that
females have a lower improvement in peak VO2 than males
during CR (39).We found a trend toward female adults inmidlife
achieving a lower delta change for peak VO2 improvement,
however, there was no significant influence of sex on peak
VO2 improvement or likelihood for peak VO2 response in any
age group.

Multimorbidity may have contributed to the lower
improvement in peak VO2 in our older adults. Having a
higher number of comorbidities has been associated with
lower improvements in cardiorespiratory fitness (40) and other
CR outcomes (41). Although our older adults attended more
sessions and were in the program for longer, they also had a
higher prevalence of peripheral artery disease, stroke, myocardial
infarction, and chronic obstructive pulmonary disease. This
is consistent with the work of Listerman et al. (41), showing
that patients with a higher number of comorbidities may be
prescribed a greater number of CR sessions than patients with a
lower number of comorbidities.

Our study has a number of limitations that warrant discussion.
Firstly, patients were from a single-center, were predominately
male (75%), and the majority of the population in this region
(Olmsted County) are White. Secondly, the retrospective nature
of this study can present several sources of bias, and only

including patients with pre- and post-CR CPET data may
contribute to selection bias. These factors might affect the
generalizability, but not the internal validity of our findings.
Medication differences between age groups could not be
accounted for in our ANOVA post-hoc analyses. Using an
Analysis of Covariance (ANCOVA), we explored the interactions
between medication status and change in peak VO2, in this
case we only found an interaction between delta change in
peak VO2 and angiotensin-converting enzyme or angiotensin
II receptor blocker. When including this medication status as
a covariate with ANCOVA, the effect of age group on delta
change in peak VO2 remained significant (p < 0.001). Similarly,
differences in baseline CPET timing between groups could not be
accounted for in our ANOVA post-hoc analyses. Using ANCOVA,
an interaction was found between baseline CPET timing and
percent change in peak VO2, but not delta change in peak
VO2. When including baseline CPET timing as a covariate
with ANCOVA, the effect of age group on percent change in
peak VO2 remained significant (p < 0.001). Moreover, when
surgical patients were excluded, baseline CPET timing was not
different between age groups. Likewise, although informative,
we had limited sample size to evaluate statistical significance
between age groups for specific CR indications (e.g., ACS, PCI,
CABG, heart transplant). Finally, due to the absence of exercise
prescription data during the cardiac rehabilitation program, we
could not evaluate whether the greater improvement in peak VO2

of younger adults was influenced by exercise training being of a
higher relative intensity or longer duration.

CONCLUSION

This study found significant improvements in peak VO2 for
all age groups during a CR program. However, there was
a significant attenuation in both delta and percent change
in peak VO2, from younger to midlife adults, and midlife
to older adults with any CR referral diagnosis. Older adults
also showed a significantly lower rate of VO2 response to
a CR program compared with younger adults. Age-related
differences were influenced by a higher prevalence of heart
transplant in our younger age group. In non-surgical patients,
age-related differences in percent change of peak VO2 were
less pronounced, however older adults still had lower peak
VO2 improvement during CR. These findings may have
implications for individualizing CR programming based on age
and comorbid conditions.
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Purpose: To evaluate the effect of polypills on the primary prevention of cardiovascular

(CV) events using data from clinical trials.

Methods: We searched PubMed, Web of Science, EBSCO, and SCOPUS throughout

May 2021. Two authors independently screened articles for the fulfillment of inclusion

criteria. The RevMan software (version 5.4) was used to calculate the pooled risk ratios

(RRs) and mean differences (MDs), along with their associated confidence intervals

(95% CI).

Results: Eight trials with a total of 20653 patients were included. There was a significant

reduction in the total number of fatal and non-fatal CV events among the polypill group

[RR (95% CI)= 0.71 (0.63, 0.80); P-value < 0.001]. This reduction was observed in both

the intermediate-risk [RR (95% CI) = 0.76 (0.65, 0.89); P-value < 0.001] and high-risk

[RR (95%CI)= 0.63 (0.52, 0.76); P-value< 0.001] groups of patients. Subgroup analysis

was performed based on the follow-up duration of each study, and benefits were only

evident in the five-year follow-up duration group [RR (95% CI) = 0.70 (0.62, 0.79);

P-value < 0.001]. Benefits were absent in the one-year-or-less interval group [RR (95%

CI) = 0.77 (0.47, 1.29); P-value = 0.330]. Additionally, there was a significant reduction

in the 10-year predicted cardiovascular risk in the polypill group [MD (95% CI) = −3.74

(−5.96, −1.51); P-value< 0.001], as compared to controls.

Conclusion: A polypill regimen decreases the incidence of fatal and non-fatal CV events

in patients with intermediate- and high- cardiovascular risk, and therefore may be an

effective treatment for these patients.

Keywords: primary prevention, cardiovascular events, antihypertensives, polypill, lipid-lowering

INTRODUCTION

Globally, the prevalence of cardiovascular disease (CVD) has almost doubled in the last 30 years,
with CVD mortality increasing from 12.1 million cases in 1990 to 18.6 million cases in 2019.
The leading cause of these numbers include suboptimal preventive methods and uncontrolled
atherosclerotic cardiovascular disease (ASCVD) risk factors (1, 2). To combat these issues, the
World Heart Federation launched a global campaign to reduce premature mortality due to CVD
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by 25 percent by 2025 (3). In fact, Atherosclerotic cardiovascular
diseases are due to a chronic lifetime exposure of individuals
to CVD risk factors such as high blood pressure levels (4).
In 2003, Wald and Law coined the term polypill to describe
a combination of active pharmaceutical components that had
the potential to reduce the burden of cardiovascular diseases
by more than 80% (5). The polypill has proven to increase
adherence rates for secondary prevention, which is significant
because roughly one third of people face adherence issues to
blood pressure or lipid lowering medications, and that a large
proportion of all CVD events (about 9% in Europe) is due to
poor adherence to vascular medications alone (6, 7). However,
the use of such a pill in primary prevention – especially for those
with an intermediate to high risk of cardiovascular disease – is
not well-understood, given that no studies have been performed

FIGURE 1 | PRISMA flowchart.

to assess the long-term effectiveness of such an intervention
(8). Intermediate risk is defined is defined by a Framingham
score of 10–20% or an INTERHEART score of 10–15, while
high risk is defined by a Framingham score of >20% or an
INTERHEART score of >16. Despite its cost-effectiveness and
ease of use, multiple drawbacks have hampered the wide scale
prescription of polypills, most notably physician hesitancy and
the inability to tailor doses according to patient needs (9). Trials
were designed to investigate the benefits of polypill use, yet
they generally assessed the improvement in CVD in terms of
risk factors such as blood pressure and lipid profiles rather
than clinical outcomes such as fatal and non-fatal cardiovascular
events (8). Moreover, these studies were usually performed in
developing countries and could not be generalized to developed
countries (10). New trials have since been published that account
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for such problems. Considering the newly published studies, the
aim of this meta-analysis is to focus on assessing the effectiveness
of polypills in preventing clinical outcomes as strokes and
Myocardial infarctions and mortality rather than assessing their
effect on lipid or blood pressure changes,such parameters have
already been discussed in several previous studies so centered
our attention on tangible clinical outcomes instead. We also
discussed possible solutions to any drawbacks that this treatment
might possess.

METHODS

Search and Identification of Studies
A comprehensive literature search was carried out in
May 2021 on the following databases: PUBMED, WOS,
EBSCO, and SCOPUS. Search terms used were (polypill
OR “fixed dose” OR “drug combination” OR “drug
combinations”) AND (“heart outcomes prevention” OR
“primary prevention” OR “Framingham score” OR “estimated
10-year cardiovascular risk”). Reviews and book chapters
were excluded. Additional manual searches were performed
through the “related articles” feature in PubMed. Lastly,
all references from the reviewed articles were checked for
any articles that might have been missed in the original
literature search.

Selection Process and Inclusion Criteria
Once the searches were completed, the software programme
Covidence was used to perform the de-duplication of citations
and for the screening process. From the searches, two review
authors (M.A, O.K) reviewed the title and abstract of each
paper and retrieved potentially relevant references. Following
this initial screening, we obtained the full text of potentially
relevant studies, and the two authors (M.A, O.K) independently
screened them using predetermined inclusion criteria. The
inclusion criteria are as follows: (1) trials that include the use
of a fixed-dose combination of at least 2 drugs, one of them
being a lipid lowering- and the other being a blood pressure
lowering-drug; (2) trials that include (even if not limited to)
primary prevention of cardiovascular disease in patients with at
least one cardiovascular risk factor or calculated cardiovascular
risk score but no previous cardiovascular events; and (3) trials
that either report the effect of the FDC on the incidence of
cardiovascular events such as stroke or MI or that report the
10-year predicted cardiovascular risk (Framingham Score) after
FDC use. Disagreements were resolved by discussion and a
decision was reached after agreement between the reviewers.
We only included trials in our meta-analysis and excluded any
observational studies, case reports, and non-English articles.

Outcomes
The primary outcome was the effect of Polypill on total fatal
and non-fatal cardiovascular events as Myocardial infarction,
stroke, heart failure or angina. Secondary outcomes were effect
of polypill on the predicted 10-year cardiovascular risk for
the studies which lacked data regarding our primary outcome,
so the mean difference of the cardiovascular risk score was

used as a predictor of these fatal and non-fatal CV events.
The number of participants who discontinued treatment due to
adverse effects and the total adverse events along with myalgia
were also analyzed.

Data Extraction
Two review authors (O.K, M.A) independently extracted data
and consulted the principal investigator when needed. They
extracted details of the study design, participant characteristics,
study setting, intervention, and comparator. They also extracted
outcome data, which included the composite of death from
cardiovascular causes and adverse events such as myocardial
infarction, stroke, heart failure, resuscitated cardiac arrest,
arterial revascularization, and angina. The study quality was
assessed as part of the data extraction strategy with RoB 2 revised
Cochrane risk-of-bias tool for randomized trials. The tool is
structured into a fixed set of domains of bias, focussing on
trial’s design, conduct, and reporting. In each domain, signaling
questions elicit information about features of the trial that are
relevant to risk of bias. A judgement about the risk of bias in each
domain is generated based on answers to the signaling questions.
Judgement can express ‘some concerns’, be ’Low’ or ’High’ risk
of bias (11). Quality of evidence was assessed using GRADE
approach through tools on their website gradepro.

Statistical Analysis
A meta-analysis was carried out to evaluate the impact of a
fixed-dose combination of lipid lowering and blood pressure
lowering drugs, as compared to placebo or non-pharmacological
intervention among participants without cardiovascular disease
that were at an intermediate or high risk of developing CVD.
RevMan 5.4 was used for statistical analysis. If we detected
heterogeneity among studies (p-value <0.05), we used leave
one out test or subgroup analysis to resolve the heterogeneity.
We used fixed effects model if we observed no heterogeneity
among studies, otherwise a random effects model was used if
a significant heterogeneity was observed (p-value < 0.05). Our
analysis followed the PRISMA Statement Checklist to ensure a
high-quality review (12).

RESULTS

Study Inclusion
Four hundred and fifty five publications were extracted from
literature search and, after the removal of duplicates, 361 moved
on to the next stage of review. After title and abstract screening,
18 studies were eligible for a full-text review. Of these, eight
studies were eligible for inclusion in ourmeta-analysis. A detailed
description is illustrated in the PRISMA flow chart (Figure 1).
Of the eight trials included, six contained data that compared
the incidence of fatal and non-fatal cardiovascular events – such
as stroke, myocardial infarction, heart failure, cardiovascular
death, and revascularisation – between patients who received
a polypill treatment and those who received placebos/minimal
pharmacological care. Two studies did not contain information
about CV events, so we instead compared the mean difference in
the 10-year predicted cardiovascular risk between patients who
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TABLE 1 | Summary of the included studies (13–21).

ID NCT Study region Design Duration Study arms Endpoints (outcomes)

conclusion

Conclusion

TIPS 3 - (16) NCT01646437 India

Philippines

Colombia

Bangladesh

Canada

Malaysia

Indonesia

Tunisia

Tanzania

Double-blind, RCT of

polypill vs. placebo

4.25 years 1-Experimental: Polycap

vs. matching placebo 2-

Experimental: Aspirin vs.

matching placebo 3-

Experimental: Vitamin D

vs. matching placebo

Primary: 1- composite of CV

events, which includes major

CVD (ie, CV death, non-fatal

stroke, non-fatal MI) 2- heart

failure, resuscitated cardiac

arrest, or arterial

revascularization. 3- Secondary

outcomes are (1) major CVD and

(2) the composite ofmajor CVD,

heart failure, resuscitated cardiac

arrest, arterial revascularization,

or angina with evidence of

ischemia 3- cancer 4- heart

failure, resuscitated cardiac

arrest, arterial revascularization,

or angina with evidence of

ischemia. Other outcomes: 1-

all-cause mortality 2- incident

and recurrent CV events 3- visual

acuity 3- age-related macular

degeneration 4- cognitive

function 5- adverse events

(including bleeding 6- economic

analysis related outcomes

Results of the TIP-3 study will be

key to determining the

appropriateness of FDC therapy

as a strategy in the global

prevention of CVD

HOPE 3, (26) NCT00468923 Canada (in Asians) Quadruple, RCT of

polypill vs. placebo

5.6 years Placebo Comparator:

Rosuvastatin Placebo

Comparator:

Candesartan/HCT

primary: 1- The composite of;

Cardiovascular death, non-fatal

myocardial infarction, non-fatal

stroke. 2- resuscitated cardiac

arrest, non-fatal myocardial

infarction, heart failure, arterial

revascularizations Secondary: 1-

Total mortality 2- The

components of the co-primary

endpoints

Candesartan/

hydrochlorothiazide had fewer

effects in reducing blood

pressure in Chinese and

rosuvastatin reduced low-density

lipoprotein cholesterol to a lesser

extent in Asians compared with

non-Asians. There was no overall

reduction in clinical events with

lowering blood pressure in either

Asians or non-Asians, whereas

there were clear and consistent

benefits with lipid lowering in

both. Despite extensive analyses,

there is no obvious explanation

for the observed findings. Future

studies need to include larger

numbers of individuals from

different regions of the world to

ensure that the results of trials

are applicable globally.
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TABLE 1 | Continued

ID NCT study region Design Duration Study Arms Endpoints (outcomes)

conclusion

Conclusion

Polyiran NCT01271985 Iran A two-group,

pragmatic, cluster

randomized trial of

polypill vs. minimal care

5 years Experimental: polypill

and minimal care

(polypill arm) no

intervention: minimal

care

1- primary outcome: occurrence

of MCVE within five years of

enrolment 2- Secondary

outcomes: a- non-cardiovascular

causes of death (including

neoplastic, respiratory, hepatic,

renal and other medical causes),

b- adherence to the polypill, c-

effects of the interventions on

MCVE, d- changes in blood

pressure and low-density

lipoprotein (LDL) cholesterol

during the trial.

Use of a fixed-dose combination

of aspirin, atorvastatin, and two

blood pressure-lowering drugs

was associated with a

significantly lower risk of major

cardiovascular events in

individuals aged 50–75 years in a

real-life setting. This pragmatic

trial provides evidence that a

polypill strategy could be

considered as part of preventive

programmes to reduce

cardiovascular disease burden

among eligible adults, especially

in LMICs

HOPE 4 NCT01826019 Colombia and

Malaysia

Cluster-randomized

controlled trial of

polypill Vs. usual care

12 months Experimental:

combinations of

anti-hypertensive

medications (both low

and high doses) and a

lipid lowering agent

(e.g., statin) No

intervention: usual care

Primary outcomes: 1- change in

Framingham Risk Score (FRS)

between the intervention and

control after1 year 2- Difference

in major CV events at 6 years

Secondary outcomes: 1-

Change in systolic BP (SBP) 2-

Proportion of participants with

well-controlled blood pressure at

6 and 12 months 3- Change in

HDL, LDL, total cholesterol,

triglycerides, and glucose levels

4- Change in smoking status 5-

Change in IHRS and ChRS 6-

no. of participants recieving

anti-hypertensives 7- clinical

events (e.g. death, CVD

development, hospitalizations)

This strategy is effective,

pragmatic, and has the potential

to substantially reduce

cardiovascular disease

compared with current strategies

that are typically physician

based.

SCCS, (20) NCT02278471 United States Open-label, parallel

RCT comparing polypill

to usual care

12 months Experimental arm:

Polypill No Intervention

arm: Usual Care

Primary outcomes: 1- Systolic

Blood Pressure 2-Medication

Adherence-Percentage of Pills

Taken 3-LDL Cholesterol

Secondary Outcome Measures:

1-Systolic Blood Pressure

2- Medication Adherence

3- Drug Metabolite Profile

4- Insulin Resistance

5− Inflammatory Profile

A polypill-based strategy led to

greater reductions in systolic

blood pressure and LDL

cholesterol level than were

observed with usual care in a

socioeconomically vulnerable

minority population

(Continued)
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received the polypill and patients who received placebos/minimal
care. We were able to extract this outcome from a third study
as well, so its results were included along with the other two
in the Meta-Analysis. The summary and the risk of bias of the
included studies are shown in Table 1 and Figure 2, respectively.
The quality of evidence table is presented in Table 2.

Analyses
The total number of patients included in the polypill treatment
group of our meta-analysis is 10,240, with a mean age of 61.1.
The placebo/minimal care group included 10,413 patients, with
a mean age of 61.38. Females represented 43.7% of the total
study population, andmales represented 56.4%. Detailed baseline
characteristics are shown in Table 3.

The total number of patients in the six included clinical trials
with the outcome of fatal and non-fatal cardiovascular events is
20,147. Of the 9,993 who received a polypill, 432 experienced a
fatal or non-fatal cardiovascular event, as compared to 619 out of
10,154 in the placebo/minimal care group. The pooled risk ratio
for patients in the polypill treatment group was 0.71 (95% CI
0.63 to 0.80, p value > 0.00001), as compared to patients in the
placebos/minimal care group. No publication bias was observed.
We also found no statistically significant heterogeneity among
the included studies (p= 0.49), as shown in Figure 3.

We performed subgroup analysis because trials varied
according to their follow-up duration.We ran one analysis for the
three trials that had a follow-up period of 12 months or less, and
another analysis for the three that reported a 5-year follow-up
period. The pooled risk ratio of the 12-months-or-less follow-up
subgroup between patients who received the polypill treatment
and patients who received minimal care was 0.77 (95% CI 0.47
to 1.29, p-value = 0.33). We found no statistically significant
heterogeneity among the three studies (p = 0.77), as shown in
Figure 4. The pooled risk ratio of the 5-year follow-up subgroup
between patients who received the polypill treatment and patients
who received placebos was 0.70 (95% CI 0.62 to 0.79, p-value
< 0.00001). No statistically significant heterogeneity was found
among the studies (p= 0.15), as shown in Figure 4.

We performed a third subgroup analysis, as four clinical
trials studied patients with an intermediate risk of cardiovascular
disease, while two trials studied patients with a high risk of
cardiovascular disease. The pooled risk ratio between patients
who received the polypill treatment and patients who received
placebos/minimal care in the intermediate-risk subgroup was
0.76 (95% CI 0.65 to 0.89, p value = 0.0005). We found no
statistically significant heterogeneity among the four studies
(p= 0.86), as shown in Figure 5. The pooled risk ratio between
patients who received the polypill treatment and patients who
received placebos/minimal care in the high-risk subgroup was
0.63 (95% CI 0.52 to 0.76, p-value > 0.00001). No statistically
significant heterogeneity was found between the studies (p =

0.28), as shown in Figure 5.
The total number of patients in the three trials that were

analyzed for the difference in 10-year predicted cardiovascular
disease risk is 1,805 (854 received the polypill treatment and 951
received placebos/minimal care). The pooled mean difference for
patients in the polypill group was−3.74 (95% CI−5.96 to−1.51,
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FIGURE 2 | Risk of bias assessment and graph.

p-value = 0.001), as compared to those in the minimal-care
group. No statistically significant heterogeneity was found among
the three included studies (p= 0.69), as shown in Figure 6.

Safety
Five studies reported the total number of adverse events
experienced by patients. Five hundred and forty one out of a
total of 6,457 patients in the polypill group experienced adverse
events, compared to 408 out of 6,387 patients in the minimal
care/placebo group. The pooled risk ratio of total adverse events
between patients who received the polypill treatment and patients
who received minimal care/placebo was 1.03 (95% CI 0.70 to
1.51, p-value = 0.87). Statistically significant heterogeneity was
found among the five studies, which was not resolved by using
leave-one-out test (p < 0.00001), as shown in Figure 7.

Discontinuation of treatment due to adverse events was
reported in three of the eight clinical trials that were included in
our meta-analysis. Two hundred and sixty two out of the 6,282
patients in the polypill group of these trials discontinued the
polypill due to adverse events, while 157 in the placebo/minimal
care group discontinued treatment due to adverse events. The
pooled risk ratio of discontinuation due to adverse events
between patients who received the polypill treatment and patients
who receivedminimal care/placebo was 1.80 (95%CI 1.12 to 2.87,
p-value = 0.01). We found statistically significant heterogeneity

among the three studies), as shown in Figure 8, so we performed
leave-one-out test by removing (26) study, and the heterogeneity
was solved (p = 0.73) and the results were (RR = 1.40, [95% CI
= 1.12 to 1.75], P = 0.003).

In the included clinical trials, myalgia was found to be the
most reported adverse event. Three of the eight trials in our
meta-analysis reported myalgia. Of the 6,146 patients in the
polypill group of these three trials, myalgia was reported in 56
patients; of the 6,131 patients in the minimal care/placebo group,
myalgia was reported in 50 patients. The pooled risk ratio of
myalgia between patients who received the polypill treatment
and patients who received minimal care/placebo was 1.15 (95%
CI 0.81 to 1.64, p-value = 0.44). We found no statistically
significant heterogeneity among the three trials (p = 0.65), as
shown in Figure 9.

DISCUSSION

Our meta-analysis suggests that a polypill regimen for
primary prevention in patients with intermediate- to high-
cardiovascular risk reduces the incidence of fatal and non-fatal
cardiovascular outcomes, including death from cardiovascular
causes, myocardial infarction, stroke, heart failure, resuscitated
cardiac arrest, arterial revascularization, and angina. Eight
studies met inclusion criteria, wherein the pooled outcomes
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of 10,240 patients receiving a polypill were compared with
10,413 patients who did not receive a polypill. Previous studies
revealed that the effect of the polypill on fatal and non-fatal
ASCVD events was uncertain (8). This may have been due to
low-quality evidence, since previous trials had a short duration
and were not designed to assess the clinical outcome of the
polypill (rather, the data used in analysis were mainly reported
as adverse events). The previous trials had several disadvantages
that were overcome in the trials included in our meta-analysis,
and results could not be generalized because they were restricted
to low income and non-developed countries. In our analysis, the
HOPE 3 study included 21 countries throughout the world, such
as the United States, Australia, and multiple countries in Europe.
The TIPS 3 study also included patients from North America.
Another major pitfall of previous trials was that they often
reported the effect of the polypill on the CV risks themselves,
such as blood pressure and blood lipid levels, rather than clinical
outcomes. Again, this issue was resolved in our meta-analysis by
several trials that were specifically designed to assess the effect
of the polypill on a composite of CV deaths, MI, stroke, and
revascularisation. In these studies, such as TIPS 3, HOPE 3, and
PolyIran, we witnessed a pooled risk ratio between the polypill
and comparator groups of 0.70 (95% CI 0.62 to 0.79, p-value
> 0.00001). In studies that did not report these outcomes, we
instead analyzed the 10-year predicted cardiovascular risk –
for example, the SCCS and Soliman trials showed a significant
−3.74 (95% CI−5.96 to−1.51, p-value= 0.001) mean difference
between treatment and minimal care/placebo groups.

Interestingly, the efficacy of the polypill was witnessed in a
phase 4 study performed on 1,193 patients in Mexico – the
treatment showed even better-than-expected improvement of
all-cause mortality and vascular-related mortality, as compared
to a phase 3 trial, after the use of the CNIC-Ferrer polypill
(22). Lastly, the problem of short trial duration – rendering
the evidence of previous studies uncertain – was corrected
by multiple trials in our analysis having a mean follow up
of 5 years. Apart from the trial design of previous studies,
the polypill treatment itself was flawed in multiple ways, with
the inability to tailor dosage and individualize therapy as the
most pressing issue. However, a range of different formulations
and doses – as opposed to only one – might surmount this
problem. Patients could potentially be stratified based on their
risk scores, with a different formulation and different dose used
in each stratum. Additionally, as was done in the TIPS 3 study,
any patient who might still have uncontrolled blood pressure
or dyslipidaemia could be prescribed additional medication.
Another barrier of previous research was the agreement of
patients to use a polypill while being asymptomatic, as well
as their fear of adverse events while using pharmaceutically
active components. However, an interview surveying Australian
patients showed that they favored using a prophylactic approach
(23). Our meta-analysis showed no significant difference in the
total adverse events between the polypill and the comparator
group (p = 87), which suggests that the polypill is safe to
use as a preventive measure over long periods of time. The
willingness of physicians to prescribe polypills to their patients
was also considered, as many seemed reluctant about the
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TABLE 3 | Baseline characteristics of patients (13–21).

Study arms Number of patients in each group Age (years)

ID Intervention (the name

and the form of the durg)

Control

(placeob or

another

durg)

Intervention Control Intervention Control Cardiovascular risk Blood pressure (mmHg)

TIPS 3 - (16) 1- Polycap (thiazide 25mg,

atenolol 100mg, ramipril

10mg, simvastatin 40mg)

taken once daily 2- Aspirin

75mg daily 3- Vitamin D

60,000 IU monthly

Matching

placebo

5,713 63.9 (6.6) — SBP: 144.5 (16.8)

DBP: 83.9 (9.7)

HOPE 3 1- polypill (Candesartan 16

mg/HCT 12.5mg) 2-

Rosuvastatin 10mg

Placebo (Candesartan

/HCTZ) Asian:

3,118

non-asians:

3,238

Asian: 3123

non-asians:

3,226

Asian: 64.75

(5.99)

non-asians:

66.40 (6.62)

Asian: 64.88

(6.02)

non-asians:

66.41 (6.58)

Framingham risk score, N

(%): (polypill) Asian: 23.28

(13.41) non asian: 21.37

(11.99) (placebo) asian:

22.68 (13.31) non-asians:

21.22 (11.96)

(polypill) Asian: 139.86

(14.15)/82.55 (9.14)

Non-Asian: 136.61 (15.16) /

81.38 (9.58) (placebo)

Asian: 139.82 (14.44) /

82.31 (9.00) Non-Asians:

135.96 (14.9) / 81.21 (9.45)

Polyiran 1- polypill 1, (hydrochloro

thiazide 12.5mg, aspirin

81mg, atorvastatin 20mg

and enalapril 5mg.) 2-

(those who develop cough

at follow up): polypill 2,

(valsartan 40mg instead of

enalapril 5mg)

Minimal care 3,421 3,417 mean (95%CI)

59.3

(59.0–59.6)

59.7

(59.4–60.1)

— polypill: SBP: 130.2 DBP:

78.5 minimal care: SBP:

131.9 DBP: 79.2

HOPE 4 Polypill: combination of two

antihypertensives included

an angiotensin receptor

blocker or angiotensin

converting enzyme inhibitor

coupled with a diuretic or

calcium channel blocker,

with atorvastatin at 20mg or

rosuvastatin at 10mg

Usual care 644 727 65.1 (9.1) 65.8 (9.7) Control: 35.5% (22.3)

Intervention: 32.6% (21.4)

Control: SBP: 151.7 (15.6)

DBP: 85.3 (11.9)

intervention: SBP: 152.1

(15.4) DBP: 84.7 (12.0)

SCCS (polypill) once daily

containing: Atorvastatin

10mg, amlodipine 2.5mg,

losartan 25mg, and

hydrochlorothiazide

12.5mg.

Usual care 148 155 56 (6) 56 (6) Control: 13.0 ± 10.1

Intervention: 12.4 ± 8.9

SBP: control: 140 (17)

intervention: 140 (18)

(Continued)
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TABLE 3 | Continued

Study arms Number of patients in each group Age (years)

ID Intervention (the name

and the form of the durg)

Control

(placeob or

another

durg)

Intervention Control Intervention Control Cardiovascular risk Blood pressure (mmHg)

Soliman et al.

(21)

The polypill (Red Heart pill

2b): -aspirin (75mg),

-simvastatin (20 g), -lisinopril

(10mg) and

-hydrochlorothiazide

(12.5mg)

Standard

practice

(management

of their CVD

risk according

to the usual

care given to

participants in

similar

conditions)

105 111 59.0 ± 6.9 59.2 ± 7.4 Polypill: 44.1 ± 20.3

standard practice: 41.6 ±

19.8

SBP: 165.2 ± 18.2

Malekzadeh Polypill:

• Aspirin (81mg)

• Enalapril (2.5mg)

• Etorvastatin (20mg)

• Hydrochlorothiazide

(12.5mg)

Placebo 241 234 59.0 ± 6.5 59.1 ± 7.3 — Polypill: SBP: 124.8 ± 17.3

DBP: 78.4 ± 10.4 placebo:

SBP: 130.3 ± 17.4 DBP:

81.2 ± 9.7

OLSTA 1- FDC therapy (40mg

olmesartan medoxomil,

20mg rosuvastatin)

2- 40mg olmesartan

medoxomil

3- 20mg rosuvastatin

Placebo 1-FDC

therapy group

= 61

2-Olmesartan

medoxomil

group = 36

3-

Rosuvastatin

group = 36

29 1-FDC

therapy group

= 61.9 (8.1)

2-Olmesartan

medoxomil

group = 59.5

(6.9)

3-

Rosuvastatin

group = 61.8

(8.0)

62.5 (8.2) -Intervention: 1-FDC

therapy group = SBP:

150.6 (11.9) DBP: 92.0 (7.4)

2-Olmesartan medoxomil

group = SBP: 150.6 (15.5)

DBP: 93.3 (5.0)

3-Rosuvastatin group =

SBP: 148.9 (13.3) DBP:

92.9 (6.5) -Control: SBP:

152.2 (14.5) DBP: 92.5 (7.0)
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FIGURE 3 | Forest plot of total fatal and non-fatal CV events.

FIGURE 4 | Forest plot of the 12-months-or-less and 5-year follow-up subgroup analysis.

risk-benefit ratio of such a treatment. This meta-analysis may
therefore serve as evidence to convince hesitant physicians
about the benefits of these fixed-dose combination drugs. The
advantages of a polypill regimen, as proven by our meta-
analysis, include a decrease in the incidence of fatal and non-
fatal CV events. In addition, polypill treatment is cost effective
(24, 25); however, cost reductions may still be required in some
developing countries (26).

There are many areas of interest that require further study
regarding polypill use in primary prevention for intermediate-
and high- cardiovascular risk patients. Firstly, additional research
is needed in order to determine the most convenient drug
combination possible for the reduction of the incidence of
ASCVD events. Secondly, polypill trials that stratify patients

according to their cardiovascular risk score should be designed
and conducted.

Implication for Future Practice
Evidence has shown that a risk-based strategy is better than
a blood pressure-based approach or a combination (blood
pressure and risk) strategy in terms of cardiovascular disease
prevention (9). For that reason, we suggest that the prescription
and use of a polypill be based upon risk scores, as shown
in studies such as the TIPS 3, HOPE 4, and SCCS trials.
Efficient CVD prevention should include the judicious use
of evidence-based protocols, founded in the practices of
risk-based management and a team approach. Strategies to
reduce CVD should integrate socioenvironmental approaches
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FIGURE 5 | Forest plot according to risk stratification: intermediate and high-risk patients subgroup analysis.

FIGURE 6 | Forest plot of the difference in the 10-year predicted cardiovascular risk.

FIGURE 7 | Forest plot of the total adverse events.

and community resources into physician care, as well. This
multidimensional treatment plan was successfully illustrated
in the HOPE 4 study, which proved that a comprehensive

model of care involving physicians and family substantially
improved blood pressure control and reduced cardiovascular
disease risk (13, 27).
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FIGURE 8 | Forest plot of treatment discontinuation due to adverse events.

FIGURE 9 | Forest plot of myalgia.

Limitations of This Meta-Analysis
Due to the lack of clinical outcomes in some studies (such as the
SCCS and Soliman trials), we had to utilize the difference in 10-
year predicted cardiovascular risk as another assessment tool in
our analysis.

CONCLUSION

A polypill that combines a lipid-lowering and blood pressure-
lowering drug reduces the incidence of fatal and non-fatal
cardiovascular events in patients with an intermediate and
high risk of cardiovascular disease and could be used as a
primary preventive approach in these patients. Limitations
of previous studies regarding the polypill were all corrected
by the results of the new trials that were included in this
meta-analysis. The fear that the polypill may be a scattergun

approach in primary prevention, leaving a rather asymptomatic
population sentenced to lifelong treatment, was disproven
by our study.
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Objectives: This study examines the initiation of prescribed medication treatments for
cardiovascular risk (antihypertensives, lipid-lowering drugs, oral anticoagulants in atrial
fibrillation, and smoking cessation medications) during the COVID-19 pandemic in the
French population.

Methods: For each year between 2017 and 2021, we used the French National
Insurance Database to identify the number of people with at least one reimbursement
for these medications but no reimbursement in the previous 12 months. We computed
incidence rate ratios (IRRs) between 2017–2019 and, respectively 2020 and 2021 using
Poisson regression adjusted for age and 2017–2019 time trends. We recorded the
number of lipid profile blood tests, Holter electrocardiograms, and consultations with
family physicians or cardiologists.

Results: In 2020, IRR significantly decreased for initiations of antihypertensives
(−11.1%[CI95%, −11.4%;−10.8%]), lipid-lowering drugs (−5.2%[CI95%,
−5.5%;−4.8%]), oral anticoagulants in atrial fibrillation (−8.6%[CI95%, −9.1%;−8.0%]),
and smoking cessation medications (−50.9%[CI95%, −51.1%;−50.7%]) compared
to 2017–2019. Larger decreases were found in women compared to men except
for smoking cessation medications, with the sex difference increasing with age.
Similar analyses comparing 2021 to 2017–2019 showed an increase in the initiation
of lipid-lowering drugs (+ 11.6%[CI95%, 10.7%;12.5%]) but even lower rates for
the other medications, particularly in women. In addition, the 2020 number of
people visiting a family physician or cardiologist decreased by 8.4 and 7.4%.
A higher decrease in these visits was observed in those over 65 years of age
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compared to those under 65 years of age. A greater use of teleconsultation
was found in women.

Conclusion: The COVID-19 pandemic heavily impacted the initiation of
medication treatments for cardiovascular risk in France, particularly in women
and people over 65 years.

Keywords: cardiovascular, medication, initiation, cardiovascular risk, COVID-19 pandemic

INTRODUCTION

Healthcare use has been challenged during the COVID-19
pandemic (1), particularly during the first epidemic wave and
the first lockdown, which lasted from 17 March to 10 May
2020 in France (2, 3). Two subsequent lockdowns, although
less restrictive than the first one, were implemented in France
to contain the second epidemic wave- from 30 October to 15
December- and the third one – from 3 April to 2 May 2021.
Furthermore, a curfew was in place between the second and third
lockdowns because of a constant high circulation of SARS-CoV-2
in France. The dramatic decrease in medical visits during the first
epidemic wave might have delayed and decreased the screening
of arterial hypertension and other cardiovascular risk factors as
well as hampered the initiation of related medication treatments
as found in other studies (4, 5).

The main objective of this study was to analyze time-trends
in the initiation of medication treatments for cardiovascular
risk factors and diseases, such as antihypertensive and lipid-
lowering treatments, smoking cessation medications and oral
anticoagulants in patients with atrial fibrillation among the
overall French population in 2020-2021 compared to 2017–2019.
This first objective included the analysis of age and sex specific
trends. A secondary objective was to analyze healthcare use
during the same periods (family physician (general practitioner)
and cardiologist visits, biological and clinical screening of
cardiovascular risk factors).

MATERIALS AND METHODS

Data Sources
Data from the French National Insurance Databases (“Système
National des Données de Santé”[SNDS]) were used. This
database records reimbursements of health care expenditure
for all persons with French health insurance coverage, which
corresponds approximately to the overall French population,
i.e., approximatively 66 millions of inhabitants (6). All persons
born in France, French or foreign, and legal immigrants are
covered by a universal health insurance. More specifically,
this database contains individual details of all reimbursed
medication treatments delivered outside of hospitals. All
cardiovascular medications are reimbursed in France. Individual
socio-demographic data are also available such as date of birth,
sex, or whether the person is covered by the Complementary
Universal Health Insurance (CMUc), which provides free access
to healthcare to people with a low annual income (6). As all care

might not be reimbursed at 100%, people living in France have
to subscribe to a complementary insurance. For people with low
income, an equivalent of these complementary insurance – the
CMUc – is granted for free.

Population Selection and Cardiovascular
Treatments
For each treatment of interest described below and for each
year from 2017 to 2021, we selected all individuals in France
(both metropolitan France and overseas territories) who had
a first reimbursement for each medication treatment but no
reimbursement in the past 12 months. As restriction measures
were implemented in both metropolitan and overseas regions,
the latter were included in the analysis and represented 3.2%
of the study population. We used data until 23 May 2021
(week 20). Medication treatments for hypertension, dyslipidemia,
smoking cessation and atrial fibrillation were considered,
including antihypertensive, lipid-lowering agents (statins or
others), smoking cessation products (nicotine replacement
therapy (NRT) or varenicline), and oral anticoagulants when
used for the prevention of thrombo-embolism in patients
with atrial fibrillation (vitamin-K antagonist or direct oral
anticoagulants). For antihypertensive medications, we first
looked at the initiation of an antihypertensive medication
whatever the class, and then according to the main classes
of antihypertensive medications namely diuretics, betablockers,
calcium channel blockers, angiotensin-converting enzyme (ACE)
inhibitors and angiotensin II receptor blockers (ARBs). All
these treatments were identified using “Anatomical Therapeutic
Chemical Classification” (ATC) C02 except for C02CA02
(indoramin mainly used for migraine treatment), C03 (diuretics),
C07 (betablocker), C08 (calcium channel blocker [CCB]), C09
(renin-angiotensin antagonist) for antihypertensives, N07BA
(NRT, varenicline) for smoking cessation medications, C10 for
lipid-lowering agents, B01AA (vitamin-K antagonist), B01AE07
(dabigatran), B01AF01 (rivaroxaban), and B01AF02 (Apixaban)
for oral anticoagulant use in atrial fibrillation (edoxaban not yet
commercialized in France). The use of oral anticoagulants in
atrial fibrillation indication was determined using an algorithm
described previously (7, 8). Briefly, the algorithm attributed the
AF indication of oral anticoagulants regarding specific medical
procedures, hospital diagnoses, delivery of other drugs and the
presence of a competing cause (orthopedic surgery, venous
thromboembolism, valvulopathy, etc. . .).

Some treatments, particularly antihypertensive medications,
might not be prescribed for hypertension but in secondary
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TABLE 1 | Numbers and characteristics of people who initiated a therapy of interest between 2017 and 2021, and corresponding age-standardized rates in France.

Antihypertensive medication Lipid-lowering treatment Oral anticoagulants for atrial fibrillation Smoking cessation medications

2017 2018 2019 2020 2021a 2017 2018 2019 2020 2021a 2017 2018 2019 2020 2021a 2017 2018 2019 2020 2021a

Number of persons initiating treatment

1,491,569 1,513,627 1,642,450 1,518,686 NA 817,259 800,615 896,118 873,747 NA 224,756 229,956 243,213 227,409 NA 327,872 675,257 865,697 696,351 NA

Age-standardizedb rates of persons initiating treatment

All sexes 2.2% 2.3% 2.4% 2.2% NA 1.2% 1.2% 1.3% 1.3% NA 313.2c 310.6c 318.8c 309.1c NA 0.5% 1.0% 1.3% 1.0% NA

Men 2.1% 2.1% 2.2% 2.1% NA 1.4% 1.3% 1.4% 1.3% NA 408.8c 399.5c 392.6c 401.8c NA 0.5% 1.0% 1.3% 1.1% NA

Women 2.3% 2.4% 2.6% 2.4% NA 1.1% 1.1% 1.3% 1.2% NA 238.3c 240.5c 259.5c 237.1c NA 0.5% 1.0% 1.3% 1.0% NA

Characteristics

Mean age, years 56.7 57.3 58.4 57.9 58.1 62.6 63.2 64.1 63.9 63.9 75.3 75.2 75.2 75.0 75.0 47.5 47.7 46.9 46.9 47.5

Age groups,%

<45 23.2 22.1 20.3 21.1 20.7 8.9 8.2 7.3 7.5 7.2 2.1 2.2 2.2 2.4 2.5 40.6 39.6 42.4 43.1 41.8

45–64 42.7 42.4 41.2 41.4 41.5 45.7 44.5 42.3 42.6 42.8 15.6 15.6 15.4 15.8 15.9 49.1 49.2 47.0 46.1 46.2

65–74 18.6 19.2 20.9 20.8 20.9 25.9 27.0 28.8 29.1 29.2 25.0 25.3 25.7 26.2 25.8 8.9 9.6 9.0 9.2 10.1

75–84 10.1 10.6 11.9 11.1 11.4 14.0 14.6 15.9 15.1 15.3 31.6 31.1 30.9 30.1 30.1 1.3 1.5 1.4 1.5 1.8

≥85 5.4 5.6 5.8 5.6 5.6 5.5 5.7 5.8 5.7 5.5 25.7 25.9 25.7 25.4 25.7 0.1 0.1 0.2 0.2 0.2

Women,% 55.5 55.9 58.2 56.3 55.1 48.7 48.7 52.0 51.0 50.5 45.2 45.5 47.3 46.0 45.6 50.4 50.0 49.7 49.5 49.2

History of
cardiovascular
diseases,%

24.1 24.7 24.7 25.1 23.5 42.0 43.8 42.0 42.3 39.2 81.7 79.6 76.1 73.7 69.3 19.7 19.9 19.2 19.9 20.4

CMUc,% 11.3 11.1 11.0 11.9 12.6 11.2 11.0 10.7 11.7 12.4 7.2 6.8 7.1 7.9 8.7 7.6 11.6 13.3 14.8 16.5

Nursing home,% 12.7 12.4 11.3 5.7 4.9 13.7 13.4 12.2 6.2 5.5 17.5 17.1 16.3 9.8 8.8 6.0 8.8 10.1 4.5 3.7

aUp to week 20 (23 May 2021); brates standardized based on the age structure of the 2017 French census population; crates per 100,000 inhabitants.
Italics: month of May incomplete for the year 2021.
NA: not applicable; CMUc: Complementary Universal Medical Coverage.
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prevention after an ischemic event for instance. Therefore we
conducted complementary analyses by dissociating initiation of
these medications in people with a history of cardiovascular
disease from people without such history.

Covariates
The following socio-demographics data were collected: age, sex,
CMUc for people under 60 years, and whether the person lived
in a nursing home. For those who initiated antihypertensive
medication, lipid-lowering medication or smoking cessation
medications, a history of cardiovascular disease was searched
in the past 5 years according to the hospital diagnosis of
cardiovascular disease or long-term disease status (LTD) using
International Classification of Disease-10th revision (ICD-
10) codes.

Healthcare Consumptions Related to the
Initiation of Cardiovascular Risk
Treatments
In 2019 and 2020, medical visits with family physicians or
cardiologists were recorded, with a limit of one visit per week
per person. The number of teleconsultations with a family
physician or a cardiologist was also distinguished. In France,
teleconsultation has been authorized since June 2018. However,
its use remained very low until the COVID-19 pandemic.
Then, a 100% reimbursement of teleconsultations was acted
in March 2020, prolonged until 2022. Furthermore, a phone-
only teleconsultation was eligible to full reimbursement from
April to May 2020.

For the years 2017–2021, reimbursements for blood sample
analysis for lipid profile were searched using codes from the
Nomenclature of Procedures in Laboratory Medicine and the use
of Holter electrocardiogram (ECG) using codes from the French
Medical Classification for Clinical Procedures. Two different
measures were computed: the number of patients with at least
one procedure in the year and the overall number of these
procedures per year.

Statistical Analysis
Using the national census population data provided by the
National Institute of Statistics and Economic Studies, we
calculated the rates of persons initiating the above-mentioned
treatments of interest in France from 2017 to 2021. These rates
were given by year, sex and age as national statistics gave us
population census according to sex and age. Then, we estimated
the annual incidence rate ratio (IRR) and weekly IRR between
2020–2021 and the previous time-period of 2017–2019 using
Poisson regression adjusted for age and time trends from 2017
to 2019. In these regressions models, the census population was
used as offset variable, and all were checked for over-dispersion.
Models were stratified according to sex and age groups. We
conducted a sensitivity analysis using an interrupted time series
analysis to evaluate level changes introduced by the COVID-
19 pandemic regarding the initiation of medication of interest.
Results were detailed in Supplementary Material.

Statistical analyses were conducted using SAS
Entreprise Guide 9.4.6.0.

Ethics Approval
In line with French governmental regulations and the National
Ethics Committee, no patient consent was required. The
databases used in the study contained pseudonymized patient
information. Furthermore, full access to the SNDS is granted to
the National Agency for Public Health (Santé Publique France)
by decree (regulatory decision DE-2011-078).

RESULTS

Time Trends in the Initiation of Medical
Treatment
In 2020, 1,518,686 persons initiated antihypertensive medication,
8,73,747 lipid-lowering medications, 2,27,409 oral anticoagulants
in atrial fibrillation indication, and 6,96,351 smoking cessation
medications (Table 1 and Supplementary Table 1). These
numbers and the corresponding age-standardized rates were
lower in 2020 than in 2019 regardless of the treatment (Table 1
and Supplementary Table 1). This observation was made for
both men and women.

After accounting for age and 2017–2019 time trends, IRRs
(Figure 1 and Supplementary Table 2) showed an overall
decrease in the initiation of antihypertensive medications
(−11.1%[CI95%, −11.4%;−10.8%]), lipid-lowering medications
(−5.2%[CI95%, −5.5%;−4.8%]), oral anticoagulants for atrial
fibrillation (−8.6%[CI95%, −9.1%;−8.0%]), and smoking
cessation medications (−50.9%[CI95%, −51.1%;−50.7%]) in
2020 compared to 2017–2019. Regarding antihypertensive
medications, a greater decrease was recorded for diuretics
(−19.6%[CI95%, −20.1%; −19.1%]) and angiotensin-
receptor blockers (ARBs) (−18.7[CI95%, −19.2%; −18.1%])
(data not shown).

During the first lockdown of 2020, the initiation of
the treatments of interest fell sharply down (−30% for
antihypertensive therapy, −38% for lipid-lowering medications,
−70% for oral anticoagulants in atrial fibrillation indication,
and −69% for smoking cessation medications) (Figure 1 and
Supplementary Table 2). After the first lockdown, despite
less marked decreases in the initiation of these treatments,
the rates did not return to normal for the initiation of
antihypertensive medications (−12%, respectively in weeks 20–
43 and −3% in weeks 44–51 of 2020 compared to the same
weeks in 2017–2019), oral anticoagulants in atrial fibrillation
indication (−7% in weeks 20–43 and −3% in weeks 44–51)
and smoking cessation medications (−50% for weeks 20–43 and
44–51). A significant increase in the initiation of lipid-lowering
medications was nevertheless found for the second lockdown of
2020 (+ 8% compared to same weeks in 2017–2019) (Figure 1 and
Supplementary Table 2).

In early 2021, different time-trends were observed with a
lower decrease in the initiation of antihypertensive therapy
in 2021 (−3.8%[CI95%, −4.4%;−3.2%]) than in 2020
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FIGURE 1 | Incidence rate ratio (IRR)a and 95% confidence intervals (95% CI) between the rates of treatment initiation, respectively in 2020 and 2021 compared to
the rates of initiation in 2017–2019 according to lockdown/curfew time-periods. Gray: lockdown period; light gray: curfew period. aadjusted for age and 2017–2019
time trends; W: weeks.
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(−11.1%[CI95%, −11.4%;−10.8%]) compared to 2017–
2019 as well as for oral anticoagulant for atrial fibrillation
(−4.9%[CI95%, −6.1%; −3.6%] in 2021 vs. −8.6%[CI95%,
−9.1%;-−8.0%] in 2020) (Figure 1 and Supplementary
Table 2). An increase in the initiation of lipid-lowering
medications (+ 11.6%[CI95%, 10.7%;12.5%]) was found
in 2021 compared to 2017–2019 whereas initiation of
smoking cessation medications continued to decrease in
2021, increasing the gap with previous time period in 2017–
2019 (−77.8%[CI95%, −78.1%;−77.6%]) (Figure 1 and
Supplementary Table 2).

Differences According to Sex, Age, and
History of Cardiovascular Diseases
When looking at the time trends in the initiation of the
treatments of interest according to sex, age, and history of
cardiovascular disease, substantial differences were observed
(Figure 2 and Supplementary Figures 1–3).

First, according to sex, greater decreases were registered
in women compared to men regarding the initiation of
antihypertensive medication (−15.6%[CI95%, −15.9%;
−15.3%] vs. −4.8%[CI95%, −5.2%; −4.4%], p < 0.0001),
lipid-lowering medications (−9.4%[CI95%, −9.9%; −8.9%]
vs. −0.8%[CI95%, −1.3%; −2.4%], p < 0.0001), and
oral anticoagulants for atrial fibrillation (−11.9%[CI95%,
−12.7%;−11.2%] vs. −5.3%[CI95%, −6.1%; −4.5%], p < 0.0001)
between 2020 and 2017–2019 (Figure 2). These differences
persisted in 2021 according to sex: the time trends between
2017–2019 and 2021 were + 4.5%[CI95%, 3.5%;5.4%] vs.
−9.8%[CI95%, −10.6%; −9.1%] (p < 0.0001) for the initiation
of antihypertensive medication, + 16.3%[CI95%, 14.9%; 17.6%]
vs. + 7.0%[CI95%, 5.7%; 8.2%] (p < 0.0001) for lipid-lowering
medications initiation, and −1.1%[CI95%, −2.9%;−0.7%]
vs. −8.7%[CI95%, −10.4%; −7.0%] (p < 0.0001) for oral
anticoagulants in atrial fibrillation indication for men and
women, respectively. On the contrary, no difference between
men and women was found for the initiation of smoking
cessation medications.

Second, except for prescribed smoking cessation
medications, the decrease in the initiation of the other
treatments of interest between 2017–2019 and 2020
intensified with age, with the highest decrease recorded in
people aged 75−84 years with −24.0%[CI95%, −24.7%;
−23.4%] for antihypertensive medications, −15.4%[CI95%,
−16.2%; −14.5%] for lipid-lowering medications, and
−11.1%[CI95%, −12.1%; −10.0%] for oral anticoagulants
in atrial fibrillation indication (Supplementary Figure 1).
The differences observed between men and women
also varied with age with higher differences in the
elderly (Figure 2).

Third, the sex and age differences highlighted above were
accentuated when looking at the initiation of treatments in people
without a history of cardiovascular disease (−1.6%[CI95%,
−2.1%; −1.1%] and −15.6%[CI95%, −15.9%; −15.2%] in men
and women, respectively (p < 0.0001), for antihypertensive
medication, and + 4.0%[CI95%, 3.2%; 4.9%] and −12.8%[CI95%,

−13.4%; −12.2%] for lipid-lowering treatment (p < 0.0001))
(Supplementary Figure 2 and Supplementary Table 3).

Time Trends of Other Healthcare-Related
Uses
In-Patients Visits vs. Teleconsultations
Family physician and cardiologist visits declined by 8.4 and
7.4%, respectively, between 2019 and 2020 (Table 2). The largest
decreases were found in people under 65 years for family
physicians (−9.6%) and those aged over 85 years for cardiologists
(−8.7%). Except in the under 65 age group, a greater decrease
in family physician visits was found in women compared to
men (respectively −5.1 and −3.9% in 65–74 age group, −7.5
and −5.8% in the 75–84 age group, and −5.8 and −4.1% in
≥85 age group). Furthermore, teleconsultations increased more
in women aged 65–74 years compared to men of the same age
group, reaching 4.2% of family physician visits in women aged
65–74 years between 2019 and 2020 vs. 4.0% in men of the same
age, and 4.4 and 4.1% of family physician visits in women and
men aged 75–84 years old, respectively (Table 2). By contrast,
in these age groups, the number of in-patient family physician
visits decreased more in women (−9.1 and −11.6%) than in men
(−7.8 and −9.7%). Regarding cardiologist visits, the decrease
between 2019 and 2020 was only greater in women compared to
men over 75 years.

Lipid Blood Tests
The rates of persons who had at least one reimbursement for
lipid blood profiling decreased by −5.3%[CI95%, −5.4%; −5.3%]
between 2017–2019 and 2021, similarly in men and women
(Table 3 and Supplementary Table 4). A larger decrease was
observed among people aged under 45 years (−9.3%[CI95%,
−9.5; −9.2%]) compared to the eldest age group over 85 years
(−2.7%[CI95%, −3.0%; −2.4%]). In 2021, the rates were
similar as compared to 2017–2019 in both men and women
for all age groups.

Holter Electrocardiogram
The use of Holter ECG globally decreased by −3.0%[CI95%,
−3.4%; −2.7%] in 2020 compared to 2017–2019, with a greater
decrease among people aged under 45 years (−7.9%[CI95%,
−8.7; −7.0%]) and an increase observed in those aged
over 85 years (+ 10.4%[CI95%, 9.2; 11.6%]) (Table 3 and
Supplementary Table 4). The use of Holter ECG increased in
2021 compared to 2017–2019 (+ 6.8%[CI95%, 6.0%; 7.6%]).

DISCUSSION

A marked decrease in the initiation of cardiovascular risk
main treatments was observed during the first year of the
COVID-19 pandemic. Women and the oldest age groups seemed
to be more impacted, particularly regarding the initiation of
antihypertensive medication. Although a catch-up effect might
be seen for lipid-lowering medications or in the youngest age
groups in 2021, the initiation rates for other treatment of the
cardiovascular risk remained generally lower in 2021 compared
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FIGURE 2 | Incidence rate ratio (IRR)a and 95% confidence intervals (95% CI) between rates of initiation of treatments, respectively in 2020 and 2021 compared to
the rates of initiation in 2017–2019 according to sex by age group. aadjusted for age and 2017–2019 time trends; IRRs: Incidence rate ratios; Blue: men; Orange:
women.

to time-period prior to the COVID-19 pandemic, especially
in women. Concomitantly, a decrease in family physician and
cardiologist visits along with a surge in teleconsultations was
found with variations according to sex and age.

The implications of the COVID-19 pandemic regarding the
incidence and management of cardiovascular diseases and their
risk factors was predictable (5). Overall, this could be caused by
a decrease in healthcare visits during the pandemic, leading to a
decrease in the screening of hypertension, hypercholesterolemia
and atrial fibrillation, and a less consideration of smoking. The
initiation of antihypertensive medication and oral anticoagulants
in atrial fibrillation was indeed the most impacted according
to our results. Alexander et al. found the large decreases
in blood pressure (−50.1%) and cholesterol level assessments
(−36.9%) in 2020 compared to 2018–2019 in the United States,
highlighting that these assessments were significantly less
common during telemedicine than during in-person visits
(9.6% vs. 69.7% for blood pressure; 13.5% vs. 21.6% for
cholesterol) (4). Telehealth visits were associated with fewer
new medication prescriptions in another American study
examining how the pandemic impacted outpatient cardiology
care (9). Although people could access telehealth consults
instead of in-person visits with a more equitable access to
healthcare, many patients did not visit a medical doctor
at all. The increase in telehealth consultation during the
COVID-19 pandemic did not compensate the decrease of in-
person visits.

At the beginning of the pandemic, it was hypothesized
that angiotensin-converting-enzyme (ACE) inhibitors and ARB
medications was associated with a higher risk and severity of
infection by SARS-CoV-2. Several studies thereafter showed the
absence of an association or the lower risk or severity of SARS-
CoV-2 infection in patients treated with these medications (10–
13), including in France (14). Our results suggested no clear
impact of this controversy on the initiation of ARB and ACE
inhibitors medications that could be related to the quick denials
of cardiology societies.

The lower rates for the initiation of oral anticoagulants
for atrial fibrillation during the pandemic was observed
elsewhere (15, 16) and was consistent with the decrease in
both family physician and cardiology visits as well as the use
of Holter ECG. The increased use of teleconsultations might
have been particularly harmful for the opportunistic screening
of asymptomatic hypertension or atrial fibrillation. Although
teleconsultation was well accepted during the pandemic, it
does not allow a proper clinical examination, with a risk
of underdiagnosis and low rates of treatment initiation as
reported elsewhere (17, 18). Regarding hypertension, no specific
recommendation on the use of telehealth services for the
screening was mentioned in the latest recommendations from the
societies of Hypertension. Only an international consensus from
the World Heart Federation was published (19). This position
paper remained very general and reported telehealth experiences
more in the management of already diagnosed hypertension
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TABLE 2 | Numbers and 2019–2020 time trends (%) of family physician and cardiology visits according to sex, age, and type of visit (in-person visit or teleconsultations).

All Men Women

2019 2020 Trends 2019 2020 Trends 2019 2020 Trends

All Family physician visits 256902333 235339827 −8.4% 106959033 98152850 −8.2% 149943300 137186977 −8.5%

Family physician teleconsultations 88054 13133132 31872 5036430 56182 8096702

In-person family physician visits 256814279 222206695 −13.5% 106927161 93116420 −12.9% 149887118 129090275 −13.9%

Cardiologist visits 11665744 10803323 −7.4% 6246327 5784830 −7.4% 5419417 5018493 −7.4%

Cardiologist teleconsultations 619 68984 321 37168 298 31816

In-person cardiologist visits 11665125 10734339 −8.0% 6246006 5747662 −8.0% 5419119 4986677 −8.0%

<65 Family physician visits 179511055 162188615 −9.6% 75636371 68265123 −9.7% 103874684 93923492 −9.6%

Family physician teleconsultations 77451 9977869 27539 3790710 49912 6187159

In-person family physician visits 179433604 152210746 −15.2% 75608832 64474413 −14.7% 103824772 87736333 −15.5%

Cardiologist visits 4811191 4432193 −7.9% 2619744 2398400 −8.4% 2191447 2033793 −7.2%

Cardiologist teleconsultations 321 27377 188 14803 133 12574

In-person cardiologist visits 4810870 4404816 −8.4% 2619556 2383597 −9.0% 2191314 2021219 −7.8%

65–74 Family physician visits 36232730 34564327 −4.6% 16075597 15443282 −3.9% 20157133 19121045 −5.1%

Family physician teleconsultations 4735 1411667 2307 615987 2428 795680

In-person family physician visits 36227995 33152660 −8.5% 16073290 14827295 −7.8% 20154705 18325365 −9.1%

Cardiologist visits 3270387 3080580 −5.8% 1862606 1752099 −5.9% 1407781 1328481 −5.6%

Cardiologist teleconsultations 94 19018 63 10988 31 8030

In-person cardiologist visits 3270293 3061562 −6.4% 1862543 1741111 −6.5% 1407750 1320451 −6.2%

75–84 Family physician visits 25525998 23781618 −6.8% 10411888 9807779 −5.8% 15114110 13973839 −7.5%

Family physician teleconsultations 3047 1020489 1213 406943 1834 613546

In-person family physician visits 25522951 22761129 −10.8% 10410675 9400836 −9.7% 15112276 13360293 −11.6%

Cardiologist visits 2508825 2309188 −8.0% 1302071 1206026 −7.4% 1206754 1103162 −8.6%

Cardiologist teleconsultations 79 15313 37 8157 42 7156

In-person cardiologist visits 2508746 2293875 −8.6% 1302034 1197869 −8.0% 1206712 1096006 −9.2%

≥85 Family physician visits 15632550 14805267 −5.3% 4835177 4636666 −4.1% 10797373 10168601 −5.8%

Family physician teleconsultations 2821 723107 813 222790 2008 500317

In-person family physician visits 15629729 14082160 −9.9% 4834364 4413876 −8.7% 10795365 9668284 −10.4%

Cardiologist visits 1075341 981362 −8.7% 461906 428305 −7.3% 613435 553057 −9.8%

Cardiologist teleconsultations 125 7276 33 3220 92 4056

In-person cardiologist visits 1075216 974086 −9.4% 461873 425085 −8.0% 613343 549001 −10.5%

than in the screening. Regarding AF, strategies of heart rate
and rhythm monitoring through teleconsultation were spread
in order to allow the screening of atrial fibrillation despite
the COVID-19 pandemic, namely TeleCheck-AF (20, 21). An
increase by 20% in the number of ECG with remote transmission
was observed in 2020 compared to 2019 (data not shown).
However, TeleCheck-AF approach was mainly developed to
remotely detect AF episodes in patients who have been diagnosed
for AF by ECG before.

A drop in the initiation of the use of prescribed smoking
cessation medications was observed in our study with no rebound
in 2021. The drop took into account the time-trend before the
pandemic which showed almost a doubling in the initiation
of prescribed smoking cessation medications between 2017 and
2019. Between 2017 and 2018, the doubling could be related to the
national prevention campaign “Tobacco-Free Month” launched
in October 2016 (22) with particularly substantial increase during
the month of the campaign (data not shown). Between 2018
and 2019, the time-trend could also be related to a change
in the reimbursement of these smoking cessation medications

which have become fully reimbursed since, when prescribed by
a physician. On the contrary the French Monitoring Centre for
Drugs and Drug Addiction (OFDT) showed an increase by 4%
of smoking cessation medications (delivered OTC or prescribed)
in 2020 compared to 2019 (23). Therefore, our study showed
a substantial impact of the pandemic on prescribed smoking
cessation medication that could be related to the decrease in
physician visits. This decrease might have been compensated
by the increase in OTC smoking cessation medications. The
effectiveness of NRT (the most sold of the smoking cessation
medication) being higher when prescribed by a physician, the
increase in OTC medication sales may be associated with a lower
rate of effective smoking cessation in France in 2020. A British
study carried out during the 2006–2018 period showed that the
use of OTC NRTs was not related with self-reported tobacco
abstinence, contrary to prescribed ones (24). Thus, the increase
in OTC medication sales may be associated with a lower rate
of effective smoking cessation in France in 2020. Several studies
showed an increase in tobacco use among current smokers (25–
27), including in France (28), and a decrease in the motivation
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TABLE 3 | Incidence rate ratio (IRR)* and 95% confidence intervals (95% CI) for the rates of people with at least one lipid blood test and one Holter ECG in 2020 and
2021 compared to the rates in 2017–2019.

Lipid blood test Holter ECG

2020 2021 (W1-W20) 2020 2021 (W1-W20)

Total 0.94[0.94–0.94] 1.01[1.01–1.01] 0.97[0.97–0.98] 1.07[1.06–1.08]

Men 0.94[0.94–0.94] 0.99[0.99–0.99] 0.98[0.97–0.98] 1.06[1.05–1.07]

Women 0.95[0.94–0.95] 1.03[1.02–1.03] 0.97[0.97–0.98] 1.08[1.06–1.09]

<45 0.90[0.90–0.90] 1.00[1.00–1.00] 0.92[0.91–0.93] 1.03[1.01–1.05]

45–64 0.94[0.93–0.94] 1.03[1.03–1.03] 0.95[0.94–0.95] 1.07[1.05–1.08]

65–74 0.97[0.97–0.97] 0.99[0.99–1.00] 0.96[0.95–0.97] 1.04[1.02–1.05]

75–84 0.97[0.97–0.97] 1.01[1.01–1.02] 0.99[0.98–1.00] 1.08[1.07–1.10]

≥85 0.98[0.98–0.98] 0.99[0.98–1.00] 1.13[1.11–1.14] 1.17[1.14–1.19]

< 45 Men 0.88[0.87–0.88] 0.96[0.96–0.97] 0.93[0.92–0.95] 1.02[0.99–1.05]

Women 0.91[0.91–0.92] 1.02[1.01–1.02] 0.91[0.90–0.93] 1.03[1.00–1.06]

45–64 Men 0.93[0.93–0.93] 1.01[1.01–1.01] 0.97[0.96–0.98] 1.09[1.07–1.11]

Women 0.94[0.94–0.94] 1.05[1.04–1.05] 0.93[0.92–0.94] 1.05[1.03–1.07]

65–74 Men 0.97[0.97–0.97] 0.97[0.97–0.98] 0.97[0.96–0.98] 1.03[1.01–1.05]

Women 0.97[0.97–0.98] 1.01[1.01–1.02] 0.96[0.95–0.97] 1.04[1.02–1.06]

75–84 Men 0.97[0.96–0.97] 1.00[0.99–1.00] 0.98[0.97–0.99] 1.05[1.03–1.08]

Women 0.97[0.97–0.97] 1.03[1.02–1.03] 1.00[0.98–1.01] 1.11[1.09–1.14]

≥85 Men 0.97[0.97–0.98] 0.98[0.97–0.99] 1.08[1.06–1.10] 1.12[1.08–1.16]

Women 0.98[0.98–0.99] 1.00[0.99–1.00] 1.16[1.14–1.18] 1.20[1.16–1.24]

* adjusted for age and 2017–2019 time trends.

to quit (29). A US study also showed a dramatic decrease in the
use of quit lines (30). Nevertheless, these changes mainly affected
adults under 50 years of age in France (28). The polemic appeared
in May 2020 around the potential protective effect of nicotine
against SARS-CoV-2 infection and severity did not seem to have
led to an increase in reimbursed smoking cessation medications.
The government had limited the delivery of smoking cessation
medications by fear of a rush to drugstore following this polemic.
Finally, OFDT showed a massive increase in oral form of smoking
cessation medications instead of nicotine patch.

The greater decrease in the initiation of treatments observed
in older women aged 65–84 compared to men of the same age
group between 2017–2019 and 2020 could relate to the larger
decrease in family physician visits alongside the higher use of
teleconsultations in women compared to men of this age group.
This observation highlighted the different healthcare attendance
and use of telemedicine during the pandemic according to age
and sex. A study in the United States showed higher use of
telemedicine among women during the pandemic compared to
men (31). A decrease in gynecology visits has been observed
in France in 2020 compared to 2019 and could be related
to the higher decrease in women even in older age groups
(data not shown).

Finally, we cannot exclude that the real incidence of
cardiovascular risk factors decreased since the beginning of the
pandemic due to change in people’s behavior or diet and a
reduction of professional and other stress. A study showed a
decrease in blood pressure during the first lockdown in France
(32). However, it seems less likely that these changes would
have so quickly impacted blood pressure, lipid profile, or atrial

fibrillation incidence. On the contrary, several studies showed an
increase in sedentary behaviors, a decrease in physical activity
and an increase in depression rates during the pandemic (33–36),
which could lead to an increase in the incidence of cardiovascular
risk factors (37), with the same limitations between the exposure
to such behaviors and the incidence of arterial hypertension,
hypercholesterolemia, or atrial fibrillation. Furthermore, studies
on the impact of the COVID-19 pandemic on behavioral
determinants of health revealed mitigated results (38–44) and
were limited to the first epidemic wave, although the persistence
of this impact has not been explored. We cannot also exclude that
a decrease in the incidence of cardiovascular risk factors could be
related to the death of patients at high cardiovascular risk because
of SARS-CoV-2 infection. The decrease in overall cardiology
procedures in 2020 vs. 2019 (data not shown) might indeed be
due to a decrease in cardiovascular patients independently of the
decrease in the number of cardiology visits.

A “catch-up” effect could be hypothesized for the initiation of
lipid-lowering medications in the first months of 2021 although
a lesser increase in lipid blood test rates was found. This could
be also explained by the increase in visits to a cardiologist
and an endocrinologist that has been found during the second
lockdown whereas rates of visits to a family physician continue
to decrease at that time (data not shown). The increase in rates
of initiation of lipid-lowering medications in 2021 could also
be related to constant increase in the use of these medications
due to changes in the guidelines for circulating cholesterol
concentrations achievement toward always reduced cholesterol
levels. The latest guidelines dated from 2019 (23). Furthermore,
no rush to visit a family physician or a cardiologist was observed
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before the first lockdown in France on the contrary to a marked
stock of medical treatments. No “catch-up” effect was found
for the other medications. This might be explained by the
continuous decrease in family physician visits. It also suggested
that the “catch-up” effect for lipid-lowering medication might
be related to the latest guidelines, a specific change for these
medications only.

Clinical and Public Health Implications
These findings have important implications in the field of
cardiovascular disease prevention. There could be a larger pool
of patients at risk of cardiovascular diseases today compared to
the pre-pandemic time period. The population was differentially
impacted according to sex and age, which imply the need for
sex-specific prevention. Women over 65 years old seemed to
pay a high price during the COVID-19 pandemic, although this
could be related to a decline in the screening of cardiovascular
diseases in women. The Lancet commission on women and
cardiovascular diseases alerts about “the stagnation on the
overall reduction of cardiovascular disease burden for women
in the past decade,” as “cardiovascular disease in women
remains understudied, under-recognized, underdiagnosed, and
undertreated” (45). Greater attention should also be paid to
people who used teleconsultations during the pandemic or had
fewer medical visits.

Limitations
This study analyzed main treatments for cardiovascular risk
and diseases, and therefore only the treated patients with
arterial hypertension, hypercholesterolemia, or atrial fibrillation.
The initiation of some antihypertensive medications could also
be related to a cardiovascular event and not hypertension
itself. To deal with this confusion, we studied the initiation
of medications, respectively in people with a history of
cardiovascular diseases and in people without such history.
Almost all reimbursements of these treatments were recorded
with the exception of treatments delivered in nursing homes
with an in-house pharmacy. Nevertheless, only 21% of nursing
homes have an in-house pharmacy in France, and a very
small part of our treatment of interest was initiated when
the patient was already in these healthcare structures (46).
Furthermore, approximately 600,000 persons live in medical
institutions in France, equivalent to less than 1% of the
population. Regarding smoking cessation medications, these
treatments are not exhaustively registered in our database as an
unknown proportion is sold without prescription. Our analysis
did not take into account OTC medications for hypertension,
hypercholesterolemia or atrial fibrillation which are very rare in
France for these conditions. OTC smoking cessation medications
are on the contrary usually used in France. Therefore our
study only reflected the impact of the COVID-19 pandemic
on prescribed smoking cessation medications and therefore
physician visits. Finally, antidiabetic medications were not
included in our study despite diabetes put patients at high
cardiovascular risk, because of a current study lead specifically
for this treatment.

CONCLUSION

The pandemic had a major impact on the initiation of
cardiovascular medication treatments and therefore the
incidence and/or screening of cardiovascular risk factors,
particularly in women, which could have consequences on the
incidence of cardiovascular diseases in the near future. Lower
rates of treatment initiations were found in 2021 compared to the
period prior to the pandemic for antihypertensive medications
and women aged over 65 years. The effect of the exponential
use of teleconsultations on the screening and management of
cardiovascular risk factors should be the focus of further research
as well as the decrease in the overall number of physician visits
which was not compensated after the first national lockdown.
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Background: Despite the spread of ST-elevation myocardial infarction (STEMI)

emergency intervention networks, inequalities in healthcare access still have a negative

impact on cardiovascular prognosis. The Family Income Ratio of Barcelona (FIRB) is a

socioeconomic status (SES) indicator that is annually calculated. Our aim was to evaluate

whether SES had an effect on mortality and complications in patients managed by the

“Codi IAM” network in Barcelona.

Methods: This is a cohort study with 3,322 consecutive patients with STEMI treated

in Barcelona from 2010 to 2016. Collected data include treatment delays, clinical and

risk factor characteristics, and SES. The patients were assigned to three SES groups

according to FIRB score. A logistic regression analysis was conducted to estimate the

adjusted effect of SES on 30-day mortality, 30-day composite cardiovascular end point,

and 1-year mortality.

Results: The mean age of the patients was 65 ± 13% years, 25% were women, and

21%had diabetesmellitus. Patients with low SESwere younger, more often hypertensive,

diabetic, dyslipidemic (p < 0.003), had longer reperfusion delays (p < 0.03) compared to

participants with higher SES. Low SES was not independently associated with 30-day

mortality (OR: 0.95;9 5% CI: 0.7–1.3), 30-day cardiovascular composite end point (OR:

1.03; 95% CI: 0.84–1.26), or 1-year all-cause mortality (HR: 1.09; 95% CI: 0.76–1.56).
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Conclusion: Although the low-SES patients with STEMI in Barcelona city were younger,

had worse clinical profiles, and had longer revascularization delays, their 30-day and

1-year outcomes were comparable to those of the higher-SES patients.

Keywords: ST-elevationmyocardial infarction, reperfusion, primary percutaneous coronary intervention, mortality,

inequalities

INTRODUCTION

Ischaemic heart disease is the leading component of
cardiovascular disease (CVD), which is the first cause of
mortality and morbidity worldwide (1, 2). Loss in quality-of-life
and mortality due to cardiovascular disease has globally declined
because of the implementation of evidence-based treatments and
early and efficient management of acute coronary syndromes
(ACSs), as well as appropriate drugs for secondary prevention
and cardiac rehabilitation (3). Improvements in morbidity and
survival after an ACS have spread unevenly throughout world
regions, and they are more developed and implemented often
in high-income countries (4). These differences may be partially
explained by varying ACS emergency management modalities
and population epidemiologic settings, including the influence
of socioeconomic status (SES).

Multiple studies have shown that SES, measured by education
level, occupation, or income, is associated with cardiovascular
risk factors and outcomes after acute myocardial infarction
(5–7). Even in high-income countries, poor socioeconomic
circumstances may limit access to and increase delays in
revascularization procedures, resulting in larger infarct size,
lower compliance to secondary prevention drugs, and in general,
poor application of and compliance with specialized state-of-the-
art cardiac treatments (8, 9).

Implementation of coordinated and standardized treatment
networks for acute ST-elevation myocardial infarction (STEMI)
increases detection, decreases treatment times, and increases
survival in all kinds of socioeconomic environments (6, 10).

The aim of this study was to analyze whether low SES
determines more 30-day complications and 1-year all-cause
mortality in patients with STEMI managed by the “Codi Infart
Agut de Miocardi amb Elevació ST (Codi IAM)” emergency
STEMI care network in Barcelona in a contemporary cohort from
a European southern city.

MATERIALS AND METHODS

Population
In this retrospective cohort study, we included patients from
the registry of the “Codi IAM” emergency management
network diagnosed with STEMI from 2010 to 2016 who
were residents of Barcelona. The registry includes, in

Abbreviations: ACS, Acute coronary syndrome; BMS, bare-metal stent; CHD,

coronary heart disease; DES, drug-eluting stent; ECG, electrocardiogram; EMS,

emergency medical system; FIRB, Family Income Ratio of Barcelona; OSs,

onset of symptoms; PCI, percutaneous coronary intervention; PPCI, primary

percutaneous coronary intervention; SES, socioeconomic status; STEMI, ST-

elevation myocardial infarction; TIMI, thrombolysis in myocardial infarction.

addition, cardiac arrest or patients who died with an initial
electrocardiogram showing ST-segment elevation or patients
with a new left bundle-branch block. Barcelona patients were
treated in other facilities outside Barcelona and non-residents
were excluded.

The “Codi IAM” STEMI emergency management network
was launched in 2010 in a region of 7.6 million inhabitants. The
three main objectives of the network were (i) to increase the
rate of reperfusion therapy among patients with STEMI, (ii) to
achieve primary percutaneous coronary intervention (PPCI) in
less than 120min from the first contact with the health system
(3), and (iii) to monitor the results of the network with a registry.
The city of Barcelona was the first to be completely covered by
the network because of its high-density population. Three PPCI
hospitals that are open 24 h/7 days a week and one hospital
with daytime PPCI cover the city’s STEMI management needs.
Updated operating details of the network have been recently
published by our group (11). Basically, an emergency medical
service (EMS) is responsible for detecting patients with STEMI
and coordinates facilities (EMS ambulances and helicopters, with
PPCI hospitals).

ST-elevation myocardial infarction was defined according
to current guidelines (3). Fibrinolysis was only considered if
expected delays in PPCI treatment were not acceptable and there
were no contraindications. Percutaneous coronary intervention
(PCI) post-fibrinolysis was initially only considered in the
absence of effective reperfusion. The local health system provides
universal health coverage; in addition, it provides a partial
subsidy for medication costs depending on patients’ income and
working status.

The registry of the “Codi IAM” activity started in 2010
and includes demographic, clinical, therapeutic, and discharge
data collected in an electronic form from patients with STEMI
occurring within the previous 12 h. Epicardial coronary flow in
the culprit STEMI artery is graded according to Thrombolysis in
Myocardial Infarction (TIMI) flow grade (12), and reperfusion is
considered optimal when TIMI 3 flow is obtained in the culprit
lesion. Data collection was extended to new variables in 2012
(acute pulmonary edema, number of diseased vessels, and TIMI
flow) and in 2015 (hypertension, dyslipidemia, smoking status,
previous stroke, previous treatment, and type and number of
stents). Bleeding was included only in cases requiring transfusion.

The Family Income Ratio of Barcelona (FIRB) is an indicator
of the mean income ratio of inhabitants of the 73 districts
in Barcelona city and shows imbalances relative to the mean
value of the city, which is set at 100. The FIRB has been
calculated annually since 2007 by the Technical Office of the
Barcelona City Council, and it can be accessed online (13).
This indicator combines five concepts: i) ratio of university

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 April 2022 | Volume 9 | Article 847982133

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tizón-Marcos et al. STEMI Network and Socioeconomic Status

graduates, ii) ratio of unemployed to employable inhabitants, iii)
the number of vehicles per inhabitant, iv) engine power of new
vehicles acquired, and v) price of second-hand housing. FIRB
was assigned to patients according to their address and district
affiliation, and it has been used as a surrogate of socioeconomic
status (SES) in this study. The patients were assigned to three SES
classes according to the FIRB classification used by the Technical
Office: low SES (low and very low SES corresponding to FIRB
values below 80), mid SES (mid-low andmid-high corresponding
to FIRB values from 81 to 125), and high SES (high and very high
SES corresponding to FIRB values from 126 to 159) (13).

Mortality data of the patients were obtained from the National
Mortality Registry. The quality of the data included in the registry
is periodically verified by external audits.

End Points
Primary assessment end points were 30-day mortality, a 30-
day composite end point including death, ventricular fibrillation,
pulmonary edema, or cardiogenic shock during admission, and
1-year all-cause mortality in 30-day survivors.

Statistical Analysis
Categorical variables are shown as numbers and percentages;
continuous variables are shown as mean and SD or as median
and interquartile range, or as specified otherwise.

Patient characteristics and treatment times were compared
according to each end point. Student’s t-test orMann-WhitneyU-
test was conducted for continuous variables and Chi-squared test,

Fisher exact test, or ANOVA for categorical variables; p-tendency
was used in all comparisons. A p-value < 0.05 was considered
statistically significant. The association between SES and 30-day
death or complications was evaluated with odds ratios (ORs)
calculated using logistic regression models, and 1-year mortality
in 30-day survivors was evaluated with hazard ratios (HRs)
using Cox proportional-hazards regression models. The models
were adjusted considering confounding variables associated with
STEMI prognosis, which had < 8% missing values: age, sex,
diabetes mellitus, recruitment year, type of initial care, place
of treatment, time from electrocardiogram to PPCI, and Killip
class. Kaplan Meier survival curves were fitted for the three SES
categories, and log-ranked p-values were used for comparison.

The Patients were assigned to the hospital where they spent
most of their hospital stay.

In order to calculate 1-year mortality, the mortality of
patients admitted in 2016 was analyzed up to 2017. Analyses
were performed using SPSS software version 24.0. This project
was approved by the ethics committee of Hospital del Mar
(2020/9056), and all data are anonymous. The project was
approved by the Scientific Committee of “Codi IAM”. Procedures
and data collection complied with the Declaration of Helsinki
and Spanish data protection laws.

RESULTS

The distribution of patients with STEMI treated in Barcelona city
according to their SES is shown in Figure 1, in Figure 1: 43.4%

FIGURE 1 | “Codi IAM” ST-elevation myocardial infarction (STEMI) patient inclusion flowchart.
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had low SES, 41.1% had mid SES, and 15.4% had high SES. The
annual hospitalization rate of patients with STEMI is shown in
Supplementary Material 1. The number of patients with STEMI
treated from the lowest SES was higher than the mean rate during
the 7 years of the study.

Patients with low SES were younger, had a higher prevalence
of cardiovascular risk factors, and were more often initially cared
for by general practitioners (Table 1). In addition, they had a
more deleterious cardiovascular risk factor profile than patients
with higher SES. There was no difference in Killip class at STEMI
presentation by SES.

Patients received PPCI as the first treatment in more
than 93% of the cases but with no significant differences
according to SES. Patients with higher SES had significant
epicardial coronary disease significantly less often than those
with mid and low SES (Table 2). Patients with lower SES had
a tendency to be less often treated with drug-eluting stents
(DESs) than those with mid and higher SES (55.1 vs. 57.5
vs. 69%, respectively, p < 0.35). Supplementary Material 2

shows differences in patients treated with DESs vs. bare-metal
stents (BMS). DESs are significantly less used in the lower
SES group; nevertheless, this difference is not greater than
one unit.

Patients with lower SES had longer delays regarding time from
symptom onset to diagnosis (first electrocardiogram) than those
with highest SES (Table 3), and longer times from symptom
onset to PPCI hospital than the mid and high SES groups.
Electrocardiogram-to-open-artery times showed a decreasing
trend with SES. Longer ischemic times were observed in patients
with lower SES. Accordingly, ratios of PPCI in less than 120min

were higher in those patients with higher SES compared to those
with lower SES.

In Table 4, we show that 30-day mortality, 30-day
cardiovascular complications, and 1-year mortality did not
differ between the SES groups after adjusting for confounding
factors. There were no significant differences in survival curves
at 1-year according to SES (Figure 2).

DISCUSSION

Low-SES patients with STEMI treated in Barcelona by the “Codi
IAM” emergency network have a higher burden of cardiovascular
risk factors and longer treatment delays than patients with higher
SES. Despite this, they have similar mortality or cardiovascular
complication rate at 30 days and similar 1-year mortality.

Recent STEMI guidelines have emphasized the importance
of performing research addressing gaps in knowledge and the
need for observational data and real-world evidence to ensure
high-quality rapid and equal care for patients with STEMI in
geographic areas (14). Previous studies from the late 1990s
and early new century showed that SES was associated with
both short- and long-term mortalities after ACS (15) and that
an inverse trend in survival after myocardial infarction was
also observed with SES levels in district-based studies (16,
17). However, these data come from heterogeneous studies,
different time frames and may reflect inequalities in disease
incidence, access to healthcare systems, and poor compliance
with secondary prevention medications (18). Moreover, different
SES indicators were used in previous studies: household income
(14), highest educational level (15), geographical area (18),

TABLE 1 | Baseline clinical characteristics according to socioeconomic status (SES) classification.

All N = 3,322 Low SES ≤80

N = 1,443

Mid SES 81–125

N = 1,366

High SES ≥126

N = 513

P-value

Age, years 65.3 ± 13.5 64.4 ± 13.9 65.8 ± 13.3 66.6 ± 13.0 0.002

Women,% 26.3 27.0 25.9 25.3 0.720

Smokers,%* 26.5 27.1 27.0 23.2 0.460

Hypertension,%* 40.8 43.0 41.8 30.4 0.024

Dyslipidemia,%* 32.1 35.2 31.9 22.5 0.008

Diabetes mellitus,% 20.7 23.3 20.2 14.4 <0.005

Previous stroke, %* 2.6 2.9 2.2 2.9 0.790

Oral anticoagulant,%* 1.9 2.5 1.0 2.9 0.720

Antiplatelet drugs, %* 8.0 9.6 5.9 8.7 0.280

First contact

General practitioner, % 15.1 18.9 13.4 9.0 <0.012

Emergency medical system, % 47.7 49.1 44.8 51.1

Complications

Mechanical ventilation, % 6.3 5.2 7.5 6.0 0.150

Ventricular fibrillation, % 7.4 6.4 8.4 7.2 0.240

Atrial fibrillation, % 1.4 1.9 1.1 0.8 0.026

AV blockade, % 4.9 4.4 5.6 4.5 0.550

Pulmonary edema, %** 2.2 1.5 3.1 1.4 0.430

Cardiogenic shock, % 6.4 5.9 6.8 6.4 0.480

AV Blockade, atrioventricular blockade. *Data since 2015, N = 991. **Data available since 2012. N = 2416.
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TABLE 2 | Primary reperfusion procedure in the “Codi IAM” network during the period 2010–2016 according to SES.

All N = 3,322 Low SES ≤80

N = 1,443

Mid SES 81–125

N = 1,366

High SES ≥126

N = 513

P-value

Coronary angiogram without PCI, % 5.0 4.6 5.5 5.0
0.640

PPCI, % 93.4 94.2 92.7 92.5

Thrombolysis, % 0.2 0.3 0.2 0.2 0.240

Initial TIMI 0, %* 68.3 66.3 69.0 72.2 0.035

Initial TIMI 3, %* 11.0 12.1 10.2 9.6 0.120

Final TIMI 0, %* 2.1 2.2 1.6 3.0 0.630

Final TIMI 3, %* 91.6 92.1 91.5 90.6 0.390

No significant epicardial coronary disease, %* 5.3 4.3 5.5 7.6 0.023

3-vessel disease, %* 15.0 15.2 15.1 14.0 0.670

Left main disease, %* 4.2 3.9 4.2 5.2 0.300

Stents used**

Only BMS use, % 40.6 43.5 39.8 28.6

Only DES use, % 57.7 55.1 57.5 69 0.353

Both BMS and DES use, % 1.93 1.45 2.65 2.38

Anterior STEMI, % 41.8 42.4 40.6 43.1 0.890

Inferior STEMI, % 43.8 42.2 45.2 44.6 0.180

Bleeding with transfusion, % 0.6 0.7 0.3 1.0 0.920

*Data available since 2012. **Data available since 2015. PPCI, Primary percutaneous coronary intervention; TIMI, thrombolysis in myocardial infarction flow; BMS, bare metal stent;

DES, drug-eluting stent; STEMI, ST-elevation myocardial infarction.

TABLE 3 | Delays in initial medical care, diagnosis, and revascularization according to SES during the period 2010–2016.

All N = 3,322 Low SES ≤80

N = 1,443

Mid SES 81–125

N = 1,366

High SES ≥126

N = 513

P-value

OS-ECG, min 82 [43–183] 85

[45–185]

85 [45–187] 75

[35–166]

0.003

ECG-Open Artery, min 85 [67–115] 87

[69–117]

83 [65–115] 81

[63–105]

<0.005

OS-Arrival to hospital, min 130 [82–240] 135

[85–240]

128 [80–254] 120

[75–225]

0.033

OS-Open Artery, min 184 [127–305] 190

[133–310]

180 [125–312] 165.5

[118–269]

0.003

PPCI <120min from ECG, % 78.7 77.3 78.6 83.0 0.034

30-day mortality, % 7.7% 7.6% 8.3% 6.6% 0.430

30-day composite, %** 19.9% 19.4% 20.7% 19.1% 0.600

1-year mortality, %* 4.7% 5.2% 4.9% 5.1% 0.810

OS, onset of symptoms; ECG, electrocardiogram;Min, minutes, median [interquartile range]. * in 30-day survivors; ** death, pulmonary edema, cardiogenic shock, or ventricular fibrillation.

racial aspects (16), and various composite indexes (17, 19–
21). Composite indexes can include varying combinations of
household income, educational level, unemployment rate, vehicle
ownership and engine power, prices of housing, the proportion of
families with > 4 children, community services, environmental
conditions, and crime level. These composites indexes reflect
a multilevel stratum of social, educational, and economic data,
which can give a better picture of concurring effects that
determine health, acute and chronic treatments, and follow-up
compared to strictly economic information.

Studies from various geographical areas have found that access
to revascularization procedures is reduced in groups with lower

SES (22). The population analyzed in this study represents a
sample of homogeneously treated patients with STEMI: mostly
(>93%) treated by PPCI in a public integrated medical system
and features the inclusion of patients not treated with PPCI.
The use of PPCI methods in patients with STEMI varies largely
by region and can be explained by several factors such as
supply factors, the number of physicians, and the number of
available hospitalization beds for acute conditions, as well as
constraining measures and “patient-level” factors (10). However,
the standardization of treatments driven by new evidence-
based medicine and consequent guidelines allows countries with
different income levels to progressively organize emergency
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TABLE 4 | Low-SES patients with ST-elevation myocardial infarction (STEMI) adjusted odds ratio (OR) of 30-day mortality (model 1); a 30-day composite end point

(death, ventricular fibrillation, acute pulmonary edema, or cardiogenic shock) (model 2); and hazard ratio (HR) of 1-year mortality in 30-day survivors (model 3) in the “Codi

IAM” network during the 2010-2016 period.

MODEL 1: 30-day mortality risk for STEMI patients in the whole cohort

N = 3,078 OR 95% CI

Low SES 0.95 0.70–1.30

MODEL 2: 30-day composite endpoint risk for STEMI patients in the whole cohort

N = 3,078 OR 95% CI

Low SES 1.03 0.84–1.26

MODEL 3: One-year mortality risk for STEMI patients in the whole cohort in 30-day survivors

N = 2,720 HR 95% CI

Low SES 1.09 0.76–1.56

Models 1 and 3 were adjusted for age, sex, diabetes mellitus, Killip III/IV vs. I/II, first medical care, coronary percutaneous intervention, hospital, year of treatment, time from

electrocardiogram to coronary percutaneous intervention (>120 min), and type of initial medical care. Model 2 was adjusted for age, sex, diabetes mellitus, first medical care, coronary

percutaneous intervention, hospital, year of treatment, time from electrocardiogram to coronary percutaneous intervention (>120min), and type of initial medical care.

FIGURE 2 | Cumulative survival according to socioeconomic status (SES). Global log-ranked p-values = 0.79; mid SES vs. low SES = 0.78; high SES vs. low SES =

0.49.

networks for the early management of high-impact diseases in
terms of incidence, hospitalization, and case fatality such as in
STEMI (23, 24).

Network organization and public access to care and health
may result in the neutralization of both higher incidence of
the disease and adverse clinical baseline characteristics in low
SES groups (25, 26). In our study, the low SES group had

a worse cardiovascular profile, longer treatment delays, and
different access routes to the health system, which did not,
however, translate into worsened 30-day complications or 1-year
mortality. Besides, when adjusting for potential confounders, SES
data were not associated with either end points, suggesting that
a robust healthcare system may flatten socioeconomic baseline
disparity potential effect. Similar findings have been described in
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international cohorts in different studies performed in a single-
center fashion (22), in groups of hospitals within a geographical
area (20, 26), or within a city (17). Those studies have in common
the inclusion of patients with STEMI treated with PPCI as a
standard treatment within a structural public STEMI network
and showed no interaction of SES with mortality. However, most
of these registries reported results from cohorts of patients before
2010. Other previous registries also included patients with other
conditions such as non-ST-elevation myocardial infarction (21)
or excluded patients treated with fibrinolysis (27). Exclusion of
patients treated with fibrinolysis or patients who did not receive
PPCI may, however, bias the results of any study aiming to clarify
the importance of socioeconomic factors in STEMI prognosis
because of the geographical gradient toward the periphery for
lower-income groups and its relationship with the optimal timing
of treatment for PPCI (17, 28, 29).

The lower tendency of use of DESs in the low-SES group
observed in our study has also been reported in American cohorts
(30–32), which is a “treatment-risk paradox” in which higher-risk
patients are not treated with optimal or evidence-based strategies,
and the use of mechanical support devices is reduced, and it
may result in prognosis worsening (19, 33, 34). This finding may
reflect the fact that differences in outcomes may not only be
related to the use of a specific treatment/device in the acute period
but to a whole standardized medical approach in which access to
secondary prevention may be of utmost importance (35) and that
the health system may override the burden of higher risk subsets.

Our study has several limitations. First, the data are derived
from the first 7 years of implementation of a regional STEMI
network, and its registry has evolved over the years and includes
progressively more detailed data such as treated hypertension,
treated dyslipidemia, smoking status, previous stroke, number
and type of stents, and LV function. Moreover, there were
no available records on the medical treatment administered
during the index admission, at discharge, and/or regarding other
therapies during follow-up such as cardiovascular rehabilitation.
These treatments as well as the patients’ adherence to
prescriptions have been shown to have a direct impact on
mortality (35, 36) and may also be related to socioeconomic
conditions (21). Finally, the FIRB is a composite index that
aggregates data from all inhabitants of a given district, so it does
not allow analyzing effects of individual-level SES. However, the
FIRB as a surrogate of SES by zip code results in a useful tool.
Several prior studies have validated this approach of imputing
individual SES in epidemiologic studies reflecting aggregate
characteristics of a population and prevailing habits as well as its
environmental attributes (such as available health resources) that
impact its residents’ health (37, 38).

CONCLUSION

Barcelona citizens with lower SES who are admitted with STEMI
show more unfavorable clinical and cardiovascular risk factor

features than citizens with higher SES. Nevertheless, the “Codi
IAM” emergency network for STEMI management documented
similar 30-day complications and 1-year mortality regardless of
SES suggesting that a robust healthy systemmay override baseline
adverse patients’ characteristics.
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Background and Purpose: Overweight/obesity is a modified risk factor for stroke. This
systematic review and meta-analysis aimed to assess the impact of different obesity
phenotypes on stroke risk in adults.

Methods: The PubMed, Embase, and Cochrane Library databases were searched
from their inception to 7 March 2021 to identify the prospective cohort studies
investigating stroke risk among different metabolic overweight/obesity phenotypes. The
methodological quality of the included studies was evaluated using the Newcastle–
Ottawa Scale. Pooled hazard ratios (HRs) with 95% confidence intervals (CIs) were
calculated using a random-effects model.

Results: A total of eleven prospective cohorts (n = 5,609,945 participants) were
included in the systematic review, nine of which were included in the meta-analysis. All
metabolically unhealthy phenotypes had a higher risk of stroke than the metabolically
healthy normal-weight phenotypes, including metabolically unhealthy normal weight
(HR = 1.63, 95% CI: 1.41–1.89, I2 = 89.74%, n = 7 cohort studies, 1,042,542
participants), metabolically unhealthy overweight (HR = 1.94, 95% CI: 1.58–2.40,
I2 = 91.17%, n = 4 cohort studies, 676,166 participants), and metabolically unhealthy
obese (HR = 1.99, 95% CI: 1.66–2.40, I2 = 93.49%, n = 6 cohort studies, 1,035,420
participants) phenotypes. However, no risk of stroke was observed in the populations
with metabolically healthy overweight (MHOW) (HR = 1.07, 95% CI: 1.00–1.14,
I2 = 69.50%, n = 5 studies, 4,171,943 participants) and metabolically healthy obese
(MHO) (HR = 1.07, 95% CI: 0.99–1.16, I2 = 54.82%, n = 8 studies, 5,333,485
participants) phenotypes. The subgroup analyses for the MHO studies suggested that
the risk of stroke increased only when the MHO participants were mainly females, from
North America, and when the World Health Organization standard was applied to define
obesity. In the subgroup analysis of the risk of stroke in MHOW, a longer follow-up
duration was also associated with a higher risk of stroke.

Conclusion: The risk of stroke increase for all metabolically unhealthy phenotypes
irrespective of the body mass index (BMI). The associated risk of stroke with metabolic

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 April 2022 | Volume 9 | Article 844550141

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.844550
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcvm.2022.844550
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.844550&domain=pdf&date_stamp=2022-04-25
https://www.frontiersin.org/articles/10.3389/fcvm.2022.844550/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-844550 April 15, 2022 Time: 13:21 # 2

Meng et al. Metabolic Obesity Phenotypes and Stroke

health but high BMI shows substantial heterogeneity, which requires future research
considering the impact of sex and transition of the metabolic status on the risk of stroke.

Systematic Review Registration: The study protocol was prospectively registered in
PROSPERO (No. CRD42021251021).

Keywords: obesity, stroke, risk factor, meta-analysis, metabolic health

INTRODUCTION

The Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) 2019 showed that stroke is the second leading cause
of death globally, and the incidence and prevalence of stroke
have grown substantially (1). The identification and control
of risk factors could be an effective approach for preventing
new stroke cases. Global evidence has shown that obesity is a
modifiable risk factor for all types of stroke (2, 3). The GBD
2019 study revealed that obesity is the fastest-growing risk factor
in high body mass index (BMI) (1). These findings have been
included in clinical practice guidelines in either the West or
the East, and weight reduction in overweight/obese individuals
is recommended to reduce the risk of stroke (4, 5). However,
obesity often coexists with other cardiometabolic risk factors
such as hypertension, hyperglycemia, and dyslipidemia (6–9).
A meta-analysis of 97 prospective cohorts found that the partial
excess risk of overweight and obesity for stroke was mediated by
metabolic factors, including high blood pressure, cholesterol, and
glucose (10). Thus, co-controlling metabolic factors are gaining
attention to achieve optimal body weight, compared with the
previous goal of an appropriate BMI only (6–9).

In the last 15 years, a concept that classifies individuals into
six phenotypes based on the BMI and metabolic health has been
gradually developed and supported by animal and human studies:
metabolically healthy normal weight (MHNW), metabolically
healthy overweight (MHOW), metabolically healthy obese
(MHO), metabolically unhealthy normal weight (MUNW),
metabolically unhealthy overweight (MUOW), and metabolically
unhealthy obese (MUO) (11).

Whether metabolically healthy overweight/obese increases
the cardio-cerebrovascular risk is a substantial debate (12–15).
A recent meta-analysis of eight prospective cohorts revealed that
MHO is positively associated with an elevated risk of stroke (16).
However, it only calculated the risk ratio at the end of the follow-
up, which might have omitted the time-dependent effect. It did
not perform a subgroup analysis considering the demographic
factors and the coexisting health conditions of the participants.
Recently, more prospective cohorts of the same interest have
been published (17–19). We updated the literature search and
conducted a meta-analysis to examine the causal relationship
between the obesity phenotypes and stroke risk.

Abbreviations: BMI, body mass index; MHNW, metabolically healthy normal
weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy
obese; MUNW, metabolically unhealthy normal weight; MUOW, metabolically
unhealthy overweight; MUO, metabolically unhealthy obese; IOTF, International
Obesity Task Force; WGOC, Working Group on Obesity in China; WHO, World
Health Organization.

MATERIALS AND METHODS

The systematic review and meta-analysis were conducted
according to the guidelines of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) statement
(20). The study protocol was prospectively registered in
PROSPERO (No. CRD42021251021).

Eligibility
Studies were included in the systematic review if they met the
following criteria:

� Type of study

Only the prospective cohort study was eligible as it is the
most appropriate design for examining the causal relationship
between exposure and risk of disease. A pilot search found that
a considerable number of prospective cohorts were published.

� Participants

The participants at baseline were adults (≥18 years old)
without a preexisting stroke.

� Exposure and control

The exposure group had one of the following phenotypes:
MHOW, MHO, MUNW, MUOW, or MUO, and the reference
group was MHNW. Overweight/obesity was defined by BMI
in compliance with the standards from one of the following
organizations: the International Obesity Task Force (IOTF),
Working Group on Obesity in China (WGOC), and the World
Health Organization (WHO). Currently, there is no consensus
regarding the definition of metabolic health. We endorsed
the methodology of the previous systematic reviews (16), and
"metabolic health was defined as individuals with less than
two abnormal metabolic parameters.” This enabled a direct
comparison between the previous evidence and our study.

� Outcomes

The primary outcome was the first-ever stroke, which the
participants could report—a clinical diagnosis confirmed by
clinical signs/symptoms accompanied by brain images or a
diagnosis in the medical records/national databases. The patients
with ischemia, hemorrhage, or mixed stroke were eligible.

Studies were excluded if they were repeatedly published.

Search Strategy and Study Selection
We searched the PubMed, Embase, and the Cochrane Library
databases from their inception to 7 March 2021. The search
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strategy is presented in Supplementary Table 1. Two researchers
(MMM and GYX) independently screened the literature by
removing duplicates, reading the title/abstract, and reviewing
the full text. We calculated the inter-rater agreement with the
reference of kappa value, and the disagreements were resolved
through discussion or consultation with a third researcher (NXJ).

Data Extraction
Two researchers (MMM and GYX) extracted the data using the
double-entry method and were checked by a third researcher
(NXJ). The data items included author, publication year, country,
sample size, mean or range of age, sex, period of baseline data
collection, follow-up duration, overweight/obesity definition,
definition of (un)metabolic health, the confounding factors that
were adjusted for in the multivariable analysis, and adjusted or
non-adjusted effect sizes [hazard ratio (HR) and relative risk
(RR)] with the corresponding 95% confidence intervals (CIs).

Methodological Quality Assessment
Two researchers (KZR, LLL) independently evaluated the
methodological quality of the included studies using the
Newcastle–Ottawa Scale (NOS), a tool for assessing the quality
of observational studies in meta-analyses (21). It was composed
of three domains (eight items): selection of the study groups,
comparability, and ascertainment of the outcomes for the
cohort study. The assessment outcomes ranged from zero
stars up to nine stars. Studies with seven or more stars were
considered high quality. We calculated the inter-rater agreement
concerning the intraclass correlation coefficient (ICC), and any
disagreement was resolved by discussion or consultation with a
third researcher (MMM).

Statistical Analysis
Pooled HRs with 95% CIs were calculated using a random-
effects model to assess the risk of stroke for MHOW, MHO,
MUNW, MUOW, and MUO compared to MHNW. The
heterogeneity was evaluated using Cochran’s Q test and I2

statistics. If the heterogeneity was considered significant (p < 0.1
or I2 > 50%), subgroup analyses were performed according to
the duration of the follow-up, number of abnormal metabolic
components, criteria for defining overweight/obesity, research
sites, and proportion of females to explore the potential sources
of heterogeneity. A sensitivity analysis was performed based
on the methodological quality of the included studies and the
leave-one-out method. The publication bias was evaluated by
the visual inspection of asymmetry in the funnel plots and
Egger’s test for at least 10 studies. The statistical significance
was set at p < 0.05. All data analyses were conducted using
Stata/MP version 16.0.

RESULTS

Search Results
We initially identified 3,381 records from the database search
and finally included 11 eligible cohort studies in the systematic
review (13–15, 17–19, 22–26). The inter-examiner agreement

between the two reviewers was good (kappa = 0.762, 95%
CI: 0.5464–0.9776). The results from nine cohorts were
quantitatively synthesized as two studies reported the relative
ratio (RR) instead of HR (22, 25). A full flowchart of the study
selection process is shown in Figure 1. A list of the excluded
studies is shown in Supplementary Data Sheet 1.

Study Characteristics
The sample sizes of the included cohorts ranged from 5,171 to
3,495,777 participants. The included studies were conducted in
different geographic locations: four studies were conducted in
Europe (14, 15, 24, 25), two in North America (13, 26), and
five in Asia (17–19, 22, 23). Female participants were enrolled
in only three studies (13, 25, 26). The baseline information was
collected between 1980 and 2018, and the duration of the follow-
up ranged from 3 to 24 years. The BMI threshold for obesity
varied, including BMI ≥ 25 kg/m2 (International Obesity Task
Force, IOTF) in two studies (17, 23), BMI ≥ 28 kg/m2 (Working
Group on Obesity in China, WGOC) in three studies (18, 19,
22), and BMI ≥ 30 kg/m2 (World Health Organization, WHO)
in six studies (13–15, 24–26). The definition of metabolic health
was distinct, such as the Adult Treatment Panel III (ATP III)
definition in three studies (14, 15, 26), the International Diabetes
Federation (IDF) in one study (18), the Japanese diagnostic
criteria in one study (17), modified harmonization and the
Hammer’s study in three studies (19, 22, 23). The stroke event
was reported by the participants in another study (22), diagnosed
according to the clinical signs/symptoms and brain images in
four studies (13, 14, 23, 24), and was collected from the medical
records and registration information in the national databases.
The full details of the basic characteristics of the included cohorts
are presented in Table 1.

Methodological Quality Assessment
The inter-examiner agreement was very good (ICC = 0.771,
95% CI: 0.3503–0.933). Regarding the methodological quality
of the included studies, one study was awarded six stars (17),
three studies evaluated eight stars (13, 15, 22), and seven studies
achieved nine stars (14, 18, 19, 23–26). The average quality
score was eight, suggesting that the methodological quality was
generally moderate to high. The results of the quality assessments
are presented in Table 2.

Results of the Meta-Analyses
Metabolically Healthy Overweight/Metabolically
Healthy Obese and Risk of Stroke
Compared with the MHNW group, the risk of stroke was
not significantly increased in the participants with MHOW
(MHOW: HR = 1.07, 95% CI: 1.00–1.14, I2 = 69.50%, n = 5
studies, 4,171,943 participants) (13, 18, 19, 24, 26) or MHO
(HR = 1.07, 95% CI: 0.99–1.16, I2 = 54.82%, n = 8 studies,
5,333,485 participants) (13, 14, 17–19, 23, 24, 26) (Figure 2 and
Supplementary Table 2). The subgroup analyses for the risk of
stroke in the MHO were conducted in terms of the duration of
the follow-up, the number of abnormal metabolic parameters,
the definition of obesity, geographic locations, and proportion
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FIGURE 1 | Flow chart for the literature search, study selection, and reasons for exclusion.

of females (Table 3 and Supplementary Figures 1–5), which
revealed that the risk of stroke increased only when the MHO
participants were mainly females, from North America, and when
the WHO standard was applied in defining obesity, and these
meta-analyses were of low heterogeneity. As for the subgroup
analysis of the risk of stroke in the MHOW, a longer follow-up
duration was also associated with a higher risk of stroke (Table 3
and Supplementary Figures 6–10).

Metabolically Unhealthy Normal Weight and the Risk
of Stroke
A higher risk of stroke was observed in the MUNW group than
in the MHNW group (HR = 1.63, 95% CI: 1.41–1.89, I2 = 89.74%,
n = 7 cohort studies, 1,042,542 participants) (13–15, 18, 19, 23,
26) (Figure 3 and Supplementary Table 2). The comprehensive
subgroup analyses (Table 3 and Supplementary Figures 11–15)
suggested that the risk of stroke increased when the follow-up was
over 15 years (HR = 2.18, 95% CI: 1.87–2.53, I2 = 1.36%) than in
those with a shorter follow-up duration, and this meta-analysis
was quite homogeneous.

Metabolically Unhealthy Overweight/Metabolically
Unhealthy Obese and the Risk of Stroke
Compared with the MHNW group, a higher risk of stroke was
found in either the participants with MUOW (HR = 1.94, 95% CI:
1.58–2.40, I2 = 91.17%, n = 4 cohort studies, 676,166 participants)
(13, 18, 19, 26) or those with MUO (HR = 1.99, 95% CI: 1.66–
2.40, I2 = 93.49%, n = 6 cohort studies, 1,035,420 participants)

(13, 14, 18, 19, 23, 26) (Figure 4 and Supplementary Table 2).
However, the subgroup analyses for the MUOW/MUO studies
were substantially heterogeneous, except for the meta-analysis of
MUOW only containing studies with a follow-up of more than
15 years, enrolling participants from North America, or studies
with females accounting for most of the participants (Table 3 and
Supplementary Figures 16–25).

Sensitivity Analysis and Publication Bias
We performed a sensitivity analysis by omitting only one study
with the lowest methodological quality of the NOS (17). An
advanced risk of stroke was detected in the MHO participants
compared to the MHNW participants (HR = 1.10, 95% CI: 1.03–
1.18, I2 = 42.18%, n = 7 cohort studies, 4,531,197 participants)
(Supplementary Figure 26), which differed from the primary
analysis. An additional sensitivity analysis excluding one study
at a time is shown in Supplementary Figure 27. The publication
bias was not assessed because fewer than ten included studies in
each phenotype.

DISCUSSION

The Summary of the Main Findings and
Strengths Compared With the Previous
Studies
This systematic review and meta-analysis including nine
prospective cohorts showed that metabolically unhealthy
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TABLE 1 | Characteristics of the included studies.

Study Country/Panel Funding Sample
size

Age Female
(%)

Baseline
collection

period

Follow up Definition of obesity Definition of
metabolic health

Adjusted variables in
analyses

Hidetaka (17) Japan/The Japan
Medical Data Center
(JMDC)

the Ministry of Health,
Labour and Welfare,
Japan and the Ministry of
Education, Culture,
Sports, Science and
Technology, Japan

802288 42.8 ± 9.4 55.3% 2005∼2018 1126 ± 849 days BMI ≥ 25 kg/m2from
the criteria by IOTF

Metabolic health was
defined as none of the
risk factors according to
the Japanese
diagnostic criteria.

Unadjusted

Zhou (18) China/The Zhejiang
Metabolic Syndrome
cohort and the Kailuan
cohort

the National Key
Research and
Development Program of
China and Hangzhou
Science and Technology
Project

102037 51.5 ± 12.8 26.7% Zhejiang:
2010∼2014

Kailuan:
2006∼2007

9.9 ± 2.0 years BMI ≥ 28 kg/m2from
the criteria by WGOC

Metabolic health was
defined as ≤1 of the
risk factors according to
IDF criteria.

age, sex, smoking,
drinking, physical
activity, family history of
stroke

Gao (19) China/The China
Kadoorie Biobank
cohort

the National Key R&D
Program of China, the
United Kingdom
Wellcome Trust, National
Natural Science
Foundation of China and
Chinese Ministry of
Science and Technology

458246 50.9 ± 10.4 59.2% 2004∼2008 10.0 years BMI ≥ 28 kg/m2from
the criteria by WGOC

Metabolic health was
defined as ≤1 of the
risk factors according to
modified harmonization
definition.

age, region, sex,
education, household
income, marital status,
smoking, drinking,
intakes of red meat,
fresh fruits, and
vegetables, physical
activity, family history of
heart attack or stroke

Li (22) China/The China
Health and Retirement
Longitudinal Study
(CHRLS)

the National Institute on
Aging, the National
Natural Science
Foundation of China, the
World Bank and Peking
University

7849 59.88 ± 10.82 52.8% 2011∼2012 3.67 years BMI ≥ 24 kg/m2

(overweight/obesity)
from the criteria by
WGOC

Metabolic health was
defined as ≤1 of the
risk factors according to
Hammer’s study.

age, gender, residence,
educational level,
marital status, smoking,
drinking, physical
activity, history of
arthritis, asthma and
history of fall, physical
impairments in ADL and
IADL, and cognition
score, total cholesterol,
high-density cholesterol
levels

Lee (23) Korea/The Korean
National Health
Insurance
Service–National
Sample Cohort
(NHIS-NSC)

the Seoul National
University Hospital
Research Fund, the
National Research
Foundation of Korea at
Ministry of Education,
Science and Technology
and the Korean
Healthcare Technology
R&D project at the
Ministry of Health and
Welfare

354083 45.8 ± 14.2 47.3% 2004∼2008 7.43 ± 1.52 years BMI ≥ 25 kg/m2from
the criteria by IOTF

Metabolic health was
defined as none of the
risk factors according to
modified harmonization
definition.

age, sex, income, area,
smoking, drinking,
exercise, history of
ischemic heart disease,
peripheral artery
disease, congestive
heart failure, transient
ischemic attack, venous
thromboembolism,
chronic obstructive
pulmonary disease,
end-stage renal
disease, liver cirrhosis,
cancer, and cardiac
surgery
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TABLE 1 | (Continued)

Study Country/Panel Funding Sample
size

Age Female
(%)

Baseline
collection

period

Follow up Definition of obesity Definition of
metabolic health

Adjusted variables in
analyses

Nathalie (13) United States/
The Nurses’
Health Study (NHS)

the United States
National Institutes of
Health and the German
Federal Ministry of
Education and Research
(BMBF)

90257 NA 100% 1980 24 years BMI ≥ 30 kg/m2from
the criteria by WHO

Metabolic health was
defined as none of the
metabolic disorders
(hypertension,
diabetes, and
hypercholesterolemia).

age, race, highest
educational degree,
alcohol consumption,
smoking status,
post-menopausal
status,
post-menopausal
hormone use, physical
examinations for
screening purposes,
aspirin use, family
history of myocardial
infarction and diabetes
and physical activity

Caleyachetty
(24)

United Kingdom/
The Health
Improvement Network
(THIN)

No mention 3495777 NA 54.5% 1995∼2015 5.4 years BMI ≥ 30 kg/m2from
the criteria by WHO

Metabolic health was
defined as none of the
metabolic disorders
(hypertension,
diabetes, and
hypercholesterolemia).

age, sex, smoking
status and social
deprivation

Laura (14) Spain/The
Vascular-Metabolic
CUN cohort

No financial support 5171 men:
55.61 ± 13.68

women:
54.21 ± 12.87

38.1% 1997∼2002 Men:
9.18 years
women:

8.97 years

BMI ≥ 30 kg/m2from
the criteria by WHO

Metabolic health was
defined as ≤1 of the
risk factors according
to ATP III criteria.

age, sex, BMI, cigarette
smoking, daily alcohol
intake, lifestyle pattern,
hypertension, coronary
heart disease, type 2
diabetes,
anti-aggregation
therapy,
HDL-cholesterol,
LDL-cholesterol, and
triglycerides

Hinnouho (15) United Kingdom/The
Whitehall II study

the United States
National Institutes of
Health, the
United Kingdom Medical
Research Council, the
Economic and Social
Research Council and the
British Heart Foundation

7122 49.3 30.3% 1991∼1993 17.4 years BMI ≥ 30 kg/m2from
the criteria by WHO

Metabolic health was
defined as ≤1 of the
risk factors according
to ATP III criteria.

sex, socioeconomic
status, marital status,
ethnicity, physical
activity, smoking,
alcohol, fruits and
vegetables
consumption, CVD
medication and
procedures
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.

concurrent with either overweight or obesity resulted in an
increased risk of stroke, which was not affected by the duration of
the follow-up, the number of abnormal metabolic parameters, the
definition of obesity, geographic locations, or the proportion of
females. Although the primary meta-analysis supported the fact
that overweight/obesity with metabolic health did not increase
the risk of stroke, some subgroup analyses that only included
a specific type of participant might present a different result.
This study further examined the causal relationship between
overweight/obesity and stroke-onset from the perspective of
metabolism, which would assist with the stratified management
of overweight/obesity and precision prevention for stroke.
Compared with a previous study (16), our study had several
strengths in terms of study design and data analyses. First, we
included more recent cohorts by an updated search, which
improved the precision of the estimated effect size; second, we
calculated the HR instead of RR, which considered the time-
dependent effect; third, we performed comprehensive subgroup
analyses to explore the sources of heterogeneity and to test the
robustness of the analysis models.

Explanations of the Results and Clinical
Implications
We found that individuals with metabolically unhealthy
phenotypes were at a higher risk of stroke, irrespective
of the body weight, which was consistent with a previous
systematic review (14, 16, 23). This suggests that multiple
coexisting metabolic parameters play a leading role in the risk of
incident stroke.

However, regarding the phenotypes of MHOW and MHO,
our study suggested that the associated risk of stroke was
not significantly increased, which differed from a previous
systematic review (16). This was partially explained by the
updates of the literature search and the different types of outcome
data included in the meta-analysis. Furthermore, we observed
additional findings when comprehensive subgroup analyses
were performed. Concerning the participants with MHOW, a
higher risk of stroke was identified by a longer duration of
follow-up. This could be explained by the transition of the
metabolic health status over long term. As studies have shown,
MHOW is probably an unstable and intermediate condition,
which could transfer to a metabolically unhealthy phenotype
during the follow-up (28). Regarding the subgroup analysis of
MHO, we found that MHO led to a higher risk of stroke
only when the participants were all females and living in
North America. This could be partially explained by the sex
differences in the development of stroke. It has been well-
recognized that the incidence of stroke is higher in women than
in men after the menopausal period (29). The subgroup enrolled
middle-aged female participants and continued the follow-up
for incident stroke for more than 10 years immediately after
their menopausal period. Another reason for the outstanding
risk of stroke in the subgroup could be the high transition
rate from metabolic health to unhealth in women. The Nurses’
Health Study reported that 84% of the women with MHO and
68% with MHNW were converted to metabolically unhealthy
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TABLE 2 | Quality evaluation of the included studies.

Study Selection of the study groups Comparability of the groups Ascertainment of outcome Sum Overall quality

1 2 3 4 5 6 7 8

Hidetaka (17)
√ √ √ √ √ √

6 Moderate

Zhou (18)
√ √ √ √ √ √ √ √ √

9 High

Gao (19)
√ √ √ √ √ √ √ √ √

9 High

Li (22)
√ √ √ √ √ √ √ √

8 High

Lee (23)
√ √ √ √ √ √ √ √ √

9 High

Nathalie (13)
√ √ √ √ √ √ √ √

8 High

Caleyachetty (24)
√ √ √ √ √ √ √ √ √

9 High

Laura (14)
√ √ √ √ √ √ √ √ √

9 High

Hinnouho (15)
√ √ √ √ √ √ √ √

8 High

Andersen (25)
√ √ √ √ √ √ √ √ √

9 High

Song (26)
√ √ √ √ √ √ √ √ √

9 High

1: Representativeness of the exposed cohort; 2: Selection of the non-exposed cohort; 3: Ascertainment of exposure; 4: Demonstration that outcome of interest was not
present at start of study; 5: Comparability of cohorts on the basis of the design or analysis; 6: Assessment of outcome; 7: Was follow-up long enough for outcomes to
occur; 8: Adequacy of follow up of cohorts.

FIGURE 2 | Meta-analysis of the risk of stroke in the MHOW/MHO phenotypes compared with the MHNW phenotypes. (A) MHOW phenotypes; (B) MHO
phenotypes. MHNW, metabolically healthy normal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obese; MUNW, metabolically
unhealthy normal weight; MUOW, metabolically unhealthy overweight; MUO, metabolically unhealthy obese.
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TABLE 3 | Subgroup analysis for the association between the metabolic phenotypes and risk of stroke.

Potential moderators Subgroup Number of studies Number of participants HR (95% CI) I2 (%)

MHOW

Follow up <9 years 1 (24) 3495777 1.03 (0.99–1.08) /

9∼15 years 3 (18, 19, 26) 585909 1.02 (0.89–1.18) 51.07

>15 years 1 (13) 90257 1.29 (1.05–1.58) /

Number of risk factors in metabolic health 0 2 (13, 24) 3586034 1.13 (0.91–1.40) 77.56

≤1 2 (18, 19) 560283 1.07 (0.96–1.19) 41.53

≤2 1 (26) 25626 0.83 (0.58–1.18) /

Criteria for defining obesity IOTF 0 0 / /

WGOC 2 (18, 19) 560283 1.07 (0.96–1.19) 41.53

WHO 3 (13, 24, 26) 3611660 1.06 (0.89–1.28) 66.6

Region Asia 2 (18, 19) 560283 1.07 (0.96–1.19) 41.53

North America 2 (13, 26) 115883 1.06 (0.69–1.63) 77.53

Europe 1 (24) 3495777 1.03 (0.99–1.08) /

Proportion of female <40% 1 (18) 102037 0.96 (0.78–1.18) /

40%∼90% 2 (19, 24) 3954023 1.07 (1.00–1.14) 85.24

100% 2 (13, 26) 115883 1.06 (0.69–1.63) 77.53

MHO

Follow up <9 years 3 (17, 23, 24) 4652148 1.02 (0.85–1.23) 75.37

9∼15 years 4 (14, 18, 19, 26) 591080 1.05 (0.95–1.17) 30.21

>15 years 1 (13) 90257 1.37 (1.04–1.81) /

Number of risk factors in metabolic health 0 4 (13, 17, 23, 24) 4742405 1.08 (0.92–1.27) 69.77

≤1 3 (14, 18, 19) 565454 1.03 (0.90–1.18) 53.22

≤2 1 (26) 25626 1.13 (0.07–1.82) /

Criteria for defining obesity IOTF 2 (17, 23) 1156371 0.93 (0.80–1.08) 0.00

WGOC 2 (18, 19) 560283 0.99 (0.73–1.36) 63.95

WHO 4 (13, 14, 24, 26) 3616831 1.13 (1.01–1.27) 39.21

Region Asia 4 (17–19, 23) 1716654 0.98 (0.84–1.14) 61.91

North America 2 (13, 26) 115883 1.31 (1.03–1.66) 0.00

Europe 2 (14, 24) 3500948 1.09 (0.94–1.27) 69.77

Proportion of female <40% 2 (14, 18) 107208 0.95 (0.81–1.12) 6.55

40%∼90% 4 (17, 19, 24, 27) 5110394 1.08 (1.00–1.18) 63.89

100% 2 (13, 26) 115883 1.31 (1.03–1.66) 0.00

MUNW

Follow up <9 years 1 (23) 354083 1.72 (1.55–1.90) /

9∼15 years 4 (14, 18, 19, 26) 591080 1.47 (1.23–1.76) 89.68

>15 years 2 (13, 15) 97379 2.18 (1.87–2.53) 1.36

Number of risk factors in metabolic health 0 2 (13, 23) 444340 1.94 (1.51–2.49) 87.36

≤1 4 (14, 15, 18, 19) 572576 1.50 (1.25–1.79) 89.58

≤2 1 (26) 25626 1.24 (0.64–2.40) /

Criteria for defining obesity IOTF 1 (23) 354083 1.72 (1.55–1.90) /

WGOC 2 (18, 19) 560283 1.64 (1.41–1.91) 80.91

WHO 4 (13–15, 26) 128176 1.55 (1.00–2.40) 93.62

Region Asia 3 (18, 19, 27) 914366 1.66 (1.50–1.84) 75.99

North America 2 (13, 26) 115883 1.82 (1.06–3.13) 65.06

Europe 2 (14, 15) 12293 1.21 (1.10–1.33) 0.00

Proportion of female <40% 3 (14, 15, 18) 114330 1.49 (1.06–2.11) 91.77

40%∼90% 2 (19, 23) 812329 1.61 (1.45–1.79) 74.69

100% 2 (13, 26) 115883 1.82 (1.06–3.13) 65.06

MUOW

Follow up <9 years 0 0 / /

9∼15 years 3 (18, 19, 26) 585909 1.83 (1.47–2.27) 87.32

>15 years 1 (13) 90257 2.27 (1.96–2.62) /

Number of risk factors in metabolic health 0 1 (13) 90257 2.27 (1.96–2.62) /

≤1 2 (18, 19) 560283 1.85 (1.44–2.36) 93.64

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 April 2022 | Volume 9 | Article 844550149

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-844550 April 15, 2022 Time: 13:21 # 10

Meng et al. Metabolic Obesity Phenotypes and Stroke

TABLE 3 | (Continued)

Potential moderators Subgroup Number of studies Number of participants HR (95% CI) I2 (%)

≤2 1 (26) 25626 1.74 (1.05–2.88) /

Criteria for defining obesity IOTF 0 0 / /

WGOC 2 (18, 19) 560283 1.85 (1.44–2.36) 93.64

WHO 2 (13, 26) 115883 2.22 (1.94–2.56) 0.00

Region Asia 2 (18, 19) 560283 1.85 (1.44–2.36) 93.64

North America 2 (13, 26) 115883 2.22 (1.94–2.56) 0.00

Europe 0 0 / /

Proportion of female <40% 1 (18) 102037 2.11 (1.87–2.39) /

40%∼90% 1 (19) 458246 1.64 (1.61–1.68) /

100% 2 (13, 26) 115883 2.22 (1.94–2.56) 0.00

MUO

Follow up <9 years 1 (23) 354083 2.06 (1.86–2.29) /

9∼15 years 4 (14, 18, 19, 26) 591080 1.83 (1.42–2.36) 92.97

>15 years 1 (13) 90257 2.58 (2.22–3.00) /

Number of risk factors in metabolic health 0 2 (13, 23) 444340 2.29 (1.84–2.85) 82.74

≤1 3 (14, 18, 19) 565454 1.88 (1.43–2.49) 95.28

≤2 1 (26) 25626 1.49 (0.86–2.58) /

Criteria for defining obesity IOTF 1 (23) 354083 2.06 (1.86–2.29) /

WGOC 2 (18, 19) 560283 2.11 (1.38–3.22) 97.40

WHO 3 (13, 14, 26) 121054 1.83 (1.18–2.86) 92.31

Region Asia 3 (18, 19, 23) 914366 2.09 (1.64–2.66) 95.79

North America 2 (13, 26) 115883 2.09 (1.24–3.53) 71.98

Europe 1 (14) 5171 1.49 (1.28–1.74) /

Proportion of female <40% 2 (14, 18) 107208 1.98 (1.14–3.46) 96.68

40%∼90% 2 (19, 23) 812329 1.86 (1.55–2.24) 91.16

100% 2 (13, 26) 115883 2.09 (1.24–3.53) 71.98

IOTF, International Obesity Task Force; WGOC, Working Group on Obesity in China; WHO, World Health Organization; MHNW, metabolically healthy normal weight;
MHOW, metabolically healthy overweight; MHO, metabolically healthy obese; MUNW, metabolically unhealthy normal weight; MUOW, metabolically unhealthy overweight;
MUO, metabolically unhealthy obese.

FIGURE 3 | Meta-analysis of the risk of stroke in the MUNW phenotypes compared with the MHNW phenotypes. MUNW, metabolically unhealthy normal weight;
MHNW, metabolically healthy normal weight.

(13). The subgroup analysis also identified an associated risk of
stroke for the MHO participants with obesity diagnosed based
on the WHO criteria. This was not unexpected because the

WHO defined obesity as a BMI of >30 kg/m2 (30), which
was higher than any other criteria, such as the IOTF and
the WGOC standards.
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FIGURE 4 | Meta-analysis of the risk of stroke in the MUOW/MUO phenotypes compared with the MHNW phenotypes. (A) MUOW phenotypes; (B) MUO
phenotypes. MHNW, metabolically healthy normal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obese; MUNW, metabolically
unhealthy normal weight; MUOW, metabolically unhealthy overweight; MUO, metabolically unhealthy obese.

This study has several potential implications in clinical
practice. First, metabolically unhealthy and elevated body
weight had combined effects on increasing the risk of stroke.
This suggests that when a strategy for stroke prevention is
developed, monitoring metabolic parameters and achieving
optimal body weight should be highlighted. Second, the potential
long-term risk of stroke in individuals with metabolic health
overweight/obesity should not be neglected, as the metabolic
status might change over time, particularly in women. This
suggests that maintaining metabolic health is also a goal for
individuals with elevated body weight in the primary prevention
of stroke. Third, as the homogeneous subgroup analysis showed,
women appeared to have a higher risk of stroke when they
had MHO, MUOW, and MUO. This suggests that the stroke
prevention strategies tailored to female individuals with elevated
body weight should be further studied and developed.

Limitations
This study has limitations. First, a few of the included cohorts
performed multiple measurements of metabolic parameters

during the follow-up, which might underestimate the impact of
metabolic transitions on the risk of stroke. Second, our meta-
analysis only calculated the risk of all stroke events, as most
studies did not specify the type of stroke, and the confirmation
method of the stroke events varied. This may not be sufficient
to develop a precise prevention strategy for a specific type of
stroke. Third, pooled HRs in this study were estimated by the
random model to identify the average effect and the overall trend,
therefore, although the statistical results potentially referred to a
causal relationship of moderate-to-high strength, the HR value
should not be considered as a typical risk effect (31, 32). Fourth,
the definition of metabolic health varies, which may be changed
alongside the ongoing studies. This suggests that an updated
meta-analysis of the best available evidence is needed (33, 34).
Finally, we only searched three representative English literature
databases, which may have omitted some additional studies.
However, methodological studies have suggested that restricting
systematic reviews to English-language publications appears to
have little impact on the effect estimates and conclusions of
systematic reviews (35, 36).
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CONCLUSION

The risk of stroke increases for all metabolically unhealthy
phenotypes, irrespective of the BMI. The associated risk of
stroke with metabolic health, but high BMI, is at substantial
heterogeneity, which requires future research considering the
impact of sex and transition of the metabolic status on
the risk of stroke.
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Ministry of Education, Peking University Third Hospital, Beijing, China, 5 NHC Key Laboratory of Cardiovascular Molecular
Biology and Regulatory Peptides, Beijing Key Laboratory of Cardiovascular Receptors Research, Department of Cardiology,
Institute of Vascular Medicine, Peking University Third Hospital, Beijing, China, 6 Key Laboratory of Molecular Cardiovascular
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Background: Observational studies have shown an association between early age at
menarche (AAM) and myocardial infarction (MI) with recorded cases. In this Mendelian
randomization (MR) study, we used large amounts of summary data from genome-wide
association studies (GWASs) to further estimate the association of genetically predicted
AAM with genetically predicated risk of MI and investigate to what extent this association
is mediated by genetically determined lifestyles, cardiometabolic factors, and estrogen
exposure.

Methods: A two-step, two-sample MR study was performed by mediation analysis.
Genetic variants identified by GWAS meta-analysis of reproductive genetics consortium
(n = 182,416) were selected for genetically predicted AAM. Genetic variants identified
by the Coronary ARtery DIsease Genome-wide Replication and Meta-analysis plus
The Coronary Artery Disease Genetics Consortium (n = 184,305) were selected
for genetically predicted risk of MI. Genetic variants from other international GWAS
summary data were selected for genetically determined mediators.

Results: This MR study showed that increase in genetically predicted AAM was
associated with lower risk of genetically predicted MI (odds ratio 0.91, 95% confidence
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interval 0.84–0.98). Inverse variance weighted (IVW) MR analysis also showed that
decrease in genetically predicted AAM was associated with higher genetically predicted
alcohol intake frequency, current smoking behavior, higher waist-to-hip ratio, and
higher levels of systolic blood pressure (SBP), fasting blood glucose, hemoglobin A1c
(HbA1c), and triglycerides (TGs). Furthermore, increase in genetically predicted AAM
was associated with genetically predicted longer sleep duration, higher levels of high-
density lipoproteins, and older age at which hormone replacement therapy was started.
The most essential mediators identified were genetically predicted current smoking
behavior and levels of HbA1c, SBP, and TGs, which were estimated to genetically
mediate 13.9, 12.2, 10.5, and 9.2%, respectively, with a combined mediation proportion
of 37.5% in the association of genetically predicted AAM with genetically predicted
increased risk of MI in an MR framework.

Conclusion: Our MR analysis showed that increase in genetically predicted AAM was
associated with lower genetically predicted risk of MI, which was substantially mediated
by genetically determined current smoking behavior and levels of HbA1c, SBP, and TGs.
Intervening on the above mediators may reduce the risk of MI.

Keywords: age at menarche, cardiometabolic risk factors, myocardial infarction, Mendelian randomization,
lifestyle, mediation analysis

INTRODUCTION

Cardiovascular disease (CVD), with myocardial infarction (MI)
as one of the most acute and severe manifestations, continues to
be the dominant cause of deaths worldwide and accounts for over
17 million deaths annually (1). Notably, women were reported to
suffer a greater burden of ischemic symptoms caused by MI, with
higher rates of functional disability and more adverse outcomes
compared to men (2). However, conventional precautions against
CVD demonstrate a persistent gap in effective recognition of
gender-specific risk factors and understanding how these factors
result in poorer outcomes for women (3). Thus, identifying
gender-specific risk factors for adverse CVD events, especially
MI, during women’s lifetime could yield more timely prevention
and improved clinical prognosis.

Menarche signifies the puberty and start of reproductive
capacity, and is followed by the onset of cyclic ovarian function
and increased secretion and exposure to endogenous estradiol.
As a reproductive physiologic landmark of the female body,
menarche is dependent on a tightly orchestrated process of
neurohormonal alterations through the hypothalamus-pituitary-
ovarian axis (4). Previous large-population cohort studies have
reported that early age at menarche (AAM) was associated
with increased risks of coronary heart disease (CHD) in both
adolescent and adult women (5–11). Glucose intolerance, blood
pressure, and serum lipids were reported to be increased in
adolescent girls with early AAM, which might play an essential
role in the development of ischemic heart disease (IHD) (12).
Inconsistent results were obtained concerning the roles of
smoking and estrogen exposure in mediating the association
of AAM with IHD (6, 8, 9, 13, 14). As previous approaches
for testing potential mediators in observational studies led to
biased results by calculating the reduction in strength of the

multivariable association between exposure variable and disease
with adjustment for confounding factors (15, 16), it remains
unclear whether the correlation of AAM with CHD is modified
by diverse potential confounding factors, including lifestyles
along with cardiometabolic factors, and the extent of their
potential impacts.

Mendelian randomization (MR) has emerged as a new
investigative approach that utilizes genetic variants as
instrumental variables to investigate the association of an
exposure of interest with an outcome. In brief, MR refers to
a random combination of alleles in which DNA is transferred
from parent to offspring as gametes formed during meiosis, a
process known as Mendel’s second law. This means that the
inheritance of any particular genetic variant in an individual’s
DNA should be independent of other traits. Therefore, when
individuals in a population are grouped by a specific genotype
associated with biomarker differences, they should be similar
in all aspects except for one group with genetically higher or
lower biomarker levels. For this reason, MR has been described
as “nature’s randomized trial.” MR is less prone to confounder
bias, measurement error, and reverse causality; thus, it can
provide more efficient and robust results that closely resemble
those from randomized controlled studies (17–20). Based on
the well-established MR framework, the two-step approach
has higher sensitivity in evaluating potential mediators and is
less likely to cause inherent bias compared with the traditional
multivariable approach (21).

In this study, we aimed to estimate the association of
genetically predicted AAM with genetic susceptibility of MI, and
to further estimate whether and to what extent the association
was mediated by lifestyles, anthropometric characteristics,
cardiometabolic risk factors, and age at which hormone
replacement therapy (HRT) was started.
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MATERIALS AND METHODS

Overall Study Design
Large two-step, two-sample MR analyses involving over 647,920
participants selected from publicly available, summary-level
genetic datasets were performed using a two-step strategy to
investigate the association of genetically predicted AAM with
genetically predicted risk of MI and whether this association
could be mediated by lifestyles, conventional cardiometabolic
risk factors, and age at which hormone replacement therapy
was started. Two-sample MR analyses refer to the utilization of
distinct data sets to ascertain the associations of same genetic
variants with the exposure (e.g., AAM) and outcome (e.g., MI)
of interest (22). The association of genetically predicted AAM
with genetic disposition to MI was tested first, and the two-
step approach was applied in mediation analyses. The two-step
approach investigated the association of genetically predicted
AAM with each genetically determined mediator in the first step.
In the second step, the approach investigated the association of
these genetically determined mediators with genetically predicted
MI risk after adjusting for AAM. The proportion of mediation
was also estimated for each mediator following the second step.

Data Sources
Selection of Genetic Instruments for Genetically
Predicted Age at Menarche
Genetic association estimates for AAM were obtained from
genome-wide association study (GWAS) meta-analysis
derived from 182,416 participants of European ancestry that
included 2,441,815 autosomal single nucleotide polymorphisms
(SNPs) provided by the Reproductive Genetics (ReproGen)
Consortium (23). A set of SNPs that reached GWAS significance
(p < 5 × 10−8) in association with AAM were selected
as genetic instruments. SNPs with linkage disequilibrium
(r2 < 0.001) were ruled out.

Selection of Genetic Instruments for Genetically
Predicted Potential Mediators
We obtained SNPs for waist-to-hip ratio (WHR) from the
Genetic Investigation of Anthropometric Traits (GIANT)
consortium’s 2015 GWAS meta-analysis including 2,542,447
SNPs from 210,088 participants of European descent (24).
SNPs for fasting blood glucose (FBG) were extracted from
Meta-Analyses of Glucose and Insulin-related traits Consortium
(MAGIC), which provided a GWAS meta-analysis of 2,445,760
SNPs from 46,186 participants of European descent in 2010 (25).
SNPs for high-density lipoprotein (HDL) were obtained from a
GWAS meta-analysis provided by Kettunen et al. (26) comprising
12,133,295 SNPs from 24,925 participants of European descent
in 2016. SNPs for alcohol intake frequency, sleep duration, and
age at which HRT was started were all acquired from an online
public GWAS provided by Elsworth et al., and totaled 9,851,867
SNPs from participants of European descent in 2018. In addition,
SNPs for current smoking behavior and systolic blood pressure
(SBP) were selected from an online public GWAS provided by
Neale et al., including 10,894,596 SNPs from participants of

European descent in 2017. SNPs for hemoglobin A1c (HbA1c)
were extracted from an online public GWAS provided by Neale
et al. including 13,586,180 SNPs from participants of European
descent in 2018. SNPs for triglycerides (TGs) were identified from
an online public GWAS provided by Neale et al. comprised of
13,586,007 SNPs from participants of European descent in 2018.
Detailed results of genetically predicted alcohol intake frequency,
sleep duration, current smoking behavior, SBP, HbA1c, TGs,
and age at which HRT was started could be obtained through
online public GWAS database1 using the R 4.0.3 software
TwoSampleMR package. The SNPs were clumped, and those with
linkage disequilibrium (r2 < 0.001) were ruled out. SNPs that
reached GWAS significance (p < 5 × 10−8) in association with
potential mediators were selected as genetic instruments.

Selection of Genetic Instruments for Genetically
Predicted Myocardial Infarction
For genetically predicted MI, we used genetic association
estimates that were publicly available from the Coronary
ARtery DIsease Genome wide Replication and Meta-analysis
plus The Coronary Artery Disease Genetics Consortium
(CARDIoGRAMplusC4D) 1000 Genomes-based GWAS meta-
analysis of 123,504 controls and 60,801 cases including 8,600,000
SNPs (27). SNPs that reached GWAS significance (p< 5× 10−8)
in association with MI were selected as genetic instruments.
The SNPs were clumped, and those with linkage disequilibrium
(r2 < 0.001) were ruled out.

Statistical Analysis
Association of Genetically Predicted Age at
Menarche With Genetically Predicted Myocardial
Infarction Risk
Two-sample MR analyses were performed to investigate the
association of genetically predicted AAM with genetically
predicted MI risk. We assumed that summarized GWAS data
were available for multiple genetic variants that satisfied the
following assumptions: (i) genetic variants were associated
with exposure; (ii) genetic variants were independent of any
confounder of the exposure-outcome association; (iii) genetic
variants were independent of outcome and could only be
associated with outcome through gene expression of exposure.

The genetic association of each effect allele with genetically
predicted AAM was represented by Xk (k = 1, 2, 3. . .) with a
standard error (SE) as σXk. Xk (k = 1, 2, 3. . .) representing the
effect size per allele of SNPk (k = 1, 2, 3. . .) in AAM (in years).
The data of Xk and σXk were both extracted from beta value
and SE in a relevant GWAS study with SNP characteristics (23),
respectively, by applying the R 4.0.3 software TwoSampleMR
package. The genetic association of each allele with genetically
predicted MI was represented by Yk (k = 1, 2, 3. . ..) with an
SE as σYk. For a binary outcome as MI, Yk (k = 1, 2, 3. . .)
represented the effect size per allele of SNPk (k = 1, 2, 3. . .) in
the log-odds or the log probability of MI. The data of Yk and σYk
were both extracted from OR and SE in a relevant GWAS study
with SNP characteristics (27) and were harmonized, respectively,

1https://gwas-api.mrcieu.ac.uk/
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by applying the R 4.0.3 software TwoSampleMR package. The
ratio estimate of the association of genetically predicted AAM
with genetically predicted MI could be calculated by formula
Yk/Xk (k = 1, 2, 3. . .). The SE of the ratio estimate could be
approximated using the delta method, and the leading term is
σYk/Xk (k = 1, 2, 3. . .) (28). To investigate the association of
genetically predicted AAM with genetically predicted MI risk,
an inverse variance weighted (IVW) meta-analysis using a fixed-
effects model was implemented to pool estimates of MR as
β̂IVW across individual SNPs with the R 4.0.3 software (29). The
calculation of β̂IVW is shown by the following formula:

β̂IVW =
6kXkYkσ

−2
Yk

62
kXk

σ−2
Yk

se(̂βIVW), the approximate standard error of the pooled estimates,
was also calculated with the R 4.0.3 software using the following
formula:

se(̂βIVW) =

√
1

6kX2
kσ
−2
Yk

Mediation With Genetically Predicted Lifestyles,
Anthropometric and Cardiometabolic Parameters,
and Age at Which Hormone Replacement Therapy
Was Started
The genetic association of each effect allele with genetically
determined potential mediators was represented by Zk (k = 1,
2, 3. . ..) with standard error (SE) σZk. Zk (k = 1, 2, 3. . .)
representing the effect size per allele of SNPk (k = 1, 2, 3. . .)
in potential mediators. The data of Zk and σZk were extracted
from beta value and SE in relevant GWAS studies on potential
mediators with SNP characteristics as mentioned above in section
“Materials and Methods” and were harmonized, by applying
the R 4.0.3 software TwoSampleMR package. To investigate the
association of genetically predicted AAM with each genetically
determined potential mediator, the IVW meta-analysis, which
used a fixed-effects model, was also implemented through the R
4.0.3 software to pool estimates of MR as β̂IVW∗ across individual
SNPs. The calculation of β̂IVW∗ is shown by the following
formula:

β̂IVW∗ =
6kXkZkσ

−2
Zk

62
kXk

σ−2
Zk

Se(β̂IVW∗), the approximate standard error of the above
pooled estimates, was calculated with R 4.0.3 software using the
following formula:

se(̂βIVW∗) =

√
1

62
kXk

σ−2
Zk

To determine the mediation of each factor, we multiplied
coefficients of association of genetically predicted AAM with
each mediator, and coefficients of association of each mediator
with MI after adjusting for genetically predicted AAM. In order
to estimate the association of t genetically determined potential
mediators with genetically predicted risk of MI adjusting for

influences from AAM, a regression-based MR was also conducted
with the R 4.0.3 software (30).

Sensitivity Analyses
MR-Egger, MR-Egger intercept, and MR-PRESSO analyses were
performed to estimate whether there was pleiotropy, which
might affect the results of the MR analysis (30–32). The
Robust Adjusted Profile Score (RAPS) was applied to test
weak instrumental variables, and weighted median sensitivity
analyses were conducted to estimate invalid instrumental
variables (32).

Statistical Software
We carried out the two-step, two-sample MR analyses by utilizing
R version 4.0.3 (R Foundation for Statistical Computing, Vienna,
Austria, 2008) and R studio version 1.3.1093 (Boston, MA,
United States). We used the TwoSampleMR package for R to
facilitate the MR analyses.

RESULTS

Association of Genetically Predicted Age
at Menarche With Genetically Predicted
Myocardial Infarction Risk
Characteristics of SNPs used as instrumental variables for AAM
are listed in Supplementary Table 1. Genetic estimates for
the association of genetically predicted AAM with genetically
predicted MI are shown in Supplementary Table 2. Figure 1
shows that increase in genetically predicted AAM was associated
with lower risk of genetically predicted MI, with an odds ratio
(OR) of 0.91 [95% confidence interval (CI) 0.84–0.98] in the main
IVW MR analysis (also shown in Supplementary Table 3).

Association of Genetically Predicted Age
at Menarche With Genetically Predicted
Lifestyles, Anthropometric and
Cardiometabolic Parameters, and Age at
Which Hormone Replacement Therapy
Was Started
Figure 2 indicates that increase in genetically predicted AAM
was associated with lower genetically predicted alcohol intake
frequency (OR: 0.95, 95% CI: 0.92–0.98, p < 0.001), current
smoking behavior (OR: 0.99, 95% CI: 0.97–0.99, p = 0.049),
WHR (OR: 0.95, 95% CI: 0.90–0.99, p = 0.035), FBG (OR:
0.97, 95% CI: 0.94–0.99, p = 0.048), HbA1c (OR: 0.75, 95%
CI: 0.61–0.92, p = 0.005), SBP (OR: 0.97, 95% CI: 0.95–
0.99, p = 0.048), and TGs (OR: 0.97, 95% CI: 0.94–0.99,
p = 0.041) in the IVW MR analysis. Figure 2 also shows
that increase in genetically predicted AAM is associated with
genetically predicted longer time of sleep duration (OR: 1.03,
95% CI: 1.01–1.05, p = 0.001), higher levels of HDL (OR: 1.08,
95% CI: 1.02–1.15, p = 0.011), and older age at which HRT
was started (OR: 1.05, 95% CI: 1.01–1.09, p = 0.008) in the
IVW MR analysis. The above potential genetically predicted
mediators that were associated with genetically predicted AAM
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FIGURE 1 | Estimate of associations of genetically predicted AAM with genetically predicted MI. IVW was applied as main analysis for estimating the association of
genetically predicted AAM with genetically predicted MI. AAM, age at menarche; MI, myocardial infarction; IVW, inverse variance weighted.

FIGURE 2 | Estimate of the association of genetically predicted AAM with each genetically determined potential mediator. IVW was applied as main analysis. The
results showed that increase in genetically predicted AAM was associated with genetically determined longer sleep duration, higher levels of HDL and older at which
HRT was started. The results also showed that increase in genetically predicted AAM was inversely associated genetically determined alcohol intake frequency,
current smoking behavior, WHR, FBG, HbA1c, SBP, and TGs. AAM, age at menarche; IVW, inverse variance weighted; HDL, high-density lipoprotein; HRT, hormone
replacement therapy; WHR, waist-hip-ratio; FBG, fasting blood glucose; HbA1c, hemoglobin A1c; SBP, systolic blood pressure; TG, triglycerides.

(p < 0.05) were all involved in the MR analyses of association
of each genetically predicted mediator with genetically predicted
risk of MI. Characteristics of SNPs used as instrumental
variables for genetically determined potential mediators are
shown in Supplementary Tables 4–13. Genetic estimates for
the association of genetically predicted AAM with genetically
determined mediators can be seen in Supplementary Tables 14–
23. MR estimates of associations of genetically predicted
AAM with genetically determined risk factors are shown in
Supplementary Table 24.

Association of Genetically Predicted
Lifestyles, Anthropometric and
Cardiometabolic Parameters, and Age at
Which Hormone Replacement Therapy
Was Started With Genetically Predicted
Risk of Myocardial Infarction
Figure 3 shows that our MR analyses supported that genetically
predicted increased risk of MI was associated with genetically
predicted current smoking behavior (OR: 2.89, 95% CI: 1.37–
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FIGURE 3 | Estimate of the association of each genetically determined potential mediator with genetically predicted MI. The association of genetically determined
potential mediators with genetically predicted MI was estimated by linear regression-based MR method. MI, myocardial infarction; HDL, high-density lipoprotein;
HRT, hormone replacement therapy; WHR, waist-hip-ratio; FBG, fasting blood glucose; HbA1c, hemoglobin A1c; SBP, systolic blood pressure; TG, triglycerides.

6.11, p = 0.021) and genetically predicted higher levels of FBG
(OR: 1.18, 95% CI: 1.02–1.37, p = 0.049), HbA1c (OR: 1.04, 95%
CI: 1.02–1.06, p < 0.001), SBP (OR: 1.49, 95% CI: 1.20–1.86,
p < 0.001), and TGs (OR: 1.33, 95% CI: 1.21–1.45, p < 0.001)
in the IVW MR analysis, after adjusting for genetically predicted
AAM. Because there was no evidence of association of genetically
predicted alcohol intake frequency, sleep duration, WHR, HDL,
and age at which HRT was started with genetically predicted
MI risk in the IVW MR analysis (p > 0.05), these potential
mediators were excluded. Genetic estimates for the association
of genetically determined mediators with genetically predicted
MI after adjusting for genetically predicted AAM are shown in
Supplementary Tables 25–34.

Mediation of Genetically Predicted
Lifestyles and Cardiometabolic
Parameters
The two-sample MR analyses showed that the percentage
mediated by genetically predicted current smoking behavior
and genetically predicted higher level of HbA1c, SBPs,
and TGs was at a proportion of 13.9, 12.2, 10.5, and
9.2%, respectively (As is shown in Table 1). FBG was
not involved in the final mediation analyses, because the
mediation proportion of FBG was comparatively lower
than the other four mediators, which indicated that it
may not be a core mediator. The combined mediation
proportion of the four risk factors accounted for 37.5% of
the association of genetically predicted AAM with genetic
predisposition to MI risk.

Sensitivity Analyses
Simple median (p < 0.05, Supplementary Table 3) and
weighted median sensitivity analyses (p < 0.05, Supplementary
Table 3) showed that our results were less likely to be biased
with invalid instruments. RAPS (p < 0.05, Supplementary
Table 3) indicated that weak instruments were unlikely to affect
our results. Other sensitivity analyses including single SNP

TABLE 1 | MR analyses of association of genetically predicted AAM with
genetically predicted risk of MI and mediation explained by risk factors.

Beta Proportion (%)

Estimated association of AAM with MI −0.0990 1.0

Estimated association of mediators with MI

Current smoking behavior −0.0138 13.9

HbA1c −0.0121 12.2

SBP −0.0104 10.5

TG −0.0091 9.2

Total −0.0370 37.5

MR, Mendelian randomization; AAM, age at menarche; MI, myocardial infarction;
HbA1c, hemoglobin A1c; SBP, systolic blood pressure; TG, triglycerides.

analysis (Supplementary Table 35) and leave-one-out analysis
(Supplementary Table 36) provided results consistent with the
main IVW MR analysis. MR-Egger (p > 0.05, Supplementary
Table 3) and MR-PRESSO analysis (p < 0.05, Supplementary
Table 37) also showed that our MR analysis was not significantly
affected by pleiotropy.

DISCUSSION

The MR analyses conducted in this study provided strong
evidence to support the association of genetically predicted AAM
with genetically predicted risk of MI. This study also found that
the association was mediated by genetically predicted current
smoking behavior and levels of HbA1c, SBP, and TGs at a
proportion of 13.9, 12.2, 10.5, and 9.2%, respectively. Together,
all these genetically determined mediators account for more than
one-third of the association of genetically predicted AAM with
genetically predicted risk of MI.

Our findings are consistent with previous studies conducted
in different settings (5, 9, 33, 34). A hospital-based case-control
study conducted by La Vecchia et al. (33) enrolled 576 women
(202 cases of acute MI) below 55 years of age from 1983 to
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1986 in Northern Italy and found that women with menarcheal
age of 12–14 years showed reduced risk of MI (relative risk:
0.49, 95% CI: 0.31–0.75) compared with women whose menarche
occurred younger than 12 years old. Another population-based
prospective study enrolled 15,807 women aged 40–79 years from
1993 to 1997 and evaluated them for CVD events for 10.6 years,
showing an elevated risk of incident CHD [1.23 (1.06–1.43)] in
women with early AAM (<12 years) compared with those with
later menarche (5). Gallagher et al. conducted a cohort study in
Shanghai, China from 1989 to 1991 involving 267,400 women
textile workers who were followed up through 2000. Their results
indicated that women with menarche at 13 years or earlier had
an increased risk of IHD with a hazard ratio (HR) = 1.44 (95%
CI: 1–2.05) adjusted for age compared with those with later
menarche at 15 years (8). In addition, a prospective study with
34,022 Chinese females aged 45–74 at enrollment (1993–1998)
found a significant inverse association between menarcheal age
and risk for CHD mortality across different AAM categories. HRs
for CHD mortality of different age groups (≤12, 13–14, 15–16,
≥17 years old) were 1.06 (0.80–1.34), 1 (referent), 0.76 (0.65–0.9),
and 72 (0.58–0.88), respectively (p trend < 0.001) (9). Cooper
et al. also reported that the risk of IHD decreased with increasing
age of menarche onset (age-adjusted RR 0.76 per year, 95% CI:
0.6–0.95) in a cohort study involving 867 White college-educated
women (34).

Given the progress shown in our understanding of the
association between AAM and MI based on recorded cases,
previous observational studies were still limited by relatively
small sample sizes and bias due to adjustment of various
factors, which might have influenced the association of AAM
with MI risk. Several MR studies with relatively large sample
sizes had been undertaken to further genetically estimate
the association of AAM with cardiovascular risk factors and
cardiometabolic diseases (35, 36). Our results are also in
accordance with Cao and Cui, who observed that later AAM
decreased the risk of CHD (OR: 0.92, 95% CI: 0.88–0.96).
Early AAM was found to be associated with the rising trend
of HDL but lower diastolic blood pressure (DBP) combined
with lower levels of TGs, log fasting insulin, log homeostasis
model assessment of insulin resistance (HOMA-IR), and log
homeostasis model assessment of β cell function (HOMA-β)
(36). Another MR analysis from the Guangzhou Biobank Cohort
Study, which investigated the association between AAM and
cardiovascular risk factors, revealed that AAM was inversely
correlated with levels of FBG (35). However, none of the
previous observational or MR studies examined which genetically
determined mediators influenced the association of genetically
predicted AAM with genetically predicted MI and to what extent
in an MR framework.

Recent studies have indicated that early AAM might not be a
simple independent determining factor of cardiovascular adverse
events but might reflect negative metabolic imprinting during the
pre-pubescence period, such as relatively high weight or body
mass index (BMI) during childhood (37–40). There was, thus,
an imperative need to investigate whether genetically predicted
increased AAM is associated with genetically predicted lower risk
of MI among women during puberty or later adulthood through

lifestyles and cardiometabolic or other potential mediators as
long-term impacts of metabolic imprinting.

Smoking
With regard to smoking behavior, Mueller et al. enrolled 34,022
Chinese women aged 45–74 years at baseline (1993–1998) and
followed them prospectively throughout 2009. They found that
increased AAM was associated with lower risk for CHD and
CVD mortality among non-smoking females; HRs (95% CI)
for CVD mortality in non-smoking females across different age
categories of menarche (≤12, 13–14, 15–16, and ≥17 years old)
were: 1.06 (0.87–1.29), 1 (referent), 0.89 (0.79–1), and 0.8 (0.69–
0.93), respectively (p trend < 0.001), while for CHD mortality
in non-smoking females the results were 1.06 (0.80–1.34), 1
(referent), 0.76 (0.65–0.9), and 0.72 (0.58–0.88), respectively (p
trend < 0.001). However, no association was found between
AAM and CHD or CVD mortality among smokers (9). Similarly,
Gallagher et al. found that HRs (95% CI) for CVD mortality
across different AAM groups (≤13, 14, 15, 16, and ≥17) were:
1.44 (1–2.05), 1.06 (0.76–1.47), 1 (referent), 1.09 (0.82–1.45),
and 0.85 (0.65–1.12), respectively (p trend < 0.001) among non-
smoking females vs. smokers (8).

The above results differ from the findings presented here,
which showed that current smoking behavior might play a
vital role in the association of genetically predicted AAM with
genetically predicted MI. Consistent with our findings, Jacobsen
made a similar point in his study, which suggested 1-year earlier
AAM was associated with a mean 17.6% higher IHD mortality
among women who smoked compared with 5.2% in women
who never smoked (6). In addition, another cross-sectional
study including 2,030 postmenopausal females 55–81 years
old from England suggested that smoking behavior increased
free estradiol significantly only in overweight postmenopausal
females. These findings indicated that smoking-related increases
in testosterone were translated into higher levels of estradiol
through fat cells as an important peripheral conversion approach
for postmenopausal overweight women. In the meantime,
compared with lifetime smoking, current smoking behavior
was found to significantly affect sex hormone levels; however,
after a 1- to 2-year period of smoking cessation, sex hormone
levels were the same as those of never smokers (41). Thus,
relatively smaller sample size, low frequency of smoking among
enrolled participants, lack of control of number of overweight
women among enrolled participants, and inaccurate self-reported
smoking time and cessation history might explain the different
results between previous specific cohorts and our MR analyses.
Given that sex hormone levels were associated with AAM,
whether changes in current smoking behavior might modify
CVD risks in a favorable direction through modification of
endogenous sex hormones needs to be further investigated and
results should be interpreted with caution.

SBP/HbA1c/TGs
Another clear finding to emerge from our MR analyses was
that SBP, HbA1c, and TGs played vital roles in mediating the
association of early genetically predicted AAM with genetically
predicted MI, which was consistent with the results from
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Remsberg et al., who found an inverse relationships among AAM
and SBP (β estimates:−1.24, SE: 0.27), insulin (β estimates:−0.1,
SE: 0.03), TGs (β estimates: −2.68, SE: 1.7) independent of fat-
free mass and percent body fat during adolescence. Statistically
significant associations were not found between AAM and
glucose, total cholesterol, DBP, low-density lipoprotein, or HDL,
which further supports the results from our MR analyses (12).
In addition, another study that recruited 9,097 females aged
25–64 from China in 2004–2005 revealed that early AAM was
associated with increased TGs, body fatness, and homeostasis
model assessment of insulin resistance instead of FBG after
adjusting for age (37). Lakshman et al. also reported that women
with early AAM (<12 years) had a higher risk of hypertension
[OR (95% CI):1.13 (1.02–1.24)] than those with later AAM in a
prospective study that involved 15,807 females aged 40–79 years
from 1993 to 1997 and followed for more than 10 years. Each
1-year delay of AAM was associated with 5% lower risk of
hypertension (95% CI: 3–7%) in linear models, and hypertension
risk could only be partially attenuated after adjusting for adult
BMI and waist circumference (5).

The above studies support the finding that increased levels
of HbA1c, which indicated that long-term hyperglycemia, in
contrast to FBG, were more likely to mediate the association of
early AAM with MI risk. Moreover, SBP may play a more crucial
role in mediating the association of AAM with MI compared
to DBP. Although both SBP and DBP could independently
predict cardiovascular events, a cohort study involving 1.3
million adults from a general outpatient population suggested
that SBP elevation (≥140 mmHg) had a greater effect on
cardiovascular outcomes [HR (95% CI): 1.18 (1.17–1.18)] than
DBP elevation [≥90 mmHg; HR (95% CI): 1.06 (1.06–1.07)],
which further supported the findings of our MR analyses (42).
Another interesting finding was that TGs, instead of other types
of blood lipids, served a more essential role in mediation of
the association of genetically predicted AAM with genetically
predicted MI, which was further supported by results of the
Newcastle Thousand Families Study, which recruited 1,142
children who were followed for 50 years. The study indicated
that TGs were significantly associated with BMI at age 9 and
were closely related with glucose metabolism in adult women
after adjusting for adult percentage fat (43). Thus, the specific
role of TGs and long-term impact on women need to be
further investigated.

Potential Mechanism
Although the inverse association of AAM and MI was supported
by a number of previous cohort studies, several other studies
provided a J shape or U shape association between AAM and
CVD or CHD (44–46). These inconsistent results indicated
that early or late AAM might lead to increased cardiovascular
risk by triggering different risk factors or mediators. Lee et al.
reported that early AAM was more likely to be related to
overnutrition, psychosocial stress, and metabolic syndrome,
and late AAM is usually due to polycystic ovary syndrome,
undernutrition, and excessive exercise, which might be related
to hypercortisolism and hypoestrogenism (13). Thus, SBP,
HbA1c, and TGs, which are closely related to metabolic

syndrome, might mediate the association of genetically predicted
AAM with genetically predicted MI through oxidative stress
causing vascular damage and disruption of plaques by chronic
inflammation. Simultaneously, early AAM may lead to female
precocious puberty and early onset of smoking, which could
result in insulin resistance of adipocytes, vessel damage, and
oxidative stress in adolescent girls and significant changes in
sex hormones through adipocytes in postmenopausal overweight
women as a long-term effect (47, 48). Further studies with big
data and experimental evidence might be necessary to delineate
the above possible mechanisms.

Implications for Public Health and
Clinical Management
Our study provides new insights from genetic estimates in an
MR framework to further reveal the association of genetically
predicted AAM with genetic predisposition to MI through a
series of mediators that are closely related to metabolic syndrome.
These innovative findings provided the potential targets for
future pharmaceutical therapies and practical interventions such
as lifestyle modifications on current smoking behavior and high-
fat and high-sugar diets. Furthermore, our findings will also
increase awareness of the importance of education for harmful
habit cessation especially on girls during their early puberty to
lower the MI risk by avoiding long duration of exposure to these
cardiometabolic risk factors.

Innovations and Limitations
Our study made several remarkable advances. The major
strength of our study is that it presented an MR framework
to genetically assess the association of AAM with MI and
genetically estimate the potential mediation proportion of
different risk factors in mediating this relationship. This study
provides more comprehensive and stronger evidence for further
exploring the pathogenic mechanism of early AAM in MI.
Moreover, more than 647,920 participants were involved in
the two-sample MR analyses, which had a larger sample
size than previous observational studies and MR analyses.
The greater statistical power of this study also complements
the imprecision that might arise in one-sample MR analyses
when estimating mediation proportions. In addition, as genetic
variants were immutable, naturally and randomly allocated at
conception, MR analyses provide robust estimates to reduce
bias. The genetic instruments that represented AAM and
the mediators investigate the lifetime rather than short-
term effects.

Note that our MR analyses also might be somewhat limited
in some respect. Even though the results of our MR analyses
were sufficiently robust to estimate the association of genetically
predicted AAM with genetically predicted MI, we believe that
conducting prospective cohort studies in the future will enable
us to provide valuable information about the association of
AAM with MI from more comprehensive perspectives and help
future researchers formulate a broader view for making clinical
decisions and public health policies. Additionally, not all aspects
of the exposure (AAM) phenotype can necessarily be deduced
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by these genetic variants. A notable example is that the genetic
instruments for TG and SBP might capture average levels of TG
and SBP but might not necessarily reflect the variability in serum
lipid and blood pressure. The validity of our MR analyses relied
on three key assumptions: (i) genetic variants were associated
with AAM (exposure); (ii) genetic variants were independent of
any confounder of AAM (exposure)-MI (outcome) association;
(iii) genetic variants were only associated with MI (outcome)
through gene expression instead of independent biological
pathways (49). Because the second assumption was not easy to
confirm because of potential unknown confounders, and the
third assumption could be violated by pleiotropy, we performed
various types of sensitivity analyses to further investigate whether
the presence of pleiotropy, as well as weak instrumental variables
and other invalid instrumental variables, influenced our results.
The results of the sensitivity analysis were in accordance with
those from our main IVW MR analysis. The analyses in this study
were carried out on participants mostly of European descent,
which may limit the generalizability of our findings to other
ethnicities and populations.

CONCLUSION

Our MR analyses indicate that increase in genetically predicted
AAM was associated with lower risk of genetically predicted
MI, and that this association was found at least partially
mediated through current smoking behaviors, SBP, and levels
of HbA1c and TGs. In other words, early AAM might reflect
adverse metabolic imprinting during the pre-pubertal phase.
Given the increasing number of adolescent females globally
who are currently challenged by earlier AAM currently as
a result of social-economic progress, this study may help
public health policymakers and doctors formulate more scalable
and effective strategies to reduce the incidence of MI due
to early AAM without political and social reforms. Further
interventional studies should be performed to examine whether
controlling for the above mediators in adolescent females is
effective in reducing their increased MI risk, and to develop
a clearer picture of other related mediators as well as the
interplay among them.
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Background: Little is known regarding the quantification of sleep apnea- and
hypoxemia-elicited heart rate (HR) response and its prognostic significance of
the cardiovascular risk. We sought to explore the impact of HR response and
variability specific to obstructive sleep apnea (OSA) on the occurrence of a common
cardiovascular event – acute myocardial infarction (AMI).

Methods: Consecutive patients with suspected OSA were enrolled and underwent
nocturnal respiratory study and electrocardiography monitoring. The minimal oxygen
saturation (minSpO2) was determined from the oxygen saturation curve under a
subject-specific search window. Primary HR metrics such as maximal HR in response
to minSpO2 and respiratory event-specific HR variability were computed from the
synchronized recordings. Multivariate regression analyses were conducted to analyze
the associations between individualized HR metrics and the occurrence of AMI.

Results: Of 2,748 patients recruited, 39% (n = 1,071) had moderate-to-severe OSA
(respiratory event index, REI ≥ 15), and 11.4% (n = 313) patients had AMI. Patients with
AMI experienced severe OSA, severe minSpO2, and greater HR reactions. Patients with
minSpO2 <90% had an adjusted odds ratio (OR) of 1.48 [95% confidence interval (CI):
1.09–2.00, p = 0.012) for AMI. Notably, minSpO2-induced elevated mean HR response
(HRmean > 73 bpm) was significantly associated with AMI (OR 1.72, 95% CI: 1.32–2.23,
p < 0.001). Patients with both severe minSpO2 (<90%) and elevated HRmean carried an
additive OR of 2.65 (95% CI: 1.74–4.05, p < 0.001) for the risk of AMI after adjustment
for potential confounders. A large total power spectrum specific to respiratory events
was correlated with an adjusted OR of 0.61 for AMI risk.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 April 2022 | Volume 9 | Article 807436165

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.807436
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcvm.2022.807436
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.807436&domain=pdf&date_stamp=2022-04-26
https://www.frontiersin.org/articles/10.3389/fcvm.2022.807436/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-807436 April 19, 2022 Time: 14:19 # 2

Huang et al. OSA-Specific HR and AMI

Conclusion: Patients with substantial HR reactions to OSA-induced oxygen nadir and
restricted cardiac cycle shifting to respiratory events were likely at increased risk of
developing AMI. Detection of nocturnal HR response to hypoxemia may help improve
cardiovascular risk stratification.

Keywords: sleep apnea, oxygen saturation, heart rate, myocardial infarction, cardiovascular risk

INTRODUCTION

The direct association with an augmented risk of cardiovascular
(CV) morbidity and mortality has raised obstructive sleep
apnea (OSA), a pervasive sleep-breathing disorder, as a critical
public health problem (1, 2). Acute myocardial infarction
(AMI), accounting for approximately 1.8 million deaths annually,
remains the leading cause of CV morbidity and mortality
worldwide (3). Previous clinic-based cohorts suggested that OSA
is an independent risk factor for AMI (1, 4, 5). However, in a
recent multi-center randomized study, moderate-to-severe OSA
did not appear to impose an additional CV risk (6). Besides,
OSA therapy with continuous positive airway pressure (CPAP)
in recent randomized clinical trials (6–8) has failed to reduce
CV events or mortality. These neutral findings may be partly
related to the metrics used to evaluate OSA, and notably, the
heterogeneity of CV risk across different phenotypes.

The conventional OSA severity measures simply focus on the
frequency of apnea or hypopnea interruptions, while neglecting
their immediate hypoxemic and autonomic consequences.
A previous large-scale study found that minimal oxygen
saturation (minSpO2) <78%, but not apnea–hypopnea index
(AHI), was independently correlated with an increased risk of
sudden cardiac death (9). In patients with coronary artery disease,
we reported that minSpO2 was independently associated with left
ventricular hypertrophy, a marker of CV risk (10). Hypoxemia in
OSA is thus postulated as a primary factor preceding subclinical
or overt CV damage (11). Besides, cyclical hypoxemia could also
elicit a high cardiac variability or sympathetic activity, such as
heart rate (HR) accelerations, and contribute to fatal CV events
during sleep (1, 12). In this regard, it is plausible that a surge
in HR to minSpO2 or respiratory events could encapsulate the
enormous sympathetic reactivity of OSA and may be one of the
mediators of increased CV risk (13, 14).

However, to the best of our knowledge, no prior studies have
addressed the HR response measures to minSpO2 and heart rate
variability (HRV) specific to respiratory events due to OSA and
their effects on the occurrence of AMI. Therefore, in the present
study, we sought to explore how minSpO2-specific HR reactions
and HRV parameters identify groups of individuals at particular
risk of AMI in a large population with potential CV risk.

MATERIALS AND METHODS

Study Population
Consecutive patients with suspected sleep apnea between
2015 and 2020 at the Guangdong Cardiovascular Institute
were enrolled. Patients were considered with suspected sleep

apnea if they have the following characteristics: (1) risk
factors, including overweight or obese, male gender, older age,
postmenopausal state in women, enlarged upper airway soft
tissues (e.g., tonsils, adenoids, and tongue), and craniofacial
abnormalities (e.g., retrognathia and micrognathia), and (2)
clinical symptoms and signs, including excessive sleepiness,
fatigue, or unrefreshing sleep, snoring during sleep, witnessed
breathing pauses, choking or gasping during sleep, nocturia,
nocturnal gastroesophageal reflux, and morning headache.
Patients who successfully underwent a cardiorespiratory sleep
study and have not been previously diagnosed with OSA
were included. Participants who met the following criteria
were excluded: previous diagnosed OSA and received treatment
with CPAP or other modalities; atrial fibrillation or other
significant arrhythmias; and had implanted pacemakers or
defibrillators. A total of 2,989 patients were screened for
suspected sleep apnea by obtaining the above risk factors
and clinical features via a detailed medical history taking and
careful physical examination, as well as Epworth Sleepiness
Scale (ESS) quantification. Among them, 151 patients with atrial
fibrillation, nine patients with pacemakers or defibrillators, and
six patients with previously diagnosed OSA were excluded. Of the
remaining 2,823 patients who underwent nocturnal respiratory
study and simultaneous electrocardiogram (ECG) recording, 75
patients whose monitoring data were of insufficient quality,
which made proper interpretation difficult, were excluded.
In total, 2,748 eligible patients were included in the final
data analysis. The study was approved by the Clinical Ethics
Committee of Guangdong Provincial People’s Hospital (No.
GDREC2018567), and written informed consent was obtained
from all participants.

Clinical Data Acquisition
Demographics, anthropometrics, previous medical history,
medications, and daytime ESS score were collected on admission.
Blood samples were obtained immediately after admission using
EDTA-containing tubes. The baseline estimated glomerular
filtration rate (eGFR) was calculated using the Cockcroft–Gault
formula. Fasting blood samples were taken in the morning after
admission to determine fasting glucose and serum lipids. Two-
dimensional transthoracic echocardiography was performed to
evaluate the left ventricular ejection fraction. The medical
diagnoses were retrieved from the electronic recording system.
The diagnosis of AMI was based on clinical manifestations, ECG
findings, myocardial enzymes, echocardiography, and coronary
angiography according to the criteria proposed by the Third
Universal Definition of Myocardial Infarction (15). The diagnosis
of AMI and OSA were confirmed at the same time when patients
were admitted and hospitalized during the study period.
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FIGURE 1 | Typical heart rate response during a sleep apneic event. The figure demonstrates a typical pattern of HR tracings (redline, lower) during the peri-apnea
phase, with a synchronized timescale illustrating oxygen saturation (SpO2) curve (blue line, middle) and nasal airflow (upper). The search window was yielded from
overlaying respiratory event–associated oxygen desaturation curve (see section “Materials and Methods” for details). The minSpO2 is identified based on
subject-specific search window, and a corresponding target HR response curve is determined. HR, heart rate; HRmin, minimal HR during apnea phase that elicits a
subsequent minSpO2; HRmax, maximal HR in response to minSpO2 during post-apnea phase; HRmean, mean HR representing the average of the HRmax and the
HRmin; HRswing, HR swing indicative of the difference between HRmax and HRmin; HRinc, the increment of HR from the HRmean during the peri-apneic period; SpO2,
oxygen saturation.

Nocturnal Respiratory Study
All eligible patients with suspected sleep apnea underwent
Type III nocturnal respiratory monitoring (Alice PDx, Philips
6 Investment Co., Shanghai, China) during the first 24–72 h
after admission to evaluate the presence and severity of OSA.
As for those with the presence of AMI, these patients were
being admitted due to AMI and were evaluated for OSA within
the same hospitalization period. Airflow was measured with a
nasal pressure cannula, while respiratory efforts were measured
utilizing respiratory inductance plethysmography. Apnea and
hypopnea events were determined according to the criteria of the
American Academy of Sleep Medicine (16). Apnea was defined
as a ≥90% reduction of inspiratory airflow for ≥10 s while
hypopnea was defined as ≥30% reduction in airflow associated
with ≥3% desaturation for ≥10 s. The respiratory event index
(REI) was calculated as the number of apnea and hypopnea
episodes per recorded hour. The oxygen desaturation index (i.e.,
the number of ≥3% oxygen desaturations per recorded sleeping
hour) was also recorded. A cut-off REI ≥5 events/h was used to

define the existence of OSA. Patients with OSA were classified
into mild (5 ≤ REI < 15), moderate (15 ≤ REI < 30), and severe
(REI ≥ 30) groups.

Nasal airflow and pulse oximetry were used to assess the
severity of hypoxemic sequelae of OSA. The key indices analyzed
in our study included: total duration of 3% oxygen desaturation,
total duration of respiratory events, minSpO2, mean SpO2 levels,
time spent with SpO2 <90%, and nocturnal hypoxic burden (only
≥3% oxygen deoxygenation events considered) (10, 17, 18). All
recordings were scored manually or calculated by an experienced
sleep technician blinded to the clinical data.

Determination of Heart Rate Response
to Minimal Oxygen Saturation and
Respiratory Event
A single-lead ECG recording device (Shanghai YueGuang
Technology Co. Ltd.) was attached to the patient’s body
simultaneously with the Type III portable monitoring device. The

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 April 2022 | Volume 9 | Article 807436167

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-807436 April 19, 2022 Time: 14:19 # 4

Huang et al. OSA-Specific HR and AMI

TABLE 1 | Baseline characteristics.

Variables Non-OSA n = 699 Mild OSA n = 978 Moderate OSA n = 589 Severe OSA n = 482 All n = 2,748 p-Value

Age, year 54.4 ± 13.0 58.1 ± 10.8 58.6 ± 10.8 56.7 ± 11.7 57.0 ± 11.7 <0.001

Male, n (%) 481 (68.8) 742 (75.9) 492 (83.5) 424 (88.0) 2,139 (77.8) <0.001

BMI, kg/m2 24.2 ± 3.1 25.3 ± 3.1 26.4 ± 3.2 27.3 ± 4.0 25.6 ± 3.5 <0.001

Diabetes mellitus, n (%) 133 (19.0) 230 (23.5) 173 (29.4) 144 (29.9) 680 (24.7) <0.001

Dyslipidemia, n (%) 99 (14.2) 153 (15.6) 89 (15.1) 70 (14.5) 411 (15.0) 0.851

Hypertension, n (%) 339 (48.5) 568 (58.1) 371 (63.0) 341 (70.7) 1,619 (58.9) <0.001

CAD, n (%) 372 (53.2) 602 (61.6) 371 (63.0) 278 (57.7) 1,623 (59.1) <0.001

AMI, n (%) 65 (9.3) 115 (11.8) 73 (12.4) 60 (12.4) 313 (11.4) <0.001

Total cholesterol, mmol/L 4.4 ± 1.1 4.5 ± 1.2 4.5 ± 1.3 4.6 ± 1.4 4.5 ± 1.2 0.440

LDL-C, mmol/L 2.9 ± 0.9 2.9 ± 0.9 3.0 ± 0.9 3.0 ± 0.9 2.9 ± 0.9 0.278

Triglycerides, mmol/L 1.6 ± 1.5 1.9 ± 1.9 1.8 ± 1.5 2.1 ± 2.3 1.8 ± 1.8 <0.001

FBG, mmol/L 5.1 ± 1.6 5.5 ± 2.0 5.7 ± 2.4 5.7 ± 2.2 5.5 ± 2.1 0.011

Creatinine, µmol/L 83.5 ± 58.5 87.2 ± 56.0 94.3 ± 79.2 109.4 ± 105.0 91.7 ± 73.1 <0.001

eGFR, ml/min 99.9 ± 29.8 93.8 ± 28.9 90.0 ± 28.0 85.4 ± 31.7 93.1 ± 30.0 <0.001

EF, % 62.3 ± 9.8 61.7 ± 10.0 60.0 ± 11.2 57.5 ± 14.1 60.7 ± 11.1 <0.001

ESS 5.6 ± 3.5 5.8 ± 3.7 6.2 ± 4.1 7.3 ± 4.5 6.1 ± 3.9 <0.001

TRT, h 7.99 (1.11) 8.00 (1.28) 8.05 (1.16) 8.20 (1.29) 8.04 (1.22) 0.013

REI, events/h 2.3 ± 1.2 9.0 ± 2.6 21.6 ± 4.1 43.7 ± 12.7 16.1 ± 15.5 <0.001

3% ODI, events/h 5.9 ± 4.6 14.7 ± 6.9 28.0 ± 8.9 48.8 ± 14.9 21.3 ± 17.2 <0.001

T90, min 1.21 ± 8.2 2.0 ± 7.2 4.8 ± 8.8 13.3 ± 14.3 4.4 ± 10.4 <0.001

Mean SpO2, % 95.1 ± 1.6 94.3 ± 1.5 93.9 ± 1.5 92.8 ± 2.2 94.2 ± 1.8 <0.001

MinSpO2, % 89.6 ± 2.8 85.9 ± 3.6 81.2 ± 5.6 75.0 ± 9.9 83.9 ± 7.5 <0.001

Values are given as the mean ± SD.
AMI, acute myocardial infarction; BMI, body mass index; CAD, coronary artery disease; eGFR, estimated glomerular filtration rate; EF, ejection fraction; ESS, Epworth
Sleepiness Scale; FBG, fasting blood glucose; LDL-C, low-density lipoprotein; minSpO2, minimal oxygen saturation; REI, respiratory event index; 3% ODI, 3% oxygen
desaturation index; OSA, obstructive sleep apnea; SpO2, oxygen saturation recorded by pulse oximetry; TRT, total recording time of sleep; T90, time spent with SpO2
lower than 90%.

TABLE 2 | Sleep respiratory parameters and minSpO2-specific HR metrics among
patients with and without AMI.

Variables No AMI AMI All p-Value

REI, events/h 15.9 ± 15.6 17.7 ± 15.4 16.1 ± 15.5 0.046

3% ODI, events/h 21.0 ± 17.1 23.6 ± 17.7 21.3 ± 17.2 0.013

T90, % 4.4 ± 10.5 4.4 ± 9.6 4.4 ± 10.4 0.982

Mean SpO2, % 94.2 ± 1.8 94.1 ± 1.7 94.2 ± 1.8 0.333

MinSpO2, % 84.7 ± 7.0 83.8 ± 7.5 83.9 ± 7.5 0.043

HRmean, bpm 66.8 ± 10.7 70.0 ± 11.5 67.2 ± 10.9 <0.001

HRmax, bpm 87.0 ± 20.1 89.1 ± 18.4 87.2 ± 19.9 0.046

HRmin, bpm 52.1 ± 12.8 54.7 ± 15.5 52.4 ± 13.1 0.001

HRdiff, bpm 34.8 ± 23.5 34.4 ± 22.4 34.8 ± 23.3 0.772

HRinc, bpm 20.2 ± 15.9 19.1 ± 14.6 20.1 ± 15.8 0.282

AMI, acute myocardial infarction; CI, confidence interval; HR, heart rate; HRmin,
minimal HR during apnea phase that elicits a subsequent minSpO2; HRmax,
maximal HR in response to minSpO2 during post-apnea phase; HRmean, mean HR
representing the average of the HRmax and the HRmin; HRswing, HR swing indicative
of the difference between HRmax and HRmin; HRinc, the increment of HR from
the HRmean during the peri-apneic period; minSpO2, minimal oxygen saturation;
OR, odds ratio; REI, respiratory event index; 3% ODI, 3% oxygen desaturation
index; OSA, obstructive sleep apnea; SpO2, oxygen saturation recorded by pulse
oximetry; T90, time spent with SpO2 lower than 90%.

ECG signals were manually inspected, whereas noisy segments
and other artifacts were excluded from the analysis due to the
patient’s movement. At every second, the HR was calculated from

the R–R intervals of the raw ECG signals and was retro-graphed
to configure an HR tracing curve with a wholly synchronized
timescale with Type III portable monitoring channels. For each
individually identified apnea or hypopnea, the SpO2 signals were
traced before and after the end of the obstructive respiratory
event until two SpO2 peaks on each side were identified. The
average oxygen desaturation curve for each participant was
determined by overlaying SpO2 signals with respect to the
end of events. This criterion yielded a search window for the
determination of individual oxygen desaturation curves (17). Our
target interest was the search window in which the nadir oxygen
desaturation, that is, minSpO2 throughout the night was located,
and the corresponding HR curve was determined.

The primary minSpO2-specific HR metrics during the peri-
apneic period included HRmin, minimal HR during apnea phase
that elicits a subsequent minSpO2; HRmax, maximal HR in
response to minSpO2 during post-apnea phase; HRmean, mean
HR representing the average of the HRmax and the HRmin;
HRswing, HRswing indicative of the difference between HRmax
and HRmin; and HRinc, the increment of HR from the HRmean
during the peri-apneic period (Figure 1). HRV measures specific
to minSpO2, and respiratory events were also computed based
on R–R intervals. Fourier transformation was applied to calculate
the frequency domains, among which low-frequency (LF) and
high-frequency (HF) ratios were used to quantify the vago-
sympathetic balance.
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Statistical Analysis
Continuous variables were described as the mean ± standard
deviation, and one-way ANOVA was used to compare differences
between groups. The unpaired t-test was used for normally
distributed variables, while the Mann–Whitney U test was used
for continuous variables that were not normally distributed.
Categorical variables were described by proportions, and
Pearson’s Chi-square test or Fisher’s exact test was used to
compare the differences between groups as appropriate. To
determine the risk factors for the occurrence of AMI, both
univariate and multivariate logistic regression analyses were
conducted. Confounders included in the multivariate models
were the ones that are correlated with AMI and clinically relevant
factors. To assess the association between the minSpO2-specific
HR metrics and the composite variables of HR metrics and
minSpO2, and AMI prevalence, logistic regression analyses were
applied to calculate the odds ratio (OR) and its associated 95%
confidence intervals (CIs). Given the novelty of the minSpO2–
HR metrics, and uncertainty over the associations’ linearity,
preliminary associations between various quartiles and AMI were
facilitated to determine the model structure and thresholds for
individual HR metrics. A two-sided value of p < 0.05 was
considered as statistically significant. Statistical analyses were
performed using the R statistical software (R.3.6).

RESULTS

Baseline Characteristics
Of 2,748 studied participants (77.8% male, aged
57.0 ± 11.7 years), 699 (25%) had normal REI, whereas 978 (36%)
had mild, 589 (21%) had moderate, and 482 (18%) had severe
OSA quantified by REI, respectively. Most participants did not
report excessive daytime sleepiness as assessed by the ESS Score.
There was a high comorbidity of hypertension (58.9%), diabetes
mellitus (24.7%), and dyslipidemia (15%) across populations
with different severity of OSA. The prevalence of coronary artery
disease reached approximately 59% (n = 1,623), whereas AMI
accounted for 11.4% (n = 313) (Table 1). Moreover, patients with
severe OSA quantified by REI, were heavier, male-predominant,
had a higher prevalence of AMI, diabetes mellitus, hypertension,
and had higher levels of triglycerides, lower eGFR, and lower
ejection fraction (Table 1).

Comparison of Cardiorespiratory
Parameters
Patients with AMI had a higher frequency of apneic or hypopneic
episodes, that is, greater REI (17.7 vs. 15.9, p = 0.046), and greater
3% ODI (23.6 vs. 21.0, p = 0.013) compared to those without
AMI. There was a significant difference in minSpO2 between
patients with and without AMI (83.8 vs. 84.7%, p = 0.043) among
hypoxemic parameters. The resting HR (i.e., the average HR in
the period excluding any respiratory events) was at a level of
66.01 ± 11.49 bpm, and no statistical difference was observed
between AMI and non-AMI groups (p = 0.437). Further analyses
on HR response to obstructive apnea followed by a minSpO2,

HRmax, HRmean, and HRmin appeared significantly greater than
resting HR and greater in patients with AMI (Table 2). No
significant difference in other HR metrics, including HRswing,
HRinc, and HRdur was found between AMI groups.

Associations Between Minimal Oxygen
Saturation-Specific Heart Rate
Response and Acute Myocardial
Infarction
Among various hypoxemic measures, minSpO2 remained
significantly associated with AMI risk after adjustment for
potential confounders (Supplementary Table 1). The severity
of minSpO2 and the minSpO2-specific HRmax, HRmean, and
HRmin were divided into two distinct groups, respectively, based
on the preliminary logistic regression results (Supplementary
Tables 1, 2). As shown in Table 3, patients with minSpO2
<90% had an OR of 1.48 (95% CI: 1.09–2.00, p = 0.012) for
AMI risk after adjusting for possible confounders including age,
gender, body mass index (BMI), hypertension, dyslipidemia,
eGFR, and diabetes mellitus. Notably, substantial HR reactions
to minSpO2 were significantly associated with an increased
likelihood of AMI (HRmean > 73 bpm, OR 1.72, 95% CI: 1.32–
2.23; HRmax > 83 bpm, OR: 1.31, 95% CI: 1.03–1.67; and
HRmin > 60 bpm, OR: 1.94, 95% CI: 1.49–2.52; Table 3) even
after adjusting for confounders.

We further examined whether associations between
significant HR response and AMI risk would be more robust
in patients with severe hypoxemia quantified by minSpO2.
The mixed groups with various magnitudes of HR metrics and
minSpO2 were analyzed to evaluate the synergistic effects on
the estimated risk for AMI. Patients with severe minSpO2 (i.e.,
<90%), if an elevated HR response was accompanied, would
be at a ≥2-fold higher risk for developing AMI. For instance,
patients with minSpO2 <90% and an elevated minSpO2-related
HRmean > 73 bpm had 2.65 times (95% CI: 1.74–4.05, p < 0.001)
increased risk of AMI than those with minSpO2 ≥90% and mild
HR response (HRmean ≤ 73 bpm), as shown in Table 4.

Associations Between Sleep
Apnea-Associated Heart Rate Variability
Parameters and Acute Myocardial
Infarction
HRV parameters were divided into quartiles and the first group
was considered the reference group. Among minSpO2 variables,
the mean NN interval and LF spectral band showed a protective
role in AMI risk (Table 5). The non-respiratory event-LF/HF was
slightly higher in patients with AMI and severe OSA, than in
non-AMI patients (0.80 vs. 0.77) and non-OSA patients (0.80 vs.
0.60), respectively. Patients with a higher LF/HF ratio would be at
increased risk of AMI (OR = 1.34) after adjusting for age, gender,
and BMI. Notably, respiratory event-associated total power (TP)
spectral band, NN, and standard deviation of NN interval
(SDNN) were related to decreased ORs of AMI incidence.
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TABLE 3 | Relationship between minSpO2 and minSpO2-specific HR metrics with AMI.

Unadjusted Model 1 Model 2

Items OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

MinSpO2, <90% 1.47 (1.10−1.96) 0.009 1.47 (1.08−1.98) 0.014 1.48 (1.09−2.00) 0.012

HRmean, >73 bpm 1.78 (1.38−2.29) <0.001 1.78 (1.37−2.30) <0.001 1.72 (1.32−2.23) <0.001

HRmax, >83 bpm 1.36 (1.08−1.73) 0.011 1.34 (1.06−1.70) 0.016 1.31 (1.03−1.67) 0.028

HRmin, >60 bpm 1.98 (1.53−2.53) <0.001 2.02 (1.56−2.61) <0.001 1.94 (1.49−2.52) 0.001

TABLE 4 | Associations of composite metrics of minSpO2 and minSpO2-specific HR metrics with AMI.

Unadjusted Model 1 Model 2

Items OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

MinSpO2 + HRmean

Group 1 1.00 1.00 1.00

Group 2 1.41 (0.83−2.39) 0.210 1.42 (0.83−2.43) 0.196 1.39 (0.81−2.37) 0.234

Group 3 1.35 (0.93−1.95) 0.114 1.36 (0.93−1.99) 0.113 1.38 (0.94−2.01) 0.103

Group 4 2.74 (1.82−4.13) <0.001 2.74 (1.80−4.18) <0.001 2.65 (1.74−4.05) <0.001

MinSpO2 + HRmax

Group 1 1.00 1.00 1.00

Group 2 1.55 (0.90−2.67) 0.114 1.53 (0.88−2.64) 0.130 1.54 (0.89−2.67) 0.124

Group 3 1.66 (1.02−2.68) 0.040 1.65 (1.01−2.68) 0.045 1.70 (1.04−2.77) 0.035

Group 4 2.33 (1.44−3.77) 0.001 2.26 (1.39−3.70) 0.002 2.25 (1.37−3.67) 0.002

MinSpO2 + HRmin

Group 1 1.00 1.00 1.00

Group 2 1.32 (0.76−2.31) 0.329 1.40 (0.80−2.46) 0.239 1.35 (0.77−2.37) 0.304

Group 3 1.24 (0.87−1.77) 0.228 1.27 (0.88−1.83) 0.196 1.28 (0.89−1.85) 0.184

Group 4 2.79 (1.89−4.11) <0.001 2.91 (1.94−4.36) <0.001 2.81 (1.87−4.21) <0.001

MinSpO2 and HR metrics (including HRmax, HRmean, and HRmin) yield a total of four independent groups for individual HR response metric. Group 1 (Control) represents
participants with minSpO2 ≥90% and mild HR reaction (i.e., HRmean ≤ 73 bpm, HRmax ≤ 83 bpm, or HRmin ≤ 60 bpm). Group 2 represents participants with minSpO2
<90% and mild HR reaction. Group 3 represents participants with minSpO2 ≥90% and substantial HR reaction (i.e., HRmax > 83 bpm, or HRmean > 73 bpm, or
HRmin > 60 bpm). Group 4 represents participants with minSpO2 <90% and substantial HR reaction. Each line represents a separate regression model. Model 1
adjusted for age, gender, and BMI. Model 2 adjusted for age, gender, BMI, hypertension, dyslipidemia, eGFR, and diabetes mellitus.
AMI, acute myocardial infarction; BMI, body mass index; CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, heart rate; minSpO2, minimal oxygen
saturation. HRmin, minimal HR during apnea phase that elicits a subsequent minSpO2; HRmax, maximal HR in response to minSpO2 during post-apnea phase; HRmean,
mean HR representing the average of the HRmax and the HRmin; OR, odds ratio.

TABLE 5 | Significant sleep apnea-specific heart rate variability parameters associated with AMI risk.

HRV variables* Unadjusted Model 1 Model 2

OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

minSpO2-related

LF > 77.2 0.69 (0.49−0.96) 0.028 0.62 (0.45−0.88) 0.007 0.64 (0.45−0.90) 0.011

NN > 1.02 0.50 (0.36−0.70) <0.001 0.48 (0.34−0.67) <0.001 0.49 (0.34−0.69) <0.001

RE-related

TP > 1570 0.62 (0.45−0.87) 0.006 0.57 (0.41−0.80) 0.002 0.61 (0.43−0.86) 0.005

NN > 1.02 0.49 (0.35−0.68) <0.001 0.46 (0.33−0.64) <0.001 0.49 (0.35−0.68) <0.001

SDNN > 0.101 0.68 (0.49−0.96) 0.029 0.64 (0.45−0.90) 0.012 0.69 (0.48−0.98) 0.041

NRE-related

LF/HF > 0.91 1.63 (1.17−2.27) 0.004 1.34 (0.95−1.88) 0.098 1.36 (0.96−1.92) 0.084

*The fourth quartiles were shown with the first quartile as the referenced group. Model 1 adjusted for age, gender, and BMI. Model 2 adjusted for age, gender, BMI,
hypertension, dyslipidemia, eGFR, and diabetes mellitus.
OR, odds ratio; minSpO2, minimal oxygen saturation; RE, respiratory event; NRE, non-respiratory events; TP, total power; SDNN, standard deviation of NN interval; LF,
low-frequency; HRV, heart rate variability.
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DISCUSSION

The present study provides new insights into the quantification
of HR response due to OSA and its capacity for AMI
risk stratification. The novel and principal findings are
that the hypoxemia measure—minSpO2 that characterizes
OSA-related hypoxemic severity correlated with incident
AMI. Notably, patients with pronounced minSpO2-specific
HR reactions (specifically, HRmax, HRmean, and HRmin)
magnified AMI risk by nearly 1.3- to 1.9-fold compared to
those with a mild HR response. This association appeared
stronger among individuals with severe minSpO2 <90%.
Analysis of sleep apnea–specific HRV also supported
the hidden role of enhanced sympathetic tone and
restricted variations in cardiac cycle in the incidental
occurrence of AMI.

The Role of Hypoxemia and Associated
Heart Rate Surges
Recent literature has identified novel measures that may
accurately quantify respiratory event-specific hypoxemia
including the length of obstructive events (19) and the
cumulative extent of oxygen desaturation (17, 20), which
are postulated as new candidates for OSA-associated CV
risk such as CV mortality, all-cause mortality (17, 21), and
incident heart failure (22). Nevertheless, the above-mentioned
studies paid less attention to the nadir oxygen saturation and
its effects on CV risk. In contrast, in our study, the nadir
oxygen desaturation, that is, minSpO2, appears to be one
of the strongest factors that correlate with AMI incidence,
beyond REI, 3% ODI, and other hypoxemic measures. Similarly,
we reported that minSpO2 ≤ 80% could impose a two- to
threefold higher odds on the development of left ventricular
hypertrophy than those with minSpO2 ≥ 90% in patients with
coronary artery disease (10). These indicated that minSpO2,
representing the most severe dip of oxygen saturation, is
likely to cause dysfunctional cardiac variability that may
predispose patients to CV events. A previous large-scale
longitudinal study showed that the minSpO2 ≤ 78%, was
independently associated with an increased risk of sudden
cardiac death (9), suggesting that nadir oxygen desaturation is
an essential element precipitating lethal ventricular arrhythmias.
In this regard, characterizing minSpO2-specific HR changes
is an essential avenue to allow more target approaches to
preventing CV events.

Triggering Effect of Periodic Respiratory
Event-Specific Heart Rate Response and
Variability
An increased sympathetic tone in OSA has been reported to
be mostly responsible for the high prevalence of AMI (23)
and CV events (1). To detect the rhythmic oscillation in OSA,
previous studies used direct recordings of sympathetic fibers by
invasive microneurographic techniques and an analysis of HRV
(24, 25). Generally, HRV is derived from mathematical analyses
of intervals between normal heartbeats, but a few limitations

have been observed. The frequency domain analysis of HRV
usually requires patients to be stationary and is limited to a
fixed cut-point on the overnight graphical tracing of sleep (25).
Such an HR measurement approach may be problematic since
most OSA patients may not have significant event-free periods
during sleep. OSA-induced necessary modifications of breathing
patterns may also affect the HR oscillation and could not be
distinguished by the HRV analysis (26). Similarly, Shimizu et al.
developed a cyclic variation of HR score determined by Holter
ECG and concluded that it was a useful screening tool for
severe sleep-disordered breathing among patients with heart
failure (13). However, the parameters used in that study did
not consider the nadir hypoxic effect as minSpO2-specific HR
metrics did (13). Also, minSpO2-specific HR reactions (either
maximal, mean, or minimal HR), partly attributed to arousals
from sleep (27–29), may reflect the substantive CV reactions to
the extreme hypoxic effect.

The non-respiratory event–associated LF/HF in HRV analysis
was slightly greater in patients with AMI as well as severe
OSA, and as the ratio increased, the AMI risk increased by
nearly 36%. This probably supported the link between enhanced
sympathetic activity and AMI. In general, standard frequency-
oriented OSA measures may serve as the substrate for CV
morbidity, while the “hypoxic–sympathetic storm” is more likely
to be a critical trigger of CV events. Also, we observed the
protective role of a greater TP of spectral bands specific to
respiratory events (namely, the square sum of cardiac cycle
variations) in AMI risk. In other words, if hypoxemia is
accompanied by restricted cardiac cycle shifting or mild HR
swing amplitude, it might diminish coronary blood flow and
precede individuals to myocardial infarction.

Proposed Mechanisms Linking Heart
Rate Response, Variability, and Acute
Myocardial Infarction Risk
The proposed mechanisms linking the minSpO2 and specific HR
response to it are explained separately for chronic and acute
effects on the onset of AMI. Some reports show that OSA
exhibits a peak with respect to the onset of CV diseases during
sleeping to morning hours (30, 31). Presumably, traditional OSA
parameters such as REI, 3% ODI, or hypoxemic duration may
exert basal chronic pathophysiologic effects on the long-term
development of CV damage. At the same time, the dramatic
acute HR surge in response to minSpO2 may be an acute
trigger factor for AMI. In specific, regarding the chronic effects,
long-term intermittent hypoxia and reoxygenation were shown
to increase the myocardial infarct size (32). This hypoxemic
mechanism is also thought to generate cardiac hyper-excitability
by altering sympathovagal balance reflected by cyclical variations
in HR (13), and as indicated by an increased basal LF/HF
in patients with severe OSA and AMI. In terms of the
acute impact, the rapid HR reactions may be associated with
accelerated atherogenesis of the coronary artery initiated by
endothelial dysfunction through mechanical and metabolic
factors (33). If HR reacts dramatically to minSpO2, there would
be an augmented myocardial demand for oxygen and impaired
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coronary perfusion due to a shorter diastolic filling duration. The
myocardial ischemia will occur, and the infarct size will likely
be expanded if accompanied by a high coronary plaque burden
(34, 35). A high HR response per se has also been associated with
coronary plaque disruption (36), rendering patients at a higher
risk of suffering from acute AMI.

Practical Significance
The present study’s findings may suggest the potential association
between minSpO2-elicited severe HR reactions, variability,
and AMI risk in a large population with suspected OSA.
This implied that abnormal cardiopulmonary interaction or
sympathetic activation might play a potential role in AMI
occurrence. The advantages of detecting such biological signals
lie in their simplicity of operation, economic cost, non-
invasiveness, remote accessibility, and portability. In clinical
practice, apart from early recognition of OSA, additional
investigation of nocturnal oxygen desaturation, especially
minSpO2 and HR response may discriminate the vulnerable
phenotypes of patients at higher risk of AMI. However, these
assumptions need to be further examined by future large-
scale studies.

Study Strengths and Limitations
Our study’s main strengths include first, a large sample size;
and second, multi-dimensional analyses of cardiorespiratory
measures. Most importantly, we conducted a compressive
assessment of the HR metrics associated with minSpO2,
which has not been widely examined in previous literature.
Nevertheless, this study has limitations. First, OSA was detected
by portable cardiorespiratory monitoring rather than attended
polysomnography (PSG). However, the cost-effective and user-
friendly portable device has similar accuracy for OSA assessment
compared with PSG (37). It also permits a more stable and
actual assessment of the disease status because the first night
effects could be largely reduced as fewer connecting devices
are required. Second, multivariate models may not grant the
complete elimination of the confounding factors for AMI.
However, common risk factors for AMI such as dyslipidemia,
diabetes mellitus, and hypertension were included in the
multivariate models while avoiding overadjustment from other
highly collinear variables. Finally, the nature of observational,
cross-sectional research would not allow us to determine
causality between HR metrics and AMI, which requires future
prospective cohort studies.

CONCLUSION

In conclusion, increased HR reactions to OSA-induced minSpO2
and several HRV indices were independently associated with
a higher likelihood of AMI. Detection of nocturnal oxygen
saturation and autonomic response to nadir hypoxemia may
help improve CV risk stratification. Prospective large-scale
randomized studies are warranted to evaluate the prognostic
significance of OSA-specific HR metrics on CV outcomes
across populations.
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Analysis and Impact of
Socioeconomic Factors
Claudia Álvarez-Martín1,2, Aida Ribera1,2,3* , Josep Ramon Marsal1,2, Albert Ariza-Solé4,5,6,
Santiago Pérez-Hoyos7,8, Gerard Oristrell6,9, Toni Soriano-Colomé9,
Rafael Romaguera4,5, Jose Ignacio Pijoan2,10, Rosa M. Lidón6,9, Josepa Mauri11,12 and
Ignacio Ferreira-González1,2,9

1 Cardiovascular Research and Epidemiology Unit, Cardiology Department, University Hospital Vall d’Hebron and Vall
d’Hebron Research Institute, Barcelona, Spain, 2 Centro de Investigación Biomédica en Red de Epidemiología y Salud
Pública (CIBERESP), Madrid, Spain, 3 Recerca en Envelliment, Fragilitat i Transicions (REFiT) Barcelona Research Group,
Parc Sanitari Pere Virgili and Vall d’Hebron Institute of Research, Barcelona, Spain, 4 Cardiology Department, Hospital
Universitari de Bellvitge, Barcelona, Spain, 5 Bioheart, Grup de Malalties Cardiovasculars, Institut d’Investigació Biomèdica
de Bellvitge (IDIBELL), L’Hospitalet de Llobregat, Barcelona, Spain, 6 Centro de Investigación Biomédica en Red en
Enfermedades Cardiovasculares (CIBERCV), Madrid, Spain, 7 Statistics and Bioinformatics Unit, Vall d’Hebron Research
Institute, Barcelona, Spain, 8 Statistics Department, Faculty of Biology, University of Barcelona, Barcelona, Spain,
9 Cardiology Department, University Hospital Vall d’Hebron, Universitat Autònoma de Barcelona, Barcelona, Spain, 10 Clinical
Epidemiology Unit, Hospital Universitario Cruces/BioCruces-Bizkaia Health Research Institute, Barakaldo, Spain,
11 Cardiology Department, Hospital German Trias i Pujol, Barcelona, Spain, 12 Director Plan for Cardiovascular Diseases, Pla
Director de Malalties Cardiovasculars (PDMCV), Department of Health, Catalan Government, Barcelona, Spain

Aims: This study aimed to evaluate the decline in urgent cardiovascular hospital
admissions and in-hospital mortality during the COVID pandemic in two successive
waves, and to evaluate differences by sex, age, and deprivation index subgroups.

Methods and Results: We obtained acute cardiovascular hospital episodes during the
years 2019–2020 from region-wide data on public healthcare usage for the population of
Catalonia (North-East Spain). We fitted time models to estimate the incidence rate ratios
(IRRs) of the acute coronary syndrome (ACS) and acute heart failure (HF) admissions
during the first pandemic wave, the between-waves period, and the second wave
compared with the corresponding pre-COVID-19 periods and to test for the interaction
with sex, age, and area-based socioeconomic level. We evaluated the effect of COVID-
19 period on in-hospital mortality. ACS (n = 8,636) and HF (n = 27,566) episodes were
defined using primary diagnostic ICD-10 codes. ACS and HF admissions decreased
during the first wave (IRR = 0.66, 95%CI: 0.58–0.76 and IRR = 0.61, 95% CI: 0.55–
0.68, respectively) and during the second wave (IRR = 0.80, 95%CI: 0.72–0.88 and
IRR = 0.76, 95%CI: 0.69–0.84, respectively); acute HF admissions also decreased in the
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period between waves (IRR: 0.81, 95%CI: 0.74–0.89). The impact was similar in all sex
and socioeconomic subgroups and was higher in older patients with ACS. In-hospital
mortality was higher than expected only during the first wave.

Conclusion: During the first wave of the COVID-19 pandemic, there was a marked
decline in urgent cardiovascular hospital admissions that were attenuated during
the second wave. Both the decline and the attenuation of the effect have been
similar in all subgroups regardless of age, sex, or socioeconomic status. In-hospital
mortality for ACS and HF episodes increased during the first wave, but not during
the second wave.

Keywords: COVID-19, acute coronary syndrome, myocardial infarction, heart failure, time-series

INTRODUCTION

During the first pandemic wave (FW) of coronavirus disease 2019
(COVID-19) between March and April 2020, there was a marked
decline in admissions for acute coronary syndrome (ACS) (1–
11), heart failure (HF) (12–14), and other non-COVID health
conditions (15–17).

While prioritization of healthcare services explains decreases
in elective admissions, explanations for the decrease in the
attention of emergent conditions remain conjectural (18).
Possible reasons attributed to the steep decrease in hospital
admissions for acute cardiovascular problems were patients’
hesitation to refer to the hospital, missed diagnosis, and
competing risk with COVID-19 mortality in the elderly and
institutionalized patients (19). The analysis of differing trends of
emergent cardiovascular admissions in successive waves periods
and in the between-waves periods (BWP) might be useful to
unravel the underlying mechanisms and to anticipate future
trends. A few reports of results during the second pandemic
wave (SW, between April and September 2020) indicate a
second decline of unknown magnitude (20) despite information
campaigns targeted at the affected populations.

Moreover, the COVID-19 pandemic has been shown to
increase geographic, gender, and socioeconomic inequalities in
access to healthcare (21). Age, gender, and deprivation level
might influence behaviors in such ways that would imply a
greater impact on more disadvantaged groups. Gender and age
differences in admissions for acute myocardial infarction (MI)
have been analyzed previously with differing results (22); but to
the best of our knowledge, it has not been assessed in longer
series (beyond the FW) considering socioeconomic indices. The
potential influence of gender, age, and socioeconomic differences
on the dynamic of admissions for acute HF decompensations has
not been assessed so far.

Therefore, we aimed to evaluate the variations in ACS and
acute HF hospital admissions during the COVID-19 pandemic
period, including the FW and the SW, in comparison with
the hospital admissions of the corresponding pre-COVID-19
pandemic periods. In addition, we aimed to assess whether
age, gender, and socioeconomic status might have influenced
these variations. Finally, we analyzed the predictors of in-
hospital death.

MATERIALS AND METHODS

Population and Data Sources
We used region-wide data on public healthcare usage for the
population of Catalonia, a North-East region in Spain with
universal public healthcare coverage, with a reference population
of more than 7 M and a hospital network of 11 reference tertiary
hospitals performing percutaneous coronary intervention (PCI).
Data were accessed through the Public Data Analysis for Health
Research and Innovation Program (PADRIS). PADRIS allows
access to information from different sources linked at the patient
level with warranted accomplishment of ethical principles and
the Spanish Law of data protection 3/2018.

Acute coronary syndrome and HF episodes from 31 December
2018 to 27 December 2020 were extracted from the Minimum
Basic Data Set (MBD). Index admissions were identified with the
International Classification of Diseases (ICD)-10 as the primary
diagnostic (see diagnostic codes in Supplementary Table 1). We
selected only emergency admissions.

Weekly COVID-19 cases were obtained from the Open Access
Data Portal of the Catalan Government. Confirmed cases were
defined as having a positive RT-PCR test or rapid antigen
test for SARS-CoV-2.

For each episode, we extracted sex, age in 5 years’ intervals,
all diagnostic and procedure ICD-10 codes, region of residence,
primary care service areas (PCSA), comorbidity status (AMG),
and PCSA-based socioeconomic status (PCSA index).

Primary Care Service Areas Index
To strengthen territorial equity in the allocation of primary care
resources, in 2015, the Catalan Health Department developed a
socioeconomic deprivation indicator representative of the PCSA
linked to adverse health outcomes. The indicator score ranges
from 0 (less deprived) to 100 (more deprived) (23).

Comorbidity
The comorbidity index [Adjusted Morbidity Groups (AMGs)]
score is a morbidity measure that enables assigning a weight
based on the preexisting comorbidities (24). AMG explanatory
value has been checked by comparing it with morbidity
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measures such as the Charlson Index or the number of chronic
diseases (24).

Statistical Analysis
Based on the visual representation of the weekly number of
COVID-19 diagnostics, we defined the following periods of
analysis: pre-COVID (from 31 December 2018 to 23 February
2020), FW (from 24 February 2020 to 27 April 2020), BWP
(from 28 April 2020 to 20 September 2020), and SW (from
21 September 2020 to 27 December 2020). We considered the
beginning of the FW as the date when the first case in the
region was reported in the press (24 February 2020), although the
COVID registry started later.

Patients’ characteristics were compared between each COVID
period and the corresponding pre-COVID period (same calendar
period in 2019). Continuous variables were reported as mean
(SD) or median (P25 to P75) and compared using Student’s t-tests
or Kruskal-Wallis tests. Categorical variables were reported as n
(percentage) and compared using χ2 tests.

Weekly admissions for ACS and HF were depicted from
31 December 2018 to 27 December 2020. Negative binomial
regression was used to estimate the incidence rate ratios
(IRRs) and their 95% confidence intervals for ACS and acute
HF hospital admissions during the COVID-19 FW, during
the BWP, and during the SW compared with the expected
admissions, based on the pre-COVID-19 period. Using this
approach, each IRR represents the ratio between the weekly
number of admissions in each period and the weekly number
of admissions in the reference period. First, we modeled the
pre-COVID-19 time series to estimate the expected number
of admissions in the COVID-19 periods by fitting sinusoidal
functions to control seasonality and autocorrelation. Best-fitted
models were selected on the basis of minimizing deviance
of the model and then fitted to the whole series including
COVID waves as indicators to calculate IRR. To show
graphically the variations in ACS and HF hospital admissions
attributable to the pandemic phases, we depicted the observed
vs. the expected admissions estimated from the pre-COVID-
19 model.

Finally, we fitted an additional set of models using fractional
polynomial coefficients to parameterize in a flexible way the
different descending and ascending slopes observed during the
pandemic period. We used the parameters of the fitted models to
estimate the instantaneous rate of change in the different periods
and the absolute decrease in each wave.

Different effects of COVID periods [FW, BWP, and SW
among sex, age (<80/≥80), and PCSA index quartiles (first
quartile/fourth quartile)] were estimated by including two-way
interaction terms in regression models.

To assess whether changes in hospital mortality during the
COVID-19 period were due to the distortion in healthcare
during the pandemic or to changes in the risk profile of
patients, we performed logistic mixed-effects regression with in-
hospital mortality as the response variable and the pandemic
periods together as a covariable. We adjusted the model by
patients’ characteristics [e.g., sex, age, comorbidity weight, type
of ACS (in ACS model), PCSA index quartiles]. We used

random slope models and non-structured covariance matrix for
random effects to account for repeated episodes of individual
patients and for the clustered structure of patients living in
different PCSA (371 PCSA). All analyses were performed with
R version 4.1.0.

RESULTS

After excluding elective admissions and patients younger
than 20 years old, we analyzed a series of 36,202 episodes
(corresponding to 34,575 patients) admitted for ACS (n = 8,424)
or HF (26,151) between 31 December 2018 and 27 December
2020 (Figure 1).

Tables 1, 2 show the characteristics of patients attended
for ACS and HF during each predefined COVID-19 period as
compared with each corresponding pre-COVID-19 period: FW,
BWP, and SW. The decline in admissions for every subgroup is
presented as a% change. The description of the complete cohort
is shown in Supplementary Table 2.

In general, patients admitted during the pandemic period had
less comorbidities, as reflected by a consistently lower AMG
score compared with the pre-COVID periods. In addition, in
both conditions, the total hospital length of stay was significantly
lower. Regarding ACS admissions (Table 1), the decline was
significantly higher for patients aged 80 years or older admitted
during the SW. Diagnostic episodes labeled as other AMI or other
ACS increased in the whole COVID-19 period. As compared
with the pre-COVID-19 period, the number of PCI remained
virtually the same during the FW but decreased slightly during
the BWP (−23%; p = 0.001) and during the SW (−32%;
p = 0.01). In-hospital mortality increased during the FW [8.86%
vs. 5.51% in the pre-COVID-19 period (p = 0.018)], and there
were no statistically significant differences neither during the
SW nor in the BWP.

Regarding acute HF admissions (Table 2), the proportion of
older people admitted during the BWP was significantly lower,
and in-hospital mortality was higher during the FW (7.41 vs.
9.26%; p = 0.022) but lower during the BWP (7.46 vs. 6.38%;
p = 0.039) and during the SW (7.63% vs. 5.94%; p = 0.007).

Figure 2 shows the time series of ACS (Figure 2A) and HF
(Figure 2B) weekly urgent hospital admissions and the distortion
observed after the arrival of the pandemic wave. Both ACS and
HF admissions series showed a significant seasonality, with lower
admissions in summer weeks. After adjusting for seasonality and
autocorrelation, there was a marked decrease in ACS episodes
(Supplementary Figure 1A), reaching a maximum of 69.46%
cases below the expected [IRR 0.43 (0.37–0.50), p < 0.001]
coinciding with the highest peak of the FW. Then, after a recovery
in the BWP, the number of admissions decreased again in a
smoother way. Admissions for HF (Supplementary Figure 1B)
also decreased steeply to a 72.83% less than expected [IRR 0.21
(0.17–0.26), p < 0.001] coinciding with the peak of the FW and
then returned to normal levels to immediately decrease again to
a sustained level about 30% below the expected.

The model parameters used to estimate IRRs and changes in
the weekly number of admissions are shown in Supplementary
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FIGURE 1 | Flowchart.

Tables 3–6. The IRRs of ACS admissions for the FW, the
BWP, and the SW were 0.66 (0.58–0.76), 0.92 (0.84–1.00), and
0.80 (0.72–0.88), respectively. The IRRs of HF admissions for
the FW, the BWP, and the SW were 0.61 (0.55–0.68), 0.81
(0.74–0.89), and 0.76 (0.69–0.84), respectively. Supplementary
Figures 2, 3 show the results of the models with fractional
polynomic coefficients for ACS and HF.

Supplementary Figures 4–15 show the separate time series
according to gender, age, and area-level deprivation index. For
the IRRs of ACS admissions, there was a significant interaction
with age in the BWP and in the SW (Figure 3), when the relative
reduction in the weekly number of admissions was higher for
older people. Despite an apparent recovery in the admissions
for ACS in the BWP [IRR 0.92 (0.84–1.00)], ACS admissions
remained lower than expected among women, older, and in most
deprived areas. Regarding HF, there was a significant decline
of a similar magnitude in all subgroups (Figure 4), and HF
admissions remained significantly lower than expected during
the whole pandemic period.

Table 3 shows the association between the COVID-19
epidemic periods and in-hospital mortality adjusted for patient
demographics, AMG score, type of ACS, and PCSA index.
Mortality risk, compared with the corresponding pre-COVID-
19 periods, was higher during the FW for both ACS (OR: 2.29;

95%CI: 1.6–3.27; p < 0.001) and HF episodes (OR: 1.33; 95%
CI: 1.11–1.59; p = 0.002). In addition, ACS episodes labeled as
other MI had the highest mortality risk (8.9; 95% CI 5.44–14.58;
p < 0.001) as well as those episodes with a concomitant or recent
diagnosis of coronavirus infection (OR: 4.1; 95% CI: 1.78–9.44;
p = 0.001 and OR: 1.87; 95% CI: 1.22–2.86; p = 0.004 for ACS and
HF, respectively).

DISCUSSION

This population-based time-trends analysis shows an important
decrease in the number of emergent admissions for ACS and
HF during the FW and during the SW compared with the
corresponding pre-COVID-19 periods. This decrease was also
present during the BWP, and it was similar among socioeconomic
subgroups. However, there were less patients aged 80 years or
older admitted for ACS during the BWP and the SW. Adjusted
in-hospital mortality risk compared with the corresponding pre-
COVID-19 periods was higher during the FW for both ACS
and HF episodes despite a lower comorbidity weight and a
similar rate of PCI.

Although the decrease in cardiovascular admissions was
consistent during all the study periods, the impact of the SW
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TABLE 1 | Characteristics of patients admitted to hospital for acute coronary syndrome (ACS) in each period compared with the reference pre-COVID-19 period.

First wave period (24/02 to 27/04) Between waves period (28/04 to 20/09) Second wave period (21/09 to 27/12)

Pre-COVID-
19

COVID-19 %
change

P-value Pre-COVID-
19

COVID-19 %
change

P-value Pre-COVID-
19

COVID-19 %
change

P-value

N 817 519 −36 1788 1308 −12 1308 1001 −23

Women 250 (30.60) 171 (32.95) −32 0.368 617 (34.51) 505 (32.21) −18 0.159 449 (34.33) 331 (33.07) −26 0.526

Men 567 (69.40) 348 (67.05) −39 1171 (65.49) 1063 (67.79) −9 859 (65.67) 670 (66.93) −22

Age 0.638 0.352 0.001

< 80 579 (70.87) 374 (72.06) −35 1288 (72.04) 1152 (73.47) −11 883 (67.51) 738 (73.73) −16

≥ 80 238 (29.13) 145 (27.94) −39 500 (27.96) 416 (26.53) −17 425 (32.49) 263 (26.27) −38

Type of ACS < 0.001 < 0.001 < 0.001

Unstable angina 143 (17.50) 84 (16.18) −41 272 (15.21) 274 (17.47) 1 167 (12.77) 167 (16.68) 0

NSTEMI 560 (68.54) 325 (62.62) −42 1249 (69.58) 997 (63.58) −20 944 (72.17) 671 (67.03) −29

STEMI 97 (11.87) 57 (10.98) −41 228 (12.75) 95 (6.06) −58 173 (13.23) 63 (6.29) −64

Other MI 8 (0.98) 43 (8.29) 438 14 (0.78) 161 (10.27) 1050 10 (0.76) 75 (7.49) 650

Other ACS 9 (1.10) 10 (1.93) 11 25 (1.4) 41 (2.61) 64 14 (1.07) 25 (2.50) 79

AMG weight, mean
(SD)

32.92 (17.46) 20.44 (16.29) −38 <0.001 31.82 (16.47) 18.61 (14.44) −41 <0.001 31.19 (16.27) 17.16 (13.85) −45 <0.001

PCSA index, mean (SD) 42.11 (15.27) 42.68 (15.00) 1 0.514 42.20 (14.62) 41.24 (15.10) −2 0.064 41.79 (14.56) 42.05 (14.56) 1 0.680

Quantiles of PCSA
index

0.084 0.799 0.414

1st 202 (24.72) 116 (22.35) −43 422 (23.60) 394 (25.13) −7 324 (24.77) 221 (22.08) −32

2nd 188 (23.01) 113 (21.77) −40 428 (23.94) 376 (23.98) −12 306 (23.39) 262 (26.17) −14

3rd 187 (22.89) 139 (26.78) −26 432 (24.16) 370 (23.60) −14 305 (23.32) 236 (23.58) −23

4th 215 (26.32) 145 (27.94) −33 472 (26.40) 389 (24.80) −18 335 (25.61) 249 (24.88) −26

PCI during
hospitalization

353 (43.21) 242 (46.63) −31 0.220 826 (46.20) 633 (40.37) −23 0.001 619 (47.32) 420 (41.96) −32 0.010

In−hospital mortality 45 (5.51) 46 (8.86) 2 0.018 69 (3.86) 73 (4.66) 6 0.253 60 (4.59) 48 (4.80) −20 0.814

Hospital length of stay
(days), mean (SD);
median (p25 to p75)

9.41 (8.03); 7
(5 to 11)

7.11 (6.34); 5
(3 to 9)

−24 <0.001 8.88 (7.71); 7
(4 to 11)

8.29 (7.21); 6
(4 to 10)

−7 <0.001 9.47 (9.63); 7
(4 to 11)

8.03 (6.97); 6
(4 to 10)

−15 <0.001

Numbers indicate n (%) except if otherwise stated.
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TABLE 2 | Characteristics of patients admitted to hospital for acute heart failure (HF) in each period compared with the reference pre-COVID-19 period.

First wave period (24/02 to 27/04) Between waves period (28/04 to 20/09) Second wave period (21/09 to 27/112)

Pre-COVID-
19

COVID-19 %
change

P-value Pre-COVID-
19

COVID-19 %
change

P-value Pre-COVID-
19

COVID-19 %
change

P-value

N 3,200 1,749 −45 5,641 4,026 −29 4,090 2795 −32

Women 1,741 (54.41) 946 (54.09) −46 0.830 3130 (55.49) 2,200 (54.16) −30 0.195 2,315 (56.60) 1,525 (54.56) −34 0.094

Men 1,459 (45.59) 803 (45.91) −45 2,511 (44.51) 1,862 (45.84) −26 1,775 (43.40) 1,270 (45.44) −28

Age 0.107 0.001 0.061

<80 1,246 (38.94) 722 (41.28) −42 2,106 (37.33) 1,651 (40.65) −22 1,517 (37.09) 1,099 (39.32) −28

≥80 1,954 (61.06) 1,027 (58.72) −47 3,535 (62.67) 2,411 (59.35) −32 2,573 (62.91) 1,696 (60.68) −34

AMGweight, mean (SD) 48.33 (15.39) 33.86 (18.22) −30 <0.001 48.74 (15.86) 31.18 (17.69) −36 <0.001 46.40 (15.73) 28.08 (15.59) −39 <0.001

PCSA index, mean (SD) 41.03 (15.08) 41.76 (14.66) 2 0.108 40.76 (15.27) 41.73(15.15) 2 0.002 40.73 (15.33) 40.96 (14.99) 1 0.556

Quantiles of PCSA
index

0.166 0.110 0.751

1st 836 (26.13) 426 (24.36) −49 1,534 (27.19) 1,008 (24.82) −34 1,137 (27.80) 754 (26.98) −34

2nd 790 (24.69) 408 (23.33) −48 1349 (23.91) 989 (24.35) −27 995 (24.33) 681 (24.36) −32

3rd 681 (21.28) 419 (23.96) −38 1,220 (21.63) 929 (22.87) −24 861 (21.05) 573 (20.50) −33

4th 790 (24.69) 445 (25.44) −44 1,370 (24.29) 1,006 (24.77) −27 986 (24.11) 712 (25.47) −28

In−hospital mortality 237 (7.41) 162 (9.26) −32 0.022 421 (7.46) 259 (6.38) −38 0.039 312 (7.63) 166 (5.94) −47 0.007

Hospital length of stay
(days), mean (SD);
median (p25 to p75)

10.33
(10.04); 8 (4

to 13)

8.64 (7.32); 7
(4 to 11)

−16 <0.001 9.59 (8.66); 7
(4 to 12)

8.98 (7.75); 7
(4 to 11)

−6 0.017 9.77 (9.34); 7
(4 to 12)

8.47 (7.13); 6
(3 to 11)

−13 <0.001

Numbers indicate n (%) except if otherwise stated.
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FIGURE 2 | Weekly number of hospital admissions for (A) acute coronary syndrome and (B) heart failure, between 31 December 2018 and 27 December 2020.
Black line: observed hospital admissions; shaded area: number of COVID-19 cases; red lines: predefined period limits: pre-pandemic, first wave, period between
waves, and second wave; small circles: negative binomial model estimated values (pre-COVID-19).

was clearly different from the impact of the FW. The impact of
the SW was quite attenuated, probably due to the rapid reaction
of hospitals to increase their intensive care capacity and to the
information campaigns launched to raise awareness of the need
to contact the emergency services when experiencing symptoms
compatible with MI.

There were also remarkable differences between ACS episodes
and acute HF episodes. While the number of ACS admissions
gradually returned to the expected levels in the BWP, admissions
for acute HF remained low for almost the whole observed
pandemic period studied. Whether the number of admissions
has recovered to usual values or has decreased again to similar
levels in the successive waves needs to be further addressed.

Besides patients’ hesitation to go to the hospital, this sustained
decrease might be related in part to the fact that HF symptoms
are closer to COVID-19 symptoms. Since the primary focus of
health professionals has been a rapid COVID-19 diagnosis, it
might have led to underdiagnoses of HF cases. In addition, acute
HF hospitalizations might have been lower because patients were
preferably attended to in the primary care setting or due to the
increased use of telemedicine, which is less practicable in the
setting of the acute ischemic heart disease.

It has been speculated that lifestyle changes occurring during
the lockdown periods might have influenced acute coronary
disease incidence (25). However, the observations, as in other
contexts (8), that the decline in admissions preceded the
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FIGURE 3 | Incidence rate ratios of acute coronary syndrome admissions, in the three predefined pandemic period vs. the corresponding pre-pandemic period
(2019) by subgroups of socioeconomic factors, and the p-value for the interaction between period and each socioeconomic factor.

FIGURE 4 | Incidence rate ratios of acute heart failure admissions, in the three predefined pandemic period vs. the corresponding pre-pandemic period (2019) by
subgroups of socioeconomic factors, and the p-value for the interaction between period and each socioeconomic factor.

lockdown and that the return to “normal” levels preceded
the reopening suggest that environmental changes, decreased
physical activity, or diminished stress are unlikely to be major
contributors to these trends.

Some changes in the characteristics of patients attended to
during the successive COVID-19 periods compared with the
corresponding pre-COVID-19 periods might give some hints
for the interpretation of trends. Overall, patients admitted
during the COVID-19 period had much lower comorbidity
weight assessed by AMG score. This suggests that those
patients with more comorbidities and higher risk who had a
cardiovascular event did not seek care or that the healthcare
system collapsed at some point and could not hospitalize
these more fragile patients. Another possibility is a certain

degree of competitive risk between COVID-19 disease and
cardiovascular events, which could result in a lower rate of
cardiovascular events in the population with a higher rate
of severe COVID-19 disease, which was precisely the elderly
and the more fragile population, especially during the FW.
The stronger decrease in admissions of patients aged 80 years
or older in the BWP and during the SW supports the
hypothesis of competitive risk with the high COVID-19-related
mortality during the FW.

Another indirect finding that suggests the burden of the
healthcare facilities during certain periods was the hospital length
of stay. It declined steadily during the epidemic waves and, to a
lesser extent, during the BWP. In the future, it will become clear
whether this indicates a simple trend in a complex context or a
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TABLE 3 | Association of patient characteristics and COVID-19 periods with
in-hospital mortality for acute coronary syndrome (ACS) and heart failure (HF).

ACS valid (n* = 8,622) HF valid (n** = 27,531)

OR (95% CI) P-value OR (95% CI) P-value

Women 0.93 (0.75 to 1.15) 0.487 0.86 (0.78 to 0.95) 0.002

Age (for 5 years
increase)

1.44 (1.36 to 1.52) <0.001 1.30 (1.26 to 1.34) <0.001

AMG weight 1.02 (1.01 to 1.02) <0.001 1.01 (1.00 to 1.01) <0.001

Type of ACS

Unstable
angina (ref)

1 -

Other ACS 2.81 (1.32 to 5.99) 0.007

NSTEMI 2.22 (1.51 to 3.26) <0.001 -

STEMI 6.13 (4.03 to 9.35) <0.001 -

Other MI 8.67 (5.32 to 14.13) <0.001 -

Quartiles of
PCSA index

1st 1 1

2nd 1.00 (0.75 to 1.33) 0.993 1.05 (0.90 to 1.23) 0.501

3rd 1.19 (0.90 to 1.57) 0.223 1.10 (0.94 to 1.28) 0.245

4th 1.09 (0.83 to 1.44) 0.525 1.05 (0.90 to 1.22) 0.553

COVID19
period

1st wave 2.14 (1.50 to 3.05) <0.001 1.36 (1.14 to 1.62) 0.001

Between waves 1.20 (0.90 to 1.62) 0.217 0.94 (0.82 to 1.09) 0.432

2nd wave 1.37 (0.97 to 1.93) 0.072 0.86 (0.72 to 1.03) 0.094

*14 missing values for PCSA; **35 missing values for PCSA.
ACS, acute coronary syndrome; HF, heart failure; OR, odds ratio; AMG, adjusted
morbidity groups; NSTEMI, non-ST elevation myocardial infarction; STEMI,
ST elevation myocardial infarction; MI, myocardial infarction; PCSA, primary
care service areas.

real change in the efficiency of the health system for managing
these cardiovascular events. In any case, it indicates the effort
of the healthcare professionals to minimize the overload of
the system and the awareness of the risk of infection during
admission by professionals and by the patients and their families.

The increase in the number of diagnoses labeled as other
ACS or other MI, present in only few cases, might be due
to codification problems during the overwhelming working
conditions of the professionals responsible for codification
during the pandemic peaks. This fact prevents us to draw
conclusions about the differential changes by type of ACS.

The analysis of mortality determinants reveals that, unlike the
results observed in other series (26), there was a significantly
increased risk of in-hospital mortality after ACS and acute HF
episodes in the FW but not in the SW. The increase in mortality
was independent of case mix and despite a lower comorbidity
weight and a similar rate of PCI compared with the pre-COVID-
19 period. This probably reflects, on the one hand, the delay in
patients seeking care increasing symptoms-to-balloon time (2),
together with a more important healthcare overload during the
FW and, on the other hand, a certain learning curve effect that
benefited the second and subsequent waves.

Our results are consistent with those observed in other
contexts. The study by Bodilsen et al. (16), in Denmark,

highlighted HF as one of the health conditions not returning
to baseline levels, together with respiratory and nervous system
diseases, cancer, acute exacerbations of chronic pulmonary
disease, sepsis, and pneumonia.

Although female sex and older age have been linked to
increased delay before seeking healthcare (27), the COVID-19
pandemic does not seem to have affected differently the pattern
of admission for ACS and HF in male and female patients
(Figures 3, 4). This suggests that the potential different behavior
of men and women for seeking care shown in other studies is
attenuated in a context such as COVID-19 pandemic. However,
we observed that the decline in hospital admissions was higher
in older patients, but only after the FW. Huynh et al. (28)
found a higher reduction of acute MI in women ≥70 years old
during the COVID-19 pandemic in a Swedish healthcare region
without lockdown.

To the best of our knowledge, this is the largest study showing
the effects of the COVID-19 pandemic on acute cardiovascular
disease admissions during a sufficiently large time window to
include two successive waves. Previous reports have observed
lower hospital admission rates for MI (5, 6, 11, 29, 30) and HF
(13, 14, 31, 32) during the FW that are comparable with our
study; however, reports of further declines in successive waves are
scarce. In this sense, Wu et al. (20) reported a second decline of a
similar magnitude (41% for HF and 34% for MI) during the SW
in the United Kingdom.

Limitations
Despite the use of large region-wide administrative databases
that offer clear advantages, disadvantages include the following:
Lack of detail in clinical severity, comorbidities, out-of-hospital
mortality and causes of mortality, lower data quality, and
higher risk of misclassification. In the case of HF, it would
have been informative to merge hospital admissions to primary
care emergent admissions and telecare attentions. Adoption of
telecare programs as a response to the pandemic might have
influenced the rate of hospital admissions. Finally, we used
related ICD-10 diagnostic codes to label cases with concomitant
COVID-19, as we did not have access to data for laboratory-
proven SARS-Cov-2 infection. However, the proportion of
patients with a diagnosis of both cardiovascular disease and
COVID-19 infection was low, and its impact on overall outcomes
might not be very relevant. Finally, the depiction of the COVID
wave does not correspond with the real cases, especially during
the FW, when fewer RT-PCR tests or rapid antigen tests for
SARS-CoV-2 were performed, and specific diagnostic codes for
COVID-19 were not available.

CONCLUSION AND PRACTICAL
IMPLICATIONS

The decline in hospital admissions for ACS and acute HF
during the FW of the COVID-19 pandemic was marked and
striking. We provide evidence that the decline was attenuated
but still observed in the SW and that the impact has been
similar in all age, sex, and socioeconomic subgroups in the
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Catalan healthcare system. In addition, the adjusted in-hospital
mortality risk comparing the corresponding pre-COVID-19
periods shows a clearly higher risk during the FW for both ACS
and HF episodes but not during the SW, which indicates the
difficulty of the healthcare system to adapt to new and stressful
pandemic conditions.

The impact of COVID-19 in Spain was among the strongest
reported worldwide, and its indirect impact on other non-
COVID health conditions should be surveilled by health
authorities. Numerous efforts have been made to forecast health
resources needs for COVID-19 but not for other health problems
that have been strongly impacted by the pandemic. Extending
our temporal series to longer time frames, and including other
contextual factors that might influence the rate of ACS or HF
admissions, can serve to anticipate future distortions and prepare
the health services to improve the attention of non-COVID
health problems.
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Background: Although congenital heart defect (CHD) was the dominating birth defect,

the time trend analysis of CHD was largely unknown. In our study, the time trend analysis

of CHD from 2005 to 2020 in Jinan was conducted, aimed to reveal the epidemiological

characteristics in a city and provided the data basis for the government to make a

policy intervention.

Methods: Amulti-institutional and retrospective review of CHD for all births from January

1, 2005 to December 31, 2020 was performed. Proportioner prevalence was used to

describe the distribution of CHD. Comparisons of CHD characteristics among different

groups were assessed with Chi-squares tests. Cochran-Armitage tests (CAT) were used

to track changes in CHD prevalence.

Results: About 322,374 births and 5,180 CHD in Jinan were included from 2005 to

2020, and the total CHD prevalence was 3.92 per 1,000 births. The CHD prevalence

showed an upward trend, with a total increase of 227.66% from 2005 to 2020. The CHD

prevalence in urban areas was 34.17% higher than that in rural areas, but the gap was

narrowing. Atrial septal defect (3.07 per 1,000 births), patent ductus arteriosus (1.62 per

1,000 births), ventricular septal defect (1.18 per 1,000 births), tetralogy of Fallot (0.62 per

1,000 births), and atrioventricular septal defect (0.47 per 1,000 births) were the 5 most

common subtypes.

Conclusion: The prevalence of CHD in Jinan was gradually on the rise, which needs to

be highly focused on by the health management department. Older pregnant women

and women in rural areas should be concerned, and targeted measures need to

be introduced.

Keywords: epidemiology, congenital heart disease, prevalence, time trend analysis, causes analysis
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INTRODUCTION

Congenital heart disease (CHD) was defined as clinically
significant structural heart and/or great vessels disease present
at birth (1). It was estimated that the global average prevalence
of CHD was 9.4 per 1,000 live births in 2010–2017 (2). CHD
accounts for 28% of all birth defects, which was themost common
birth defect (3). In China, 90–150 thousand new births with
CHD were diagnosed every year, and infant mortality due to
CHD reached 3.91 per 1,000 births in 2018 (4). Although child
mortality caused by CHD has declined, the burden of disease
caused by CHD was still serious in developing countries (5).
CHD was also an important cause of disability in children (6).
Infants with CHD frequently required early surgical treatment
after birth to improve outcomes (7, 8), which always caused
serious economic burden. The annual healthcare costs associated
with CHDwere estimated to be $5.6 billion, accounting for 15.1%
of total pediatric hospitalization costs (9). In China, the total
economic burden of CHD exceeded 12.6 billion RMB every year
(10). In view of the heavy disease burden and serious health
damage caused by CHD, the comprehensive prevention and
control of CHD had become a public health issue. Therefore, the
reliable epidemiological characteristics of CHD were important
in order to have a better insight into its etiology and a finding of
high-risk population.

Many studies in China have reported the prevalence of CHD.
However, the period for identifying CHD in most studies was
from 28 gestation weeks to 7 days after births. In fact, as with the
large-scale use of ultrasound in obstetrics, more and more CHDs
were diagnosed before 28 gestation weeks. So, that monitoring
period cannot reflect the real level of CHD.

Jinan is the most representative city in eastern China for
its geographic character, economic figure, and composition of
population. In 2005, Jinan established a birth defect monitoring
network, covering all medical institutions in the city. In 2011,
all maternal and newborn information, including information on
CHD, was reported through the web-based reporting system, and
accurate and reliable data were available.

In this study, we extended the monitoring period of CHD,
from 12 gestation weeks to 7 days after birth. We also performed
a trend analysis and a difference test on the characteristics and
subtypes of CHD, and the causes of these results were also
analyzed. We believe that our study would provide suggestions
for the government to formulate scientific policies and serve as a
model for some developing cities to prevent CHD.

METHODS

Study Population
A multi-institutional and retrospective review of CHD for all
births from January 1, 2005 to December 31, 2020 was performed.
The study population involved all the pregnant women and
fetus/neonates in hospitals of Jinan. The period of identifying
CHD was from 12 gestation weeks to 7 days after births, during
which CHD diagnosed for the first time was required to report.
CHD was coded according to the International Classification of
Diseases (10th edition) (11).

Data Collection
Data collection was based on the three-level network of the
Maternal and Child Healthcare Institutions (MCH), including
hospitals, county-level MCH, and city-level MCH (12). The
doctors in hospitals reported the information of pregnant women
and fetus/neonates to county-level MCH. The submitted data
were verified by the staff in county-levelMCH and reported to the
city-level MCH every month. Ultimately, 52 hospitals, including
1,322,374 births and 5,180 CHD, were included in the study.

Variables such as the diagnosis gestation week of CHD, the
gender of CHD, the maternal age of CHD, the subtype of
CHD, and the other demographic characteristics were collected
and analyzed.

Data Quality Management
In order to keep high-quality data, a series of standard
operating procedures, including data collection, data abstraction,
data evaluation, were developed. To ensure accuracy and
completeness of CHD, quality control was routinely performed,
and 10% normal findings and all abnormal findings were
reviewed by cardiologists.

In the process of quality control, the related variables of CHD,
such as the gestation week, the CHD subtype, the maternal age,
and so on, were the key check contents.

Statistical Analysis
Demographic and clinical characteristics of CHD were expressed
as proportion or prevalence. Cochran-Armitage tests (CATs)
were used to track changes of the prevalence of CHD in rural and
urban areas, the proportion of CHD before and after 28 gestation
weeks, and the prevalence of CHD subtypes. The prevalence of
CHD according to different maternal characteristics was assessed
with Chi-squares tests. Cochran-Armitage tests (CATs) were
used to track changes of the CHD prevalence. R version 3.5.1
(the Comprehensive R Archive Network) was used for the data
analysis, with a significance level at p < 0.05.

RESULTS

The Prevalence of CHD in Jinan From 2005
to 2020
We counted 1,322,374 births and 5,180 CHD from 2005 to
2020, and the prevalence was 3.92 per 1,000 births. Time trend
analysis showed that the prevalence of total CHD was increased,
from 1.52 per 1,000 births in 2005 to 4.99 per 1,000 births in
2020, with a total increase of 227.66% and an annual increase
of 14.23%.

Overall, during the study period, an “S” shape curve can be
found in the time trend of CHD prevalence. The first stage
was from 2005 to 2010, during which the CHD prevalence was
about 2.46 per 1,000 births. The second stage was from 2011
to 2015, during which the CHD prevalence was about 3.58 per
1,000 births. The third stage was from 2016 to 2020, during
which the CHD prevalence was about 5.21 per 1,000 births
(Table 1, Figure 1).
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TABLE 1 | The prevalence of CHD between urban areas and rural areas from 2005 to 2020.

Year Urban* Rural& Total# Extent%1
$

Births CHD PRE Births CHD PRE Births CHD PRE

2005 19,467 43 2.21 27,835 29 1.04 47,302 72 1.52 52.83

2006 18,957 58 3.06 3,1007 53 1.71 49,964 111 2.22 44.13

2007 25,889 84 3.24 35,782 69 1.93 61,671 153 2.48 40.57

2008 24,475 85 3.47 35,329 73 2.07 59,804 158 2.64 40.50

2009 26,593 90 3.38 40,145 76 1.89 66,738 166 2.49 44.06

2010 36,732 142 3.87 44,228 100 2.26 80,960 242 2.99 41.51

2011 36,700 149 4.06 44,722 115 2.57 81,422 264 3.24 36.66

2012 39,763 195 4.90 49,291 158 3.21 89,054 353 3.96 34.64

2013 35,551 178 5.01 41,907 132 3.15 77,458 310 4.00 37.09

2014 50,363 208 4.13 58,848 152 2.58 10,9211 360 3.30 37.46

2015 35,959 154 4.28 40,481 113 2.79 76,440 267 3.49 34.82

2016 62,281 420 6.74 69,238 326 4.71 131,519 746 5.67 30.18

2017 49,217 300 6.10 53,464 230 4.30 102,681 530 5.16 29.42

2018 49,853 300 6.02 52,224 250 4.79 102,077 550 5.39 20.45

2019 49,134 259 5.27 53,128 221 4.16 102,262 480 4.69 21.09

2020 40,445 230 5.69 43,366 188 4.34 83,811 418 4.99 23.77

Total 60,1379 2,895 4.81 72,0995 2,285 3.17 132,2374 5,180 3.92 34.17

*Cochran-Armitage trend (CAT) P < 0.05.
$Cochran-Armitage trend (CAT) P < 0.05.
&Cochran-Armitage trend (CAT) P < 0.05.
#Cochran-Armitage trend (CAT) P < 0.05.

Extent%1 = (the CHD prevalence in urban areas- the CHD prevalence in rural areas)/ the CHD prevalence in urban areas×100%.

FIGURE 1 | The prevalence of CHD between urban areas and rural areas from 2005 to 2020.
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The Prevalence of CHD Between Urban
Areas and Rural Areas in Jinan From 2005
to 2020
From 2005 to 2020, the CHD prevalence was 4.81 per 1,000 births
in urban areas and 3.17 per 1,000 births in rural areas. Time
trend analysis showed an upward trend of the CHD prevalence in

urban and rural areas, and respectively increased by 157.45% and

316.03% in 2020 compared with 2005. Obviously, the increasing

range in rural areas was larger than that in urban areas.

The gap of CHD prevalence between urban and rural areas
was analyzed. Overall, the CHD prevalence in urban areas was
34.17% higher than that in rural areas, but the gap, gradually,
was narrowed, from 52.83% in 2005 to 23.77% in 2020 (Table 1,
Figure 1).

The Proportion of CHD Before 28 Gestation
Weeks and After 28 Gestation Weeks in
Jinan From 2005 to 2020
Between 2005 and 2020, the proportion of CHD was 31.20%
before 28 gestation weeks and 68.80% after 28 gestation weeks.
Time trend analysis showed an upward trend of the CHD
proportion before 28 gestation weeks and increased by 192.82%
in 2020 compared with 2005. On the contrary, a downward trend
of the CHD proportion was found after 28 gestation weeks, which
decreased by 31.11% in 2020 compared with 2005.

Overall, the gap of the CHD proportion between before 28
gestation weeks and after 28 gestation weeks gradually narrowed,
from 520% in 2005 to 45.88% in 2020 (Table 2, Figure 2).

The Difference of CHD Prevalence in Jinan
According to Different Maternal
Characteristics
Firstly, the CHD prevalence of male births was 17.92% higher
than that of female births, and this difference was statistically
significant (p < 0.05). Secondly, the CHD prevalence of maternal
delivery season was highest in autumn (4.73 per 1,000 births)
and least in spring (3.49 per 1,000 births), and the difference was
statistically significant (p < 0.05). Besides, significant differences
were also found in different maternal age groups. The highest
CHD prevalence was found in over 35 years old (7.18 per 1,000
births), followed by under 20 years old (5.52 per 1,000 births)
(Table 3, Figure 3).

The Prevalence of the 5 Most Common
CHD Subtypes in Jinan From 2005 to 2020
Overall, atrial septal defect (ASD), patent ductus arteriosus
(PDA), ventricular septal defect (VSD), tetralogy of Fallot (TOF),
and atrioventricular septal (AVSD) were the 5 most common
subtypes. The prevalence of these CHD subtypes was 3.07 per
1,000 births, 1.62 per 1,000 births, 1.18 per 1,000 births, 0.62 per
1,000 births, and 0.47 per 1,000 births, respectively.

Time trend analysis showed that the total CHD prevalence
in different subtypes increased over time. Compared with 2005,
the 5 most common CHD subtypes, respectively, increased
by 251.51, 162.74, 109.23, 33.08, and 15.32%. Obviously, the

increasing range of ASD was largest among the 5 most common
CHD subtypes. Besides, we also found that ASD, PDA, VSD,
and TOF had the highest prevalence in 2016 from 2005 to
2020 (Table 4).

DISCUSSION

The total CHD prevalence in Jinan was 3.92 per 1,000 births
from 2005 to 2020 and 5.61 per 1,000 births from 2016 to
2020, which were roughly equivalent to the CHD prevalence in
China (13) over the same period but were higher than that in
Changzhou (14), and lower than that in Zhejiang (15), in Asia,
and in the world (2). We speculated that there may be several
reasons for this difference. Firstly, it might be due to the different
monitored periods. Themonitored period, in our study, was from
12 gestation weeks to 7 days after births, but that in Asia or in the
world was from birth to 6 years old, and that in Changzhou was
from 28 gestation weeks to 7 days after births. Secondly, various
screening approaches also played an important role. In our study,
B-ultrasound was the main screening method for CHD in Jinan.
However, in the study in Zhejiang, in addition to B-ultrasound
examination, the pulse oximetry was used for CHD screening
after birth.

In our study, 5 epidemiological characteristics of congenital
heart disease in Jinan were found.

TABLE 2 | The propotion of CHD before 28 gestation weeks and after 28

gestation weeks from 2005 to 2020.

Year Births Before 28 gestation

weeks*

After 28 gestation

weeks#
Extent%1

$

CHD Propotion

(%)

CHD Propotion

(%)

2005 47,302 10 13.89 62 86.11 520.00

2006 49,964 14 12.61 97 87.39 592.86

2007 61,671 26 16.99 127 83.01 388.46

2008 59,804 30 18.99 128 81.01 326.67

2009 66,738 30 18.07 136 81.93 353.33

2010 80,960 38 15.70 204 84.30 436.84

2011 81,422 43 16.29 221 83.71 413.95

2012 89,054 72 20.40 281 79.60 290.28

2013 77,458 74 23.87 236 76.13 218.92

2014 109,211 107 29.72 253 70.28 136.45

2015 76,440 77 28.84 190 71.16 146.75

2016 131,519 305 40.88 441 59.12 44.59

2017 102,681 210 39.62 320 60.38 52.38

2018 102,077 220 40.00 330 60.00 50.00

2019 102,262 190 39.58 290 60.42 52.63

2020 83,811 170 40.67 248 59.33 45.88

Total 132,2374 1,616 31.20 3,564 68.80 120.54

*Cochran-Armitage trend (CAT) P < 0.05.
#Cochran-Armitage trend (CAT) P < 0.05.
$Cochran-Armitage trend (CAT) P < 0.05.

Extent%1 =(the CHD propotion after 28 gestation weeks- the CHD propotion before 28

gestation weeks)/ the CHD propotion after 28 gestation weeks×100%.
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FIGURE 2 | The proportion of CHD before 28 gestation weeks and after 28 gestation weeks from 2005 to 2020.

TABLE 3 | The prevalence of CHD from 2005 to 2020 in Jinan according to

different characteristics.

Variable Births CHD Prevalence P value

Infant gender <0.001

Male 695,665 2,978 4.28

Female 626,709 2,202 3.51

Season <0.001

Spring (March, April, May) 320,421 1,117 3.49

Summer (June,July,August) 320,452 1,134 3.54

Autumn (September, October, 326,300 1,544 4.73

November)

Winter (December,January,February) 355,201 1,385 3.90

Maternal age <0.001

<20 17,204 95 5.52

20–24 235,339 736 3.13

25–29 519,356 1,730 3.33

30–34 388,498 1,456 3.75

35- 161,977 1,163 7.18

Firstly, the total CHD prevalence increased significantly
over time in Jinan; the upward trend was also found in
other studies in China (16, 17). We found an “S” shape
in the time trend of the CHD prevalence, and 2011 and
2016 were two obvious growth inflection points. In particular,
the prevalence of atrial septal defect (ASD) and ventricular
septal defect (VSD) reached their highest levels in 2016 in

nearly 15 years. The phenomenon was explained by the
following two reasons. On the one hand, it might be attributed
to the established information systems. Jinan Maternal and
Child Health Information System was an information system
based on case collection. Since 2011, every examination of
pregnant women throughout pregnancy, especially ultrasound
examination, can be found in the information system. However,
previous information collections were aggregated data, and
information omissions or misdiagnosis of CHD existed. On the
other hand, the comprehensive two-child policy implemented in
2016 had a significant impact on the increase in the prevalence
of CHD (18, 19). After the implementation of the policy,
women over 35 years old in Jinan increased by 45% (20), which
undoubtedly increased the prevalence of CHD.

Secondly, we found that the proportion of CHD before 28
gestation weeks increased gradually. This phenomenon was also
found in other studies on the CHD diagnosis gestational weeks
(21). Large-scale B-ultrasound examination was an important
reason for this phenomenon. After 2016, free prenatal ultrasound
was included in public health projects in Jinan. Every pregnant
woman can obtain a free prenatal ultrasound examination at
about 24 gestation weeks, and more and more CHD can be found
in the perinatal period, resulting in increasing prevalence.

Thirdly, significant differences across gender, maternal
delivery season, and maternal age were found. (i) The CHD
prevalence in male births was higher than that in female births,
which was consistent with some previous studies (22, 23). This
difference may be explained by the higher susceptibility of Y
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FIGURE 3 | The prevalence of CHD between male births and female births.

TABLE 4 | The prevalence of the the 5 most common CHD subtypes in Jinan from 2005 to 2020.

Year Atrial septal defect* Patent ductus arteriosus# Ventricular septal defect& Tetralogy of Fallot$ Atrioventricular septal@

CHD PRE CHD PRE CHD PRE CHD PRE CHD PRE

2005 17 0.87 12 0.62 11 0.57 9 0.46 8 0.41

2006 28 1.48 11 0.58 20 1.06 9 0.47 10 0.53

2007 35 1.35 17 0.66 27 1.04 12 0.46 11 0.42

2008 42 1.72 19 0.78 35 1.43 14 0.57 8 0.33

2009 41 1.54 21 0.79 34 1.28 13 0.49 10 0.38

2010 79 2.15 43 1.17 33 0.90 21 0.57 19 0.52

2011 100 2.72 57 1.55 40 1.09 20 0.54 20 0.54

2012 114 2.87 75 1.89 41 1.03 26 0.65 21 0.53

2013 107 3.01 57 1.60 42 1.18 21 0.59 19 0.53

2014 135 2.68 77 1.53 43 0.85 25 0.50 16 0.32

2015 98 2.73 65 1.81 25 0.70 20 0.56 13 0.36

2016 292 4.69 167 2.68 99 1.59 51 0.82 34 0.55

2017 205 4.17 95 1.93 71 1.44 31 0.63 25 0.51

2018 211 4.23 98 1.97 62 1.24 33 0.66 21 0.42

2019 192 3.91 85 1.73 65 1.32 35 0.71 22 0.45

2020 150 3.71 75 1.85 63 1.56 30 0.74 28 0.69

Total 1846 3.07 974 1.62 711 1.18 370 0.62 285 0.47

*Cochran-Armitage trend (CAT) P < 0.05.
#Cochran-Armitage trend (CAT) P < 0.05.
&Cochran-Armitage trend (CAT) P < 0.05.
$Cochran-Armitage trend (CAT) P < 0.05.
@Cochran-Armitage trend (CAT) P < 0.05.
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FIGURE 4 | The number of PM10 in different months from 2014 to 2020.

chromosome than X chromosome (24). (ii) The CHD prevalence
in autumn was highest. As we all know, the critical period of
fetal heart and embryo development was 3–8 gestation weeks.
In our study, the CHD prevalence in autumn was highest, which
indicated that early maternal exposure was in winter. In Jinan,
air pollution was relatively serious in winter, especially PM10
(Figures 4, 5). Some studies have pointed out that PM2.5 or
PM10 was an important risk factor in birth defects (25, 26).
(iii) Like other studies, we also found high CHD prevalence in
elderly pregnant women (27–29). As more and more women
delay their childbearing age, the government should attach great
importance to the above issue. It is estimated that the maternal
age has delayed from 26.12 years old in 2005 to 31.26 years old
in 2020.

Fourthly, the total CHD prevalence in urban areas was higher
than that in rural areas, which was also reported in many other
pieces of literature (30, 31). Perhaps, the stronger overall health
awareness, the wider use of prenatal diagnosis techniques, more
accessibility, and reporting practices in urban areas can be used
to explain the phenomenon (32). Interestingly, the gap of the
CHD prevalence between urban areas and rural areas was getting
smaller and smaller. Several reasons can be used to explain
this phenomenon. (i) After 2011, with the advancement of
public health projects, the use of prenatal diagnostic techniques

became more widespread in rural areas, allowing a large number
of congenital heart diseases to be detected prenatally. (ii)
An important reason for the phenomenon was changes in
environmental exposures. In recent years, the environmental
protection measures implemented in urban areas of Jinan have
become more and more strict, and the environmental quality has
become better and better. On the contrary, the environmental
quality in rural areas has not been greatly improved. Especially
during the Spring Festival, due to the use of firecrackers, the
environmental quality in rural areas was very poor (33). National
Environmental Monitoring Center reports that more than 60%
cities in rural areas have excessive air pollution during the Spring
Festival holiday (34), and the data in our study also showed the
poor air quality in January, each year during the Spring Festival
from 2014 to 2018.

Fifthly, in Jinan, the reported CHD was dominated by
mild lesions (84.31%), such as VSD, ASD, and PDA. The
finding also was confirmed in other studies (35). The following
reasons can explain this phenomenon. Firstly, comprehensive
use of echocardiography and improved echocardiographic
techniques were likely to account substantially for the increased
prevalence of mild lesions. With the improvement of health
awareness, more and more pregnant women were checked
fetal health by B-ultrasound. In 2020, the proportion of fetal
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FIGURE 5 | The number of PM10 in different seasons.

cardiac ultrasound examination reached 92.13%. So, many
previous mild lesions were reported in the prenatal period.
The second reason should be attributed to air pollution.
The terrain in Jinan belonged to a basin bottom structure,
which made the air pollutants, especially PM10, unable to be
dissipated in time. Some epidemiologic studies have suggested
the possible association of maternal exposure to PM10 during
the first trimester of gestation with VSD, ASD, and PDA
(25, 36).

Limitation
Firstly, the prevalence of CHD in our study was based on
hospitals; births with CHD given out of hospital would be
missed. Therefore, the actual prevalence of CHD might be
underestimated. Secondly, as a cross-sectional study, some
risk factors of CHD, such as the natural environment or
other maternal complications, were not considered because of
limited data.

CONCLUSION

The CHD prevalence was increased in Jinan from 2005
to 2020. The CHD prevalence in urban areas and before
28 gestation weeks was increased faster. Mild lesions, such
as VSD, ASD, and PDA, were the dominating subtypes.

Elderly pregnant women and women in rural areas should
be focused.
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There are more and more proofs about the impact of neighborhood alcohol environment
on alcohol-associated events. The relationship between the neighborhood availability
and accessibility of alcohol outlet with individual level of alcohol consumption along with
11 cardiovascular risk factors was explored for the first time in India using data from the
3rd follow-up of the Andhra Pradesh children and parents study (APCAPS) (n = 6156,
for liquor intake and 5,641 for heart and blood vessel risk elements). In fully adjusted
models, volunteers in the lowest tertile performed worse than volunteers in the highest
tertile of distance to the closest alcohol outlet were more probably to exhibit less alcohol
consumption (−14.40 g/day, 95% CI: −26.21, −2.59). A unit per km2 rise in alcohol
outlet density in 400 m buffering area was related to a rise in waist circumference
(1.45 mm, 95% CI: 0.13, 2.77), SBP (0.29 mmHg, 95% CI: 0.09, 0.49), and DBP
(0.19 mmHg, 95% CI: 0.03, 0.35). A unit per 100 m rise in distance to the closest
alcohol outlet was related to a rise in waist circumference (−2.39 mm, 95% CI: −4.18,
−0.59), SBP (−0.41 mmHg, 95% CI: −0.68, −0.15), and DBP (−0.29 mmHg, 95%
CI: −0.51, −0.07). Neighborhood availability of alcohol outlets within immediate locality
of participants’ households had a closer relationship with cardiovascular risk factors
than that within the whole village. Public health policies designed to limit neighborhood
availability and accessibility of alcohol outlets ought to be advocated in southern India.

Keywords: alcohol environment, availability, accessibility, alcohol intake, cardiovascular risk, APCAPS

INTRODUCTION

Cardiovascular disease (CVD) causes huge disease burden and deaths worldwide (1). In India, it
contributed 28.1% of the total deaths and 14.1% of the total disability-adjusted life-years in 2016
(2). Alcohol use is a key modifiable risk factor for acute and chronic diseases globally, causing 2.8
million deaths in 2016 (3). Heavy drinking is associated with an increased risk of initial presentation
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of several symptomatic manifestations of CVD, such as coronary
death, heart failure, cardiac arrest, transient ischemic attack,
ischemic stroke, intracerebral hemorrhage, and peripheral
arterial disease (4). In India, alcohol attributable deaths would
lead to a loss of 258 million life years between 2011 and
2,050, causing significant negative health impact and economic
burden (5).

Data from multiple countries indicate a close connection
between the neighborhood alcohol environment, especially
the availability and accessibility of alcohol (on and/or off-
premises), and the individual alcohol consumption (6). However,
most of the existing studies have been conducted in high-
income countries and have focused on the association between
alcohol environment and drinking behaviors and beliefs among
adolescents or young adults (7–9). Very few studies have been
carried out in low- and middle-income countries. Ibitoye et al.
found that high density of alcohol-selling outlets and outdoor
advertisements increased alcohol use among adolescents in
Tanzania (10). Study from rural South Africa found that density
of alcohol outlets was associated with problematic drinking
among young men (11).

Further, there is increasing evidence about the impact of
neighborhood alcohol environment on alcohol-related events
including experienced violence, injuries, and drunk-driving
fatalities (12–14). Higher alcohol outlet density was also shown
to be associated with non-injury health outcomes such as
liver problems, mental health, sexually transmitted infections,
and total deaths (15–17). By now, to the best of our
knowledge, no study has addressed the association between the
availability and accessibility of alcohol with individual level of
alcohol consumption and cardiovascular risk factors in general
population in low- and middle-income countries.

In order to inform policies for the control of local alcohol
use and disease burden of CVD in low- and middle- income
countries, further evidence on the effect of alcohol environment
on individual alcohol use as well as cardiovascular risk is urgently
needed. Therefore, we carried out data analysis from a peri-
household cohort study in southern India here to investigate
whether access to and availability of alcohol outlets in the
local neighborhood is related with alcohol consumption and
cardiovascular risk factors.

MATERIALS AND METHODS

Study Participants
The Andhra Pradesh children and parents study (APCAPS)
study has been explained previously (18, 19). In short, it’s
an inter-generation cohort in south India, which started with
the follow-up of the participants of the Hyderabad Nutrition
Trial (HNT) conducted from 1987 to 1990. It was conducted
in 29 villages close to Hyderabad in Ranga Reddy district,
Andhra Pradesh. The data used in this cross-sectional analysis
are from the 3rd follow-up where the index participants of
HNT and their family members were enrolled. Between 2010
and 2012, data on sociodemographic features, lifestyle-related
factors, anthropometric measurements, and heart and blood

vessel biomarkers of study participants was collected (20–22).
Of the 6,659 participants from 3rd follow-up, current analysis
is based on data from 6,156 participants after removing 503
participants with missing information on household address,
sociodemographic features, or drinking quantity. For analysis
of association between alcohol environment and cardiovascular
risk factors, data from n = 5,641 participants was considered
after removing participants with diagnosed heart disease and/or
missing data on lifestyle risk factors.

Global Positioning System-Dependent
Surveys of Alcohol Environment
In 2016, geographic coordinates (latitude and longitude) of all
the alcohol outlets in study villages were captured by Global
Positioning System (GPS). Both availability and accessibility
were examined to measure neighborhood alcohol environment.
Availability of alcohol outlets was measured near the participants’
households and in the entire village by determining density of
outlets in two buffering regions of participants’ households, 400
and 1,600 m, respectively. The degree of accessibility of an alcohol
outlet was measured as the distance from a household to the
closest outlet. The R software 3.5.1 was adopted to obtain the
geography exposures.

Alcohol Intake and Cardiovascular Risk
Factors
Data on alcohol intake were collected through questionnaire
by well-experienced researchers in the 3rd follow-up. Fasting
glucose, insulin, body mass index (BMI), waist circumference,
waist-hip-ratio (WHR), blood pressure, serum triglycerides,
total cholesterol, high-density lipoprotein cholesterol (HDL-
C), and low-density lipoprotein cholesterol (LDL-C) were
analyzed as cardiovascular risk factors herein. Fasting blood
specimens were collected and prepared for physiological
measurements and biochemical assays in the 3rd follow-up (19).
Glucose level was estimated via the glucose oxidase/peroxidase-
4-aminophenazone-phenol procedure. Insulin level was
estimated using an electrochemiluminescence immunoassay.
Concentrations of triglycerides and cholesterols (HDL, total)
were measured using enzymatic calorimetric method (23, 24).
LDL-C level was calculated by standard Friedewald–Fredrickson
equation (25). The anthropometry evaluations included weight
(identified to the nearest 0.1 kg by digitalized SECA scale), height
(nearest 1 mm by portable plastic stadiometer), as well as waist
circumference and hip circumference (nearest 1 mm by portable
plastic stadiometer). The BMI was calculated by dividing weight
in kilograms by the square of height in meters. The WHR was
calculated by dividing waist circumference by hip circumference.
The blood pressure was measured at the right arm in the seated
posture via an oscillometry equipment (Omron M5-I). Three
results were recorded and the average value was considered for
these measurements.

Covariates
The data on sociodemographic and lifestyle variables such
as age, gender, educational level (illiterate, primary school,
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middle school, and above), occupation (unskilled, skilled,
and others), Standard of Living Index (SLI) (low, middle,
and high), smoking (never, former, and current), drinking
(gram/day), and physical activity (extremely inactive, sedentary,
moderately active, and vigorously active) were collected using
standardized questionnaires by practiced researchers. The SLI
was adopted to measure the family socioeconomic conditions
(20). The data on diet intake (in the last year) and physical
activities (in the last week) were gathered by semi-quantitation
questionnaires (19).

Statistical Analysis
Considering the possible clustering of neighborhood alcohol
environment, three-level mixed-effects linear regression was
employed to evaluate the relationship between the densities and
distances of alcohol outlets (exposures) with individual level
of alcohol consumption (outcome 1) and cardiovascular risk
factors (outcome 2). In the analysis of alcohol consumption, age
(continuous, year), and gender [categorical, (male and female)]
were adjusted in model 1; education level [categorical, (illiterate,
primary school, and middle school and above)], occupation
[categorical, (unskilled, skilled, and others)], and SLI [categorical,
(low, middle, and high)] were further adjusted in model 2.
In the analysis of cardiovascular risk factors, we adjusted for
same variables in model 1 and 2; we further included tobacco
use [categorical, (never, former, and current)], physical activity
[categorical, (extremely inactive, sedentary, moderately active,
and vigorously active)], and daily energy intake (continuous,
kcal/day) in model 3. To account for the effect of disease
diagnosis on behaviors, we performed a sensitivity analysis
by excluding participants with diagnosed high blood pressure
and/or diabetic disease to account for the effect of disease
diagnosis on behaviors.

Stata software 15.1 was used for statistical analyses. PASS
software 15.0 was used for power analysis in linear regression.
Take SBP for example, a sample size of 5,641 achieves 99% power
to detect a change in slope from 0.00 under the null hypothesis
to 0.31 under the alternative hypothesis when the standard
deviation of the alcohol outlet density (units/km2) within 400 m
buffering area is 2.96, the standard deviation of SBP (mmHg) is
15.89, and the two-sided significance level is 0.05.

RESULTS

Baseline Characteristics
Our data set for the analysis of the association between alcohol
environment and cardiovascular risk factors included 5,641
individuals (3,244 men and 2,397 women) residing in 29
villages with median age of 29.1 years. Table 1 presents the
sociodemographic characteristics of participants, densities and
distances of alcohol outlets, and measures of alcohol intake and
cardiovascular risk factors. The median intake of alcohol was 29.1
gram (interquartile range: 68.6 gram) per day and the densities of
alcohol outlets (on and/or off-premise) within 400 m were higher
than that within 1,600 m.

TABLE 1 | Socio-demographic, food environment, and biological characteristics
of APCAPS participants.

Characteristics (N = 5,641) All

Median P5-P95

Socio-demographic factors

Age (years) 29.1 16.2–60.0

Sex (%)

Male 57.5

Female 42.5

Education (%)

Illiterate 35.7

Primary school 23.3

Middle school and above 41.0

Occupation (%)

Unskilled 41.32

Skilled 27.83

Others 30.85

Standard of living index (%)

Low 27.3

Middle 37.6

High 35.2

Alcohol drinking (g/day) 29.1 0–373.6

Energy intake (kcal/day) 2117.3 1106.2–3987.4

Smoking status (%)

Never 74.8

Former 1.1

Current 24.1

Physical activity (%)

Extremely inactive 15.2

Sedentary 54.7

Moderately active 25.1

Vigorously active 5.0

Alcohol environment

Alcoholoutlet density (units/km2)

≤400 m 4.0 0–9.9

≤1,600 m 0.4 0.1–1.0

Distance to the nearest outlet(m) 159.8 31.0–505.8

Biological characteristics

BMI (Kg/m2) 20.0 15.3–27.4

Waist circumference (mm) 705.0 563.0–905.5

WHR 0.8 0.7–1.0

Systolic blood pressure (mmHg) 117.3 99.7–150.0

Diastolic blood pressure (mmHg) 76.7 59.3–101.3

Fasting glucose (mg/dl) 90.9 75.5–118.1

Insulin (Uu/ml) 5.2 1.1–16.4

Triglycerides (mmol/L) 1.2 0.6–3.1

Total cholesterol (mmol/L) 4.2 2.8–6.04

HDL cholesterol (mmol/L) 1.1 0.7–1.7

LDL cholesterol (mmol/L) 2.4 1.3–3.9

P5, 5th percentile; P95, 95th percentile.

Alcohol Outlet and Alcohol Consumption
Table 2 presents associations between availability and
accessibility of alcohol outlets and individual level of alcohol
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TABLE 2 | Association between alcohol availability and accessibility with individual level of alcohol intake in APCAPS participants (n = 6,156).

Model 1 Model 2

β 95% CI p β 95% CI p

Outlet density in 400 m buffer (units/km2)

Linear, per 1- units/km2 increment 0.06 −1.97, 2.09 0.956 0.14 −1.87, 2.14 0.893

Tertile 1 Reference Reference

Tertile 2 6.72 −8.76, 22.21 0.395 8.13 −7.16, 23.43 0.297

Tertile 3 4.26 −13.20, 21.71 0.633 5.50 −11.77, 22.76 0.533

Outlet density in 1,600 m buffer (units/km2)

Linear, per 1- units/km2 increment −25.19 −56.15, 5.77 0.111 −23.76 −54.30, 6.77 0.127

Tertile 1 Reference Reference

Tertile 2 1.85 −21.11, 24.80 0.875 3.21 −19.41, 25.82 0.781

Tertile 3 −11.73 −32.06, 8.60 0.258 −10.69 −30.73, 9.35 0.296

Distance to the nearest outlet

Linear, per 100 m increment −0.75 −3.35, 1.86 0.574 −0.91 −3.48, 1.67 0.490

Tertile 1 Reference Reference

Tertile 2 −5.01 −15.88, 5.85 0.366 −4.23 −14.95, 6.50 0.440

Tertile 3 −14.07 −26.02,−2.12 0.021 −14.40 −26.21,−2.59 0.017

Model 1 is adjusted for age and sex. Model 2 is adjusted for model 1 + education, occupation, and Standard of Living Index.
Bold number indicates that the estimates reach statistical significance.

consumption. In model 1, compared with participants at
the lowest tertile, those at the highest tertile of distance
to the nearest alcohol outlet were more likely to have
lower level of alcohol consumption [−14.07 g/day, 95%
CI: −26.02, −2.12]. The association stayed robust in fully
adjusted model 2 (−14.40 g/day, 95% CI: −26.21, −2.59).
There was no association between density of alcohol outlet
within 400 m buffering area or 1,600 m buffering area with
daily alcohol intake.

Alcohol Outlet and Cardiovascular Risk
Factors
The association between availability and accessibility of alcohol
outlets and cardiovascular risk factors is presented in Table 3.
In fully adjusted models, a unit per km2 increase in alcohol
outlets’ density within 400 m buffering area was associated
with an increase in waist circumference (1.45 mm, 95% CI:
0.13, 2.77), systolic blood pressure (SBP) (0.29 mmHg, 95% CI:
0.09, 0.49), and diastolic blood pressure (DBP) (0.19 mmHg,
95% CI: 0.03, 0.35). There was no association between
densities of alcohol outlets within 1,600 m buffering area with
cardiovascular risk factors.

In fully adjusted models, a unit per 100 m increase in distance
to the closest alcohol outlet was associated with a decrease in
waist circumference (−2.39 mm, 95% CI: −4.18, −0.59), SBP
(−0.41 mmHg, 95% CI: −0.68, −0.15), and DBP (−0.29 mmHg,
95% CI: −0.51, −0.07). Association between density and distance
of alcohol outlet with other cardiovascular risk factors was weak
and inconsistent across different models.

Sensitivity Analysis
Supplementary Table 1 presents associations between availability
and accessibility of alcohol outlets and cardiovascular risk

factors after excluding participants with high blood pressure and
diabetic disease (n = 5,294). The results were largely unchanged
except the association between alcohol outlets density within
400 m buffering area and waist circumference. The significant
association disappeared in fully adjusted model (1.15 mm, 95%
CI: −0.12, 2.43).

DISCUSSION

We examined associations between neighborhood alcohol
environment with individual level alcohol intake and
cardiovascular risk factors in data from the 3rd wave of
follow-up of APCAPS. Greater distance to the nearest alcohol
outlet was associated with a lower daily alcohol intake, waist
circumference and blood pressure. Higher density of alcohol
outlets within 400 m buffering area was associated with higher
waist circumference and blood pressure. There was no link found
between alcohol outlets within 1,600 m buffering zone and daily
alcohol intake and cardiovascular risk factors. To the best of our
knowledge, this is the first study to examine both availability
and accessibility of alcohol outlets in the local neighborhood in
relation to both alcohol intake and multiple cardiovascular risk
factors in India.

Previous studies have indicated that density of alcohol outlets
is significantly associated with increased alcohol consumption
in developed countries (26–28). Few studies have been reported
from the low- and middle-income countries. A study carried
out in rural South Africa found that alcohol outlet density
was not associated with prevalence of heavy drinking (11),
which was in accordance with our results. We found no
association between density of alcohol outlets within 400 m
buffering area or 1,600 m buffering area with daily alcohol
intake. Azar et al. found significant association between density
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TABLE 3 | Association between alcohol availability and accessibility with cardiovascular risk factors in APCAPS participants (n = 5,641).

Model 1 Model 2 Model 3

β 95% CI p β 95% CI p B 95% CI p

Glucose

Alcohol outlet density (units/km2)

≤400 m 0.09 −0.20, 0.37 0.557 0.05 −0.24, 0.34 0.741 0.06 −0.22, 0.34 0.684

≤1600 m 2.46 −1.74, 6.67 0.251 2.29 −1.90, 6.47 0.284 2.36 −1.67, 6.38 0.251

Distanceto the nearest outlet (100 m) −0.18 −0.57, 0.21 0.372 −0.14 −0.53, 0.25 0.472 −0.15 −0.54, 0.24 0.454

Insulin

Alcohol outlet density (units/km2)

≤400 m 0.08 −0.01, 0.18 0.095 0.05 −0.05, 0.14 0.328 0.04 −0.05, 0.14 0.380

≤1600 m 1.05 −0.38, 2.49 0.151 0.91 −0.52, 2.33 0.213 0.90 −0.54, 2.34 0.220

Distance to the nearest outlet (100 m) −0.73 −1.63, 0.16 0.109 −0.47 −1.36, 0.41 0.296 −0.46 −1.34, 0.43 0.312

BMI

Alcohol outlet density (units/km2)

≤400 m 0.06 0.01, 0.11 0.025 0.04 −0.01, 0.09 0.096 0.04 −0.01, 0.09 0.130

≤1600 m 0.48 −0.21, 1.18 0.171 0.47 −0.20, 1.15 0.171 0.46 −0.24, 1.15 0.197

Distance to the nearest outlet (100 m) −0.08 −0.16,−0.01 0.021 −0.07 −0.14, 0.00 0.067 −0.06 −0.13, 0.01 0.076

Waist circumference

Alcohol outlet density (units/km2)

≤400 m 2.03 0.68, 3.38 0.003 1.53 0.23, 2.84 0.021 1.45 0.13, 2.77 0.031

≤1,600 m 13.92 −4.50, 32.35 0.139 14.50 −3.15, 32.14 0.107 13.91 −4.20, 32.02 0.132

Distance to the nearest outlet (100 m) −2.92 −4.77,−1.08 0.002 −2.44 −4.23,−0.64 0.008 −2.39 −4.18,−0.59 0.009

WHR*

Alcohol outlet density (units/km2)

≤400 m 0.61 −0.22, 1.45 0.152 0.51 −0.31, 1.34 0.223 0.48 −0.34, 1.31 0.251

≤1,600 m 10.87 −1.52, 23.27 0.086 11.27 −0.84, 23.38 0.068 11.20 −0.99, 23.40 0.072

Distance to the nearest outlet (100 m) −0.68 −1.81, 0.44 0.232 −0.68 −1.78, 0.43 0.230 −0.66 −1.76, 0.44 0.241

Systolic blood pressure

Alcohol outlet density (units/km2)

≤400 m 0.31 0.11, 0.51 0.002 0.29 0.09, 0.49 0.004 0.29 0.09, 0.49 0.005

≤1600 m 2.74 −0.26, 5.74 0.074 2.75 −0.23, 5.74 0.071 2.76 −0.24, 5.75 0.071

Distanceto the nearest outlet (100 m) −0.44 −0.71,−0.17 0.001 −0.42 −0.68,−0.15 0.002 −0.41 −0.68,−0.15 0.002

Diastolic blood pressure

Alcohol outlet density (units/km2)

≤400 m 0.22 0.05, 0.38 0.009 0.20 0.03, 0.36 0.018 0.19 0.03, 0.35 0.020

≤1,600 m 2.20 −0.20, 4.59 0.072 2.27 −0.12, 4.67 0.063 2.28 −0.12, 4.68 0.063

Distanceto the nearest outlet (100 m) −0.31 −0.53,−0.09 0.006 −0.29 −0.51,−0.07 0.009 −0.29 −0.51,−0.07 0.010

Triglycerides

Alcohol outlet density (units/km2)

≤400 m −0.00 −0.01, 0.01 0.757 −0.00 −0.02, 0.01 0.658 −0.00 −0.02, 0.01 0.618

≤1,600 m 0.02 −0.14, 0.19 0.780 0.04 −0.13, 0.21 0.674 0.04 −0.13, 0.21 0.679

Distanceto the nearest outlet (100 m) 0.00 −0.01, 0.02 0.719 0.00 −0.01, 0.02 0.725 0.00 −0.01, 0.02 0.711

Total cholesterol

Alcohol outlet density (units/km2 )

≤400 m −0.01 −0.02, 0.01 0.292 −0.01 −0.03, 0.00 0.174 −0.01 −0.03, 0.00 0.154

≤1,600 m −0.03 −0.26, 0.21 0.835 −0.02 −0.26, 0.21 0.842 −0.02 −0.26, 0.21 0.849

Distanceto the nearest outlet (100 m) −0.00 −0.02, 0.01 0.664 −0.00 −0.02, 0.02 0.792 −0.00 −0.02, 0.02 0.809

HDL cholesterol

Alcohol outlet density (units/km2)

≤400 m −0.00 −0.01, 0.00 0.716 −0.00 −0.01, 0.00 0.878 −0.00 −0.01, 0.00 0.886

≤1,600 m −0.07 −0.15, 0.02 0.118 −0.07 −0.15, 0.02 0.110 −0.07 −0.15, 0.02 0.110

Distanceto the nearest outlet (100 m) 0.00 −0.00, 0.01 0.497 0.00 −0.01, 0.01 0.701 0.00 −0.01, 0.01 0.704

LDL cholesterol

Alcohol outlet density (units/km2)

≤400 m −0.00 −0.02, 0.01 0.599 −0.01 −0.02, 0.01 0.354 −0.01 −0.02, 0.01 0.326

≤1600 m 0.03 −0.16, 0.22 0.766 0.03 −0.16, 0.22 0.775 0.03 −0.16, 0.22 0.777

Distanceto the nearest outlet (100 m) −0.01 −0.02, 0.01 0.334 −0.01 −0.02, 0.01 0.523 −0.01 −0.02, 0.01 0.535

*Independent variable multiplies 1,000 to show more information. Model 1 is adjusted for age, sex. Model 2 is adjusted for model 1 + education, occupation, and Standard
of Living Index. Model 3 is adjusted for model 2 + tobacco, physical activity, and energy.
Bold number indicates that the estimates reach statistical significance.
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of alcohol outlets and clubs with risky drinking only existed
among residents in urban communities but not in rural areas
of Australia (29). On the other hand, a systematic review
found that density measures are far more frequently examined
than distance measures in studies on alcohol environment and
alcohol consumption (30). No significant association was found
between the physical distance from an individual’s home to
their nearest alcohol outlet with frequency and quantity of
alcohol consumption in both urban and mixed communities
of developed countries (31–33). However, a study carried out
in Tanzania found that close distance to alcohol outlets may
facilitate and increase adolescent alcohol use (10). In the
current study, greater distance to the nearest alcohol outlet was
associated with a decrease in daily alcohol consumption. The
relationship between neighborhood alcohol outlet density and
distance with alcohol consumption is complex and may vary
due to differences in neighborhood design, travel patterns, local
alcohol control policies, and enforcement, as well as drinking
norms (34).

In a previous study carried out in south India, Li et al.
found that higher density of unhealthy food vendors was
associated with increased prevalence of obesity-related outcomes
and blood pressure (35). Immoderate consumption of alcohol,
like unhealthy food, is associated with serious health problems
(36). To our knowledge, no study has been reported to
assess the association between densities or physical distance
of alcohol outlets with individual levels of cardiovascular risk
factors, such as adiposity measures, glucose-insulin, blood
pressure, and lipid profile. We found that not only density
of alcohol outlets but also distance to the nearest alcohol
outlet were associated with waist circumference and blood
pressure. Annual gain in waist circumference was associated
with increased consumption of alcoholic beverages in the
PREDIMED trial (37). A systematic review and meta-analysis
found that a reduction in alcohol intake was associated with
increased blood pressure reduction in people who drank more
than two drinks per day (38). Higher density and lower
physical distance may increase the frequency of cues related to
drinking and make alcohol more accessible, thus increasing the
risk of obesity and high blood pressure through immoderate
alcohol consumption.

Some limitations of this study must be acknowledged. One
thing is that the coordinates of alcohol outlets were derived
in 2016, which was 4 years after the third wave of follow-
up in APCAPS. The temporal association between alcohol
environment with higher levels of waist circumference and
blood pressure cannot be ascertained in the present study.
Awareness of having CVDs may change the behavior of alcohol
access and alcohol drinking in participants and generate bias
(39). Thus, we conducted sensitivity analysis in dataset after
excluding participants with diagnosed hypertension and diabetes.
The results were largely unchanged. Other limitations should
also be mentioned. We only assessed the physical availability
and accessibility of alcohol outlets. The available data did not
allow us to look into other alcohol environment factors such
as travel patterns, local alcohol control policies, or drinking
norms, which could also influence alcohol consumption as

well as cardiovascular risk factors. Moreover, the resulting data
on alcohol use was self-reported through semi-quantitative
questionnaires, which may have resulted in under-reporting by
respondents (40).

CONCLUSION

Despite limitations, our study is the first to examine the
association between neighborhood availability and accessibility
of alcohol outlets with alcohol consumption as well as
cardiovascular risk factors in south India. Shorter distance
to the nearest alcohol outlet was associated with increased
alcohol consumption. Higher waist circumference and blood
pressure were associated with a shorter distance to the nearest
alcohol outlet as well as a higher density of alcohol outlets.
Neighborhood availability of alcohol outlets within immediate
locality of participants’ households had a closer relationship
with cardiovascular risk factors than that within the whole
village. Public health policies designed to limit neighborhood
availability and accessibility of alcohol outlets should be
encouraged in south India.
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Objective: Cardiovascular disease (CVD) continues to be the leading cause of mortality
globally. Cardiac rehabilitation (CR) programs act by modifying the evolution of CVD and
mortality; however, CR programs are under-used. The aim was to determine the profile
of patients that received rehabilitation after cardiac surgery.

Patients and Methods: A retrospective observational study was conducted from
January 2017 to December 2017 at a single center. The study sample was
chosen among patients admitted to the Intensive Care Unit of the Hospital Gregorio
Marañón/Gregorio Marañón General University Hospital. Socio-demographic and
clinical variables were collected.

Results: In the present study, 336 patients underwent cardiac surgery of which
63.8% were men and 87.1% had ≥1 cardiovascular risk factors. Of the total cohort,
24.7% were operated for ischemic heart disease, 47.9% valvulopathy, 11% underwent
combined surgery, 3.6% cardiac transplantation, 6.5% aneurysms, and 3.9% congenital
disease. In-hospital respiratory rehabilitation was prescribed to all patients. Only 4.8%
of the patients received motor rehabilitation and 13.8% were referred to CR. We found
higher referral rates among patients with more cardiovascular risk factors, <65 years of
age, and those undergoing coronary surgery and heart transplantation. Age, ischemic
heart disease, and overweight were independent predictors of CR referral.

Conclusion: The benefit of CR programs after cardiac surgery is widely described;
however, the referral rate to CR remains low. It is crucial to optimize referral protocols
for these patients.

Keywords: cardiovascular rehabilitation, cardiovascular disease, cardiac surgical procedures, secondary
prevention, referral and consultation

INTRODUCTION

According to the latest report of the National Institute of Statistics regarding the causes of death
in Spain in 2017, cardiovascular diseases (CVDs) continue to be the most prominent cause of
death, representing 28.8% of total deaths (1). Further, ischemic heart disease is the leading cause
of premature death in Spain. According to the Cardiovascular Surgery Registry in Spain (2), about
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35,576 procedures are performed per year, of which 22,201 are
major surgeries (3). Our hospital is one of the points of reference
for this type of surgery, including heart transplantation.

Cardiac rehabilitation (CR) programs act by modifying the
evolution of disease, controlling cardiovascular risk factors,
and reducing morbidity and mortality (4). As a result, CR
programs are currently considered as a Class IA indication in
the treatment of heart disease (5). In clinical practice guidelines,
CR is recommended for patients with CVD (6), heart failure
(7), undergoing revascularization (8), and stable coronary heart
disease (9). Similarly, these CR programs are indicated after heart
valve disease (HVD) (10), heart transplant (HT) (11), and atrial
fibrillation (12). Importantly, CR programs added to respiratory
rehabilitation during and after admission, are cost-effective in
these patients (13). To this point, in patients undergoing cardiac
surgery, CR and respiratory rehabilitation during admission
favor a faster recovery, reduce postoperative complications, and
shorten hospital stay (14). Despite this, the implementation of
CR programs is extremely low in many countries, including ours,
with less than 10% of patients being rehabilitated (15). Therefore,
it is critical to identify characteristics that predict CR referral
in these surgical patients so that targeted interventions can be
developed to improve CR referral.

There are reviews in the literature that suggest that CR
programs are not available in more than 60% of countries around
the world (16). In a recent study that analyzed the characteristics
of different CR programs around the world, it was concluded
that only 54.7% of the countries offered some type of CR
program (17).

The objective of our study was to determine the socio-
demographic factors and percentage of patients undergoing
cardiac surgery, who performed an in-hospital respiratory
rehabilitation program and outpatient CR program in order
to identify patient characteristics that predict referral to
CR programs.

MATERIALS AND METHODS

This retrospective observational study was approved by the
Research Ethics Committee of the Gregorio Marañón Health
Research Institute on July 2, 2018. The inclusion criteria for
this study included: admission to the Intensive Care Unit of
the Hospital Gregorio Marañón/Gregorio Marañón General
University Hospital from January 2017 to December 2017
after cardiac surgery, not deceased during the post-operative
period, not suffering from significant cognitive or severe physical
impairment that hinders the rehabilitative treatment, having been
assessed by the rehabilitation service during their admission, and
living in Madrid.

In our hospital, the program starts from admission, beginning
in the immediate postoperative phase (phase I) through
supervised teaching of respiratory physiotherapy exercises,
postural recommendations, mobility exercises, and stimulation
of activities in a progressive way. After hospital discharge,
the patient is referred as a candidate for the outpatient CR
program (phase II), which consists of a supervised program of

aerobic and strength exercises. It also includes psychological
care and education for the control of cardiovascular risk
factors and medication management. In this program, the
objectives are improving functional capacity and offer the
necessary knowledge for the safe practice of exercise and
healthy lifestyle once the program is finished, continuing at
home (phase III).

Information was collected from the electronic medical
records, including socio-demographic data such as sex, age,
and reference hospital as well as clinical data including
cardiovascular risk factors, personal history of diseases (heart,
respiratory, neurological, musculoskeletal, psychiatric diseases,
or others), and the cause of surgery (ischemic heart disease,
valve heart disease, heart transplant, aneurysm, congenital heart
disease, and others). A body mass index greater than 25 was
considered overweight.

In addition, the date of admission and hospital discharge,
the date of surgery and whether there were post-surgical
complications was collected. Information on the rehabilitation
performed was collected that included respiratory, motor, and/or
CR. Among those referred to CR, the date of CR referral,
the referring department (i.e., cardiology or rehabilitation),
the follow-up phase in which they were referred (i.e., during
admission or in outpatient consultations), enrollment status
into the CR program, and the start date of the program
was also collected. It is important to note that regarding
the referral to the CR program, we refer to the phase II of
CR, performed outside the hospital in a center that belongs
to the same health complex (outpatient CR program). Being
a retrospective study, the data were collected months after
cardiac surgery, and after the period for carrying out the CR
program had elapsed, which allowed the data listed above
to be collected. All data were collected manually through
electronic medical records. As it was an observational study,
the ethics committee of our center accepted the exemption of
informed consent.

This data was stored on an Excel data collection sheet
(Microsoft Office for Windows XP) and then statistical analysis
was performed using IBM SPSS Statistics for Windows, Version
21.0. The results of the numerical variables were presented
using their mean and standard deviation. For categorical
variables, the results were shown in frequencies and percentages.
The numerical variables with non-normal distribution were
presented by means of their median and interquartile range (25th
percentile; 75th percentile). The normality analysis was assessed
with the Kolmogorov–Smirnov test. To compare differences
between two or more groups, non-parametric tests were applied.
The association between variables was analyzed using the
Pearson Chi-square test. Regression models were created to
evaluate the association between patient characteristics and CR
referral, univariate modeling was performed adjusting for age
and sex, and predictors that were significant were included
for final multivariate modeling. Findings are presented as
odds ratios (ORs) and 95% confidence intervals (CIs). Model
assumptions were assessed graphically, and missing data were
omitted. In all cases, two-tailed p-values < 0.05 were considered
statistically significant.
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FIGURE 1 | Flow chart of study design.

RESULTS

As shown in Figure 1, 438 patients underwent cardiac surgery
in 2017 in our hospital. Of these patients, 102 patients were
excluded: 40.2% (N = 41) due to exits, 54.9% (N = 56)
for belonging to other health areas, and 4.9% (N = 5) for
other causes (e.g., not assessed by the rehabilitating physician).
There were 336 patients that met the inclusion criteria in
the study. Of the patients included, 63.8% (N = 213) of
these patients were men. The average age of the cohort
was 64.16 years (SD = ±12.96) and 87.1% (N = 291) had
at least one cardiovascular risk factor. The most frequent
cardiovascular risk factors were hypertension (66.8%, N = 223),
dyslipidemia (57.1%, N = 190), and smoking (36.9%, N = 122).
Additionally, 29.1% (N = 97) suffered from diabetes mellitus,
10.6% (N = 35) were overweight or obese, and 0.6% (N = 2)
consumed alcohol abusively. Only one of them used other illicit
drugs (Table 1).

Approximately 72.5% (N = 242) of the patients had suffered
CVD before the surgical intervention. Of these, 19.8% (N = 66)
had suffered heart failure, 1.8% (N = 6) congenital heart
disease, 22.8% (N = 76) ischemic heart disease, 5.1% (N = 17)
any cardiomyopathy, 5.4% (N = 18) had a pacemaker or an
implantable automatic defibrillator, 46.8% (N = 156) heart valve

TABLE 1 | Sociodemographic and clinical data of the total sample.

Variable

Sex female (%) 36.2% (N = 121)

Age (%) Average 64.16 (SD 12.96)

<65 48.5 (N = 162)

≥65 51.5 (N = 174)

Healthcare area (% of patients) –

Our hospital 28.2 (N = 94)

Hospital from the area 54.4 (N = 181)

Hospital from a different area 17.1 (N = 57)

CVRF (%) 87.1

HTA 66.8 (N = 223)

DL 57.1 (N = 190)

DM 29.1 (N = 97)

Overweight/obesity 10.6 (N = 35)

Tobacco 36.9 (N = 122)

Alcohol 0.6 (N = 2)

Other drugs 0.3 (N = 1)

Previous CV comorbidities (%) 72.5

HF 19.8 (N = 66)

CHD 1.8 (N = 66)

IHD 22.8 (N = 76)

Myocardiopathy 5.1 (N = 17)

Pacemarker/ICD 5.4 (N = 18)

HVD 46.8 (N = 156)

Arrhythmia 29 (N = 97)

Other comorbidities (%) 78.4

Pulmonary disease 18.3 (N = 61)

Neurological disease 19.5 (N = 65)

Musculoskeletal disease 17.8 (N = 59)

Psychiatric disease 7.2 (N = 24)

Other disease 68 (N = 227)

Diagnosis to surgery (%) –

IHD 24.7 (N = 83)

HVD 47.9 (N = 161)

IHD + HVD 11 (N = 37)

HT 3.6 (N = 12)

Aneurysms 6.5 (N = 22)

CHD 3.9 (N = 13)

Others 10.4 (N = 35)

Complications after surgery (%) 53.3 (N = 180)

Performed RR (%) 100 (N = 336)

Performed MR (%) 4.8 (N = 16)

Contraindications for CRP (%) 3 (N = 10)

Hospital length stay (days) Average 23.34 (min 2, max 235)

Referred to CRP (%) 13 (N = 46)

Referred by ambulatory cardiology 10.2

Referred by ambulatory rehabilitation 4

Referred by hospital cardiology 5

Referred by hospital rehabilitation 3

Started CRP (%) 12.2 (N = 41)

Waiting days to start the program Average 136.1 (SD 98.03, max 473, min 9)

CVRF, cardiovascular risk factors; HTA, hypertension; DL, dyslipidemia; DM,
diabetes mellitus; CV, cardiovascular; HF, heart failure; CHD, congenital heart
disease; IHD, ischemic heart disease; ICD, implantable cardioverter defibrillator;
HVD, heart valve disease; HT, heart transplant; RR, respiratory rehabilitation; MR,
motor rehabilitation; CRP, cardiac rehabilitation program.
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FIGURE 2 | Surgeries performed among the study population.

disease, and 29% (N = 97) by some arrhythmia (e.g., AF, extra-
systoles). Furthermore, 78.4% (N = 262) had suffered another
type of CVD not mentioned above (Table 1).

In relation to previous medical history of non-CVD, 18.3%
(N = 61) had a history of respiratory diseases (e.g., SAS, COPD,
or others), 19.5% (N = 65) neurological diseases (previous
stroke or others), 17.8% (N = 59) suffered from musculoskeletal
pathology (e.g., joint prostheses, low back pain, cervical pain),
7.2% (N = 24) had a history of psychiatric illness (e.g.,
depression, anxiety, psychosis) and 68% (N = 227) had other
comorbidities not included in the previous categories (Table 1).
Regarding the surgeries performed, 47.9% (N = 161) of the
patients were operated for heart valve disease (HVD), 24.7%
(N = 83) for isolated ischemic heart disease, 11% (N = 37)
underwent combined surgery (heart valve and coronary surgery),
6.5% (N = 22) for aneurysm repair, 3.9% (N = 13) for
congenital heart disease and 3.6% (N = 12) for heart transplant
transplantation (Figure 2).

All patients were holistically evaluated by the medical
rehabilitation team and received respiratory rehabilitation during
their hospitalization (Figure 3). The average length of stay at
the hospital was 24 days (SD ± 25.9) and 53.3% (N = 180) of
the patients suffered some complications during the immediate
post-operative period (Table 1).

Of the total of patients referred to CR (N = 46), most of
them started the program [(90% N = 41)] and the average
time from the referral to the beginning of phase II CR was
136 days (SD ± 98.03). Regarding the profile of patients referred
to the phase II CR, there was a clear prevalence of men
[71.7% (N = 33)] compared to women, although this did not
reach statistical significance (p = 0.229) (Tables 2, 3). Those
with more complications and longer admission received motor
rehabilitation [4.8% (N = 16)] and at discharge, only 13.8%
(N = 46) were referred to CR (Figure 3). Of those admitted, only

3% (N = 10) presented absolute contraindications for referral to
CPR. Most patients were referred by the Cardiology Department:
10.9% (N = 5) were referred by the cardiologist at the time of
hospital discharge and 73.9% (N = 34) were referred by the
cardiologist from external consultations area in the first control
after hospital discharge. The rest of the patients were referred
to the program by the rehabilitation department; 6.52% (N = 3)
were referred at the time of hospital discharge and 8.7% (N = 4)
were derived from external rehabilitation consultations in the
first control after hospital discharge.

A higher referral rate was observed in patients <65 years
of age (69.56% N = 32) (p = 0.001). Regarding the reason
for surgery, 50% (N = 23) underwent coronary surgery,
15.2% (N = 7) underwent heart valve surgery, 13% (N = 6)
underwent combined surgery (heart valve and coronary surgery),
15.2% (N = 7) received a heart transplant, 2.1% (N = 1)
underwent aneurysms repair surgery and only two patients

FIGURE 3 | Type of rehabilitation received among the study population.
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TABLE 2 | Characteristics of patients referred to the phase II CRP.

Variable

Sex female (%) 28.3 (N = 13)

Age (%) Average 60.8

<65 69.5 (N = 32)

≥65 30.4 (N = 14)

Healthcare area (% of patients) –

Our hospital 43.48 (N = 20)

Hospital from the area 45.65 (N = 21)

Hospital from a different area 10.87 (N = 5)

CVRF (%) 89.13 (N = 41)

HTA 63

DL 67.4

DM 37

Overweight/obesity 19.56

Tobacco 47.8

Alcohol 2.17

Other drugs 0

Previous CV comorbidities (%) 58.7 (N = 27)

HF 8.7

CHD 4.3

IHD 30.4

Myocardiopathy 6.5

Pacemarker/ICD 10.9

HVD 28.3

Arrhythmia 17.4

Other comorbidities (%) 76.1 (N = 35)

Pulmonary disease 17.4

Neurological disease 17.4

Musculoskeletal disease 15.2

Psychiatric disease 8.7

Other disease 65.2

Diagnosis to surgery (%) –

IHD 50 (N = 23)

HVD 15.2 (N = 7)

IHD + HVD 13 (N = 6)

HT 15.21 (N = 7)

Aneurysms 2.1 (N = 1)

CHD 4.3 (N = 2)

Others 0

Complications after surgery (%) 65.21 (N = 30)

Performed RR (%) 100 (N = 46)

Performed MR (%) 0

Hospital length stay (days) Average 28.09 (min 8, max 131)

CVRF (%) –

0 CVRF 8.7

1 CVRF 19.6

2 CVRF 28.3

3 CVRF 21.7

4 CVRF 19.6

5 CVRF 2.1

N = 46 (13.8%).
CRP, cardiac rehabilitation program; CVRF, cardiovascular risk factors; HTA,
hypertension; DL, dyslipidemia; DM, diabetes mellitus; CV, cardiovascular; HF,
heart failure; CHD, congenital heart disease; IHD, ischemic heart disease;
ICD, implantable cardioverter defibrillator; HVD, heart valve disease; HT, heart
transplant; RR, respiratory rehabilitation; MR, motor rehabilitation; CRP, cardiac
rehabilitation program.

(4.3%) underwent surgery for some type of congenital heart
disease (Figure 4). Patients who underwent coronary surgery and
heart transplantation had a greater CR referral rate (p = 0.001)
than other surgical subpopulations (Tables 2, 3). In addition,
the analysis showed that the patients with more than three
cardiovascular risk factors was associated with a higher referral
to CR (p = 0.0313) and within these, being overweight was a
predictor of increased referral (p= 0.0172). The average hospital
stay among the referred patients was 28.09 days (SD ± 26.20)
and 65.21% of them (N = 30) suffered some complication in
the immediate postoperative period. Both parameters were not
significant for the referral to phase II CR.

Multivariate analysis identified age (<65 years), ischemic
heart disease diagnoses, and overweight/obesity as significant
independent predictors of CR referral. We did not observe an
association or interaction with sex, suggesting no differences in
our sample (Table 3).

DISCUSSION

Early rehabilitation after surgery, beginning in the intensive
care unit, reduces complications in the postoperative period.
The incidence of cardiopulmonary, cognitive and neuro-
orthopedic complications is lower with the early onset of
rehabilitation (18). Specifically, the benefits of rehabilitation in
patients with CVD have been widely described. It is presumed
that these improvements are the result of exercise training,
psychological counseling, and education in preventive strategies
(e.g., medication adherence, improved cardiovascular risk factor
control) (4, 5). Despite the scientific evidence to date, the levels of
referral and use of these programs are low worldwide (16, 17).

In our study, we have focused on analyzing the referral to
CR programs of patients undergoing cardiac surgery. We found
low levels of referral from our center in 2017 (13.8%), with rates
similar to other studies. For example, the Spanish Registry of CR
Units (R-EUReCa), states that “The implementation of a CRP
in many countries, among which is the ours, is extremely low
rehabilitating less than 10% of the candidate patients” (15). The
European CR Inventory Survey shows an even lower referral in
our country (<3%) (19).

The patients most frequently referred were those who
underwent revascularization surgery because of ischemic heart
disease. These patients are the ones who benefit most frequently
from CR programs. In this pathology, CR has shown clear
benefits and is strongly recommended in clinical guidelines (8).
Heart transplant was the second most frequent cause of surgery
among patients who were referred to our CR program. In this
type of surgery, CR has also demonstrated clear benefits (11).
Other frequent surgeries such as heart valve replacement or
aneurysm repair also benefit from post-operative CR (10).

In the present study, regarding the predictors of CR referral in
surgical patients, we found that those under 65 years had a higher
referral rate. This is similar to other studies and can be explained
by various personal, clinical, and social factors (20). Older adults
generally have a lower perception that exercise improves health,
less family support, greater risk of social isolation, and also tend
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TABLE 3 | Predictors of phase II cardiac rehabilitation program following cardiac surgery.

Univariate Age and sex adjusted Multivariate

Variable OR 95% CI p-Value OR 95% CI p-Value OR 95% CI p-Value

Sex (female) 0.67 0.3424–1.2933 0.2296 0.73 0.3702–1.4257 0.2529 1.01 0.5077–2.1754 0.2251

Age >65 0.4 0.2116–0.7619 0.0052 0.41 0.185–0.4325 <0.0001 0.32 0.1561–0.6517 0.0055

IHD surgery 3.81 2.0253–7.1752 <1e−04 4.76 2.4182–9.3669 <0.0001 3.57 1.7242–7.566 0.001

HVD surgery 0.25 0.1304–0.4819 <1e−04 0.28 0.1431–0.5406 0.0002 0.46 0.2175–0.9372 0.0241

Overweight/obesity 2.67 1.19–5.9758 0.0172 2.65 1.1591–6.0771 0.0209 2.52 1.0144–5.9889 0.0467

HT surgery 6.51 2.0084–21.1118 0.0018 4.56 1.3579–15.281 0.041

Aneurysms surgery 0.92 0.2617–3.2339 0.8964 0.8 0.2236–2.8805 0.736

CHD surgery 1.07 0.2293–4.9707 0.9335 0.83 0.1709–4.053 0.8202

Other surgery 0.33 0.0757–1.4059 0.1329 0.28 0.0649–1.2346 0.093

CVRF

HTA 0.83 0.4437–1.5685 0.5736 1.04 0.5318–2.0313 0.9101

DL 1.87 0.9778–3.593 0.0585 2.4 1.2165–4.7486 0.0116

DM 1.51 0.8015–2.8602 0.2012 1.85 0.9537–3.6076 0.0687

Tabaco 1.64 0.8879–3.0165 0.1144 1.39 0.7428–2.6111 0.3017

>1 CVRF 0.98 0.4857–1.9861 0.9599

>2 CVRF 1.04 0.5134–2.1058 0.9138

>3 CVRF 2.25 1.0757–4.7155 0.0313

Previous CV comorbidities 0.58 0.3063–1.1049 0.0979

HF 0.66 0.2804–1.5386 0.3332

CHD 3.01 0.5363–16.9011 0.2105

IHD 1.68 0.8556–3.2854 0.1322

Myocardiopathy 1.3 0.3579–4.6876 0.6934

Pacemarker/ICD 2.44 0.8289–7.1931 0.1053

HVD 0.52 0.2721–0.9855 0.045 0.54 0.2834–1.0456 0.0678

Arrhythmia 0.44 0.1991–0.9846 0.0457 0.52 0.2297–1.1791 0.1176

Other comorbidities 0.91 0.4394–1.8926 0.8045

Pulmonary disease 0.88 0.389–1.9875 0.7571 0.95 0.4138–2.1846 0.9054

Neurological disease 0.94 0.432–2.0616 0.8844 1 0.452–2.2209 0.9962

Musculoskeletal disease 1.08 0.4919–2.3713 0.8479 1.19 0.5319–2.6589 0.6729

Psychiatric disease 1.21 0.3945–3.7053 0.7397 1.18 0.3756–3.6759 0.7816

Others 0.84 0.4406–1.5912 0.5878 0.99 0.5103–1.92 0.9758

IHD, ischemic heart disease; HVD, heart valve disease; HT, heart transplant; CHD, congenital heart disease; CVRF, cardiovascular risk factors; HTA, hypertension; DL,
dyslipidemia; DM, diabetes mellitus; CV, cardiovascular; HF, heart failure; CHD, congenital heart disease; IHD, ischemic heart disease; ICD, implantable cardioverter
defibrillator; HVD, heart valve disease.

to present more comorbidities. In our study, no differences were
found regarding referral in patients who presented complications
during the postoperative period. These patients had a longer
hospital stay (more days of admission) and this variable (days
of admission) also showed no differences in referral to CR
programs. In contrast, patients with more cardiovascular risk
factors before surgery (more specifically those patients with
overweight or obesity) were more likely to be referred to CR.
This may be due to the prescribing physician of CR perceiving
a greater sense of illness and that these patients may be the ones
who could potentially benefit most from the program.

Regarding sex, the existence of an imbalance in participation
in CR programs between men and women has been documented
and several studies have shown differences in attitudes toward
treatment depending on the patient’s sex (21–23). In our study
there was a clear tendency to lower CR referral in women,
however, these differences were not statistically significant.

A possible explanation contributing to this is that women are
more likely to live longer than men. Specifically, ischemic heart
disease in women occurs at more advanced ages, with a higher
rate of acute renal failure, arrhythmias, shock, complicated
diabetes, heart failure, and cerebrovascular disease. For these
reasons, the low CR referral rate in these patients may be related
to clinical characteristics (e.g., greater comorbidity and older age)
instead of sex bias (21, 22).

Our study has several clinical implications. Although CR is
a safe and effective therapy for patients after cardiovascular
surgery, the design of well-defined effective strategies for the
implementation of CR continues to pose a challenge in clinical
practice. The success of a CR program begins with the referral
of candidate patients by health professionals who manage these
patients in hospitalization settings (24). Our study highlights
a significant gap in clinical practice with respect to this key
step. Recent studies have shown that one of the most important
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FIGURE 4 | Surgeries performed among those patients referred to CR phase II.

factors that influenced the referral to CR programs was the
benefit perceived by the doctor (25). These rehabilitation units
are underused, in part, due to the lack of knowledge of the
prescribing professional and the concern about the safety of
exercise training in these patients. We must look for solutions
to increase the referral and the role of health professionals
is very important.

Referral of hospitalized patients at the time of the discharge
is one of the most accurate predictors that patients will being
enrolled in a CR programs. Other factors are demographic
factors, advanced age, low socioeconomic and cultural level,
and distance to the center of CR, greater burden of morbidity
(COPD, AIT, and cognitive dysfunction) (26). Additionally, the
creation of referral protocols, as the one that already exists in
our hospital for ischemic heart diseases, in coordination with all
the professionals involved and their systematic application could
improve and increase referral to CR programs (27). Added to this,
coordination between hospitals must also be improved (since
sometimes the patients are operated in a center different to their
reference hospital) and between outpatient centers (28).

For the management of a chronic disease, it is necessary for
patients to take a more active role in the daily decisions about
the management of their disease. For this, the association and
communication between the patient and health professionals is
essential. The incorporation of trained nurses in the care system
to support physicians has proven to be effective in improving
the management of chronic diseases. Models like this can be
implemented to improve the efficacy and adherence to these
programs, resulting in better control of the patient’s disease and
increasing their satisfaction (29).

While the present study provides evidence of the factors
that might affect the referral rate of cardiac surgical patients
to CR, caution is needed when interpreting these results.
This study is retrospective, and some other factors beyond

the clinical characteristics of the patients could affect
CR referral rate.

CONCLUSION

The benefit of CR in patients undergoing cardiac surgery has been
described extensively. The beginning of rehabilitation in the early
postoperative period, extends this benefit. Despite this, the level
of referral to CR programs remains low. The results of this study
will be part of a quality improvement project, in order to create
protocols and measures that help to improve and optimize the
referral of candidate patients to CRPs. The future trend should
be to greater referral and participation, with special emphasis on
the most affected patient groups, such as women and the elderly.
PRM physicians might play a key role, in a multidisciplinary
team, in order to ensure the optimal management of these
complex cardiac patients. Further studies with multi-centric,
larger sample size and including other socio-demographic and
clinical data should be conducted.
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Background: Major adverse cardiovascular events (MACEs) represent a significant

reason of morbidity and mortality in non-cardiac surgery during perioperative period. The

prevention of perioperative MACEs has always been one of the hotspots in the research

field. Current existing models have not been validated in Chinese population, and have

become increasingly unable to adapt to current clinical needs.

Objectives: To establish and validate several simple bedside tools for predicting MACEs

during perioperative period of non-cardiac surgery in Chinese hospitalized patients.

Design: We used a nested case-control study to establish our prediction models. A

nomogram along with a risk score were developed using logistic regression analysis. An

internal cohort was used to evaluate the performance of discrimination and calibration

of these predictive models including the revised cardiac risk index (RCRI) score

recommended by current guidelines.

Setting: Peking University Third Hospital between January 2010 and December 2020.

Patients: Two hundred and fifty three patients with MACEs and 1,012 patients without

were included in the training set from January 2010 to December 2019 while 38,897

patients were included in the validation set from January 2020 and December 2020, of

whom 112 patients had MACEs.

Main Outcome Measures: The MACEs included the composite outcomes of

cardiac death, non-fatal myocardial infarction, non-fatal congestive cardiac failure or

hemodynamically significant ventricular arrhythmia, and Takotsubo cardiomyopathy.

Results: Seven predictors, including Hemoglobin, CARDIAC diseases, Aspartate

aminotransferase (AST), high Blood pressure, Leukocyte count, general Anesthesia,

and Diabetes mellitus (HASBLAD), were selected in the final model. The nomogram
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and HASBLAD score all achieved satisfactory prediction performance in the training

set (C statistic, 0.781 vs. 0.768) and the validation set (C statistic, 0.865 vs. 0.843).

Good calibration was observed for the probability of MACEs in the training set and

the validation set. The two predictive models both had excellent discrimination that

performed better than RCRI in the validation set (C statistic, 0.660, P < 0.05 vs.

nomogram and HASBLAD score).

Conclusion: The nomogram and HASBLAD score could be useful bedside tools for

predicting perioperative MACEs of non-cardiac surgery in Chinese hospitalized patients.

Keywords: non-cardiac surgery, major adverse cardiovascular events, prediction model, Takotsubo

cardiomyopathy, nomogram, risk score

INTRODUCTION

With the continuous improvement of human life expectancy,
increasing number of elderly patients underwent surgery
(1). A considerable proportion of these patients present
with cardiovascular risk factors or suffer from cardiovascular
comorbidities, leading to an increased risk of perioperative
cardiovascular complications. Major adverse cardiovascular
events (MACEs) represented a significant source of perioperative
morbidity and mortality (2). Up to 42% of perioperative deaths
were due to cardiac complications, such as myocardial infarction
(MI), cardiac arrest, and congestive heart failure (HF) (3), and
the incidence of these complications was likely to rise in the
aging population (4). The prevention of perioperative cardiac
complications has been one of the hotspots in the research field,
which requires comprehensive preoperative risk assessment and
postoperative monitoring of patients at risk.

Current guidelines highly recommended the use of predictive
models to assess the risk of perioperative MACEs (1, 5–
7), including the revised cardiac risk index (RCRI) (8), and
the American College of Surgeons National Surgical Quality
Improvement Program (NSQIP) risk model (9). RCRI was the
most widely validated and used model. However, as an index
that has existed for over two decades, it has limitations to meet
the clinical requirement, including the underestimation of the
cardiac risk (10), and inadequate representation of high-risk
subgroups (8). With respect to the NSQIP model, although the
internal validation showed excellent predictive ability, with a
C-statistic of 0.895 for predicting cardiovascular complications,
none of the NSQIP-derived calculators have been robustly
externally validated. Moreover, it was too complicated to use at
the bedside (11).

In China, its huge and aging population, expanding economy,
and lifestyle changes have created a tremendous demand for
perioperative healthcare services. Nearly 20 million elderly
patients-−25% of all patients—need surgery in China each
year (12).

However, there was no predictive model based on Chinese
data, and the predictive models recommended by the guidelines
have not been validated in the Chinese population.

Therefore, we sought to establish and validate an effective
risk predictive model based on the Chinese population, hoping

to provide convenient bedside tools for predicting perioperative
MACEs with satisfactory performance in non-cardiac surgeries.

MATERIALS AND METHODS

Study Design
This is a single-center, observational study conducted in
accordance with the Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis
statement (13). The selection of the training set was based on a
nested case-control study, while the selection of the validation
set was based on a cohort study.

Study Population and Data Collection
We conducted a retrospective review of all patients who
underwent in-hospital non-cardiac surgeries with age over
18 years by a medical record system in the Peking University
Third Hospital between January 2010 and December 2019.
We selected surgical types proposed in the 2014 ESC
guidelines (Supplementary Table 1). Non-cardiac surgeries
contained the operations conducted on organs except for
the heart and its appendages (the details were showed in
Supplementary Table 1). The operation risk level of surgical
operation ranged from low to high. Then we matched the
patients with the same age who underwent the same type
of surgery at the same time (1 month before or after the
operation of patients with MACEs) who had no MACEs, as
the control group, according to the ratio of 1:4 (Figure 1).
With respect to the validation set, we prospectively selected
patients who underwent non-cardiac surgery with age over
18 years from January 2020 to December 2020. Since all of
patients who suffered perioperative MACEs would need to apply
for multidisciplinary consultation including cardiology, the
information of application records, diagnosis and treatment
experience could be recorded. Through the multidisciplinary
consultation system, we could monitor the situation for
perioperative complications of patients timely and collect the
exact number of patients broken out the cardiovascular events
without obvious omissions. At the same time, the number of
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411 610 in-hospital patients who had

experienced non-cardiac surgeries in

Peking University Third Hospital

between January 1, 2010, to December

31, 2019 were screened

253 patients

with events

constituted the

case group

411357 patients without

events were matched with the

ratio of 4:1 compared with

case group , and 1012

patients were finally

constituted the control groupa

1265 patients

constituted the

training set

38 897 consecutive in-hospital patients

who had experienced non-cardiac

surgeries in Peking University Third

Hospital between January 1, 2020, to

December 31, 2020 were screened

112 patients

with events

constituted the

case group

38 785 patients

without events
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FIGURE 1 | Patients screening process of training set and validation set. a: The patients were matched according to the type of operation, operative time and age

with the ratio of 4:1 between non-events group and events group. The matched patients belonged to one same operation type which was demonstrated in

Supplementary Table 1 in Supplemental Appendix, while they were randomly selected in patients who had operation one month before or after the patients in

events group.

surgeries for the whole year of 2020 was extracted from the
medical record system.

The International Classification of Diseases, Tenth Revision
(ICD-10) has been used to extract the target population.
Subsequently, trained clinical reviewers collected clinical
data from the medical chart, operative archives, anesthesia
records, and progress notes with the surgical attending. Then,
we collected demographic data, co-morbidities, laboratory
results, inspection status, and procedure-related data, including
the type of surgery, procedure risk, and length of stay for
each patient. Cardiac diseases included acute and chronic
HF, chronic coronary disease, acute coronary syndrome,
severe aortic stenosis, severe aortic regurgitation, severe
mitral valve stenosis, severe mitral valve regurgitation, atrial
fibrillation, ventricular tachyarrhythmias, and patients with
pacemaker/implantable cardioverter defibrillator. Venous blood
samples were drawn in the fasting condition to test leukocyte,
hemoglobin (HGB), platelet (PLT), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), serum creatinine,
potassium, and fibrinogen.

This study was conducted in accordance with the Declaration
of Helsinki and with approval from the ethics committee of
Peking University Third Hospital (No. M2018258).

Study Outcomes
The MACEs included the composite outcomes of cardiac
death, non-fatal MI, non-fatal congestive cardiac failure,
hemodynamically significant ventricular arrhythmia, and
Takotsubo cardiomyopathy of patients who underwent non-
cardiac surgeries during hospitalization. Cardiac death was

defined as sudden death or death secondary toMI, arrhythmia, or
HF. MI was defined according to the Fourth universal definition
of ESC guideline (14). Hemodynamically significant ventricular
arrhythmia included ventricular tachycardia, ventricular flutter,
and fibrillation that could affect hemodynamics apparently.
Takotsubo cardiomyopathy was defined based on diagnosis
criteria of Mayo Clinic (15).

Statistical Analysis
Statistical analysis was performed using R 4.0.3. We first
classified the patients with MACEs in the training set
according to the operation types (a total of 30) proposed in
the 2014 ESC guidelines (Supplementary Tables 1, 2). Then,
among the patients without MACEs in the training set,
the process of matching was conducted using propensity
score matching (PSM). One patient with MACE matched 4
patients without MACEs using operation type (showed in
Supplementary Table 1), age, and operation time (particular
year of operation). Continuous variables conformed to the
normal distribution were expressed as the mean ± standard
deviation, and t-test was used for comparison between two
groups. While medians (Interquartile range) and Wilcoxon
tests were used for continuous variables not conformed to
normal distribution. Categorical variables were presented as
percentages with Chi-squared test or Fisher’s exact test for
comparison between two groups. We used univariable logistics
regression to select variables firstly entering to the regression
model with P-value < 0.1. Then multivariable logistic regression
analysis was conducted by a backward stepwise method to
choose variables ultimately be included in the model. The
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TABLE 1 | Baseline characteristics of the training set.

Variables MACEs

(n = 253)

Non-MACEs

(n = 1012)

P-value

Age (years) 71 (58, 78) 70.5 (58, 78) 0.497

≤70 124 (49%) 506 (50%)

>70 129 (51%) 506 (50%)

Sex (males) 111 (43.9%) 481 (47.5%) 0.331

Endoscopic operation 46 (18.2%) 321 (31.7%) <0.001

General anesthesia 183 (72.3%) 657 (64.9%) 0.031

Length of stay (days) 14 (9, 22) 9 (5,15) <0.001

Cardiac disease 89 (35.2%) 122 (12.1%) <0.001

HT 140 (55.3%) 374 (37%) <0.001

DM 74 (29.2%) 115 (11.4%) <0.001

CKD 14 (5.5%) 19 (1.9%) 0.002

Leukocyte (×109 l−1) 7.8 (6.23,

10.79)

6.48 (5.35,

8.1)

<0.001

HGB (g l−1) 120 (102,

136)

131 (118,

143)

<0.001

PLT (×109 l−1) 191 (150,

245)

206 (172.75,

255)

0.001

ALT (U l−1) 24 (15, 39) 16 (12, 24) <0.001

AST (U l−1) 24 (17, 40) 21 (17, 25) <0.001

Scr (mmol l−1) 81 (66, 108) 74 (63, 88) <0.001

Potassium (mmol l−1) 4.08 (3.8,

4.42)

4.05 (3.81,

4.3)

0.258

Fibrinogen (g l−1) 3.43 (2.79, 4) 3.14 (2.69,

3.71)

0.001

HT, hypertension; DM, diabetes mellitus; CKD, chronic kidney disease; HGB, hemoglobin;

PLT, platelet; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Scr,

serum creatinine.

TABLE 2 | The proportion of MACEs in both training set and validation set.

MACEs Training set

(n = 253)

Validation set

(n = 112)

Cardiac death 81 (31.7%) 10 (8.9%)

HF 78 (31.0%) 69 (61.6%)

Non-fatal MI 71 (28.2%) 21 (18.8%)

Hemodynamically arrhythmia 14 (5.6%) 3 (2.7%)

Stress cardiomyopathy 9 (3.5%) 9 (8.0%)

MACEs, major adverse cardiovascular events; HF, heart failure; MI, myocardial infarction.

variables included in the model were used to construct the
nomogram using the package “rms.” To construct a risk score,
restricted cubic spline (RCS) was used to help finding the
best cut-off values of continuous variables. The multivariable
logistic regression model was performed with all variables which
were categorical. We used odds ratio (OR) as the weight to
assign a value to each variable. The area under the curve
(AUC) for the receiver operating characteristic (ROC) curve
was used to validate the discrimination efficiency of the model
and a fifth quantile calibration curve was used to assess the
model’s calibration (16). The Delong test was used to evaluate
whether the difference between the two ROC curves was

TABLE 3 | Results of univariate logistic regression analysis.

Variables OR 95% CI P-value

Age 1.002 0.994-1.011 0.566

Sex (vs. female) 1.159 0.878-1.529 0.297

Endoscopic operation 0.478 0.339-0.676 <0.001

General anesthesia 1.413 1.042-1.915 0.026

Length of stay 1.048 1.035-1.061 <0.001

Cardiac disease 3.959 2.875-5.452 <0.001

HT 2.113 1.599-2.793 <0.001

DM 3.225 2.311-4.500 <0.001

CKD 3.061 1.513-6.194 0.002

Leukocyte 1.163 1.119-1.210 <0.001

HGB 0.976 0.969-0.982 <0.001

PLT 0.998 0.996-1.000 0.081

ALT 1.01 1.005-1.014 <0.001

AST 1.01 1.006-1.015 <0.001

Scr 1.001 1.000-1.002 0.105

Potassium 1.2 0.890-1.619 0.231

Fibrinogen 1.231 1.084-1.398 0.001

OR, odds ratio; CI, confidence interval; HT, hypertension; DM, diabetes mellitus; CKD,

chronic kidney disease; HGB, hemoglobin; PLT, platelet; ALT, alanine aminotransferase;

AST, aspartate aminotransferase; Scr, serum creatinine.

statistically significant. The local institutional review board
approved this analysis.

RESULTS

Study Population and Baseline
Characteristics
After the screening period, there were 1,265 patients (MACEs
group: 253; non-MACEs group: 1,012) in the training set and
38,897 patients (MACEs group: 112; non-MACEs: 38,785) in
the validation set. The specific screening process was shown in
Figure 1.

In the training set, patients with the age older than 70 years
accounted for 51.5% (129 patients). There was no significant
difference in age (median age: 71 vs. 70.5 years, P = 0.497) and
sex (males, 43.9 vs. 47.5%, P = 0.331) between the two groups.
The prevalence of cardiac diseases (35.2 vs. 12.1%, P < 0.001),
hypertension (HT) (55.3 vs. 37%, P < 0.001), diabetes mellitus
(DM) (29.2 vs. 11.4%, P < 0.001), chronic kidney disease (CKD)
(5.5 vs. 1.9%, P = 0.002), and general anesthesia (72.3 vs. 64.9%,
P = 0.031) was significantly higher in patients with MACEs.
There were less endoscopic surgeries in MACEs group (18.2 vs.
31.7%, P < 0.001). Leukocyte, ALT, AST, and fibrinogen levels
were significantly higher in MACEs group, whereas HGB and
PLT levels were significantly lower. Baseline characteristics of the
training set were presented in Table 1.

Major Adverse Cardiovascular Events
Two hundred and fifty three patients in the training set suffered
MACEs during the perioperative period. The composition
of cardiovascular outcomes was as follows: cardiac death
(81; 31.7%), nonfatal HF (78; 31%), nonfatal MI (71; 28.2%),
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FIGURE 2 | Nomogram of the training set used to predict the MACEs risk. AST, aspartate aminotransferase; HGB, hemoglobin; DM, diabetes mellitus; HT,

hypertension.

TABLE 4 | Results of multivariate logistic regression analysis in the training set.

Variables Model 1 (nomogram) Variables Model 2

β OR (95% CI) β OR (95% CI)

DM DM

No Reference No Reference

Yes 1.005 2.732 (1.855-4.025) Yes 1.025 2.788 (1.889-4.115)

Cardiac disease Cardiac disease

No Reference No Reference

Yes 1.138 3.119 (2.171-4.482) Yes 1.143 3.135 (2.179-4.511)

HT HT

No Reference No Reference

Yes 0.559 1.749 (1.260-2.426) Yes 0.564 1.757(1.265-2.441)

Leukocyte 0.131 1.140 (1.094-1.189) Leukocyte

≤10×109 l−1 Reference

>10×109 l−1 0.620 1.858 (1.281-2.696)

HGB −0.022 0.978 (0.971-0.986) HGB

≥110 g l−1 Reference

<110 g l−1 0.961 2.615 (1.828-3.739)

AST 0.007 1.007 (1.003-1.011) AST

≤40U l−1 Reference

>40U l−1 1.677 5.352 (3.424-8.365)

General anesthesia General anesthesia

No Reference No Reference

Yes 0.792 1.207 (1.538-3.168) Yes 0.696 2.006 (1.398-2.879)

OR, odds ratio; CI, confidence interval; DM, diabetes mellitus; HT, hypertension; HGB, hemoglobin; AST, aspartate aminotransferase.
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FIGURE 3 | Restricted cubic spline curve of continuous variables. HGB, hemoglobin; AST, aspartate aminotransferase; ALT, alanine aminotransferase. (A-C)

Represents the changing trend of risk of MACEs with leukocyte, HGB, and AST.

hemodynamically arrhythmia (14; 5.6%), and Takotsubo
cardiomyopathy (9; 3.5%). There were 112 patients suffered
MACEs in the validation set, with the proportion of MACEs
as follows: cardiac death (10; 8.9%), HF (69; 61.6%), nonfatal
MI (21; 18.8%), hemodynamically arrhythmia (3; 2.7%), and
Takotsubo cardiomyopathy (9; 8.0%). Details were illustrated in
Table 2.

Development of the Prediction Model of
Nomogram
The results of the univariate logistic regression analysis were
shown in Table 3. Cardiac disease, HT, DM, CKD, endoscopic
operation, length of hospital stay, general anesthesia, leukocyte,
HGB, PLT, ALT, AST, and fibrinogen were significantly associated
with perioperative MACEs with the preset standard of P < 0.1,
which would be included in multivariate analysis preliminarily.
After considering the clinical practice and results of logistic
regression, we finally selected seven factors forModel 1, including
cardiac diseases, HT, DM, general anesthesia, leukocyte, HGB,
and AST. We also illustrated the Model 1 in the form of a

nomogram for more convenient use in clinical work. In the
nomogram, the score assigned to each variable was proportional
to its risk contribution to MACEs. The total score on the risk axis
represented the probability of MACEs risk. The higher the score,
the higher the risk of developing MACEs in the perioperative
period. Details were showed in Table 3 and Figure 2.

Converting Continuous Variables to
Categorical Ones
We used RCS curves to evaluate the relationship between
continuous variables, including leukocyte, HGB and AST, and
MACEs. Leukocyte and AST were positively correlated with
MACEs, while HGB was negatively correlated with MACEs.
Combined with clinical experience and the results of statistical
analysis, we take 10 × 109 /L, 110 g/L, and 40 U/L as cut-off
points of leukocyte, HGB, and AST respectively, converting them
to categorical variables. Details were illustrated in Table 4 and
Figure 3.
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TABLE 5 | Score assignment of model variables.

Variables OR Points assigned

HGB (<110 vs. ≥110 g l−1) 2.615 2

CARDIAC disease (yes vs. no) 3.135 2

AST (>40 vs. ≤40U l−1) 5.352 2

Blood pressure (HT, yes vs. no) 1.757 1

Leukocyte (>10 vs. ≤10 × 109 l−1) 1.858 1

General anesthesia (yes vs. no) 2.006 2

DM (yes vs. no) 2.788 2

DM, diabetes mellitus; HT, hypertension; AST, aspartate aminotransferase;

HGB, hemoglobin.

Construction of Risk Score
We then built Model 2 with the same seven risk factors in
the training set, after converting leukocyte, HGB, and AST to
categorical variables. Using OR of model 2 for the weights of
assigning scores, we defined OR ≥ 2 as an independent high-risk
factor and assigned 2 points, including cardiac diseases, general
anesthesia, DM, AST (> 40 U/L), and HGB (<110 g/L). For risk
factors with OR< 2, 1 point shall be assigned including leukocyte
(>10 × 109/L) and HT, constructing the HASBLAD score. If
there were no above risk factors, 0 points will be assigned. The
complete scoring table was shown in Table 5.

Evaluation of Model Discrimination and
Calibration in the Training Set
According to the ROC analysis, we draw a preliminary
conclusion that both Model 1 (the nomogram; C statistic, 0.781;
95% CI: 0.748-0.813) and Model 3 (HASBLAD score; C statistic,
0.768; 95% CI: 0.735-0.802) performed well in predicting MACEs
in the training set. Calibration curves reflected the extent to
which a model correctly estimates the absolute risk (whether the
values predicted by the model agree with the observed values).
The results showed that both Model 1 (the nomogram) and
Model 3 (HASBLAD score) predicted the probability of MACEs
accurately (Figures 4, 5).

Baseline Characteristics of the Validation
Set
Consistent with training set, cardiac diseases, HT, DM, leukocyte,
HGB, AST and general anesthesia still showed a significant
difference between MACEs and non-MACEs groups. The age of
patients in MACEs group was significantly higher than patients
without MACEs (mean age: 67.56 vs. 47.59 years, P < 0.001).
Details were showed in Table 6.

Internal Validation of the Prediction Model
and the Comparison With RCRI
With respect to discrimination in the validation set, Model 1
(the nomogram; C statistic, 0.865; 95% CI: 0.829-0.901) and
Model 3 (HASBLAD score; C statistic, 0.843; 95% CI: 0.804-
0.883) both performed well in the validation set, while the
performance of RCRI (C statistic, 0.660; 95%CI: 0.613-0.708) was
relatively poor (Figure 6). The performance of the nomogram
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FIGURE 4 | ROC curves for Model 1, Model 3 in the training set. AUC, area

under the curve; ROC, receiver operating characteristic.

and the HASBLAD score was significantly better than RCRI in
the evaluation of discrimination (Delong test: P < 0.05). The
difference between the nomogram and the HASBLAD score
was not statistically significant, suggesting that the predictive
performance of the models was comparable (P > 0.05).

The calibration curve of the nomogram and the HASBLAD
score for the probability of MACE both demonstrated good
agreement between prediction and observation in the validation
set (Figure 7).

Risk Stratification of Patients in the
Validation Set With HASBLAD Score
The incidence of perioperative MACEs was relatively low in our
hospital (0.29% in the validation set), and the positive predictive
value (PPV) was significantly higher than the observed incidence
(Supplementary Tables 3-5). By calculating the prevalence of
patients with different scores, we divided patients into low-risk
(Points: < 4), moderate-risk (Points: 4-7), and high-risk (Points:
≥ 8) groups according to different ranges of HASBLAD score.
The risk of MACEs in low-risk, moderate-risk, and high-risk
groups were 0.12, 1.23, 14.61%, respectively. Details were showed
in Table 7.

DISCUSSION

In recent years, China has witnessed the rapid development
of medical technology and reform, with the aging population
becoming increasingly prominent. The likelihood of having
surgery was quadrupled in the elderly group incorporating
cardiovascular diseases, HT, and DM (17). Our research was
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TABLE 6 | Baseline Characteristics of the validation set.

Variables Event

(n = 112)

Non-MACEs

(n = 38,785)

P-value

Age (years)a 67.56 ± 14.89 49.59 ± 16.63 <0.001

>70 56 (50%) 4213 (10.9%) <0.001

Sex (males) 49 (43.8%) 16265 (41.9%) 0.77

General anesthesia 74 (66.1%) 19269 (49.7%) 0.001

Cardiac disease 44 (39.3%) 1112 (2.9%) <0.001

HT 67 (59.8%) 7965 (20.5%) <0.001

DM 36 (32.1%) 4090 (10.5%) <0.001

Leukocyte (×109 l−1)b 7.91 (5.92, 10.40) 6.73 (5.67, 8.11) <0.001

HGB (g l−1)b 119 (102, 133) 138 (128, 152) <0.001

PLT (×109 l−1)b 215 (167, 269) 240 (202, 279) <0.001

ALT (U l−1 )b 19 (11, 27) 20 (15, 26) 0.118

AST > 40U l−1 17 (15.2%) 1282 (3.3%) <0.001

Fibrinogen (g l−1 )a 3.79 ± 1.25 3.14 ± 0.72 <0.001

aMean (SD). bMedian (IOR).

HT, hypertension; DM, diabetes mellitus; HGB, hemoglobin; PLT, platelet; ALT, alanine

aminotransferase; AST, aspartate aminotransferase.

to target the patients who were likely to suffer perioperative
MACEs in all surgical populations. So, the physicians could take
measures to reduce perioperative risk promptly for patients in
high-risk MACE grading. Risk stratification assists us to be well
prepared to respond to emergencies and complications occurred
in the perioperative period. On the other hand, timely warning
and pre-operative risk information which are included in every
pre-operative consultation, will improve the communication
consequence between clinicians and patients. It is the main
significance of this study. We verified the RCRI score in the
validation set, and the result showed its discrimination efficiency
was poor (AUC: 0.734; 95%CI: 0.698-0.771), indicating that the
differentiation efficiency of the RCRI score may not be superior
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in Chinese population. Therefore, there is an urgent need for
a perioperative cardiac risk model to adapt to the increasing
number of patients requiring surgeries in China.

We developed and validated the simple risk assessment
tool for the preoperative individualized prediction of MACEs
in hospitalized patients who prepared to accept non-cardiac
surgery. Our prediction models incorporated seven risk factors,
including four clinical factors (general anesthesia, cardiac
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diseases, DM, and HT), and three laboratory results (HGB,
AST, and leukocyte). Current guidelines recommended the
use of biomarkers in perioperative evaluation, including N-
terminal pro-B type natriuretic peptide (NT-pro BNP), cardiac
troponin, and high sensitivity cardiac troponin. However,
bringing them into routine screening will cause a serious waste
of medical resources. Our model included AST, leukocyte,
and HGB which will be screened routinely before operation
in China, to evaluate perioperative risk, making full use of
medical resources. Many researches have suggested that lower
HGB values were associated with myocardial injury or MACEs
after non-cardiac surgery (18–20). This was mainly because
anemia will damage the ability of the body to compensate for
hemodynamic changes, thus organizations were more prone
to an imbalance between oxygen supply and demand, leading
to an increase in the possibility of type 2 MI (14). Leukocyte
played a causal role in the mechanisms of plaque progression,
destabilization, erosion or rupture, which will be engendered
by acute perioperative stress in major non-cardiac surgery,
leading to myocardial injury, MI and stroke (21). Our finding
showed that leukocyte was associated with MACEs, improved
risk prediction in coronary heart disease patients undergoing
non-cardiac surgery, which was in line with previous long-
term prospective clinical trials. Both neutrophil to lymphocyte
ratio (22) and regulatory T cells (23) were proved to be of
additional value for preoperative risk stratification. And the
subpopulation of leukocyte could be used as inexpensive and
broadly available tools for perioperative risk assessment. Liver
was the most important metabolic and detoxification organ
in the body. Because the vast majority of operation, included
the intermediate-risk and high-risk of MACEs all need the
spinal anesthesia or general anesthesia. Most anesthetics are
transformed and degraded by the liver. It will decrease liver blood
flow of a different degree.

TABLE 7 | Risk stratification using HASBLAD Score in validation set.

Points Incidence of MACEs Risk stratification

<4 0.12% Low risk

4-7 1.23% Moderate risk

≥8 14.61% High risk

MACEs, major adverse cardiovascular events.

There are sizeable amounts of patients suffered with the
clinical condition that asymptomatic hepatic impairment and the
hepatitis virus replicates actively, due to high infection rate of
Hepatitis B and Hepatitis C viruses in China. Evaluation of pre-
operative hepatic function impairment is extremely important, as
the extent of perioperative liver injury caused by ischaemia and
reperfusion depends primarily on the duration of ischaemia (24)
as well as on pre-existing liver diseases. Hepatic ischaemia
and subsequent liver dysfunction during perioperative period
is associated with a significant deterioration in prognosis (25).
Because of the central role of the liver in the metabolic and
immunological response to stress, if the physician neglected
the impact of liver function on multiple system organs, the
consequence will be disastrous. Pre-existing hepatic dysfunction
poses a great risk even for non-hepatic surgery, as shown by
the higher blood transfusion requirements, longer hospital stays,
more complications and increased mortality rate (26).

Elevated AST levels usually indicated liver or myocardium
injury. In this study, the result of multivariate regression analysis
showed that ASTwas an independent risk factor for perioperative
cardiac events. It meant that liver functional test, especially
the indicator of AST had predictive value for perioperative
cardiovascular events, which was demonstrated by our study,
this is an indicator received less attention in previous studies. If
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conditions permit, liver function test, especially AST and ALT
will be recommended for the vast majority of patients, unless
local anesthesia is required and the patient does not have any risk
factors in the scoring model.

Both the HASBLAD score and the nomogram performed
adequate discrimination in the training set (C statistic, 0.781 vs.
0.768) and the validation set (C statistic, 0.865 vs. 0.843), which
were significantly better than RCRI (C statistic, 0.660, P < 0.05).
More importantly, our clinical models were developed based
on patients of Asian origin and the current medical technology
in China.

To our knowledge, Takotsubo cardiomyopathy had received
insufficient clinical attention and was rarely included in
the category of MACEs during the perioperative period.
However, according to our preliminary observations and
clinical experience, Takotsubo cardiomyopathy also appreciably
contributed to the perioperative cardiac events. The clinical
manifestations of Takotsubo cardiomyopathy can present as
transient regional systolic left ventricular dysfunction (27),
decreased ejection fraction, hemodynamic changes, myocardial
injury, HF, ventricular arrhythmias, systemic thromboembolism,
and cardiogenic arrest (28). The exact pathophysiological
mechanisms remained unclear, but many researchers have
suggested that the surgery was an important trigger for Takotsubo
cardiomyopathy (29). The broader scope of surgical trauma
and longer operation time, the more apparent sympathetic
activation that patients will encounter, and thereby the incidence
of Takotsubo cardiomyopathy will be higher during the
perioperative period (30). This cardiovascular complication has
received less attention in previous studies, but its incidence was
not rare, and the perniciousness could not be ignored in our
investigation. Therefore, we included this disease as an outcome
event in our study, making the evaluation of perioperative
MACEs more comprehensive.

There were some limitations to this study as well. Firstly,
it was performed at a single academic medical center and
lack of external validation, which may cause deficiencies in
representativeness and universality. Secondly, the relatively
low incidence of complications might underestimate the
actual incidence, especially affected by the lack of routine
postoperative surveillance with troponin, NT-pro BNP, and
electrocardiography. The biomarker of myocardial injury could
assist the physician to recognize the myocardial infarction or
HF early before the symptoms flare up. Due to the limitations
of medical record-controlled studies, some indicators of great
value in the prediction of perioperative cardiovascular events,
such as metabolic equivalent, were not recorded routinely in
the medical documentation. This reflects the current situation
that our physician may have insufficient understanding of the
importance of NT-pro BNP, troponin and metabolic equivalent.
Considering that MACE has a negative impact on outcome in
patients underwent non-cardiac surgery, the awareness of the
risk of MACE needs to be strengthened in the management
of postoperative patients in Chinese hospitals. Finally, the
population number of the validation group was 112 in 2020
and 253 cases of patients from 2010 to 2019, respectively.

The relatively fewer quantity of training set was due to the
refinement of diagnostic criteria of MACE and standardization
of the medical record system. In recent years, the increasing
attention to the harmfulness of MACEs in perioperative periods
for hospitalized patients also contributes to this phenomenon.

In conclusion, we developed a nomogram and a risk score
(HASBLAD) with prediction performance better than RCRI,
which could be useful tools at the bedside. The significance of
cardiac troponin andNT-pro BNP in perioperative period should
be further investigated. At the same time, the focus on Takotsubo
cardiomyopathy and the other cardiac complications that caused
morbidity and mortality in patients during the perioperative
period was necessary and should be further elucidated in
future studies.
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Background: Ischemic heart disease affects 126 million individuals globally which

illustrates the importance of finding ways to decrease mortality and morbidity in case

of an acute myocardial infarction (AMI). Since knowledge of symptoms, correct reaction

to symptoms, and ability to perform cardiopulmonary resuscitation (CPR) decreases the

time from symptoms-onset to reperfusion, which leads to lower AMI mortality, we aimed

to examine those factors and identify predicting variables in regions with low and high

AMI mortality rates.

Methods: We conducted a cross-sectional online survey including 633 respondents

from the general population in four federal states in Germany with low and high

AMI mortality and morbidity rates. We used uni- and multivariable regressions to find

health-related and sociodemographic factors associated with knowledge, reaction to

symptoms, and skills in CPR.

Results: Out of 11 symptoms, the mean of correctly attributed AMI symptoms was 7.3

(standard deviation 1.96). About 93% of respondents chose to call an ambulance when

witnessing an AMI. However, when confronted with the description of a real-life situation,

only 35 and 65% of the participants would call an ambulance in case of abdominal and

chest pain, respectively. The predicting variables for higher knowledge were being female,

knowing someone with heart disease, and being an ex-smoker compared to people

who never smoked. Higher knowledge was associated with adequate reaction in the

description of a real-life situation and ability to perform CPR. Prevalence ratio for being

able to perform CPR was lower in females, older participants, and participants with low

educational level. About 38% of participants state to know how to perform CPR. Our

results indicate rather no difference regarding knowledge, reaction to AMI symptoms,

and ability to perform CPR among different regions in Germany.
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Conclusions: Knowledge of symptoms and first responder reaction including skills

in CPR is inadequate when confronted with the description of a real-life situation.

Educational health campaigns should focus on conveying information close to real-life

situations. Interventions for enhancing ability to perform CPR should be compulsory in

regular intervals. Interestingly, we found no difference regarding the factors in regions with

high and low AMI mortality rates in Germany.

Keywords: epidemiology, acute myocardial infarction, knowledge about symptoms, cardiopulmonary

resuscitation, help-seeking behavior, first responder reaction, awareness

INTRODUCTION

Ischemic heart disease (IHD) affects around 126 million
individuals globally (1,655 per 100,000), the global prevalence
is rising, and it is the leading cause of death and disability
worldwide, as well as in Germany (1, 2). One main manifestation
of IHD is myocardial infarction (AMI). When witnessing an
AMI, a swift and appropriate reaction is crucial to decrease the
time to reperfusion and therefore improve prognosis (3–5). In
Germany, mortality of AMI differs across federal states. The
highest mortality rates are observed in Eastern and the lowest
in Southern and Western Germany (6). These differences are
partly, but not fully explained by differences in the prevalence
of cardiovascular risk factors (7). It is hypothesized that
differences could also be due to the number of people able
to perform cardiopulmonary resuscitation (CPR), knowledge
of AMI symptoms, and behavior during AMI (8). However,
to date it is unknown whether these factors differ in regions
with different mortality rates. Additionally, few studies have
examined which health-related and sociodemographic factors
are associated with knowledge, reaction to AMI symptoms, and
ability to perform CPR.

Awareness of differences in knowledge and reaction to AMI
symptoms, as well as ability to perform CPR in regions with
different AMI mortality rates, could refine interventions to
improve the response when witnessing an AMI (9). Additionally,
knowledge of influencing factors of this response is essential. The
aim of this study was to investigate associations of knowledge
and reaction to AMI symptoms, and ability to perform CPR with
health, health behavior, and sociodemographic factors taking into
account regions with different AMI mortality rates in Germany.

MATERIALS AND METHODS

Study Population
In December 2020 we re-contacted 35,835 people from a former
survey (9,319 in Saxony-Anhalt with one of the highest AMI
mortality rate, 9,182 in Baden-Wuerttemberg, 7,104 in North-
Rhine Westphalia, and 10,230 in Schleswig-Holstein, among the
federal states with the lowest AMI mortality rates) (6). Of these
35,835 invited, 857 persons conducted the cross-sectional online
survey (2.4%).

Abbreviations: IHD, ischemic heart disease; AMI, acute myocardial infarction;

CPR, cardiopulmonary resuscitation; PR, prevalence ratio; CI, confidence interval.

Outcomes
For evaluating participant’s knowledge of AMI symptoms, we
included 11 symptoms of which 10 were symptoms of AMI and
one was not, and asked the participants whether these symptoms
were AMI symptoms. We chose “sudden visual disturbances”
as trap question, as it is not usually a symptom of AMI. We
calculated a knowledge score for each participant by adding up
the participant’s correct answers about AMI symptoms, resulting
in a score with a theoretical range from 0 to 11. We did not
calculate the score in case of missing values. Our used question
format was chosen as it has been used regularly in current
literature as well as in Germany (10, 11). The included set of
symptoms are based on the ten most frequently asked symptoms
and trap symptom in the current literature (11).

We evaluated the participant’s reaction when witnessing a
potential AMI by describing the following everyday scenario and
giving different options to choose from:

You are talking on the phone to a female person you are close
with. She is 60 years old and had no severe diseases to date.
She says that she

1) suddenly has chest pain or
2) has abdominal pressure since an hour, but it is getting worse

now. She feels weak and wants to lie down and rest. You say
goodbye and finish the conversation.

The symptoms (chest or abdominal pain) were randomly
assigned to the participants. The following answer options
were given:

a) Chest pain/abdominal pain is common. You let her rest and
decide to ask her about her health the next time you talk to her.

b) Chest pain/abdominal pain could be related to the heart. Lying
down relieves the strain on the heart. You decide to call her
back in 2 h and ask about her well-being.

c) Chest pain/abdominal pain could be a sign of a severe disease.
You call her back and convince her to call an ambulance.

d) Do not know.
e) Something else (with a free-text field for describing

the reaction).

Additionally, the survey included two multiple-choice questions
with free-text fields that asked participants what they would do
if they saw someone lying on the floor in a department store and
what they would do if they thought someone had an AMI. We
analyzed these two questions descriptively and did not use them
as outcomes in regression.
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TABLE 1 | Sociodemographic characteristics and reaction to other people’s

symptoms of myocardial infarction (n = 633).

Gender

Female, n (%)a 322 (50.9)

Age

Age, mean (SD) 49.2 (15.3)

Below 30 years old, n (%) 85 (13.4)

30–39 years old, n (%) 110 (17.4)

40–49 years old, n (%) 102 (16.1)

50–59 years old, n (%) 153 (24.1)

60–69 years old, n (%) 124 (19.6)

70 years and older, n (%) 59 (9.3)

Education

Master, diploma, doctorate (PhD), n (%) 213 (33.6)

Bachelor or equivalent, n (%) 139 (22.0)

Vocational training, n (%) 245 (38.7)

No degree/still in training or studying, n (%) 36 (5.7)

Federal state

Baden-Wuerttemberg 152 (24.0)

North Rhine-Westphalia 150 (23.7)

Saxony-Anhalt 171 (27.0)

Schleswig-Holstein 160 (25.3)

Disease related factors and risk factors of myocardial infarction

Disease related to heart, n (%) 66 (10.4)

Knowing person with heart disease, n (%) 359 (56.7)

High blood pressure (currently/in the past), n (%) 220 (34.8)

Current smoker, n (%) 99 (15.6)

Former smoker, n (%) 204 (32.2)

Never smoked, n (%) 330 (52.1)

aOne person was diverse. SD, standard deviation.

For examining the ability to perform CPR we asked the
participants whether they know how to perform CPR and gave
the following answer options:

a) Yes, I can perform it myself or instruct someone else to
perform it.

b) Yes, theoretically, but I do not dare to perform it in a real-
life situation.

c) No, I have learned it, but do not remember well how to
perform it.

d) No, I never learned or knew how to perform it.

We included the following variables as possible predictors for
the above-described outcomes: (1) Gender (self-classified asmale,
female, diverse), (2) age in years, (3) educational level, (4) federal
state, (5) having a heart disease, (6) knowing someone with
a heart disease, (7) self-reported high blood pressure, and (8)
smoking status. Additionally, we included the knowledge score
as predictor for reaction to AMI symptoms and ability to perform
CPR. We chose the variables based on thorough literature review
(8, 11).

Statistical Analysis
Data of 633 participants were analyzed after excluding
observations with missing values for any of the included

variables. Since there was only one diverse person, we excluded
this observation in all analyses that included gender as variable.

For analyzing the reaction to AMI symptoms, we
dichotomized the answer options. We chose convincing
the women to call an ambulance as appropriate and all other
options as less appropriate. We conducted all analyses separately
for the symptoms chest and abdominal pain.

For analyzing the ability to perform CPR, we also
dichotomized the answer options. We chose the answer option
to be able to perform CPR or instruct someone else to perform
it as one category, since this answer option reflects if someone
would perform or help to perform it in a real-life situation. The
other answer options were included in another category.

For the knowledge score, we performed linear regressions. For
the binary outcomes, we estimated Prevalence Ratios (PRs) using
binomial distribution with log link function, since the outcomes
were common (35.4–64.6% for the certain outcomes) (12).

We conducted uni- and multivariable regressions to identify
factors possibly associated with the different outcomes. Since
there was no evidence for serious multicollinearity, we included
all variables in multivariable regression (variance inflation factor
< 5 for all variables) (13–17). Since there is some evidence in
previous studies that the effect for age could be non-linear, we
tested non-linear associations between age and the outcomes
using thin plate splines in generalized additive models. Since
non-linear associations did not improve model fit (Akaike
Information Criteria < 10 for linear vs. non-linear terms), we
included age as linear term in all models (18). We used R-Studio
V.3.4.4 and SAS V. 9.4 for the analyses (19, 20).

RESULTS

Females, males, and the four federal states were equally
represented in the sample. One person was diverse. The mean
age was 49 years. About 56% of the participants held a university
degree (Bachelor or higher). About 10% of the participants
reported to have a heart disease and more than half of the sample
indicated to know a person with heart disease. About 35% of the
participants stated to have hypertension (currently or in the past),
which is about the percentage of people with hypertension in the
general middle-aged German population (21). About half of the
sample stated to be current or former smokers (Table 1).

Almost all participants correctly identified chest pain/pressure
as being a symptom of AMI. The four least known symptoms
were abdominal pain, nausea/vomiting, headache, and
jaw/neck/back pain (Figure 1; Supplementary Figure 1). In
North Rhine-Westphalia, 63% correctly identified abdominal
pain as symptom, while only 44% in Baden-Wuerttemberg did
so (Supplementary Figure 1). The mean number of correctly
attributed symptoms was 7.3 out of 11 symptoms (standard
deviation 1.96).

Asking the participants what they would do when witnessing
a person lying on the floor in a department store, about 10%
would call an ambulance. About 40% stated to check whether
the person was breathing before deciding to call an ambulance.
Another 40% stated to start CPR, if necessary. About 6% would
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FIGURE 1 | Symptoms of myocardial infarction identified as correct/incorrect by the participants; *trap symptom.

ask somebody else for help, as they did not feel capable of
gauging the situation correctly. Almost all participants stated to
call an ambulance when they assume that someone has an AMI
(Supplementary Table 1).

In the phone call scenario, 64% of the participants who
received chest pain as symptom would convince the women to
call an ambulance, while 35% of the participants who received
abdominal pain would do so (Figure 2). This tendency was
seen in all federal states. The proportion to convince the
women to call an ambulance in both scenarios was highest
in Saxony-Anhalt when compared to the other federal states
(Supplementary Figure 2).

About 40% of the participants indicated that they could
perform CPR themselves or instruct someone else to perform it.
Around 30% indicated theoretically knowing how to perform it
or have learned, but do not remember well how to perform it,
respectively (Figure 3). The highest percentage regarding being
able to perform CPR was in Schleswig-Holstein, while the highest
percentage of theoretically knowing how to perform it was in
Saxony-Anhalt (Supplementary Figure 3).

Examining the factors associated with knowledge of AMI
symptoms, reaction to symptoms, and ability to perform
resuscitation, we found that the mean knowledge score was
higher in females when compared to males and lower in people
aged 70 years or older when compared to the other age groups.
The score was higher for people knowing someone with heart
disease when compared to people not knowing someone with
heart disease.

In the phone call scenario, the proportion of people choosing
the adequate reaction in case of sudden chest pain was highest
in the age groups 40–49 and 60–69 years when compared to the
other age groups. The proportion was higher for people knowing
someone with heart disease and in former smokers.

In case of abdominal pain, the proportion was highest
in the age group 60–69 years and higher in people having
heart disease.

Regarding the ability to perform CPR, more males than
females reported to be able to perform it and the proportion
decreased with increasing age. People with higher educational
level reported more often to be able to perform CPR when
compared to people with lower educational level. Higher
proportion of former and current smokers reported to be able
to perform CPR (Table 2).

Results of Regression Analyses
Estimates for the certain factors were comparable in uni- and
multivariable regressions (Table 3; Supplementary Table 2).

For women, the knowledge score was 0.75 points higher
than for men. Age, educational level, having heart disease,
and hypertension were not associated with knowledge score.
The knowledge score for participants knowing someone
with heart disease was about half a point higher when
compared to people not knowing anyone with heart disease.
The knowledge score of former smokers was almost half a
point higher when compared to people who never smoked.
There was no consistent difference in the knowledge score
among the federal states (Table 3). Regarding the symptom
chest pain in the phone call scenario, estimates for all
variables except knowledge score indicated no association
(Table 3).

Regarding the symptom abdominal pain there was no
association with gender, having heart disease, knowing someone
with heart disease, hypertension, and smoking. PR for convincing
the women to call an ambulance increased with older age. When
compared to people with the highest educational level, PR for
convincing the women to call an ambulance was higher in
people still studying/having no degree, but CI included the null
effect. PR for convincing the women to call an ambulance was
lower in Baden-Wuerttemberg compared to Saxony-Anhalt, but
again CI included the null effect. Higher knowledge score was
associated with higher PR for convincing the women to call
an ambulance (Table 3). Regarding the ability to perform CPR,
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FIGURE 2 | Reaction to two symptoms of myocardial infarction.

FIGURE 3 | Ability to perform a cardiopulmonary resuscitation.

there was no association with having and knowing someone
with heart disease, and hypertension. Women were less likely to
perform CPR compared to men. PR for the ability to perform
CPR decreased with older age. PR of stating to be able to
perform CPR was lower for people with vocational training and
still studying/having no degree when compared to people with
the highest educational level. When compared to people who
never smoked, PR was higher in former and current smokers.
However, CI included the null effect. Higher knowledge score
was associated with higher PR to be able to perform CPR.
There was no consistent difference among the federal states
(Table 3).

DISCUSSION

In our study, we found that participants had a good

understanding of how to react in case of an AMI since the vast

majority would call an ambulance. In contrast, when confronted
with the description of a phone call in which somebody displayed
symptoms of an AMI, the proportion of participants who would
convince the women to call an ambulance was considerably
lower. Partly, this could be explained by the order of the
questions, as the phone-call-scenario was the first question in the
survey. Higher knowledge score was associated with higher PR of
an adequate reaction in multiple regression. However, knowledge
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TABLE 2 | Knowledge score, reaction to other people’s symptoms of myocardial infarction, ability to perform CPR and their possible predictors.

Knowledge scoreb Would convince her to call

ambulance in case of sudden

chest pain (n = 322)c

Would convince her to

call ambulance in case of

abdominal pain (n = 311)c

Ability to

perform CPRd

Mean (SD) % (n) % (n) % (n)

Femalea 7.71 (1.84) 64 (103/161) 36 (58/161) 36.0 (116/322)

Malea 6.93 (2.00) 65.6 (105/160) 34.7 (52/150) 40.0 (124/310)

Below 30 years old 7.42 (1.87) 57.5 (23/40) 35.6 (16/45) 44.7 (38/85)

30–39 years old 7.29 (2.00) 56.6 (30/53) 26.3 (15/57) 43.6 (48/110)

40–49 years old 7.52 (2.08) 71.7 (38/53) 26.5 (13/49) 39.2 (40/102)

50–59 years old 7.37 (1.89) 64.6 (51/79) 37.8 (28/74) 37.9 (58/153)

60–69 years old 7.33 (1.93) 72.9 (51/70) 48.1 (26/54) 30.6 (38/124)

70 years and older 6.78 (2.03) 55.6 (15/27) 37.5 (12/32) 30.5 (18/59)

Master, diploma, doctorate (PhD) 7.38 (1.92) 63.2 (67/106) 30.8 (33/107) 39.4 (84/213)

Bachelor or equivalent 7.27 (1.95) 61.8 (42/68) 42.3 (30/71) 41.7 (58/139)

Vocational training 7.28 (2.00) 67.7 (88/130) 32.2 (37/115) 35.9 (88/245)

No degree/still in training or studying 7.47 (1.99) 61.1 (11/18) 55.6 (10/18) 27.8 (10/36)

Baden-Wuerttemberg 7.13 (2.08) 58.6 (41/70) 26.8 (22/82) 35.5 (54/152)

North Rhine-Westphalia 7.69 (1.84) 69.1 (56/81) 30.4 (21/69) 38.7 (58/150)

Saxony-Anhalt 7.27 (1.96) 70 (63/90) 46.9 (38/81) 36.3 (62/171)

Schleswig-Holstein 7.22 (1.92) 59.3 (48/81) 36.7 (29/79) 41.3 (66/160)

Heart disease 7.36 (1.97) 67.6 (23/34) 40.6 (13/32) 34.8 (23/66)

Having no heart disease 7.32 (1.87) 64.2 (185/288) 34.8 (97/279) 38.3 (217/567)

Knowing someone with heart disease 7.61 (1.86) 67 (118/176) 35 (64/183) 39.8 (143/359)

Not knowing anyone with heart disease 6.94 (2.02) 61.6 (90/146) 35.9 (46/128) 35.4 (97/274)

High blood pressure 7.24 (1.89) 66.1 (78/118) 37.3 (38/102) 32.3 (71/220)

No high blood pressure 7.37 (2.00) 63.7 (130/204) 34.4 (72/209) 40.9 (169/393)

Never smoked 7.22 (2.00) 62.1 (105/169) 33.5 (54/161) 35.2 (116/330)

Former smoker 7.59 (1.88) 69.3 (70/101) 35.9 (37/103) 39.7 (81/204)

Current smoker 7.12 (2.00) 63.5 (33/52) 40.4 (19/47) 43.4 (43/99)

Knowledge score – 7.4 (1.8) 8.1 (1.8) 8.0 (1.8)

aBecause of only 1 observation, the category “diverse” was not included in the analysis, n = 632.
bHigher score indicating higher knowledge, possible range: 0–11, minimum in the sample: 2, maximum in the sample: 11.
cRefers to question: What would you do when a close female person tells you during a phone call about having abdominal pain since an hour/sudden chest pain? The symptom was

randomly assigned to the participants.
dRefers to question: Do you know how to perform a cardiopulmonary resuscitation? The answer option: “Yes, I can perform it myself or instruct someone else to perform it” was

considered “ability to perform resuscitation.”

CPR, cardiopulmonary resuscitation; SD, standard deviation.

might not translate directly into reacting appropriately when
witnessing an AMI.

In our scenario, it is plausible that more participants chose
to convince the women to call an ambulance when confronted
with chest pain compared to abdominal pain since chest pain was
more frequently recognized as AMI symptom than abdominal
pain. This underlines the importance to educate about atypical
symptoms of AMI. In fact, especially women present more often
with only non-chest pain discomfort and the elderly experience
more atypical symptoms (22–24).

Knowledge Score
Exploring the knowledge about symptoms of AMI, we found a
mean knowledge score of 7.3/11. Hence, the mean proportion
of symptoms that were correctly identified as belonging to AMI
was 66.4%. This is considerably higher than in a previous study

conducted in Germany in 2006 that found a proportion of
45.7% of symptoms to be correctly identified (10). The reason
for the observed difference could be that selection bias in our
sample might have influenced the results as well as the limitation
to four regions of Germany, while the former study used a
representative quota method across Germany. Possibly, in the
time span from 2006 to 2020 the German population might have
increased their knowledge due to efforts to better inform the
public and educational campaigns as organized by the “Deutsche
Herzstiftung e. V.” (25).

Compared to the weighted mean of a sample of
eight European countries, Russia, and Singapore, the
proportion that we found in Germany is higher too
(66.4 vs. 42.1%) (11).

When looking at the proportion of participants who identified
a specific symptom correctly, the least well-known symptom
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TABLE 3 | Multivariable regressions for knowledge and reaction to symptoms of myocardial infarction and possible predictors (n = 632a).

Knowledge score, ß

(95% CI)b
Would convince her to call

ambulance in case of sudden

chest pain (n = 322), PR (95%

CI)c

Would convince her to

call ambulance, in case

of abdominal pain

(n = 311), PR (95% CI)c

Ability to

perform CPR,

PR (95% CI)d

Malea Reference

Femalea 0.75

(0.44, 1.06)

0.93

(0.78, 1.10)

1.00

(0.73, 1.36)

0.77

(0.63, 0.94)

Age (per 10 years) −0.08

(−0.19, 0.03)

1.03

(0.97, 1.10)

1.11

(1.00, 1.24)

0.91

(0.85, 0.98)

Master, diploma, doctorate (PhD) Reference

Bachelor or equivalent −0.11

(−0.52, 0.30)

0.93

(0.72, 1.19)

1.26

(0.85, 1.85)

1.01

(0.79, 1.29)

Vocational training −0.23

(−0.59, 0.13)

1.08

(0.89, 1.32)

0.93

(0.64, 1.35)

0.91

(0.70, 1.15)

No degree/still in training or studying −0.15

(−0.85, 0.56)

0.94

(0.63, 1.40)

1.72

(0.96, 3.06)

0.56

(0.34, 0.93)

Saxony-Anhalt Reference

Baden-Wuerttemberg −0.11

(−0.53, 0.31)

0.89

(0.70, 1.15)

0.66

(0.43, 1.01)

0.93

(0.71, 1.23)

North Rhine-Westphalia 0.29

(−0.13, 0.72)

1.00

(0.80, 1.26)

0.72

(0.48, 1.09)

0.93

(0.71, 1.22)

Schleswig-Holstein −0.12

(−0.54, 0.29)

0.87

(0.68, 1.13)

0.81

(0.56, 1.19)

1.09

(0.84, 1.41)

Having heart disease 0.18

(−0.33, 0.68)

0.96

(0.74, 1.24)

1.02

(0.67, 1.55)

1.03

(0.73, 1.46)

Knowing someone with heart disease 0.54

(0.24, 0.85)

1.02

(0.87, 1.21)

0.90

(0.67, 1.21)

1.08

(0.90, 1.31)

Having high blood pressure 0.03

(−0.31, 0.37)

1.05

(0.87, 1.26)

0.90

(0.65, 1.25)

0.86

(0.69, 1.08)

Never smoked Reference

Former smoker 0.48

(0.14, 0.82)

1.08

(0.91, 1.29)

0.91

(0.65, 1.29)

1.12

(0.90, 1.39)

Current smoker 0.10

(−0.34, 0.54)

1.01

(0.80, 1.28)

1.14

(0.75, 1.74)

1.20

(0.93, 1.54)

Knowledge score (1 unit increase) – 1.06

(1.01, 1.11)

1.17

(1.07, 1.26)

1.19

(1.13, 1.26)

aBecause of only 1 observation, the category “diverse” was not included in the analysis, n = 632.
bHigher score indicating higher knowledge, possible range: 0-11, minimum: 2, maximum: 11.
cRefers to question: What would you do when a close female person tells you during a phone call about having abdominal pain since an hour/sudden chest pain?
dRefers to question: Do you know how to perform a cardiopulmonary resuscitation? The answer option: “Yes, I can perform it myself or instruct someone else to perform it” was

considered “ability to perform resuscitation.”

PR, prevalence ratio; CI, confidence interval; CPR, cardiopulmonary resuscitation.

“headache” was still known by 33.8%, which is higher than in the
previously mentioned studies (11, 24).

The before mentioned study from Germany observed a lower
knowledge of abdominal pain (10). One possible explanation
is that our observed higher knowledge of abdominal pain was
influenced by our study set up, since half of the participants had
already read about the woman on the phone with abdominal pain
when we evaluated the knowledge of the AMI symptoms. Indeed,
about 61% of the participants who were assigned to the scenario
with abdominal pain identified it as symptom, while only 43%
of the participants who were assigned to the scenario with chest
pain did so.

The trap symptom “sudden visual disturbances” was falsely
attributed to AMI by 44.5% of participants. This can be compared

to the population in two studies from the United States (31.9%,
58%) and one from South Korea (33,8%), with a weighted mean
proportion of 32.2% (11, 15, 17, 26). In a sample of AMI patients
in Germany from 2016, the proportion ofmisattribution was only
19.2% (27). While this might suggest that AMI patients are better
informed about this symptom, different forms of recruiting and
the different areas in Germany might also influence the results.
The false attribution of the symptom to AMI in our sample
might point to a confusion about this symptom specifically or be
influenced by the confounder that the participants were generally
inclined to attribute the listed symptoms to AMI, a phenomenon
that has been described by Greenlund et al. (28). However, this
phenomenon could also be present in the other studies that were
listed before.
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Predictors of Knowledge of Symptoms of
AMI
When analyzing predicting factors of knowledge of AMI
symptoms, we found that factors that are in connection with
a general interest in health are also predictors for a better
knowledge of AMI symptoms:

(1) Being female was associated with higher knowledge similarly
to the findings of previous studies (10, 14–16, 29).

(2) Higher knowledge in people who know someone with heart
disease might be influenced by their increased interest and
direct talks about the disease. This aligns with a study that
found a better knowledge of at least one to four symptoms
when relatives, acquaintances, or neighbors had a history of
AMI (17).

(3) Being an ex-smoker in comparison to people who never
smoked was positively associated with a higher knowledge
scale. This might be a result of increased interest in healthy
living.When comparing smokers to non-smokers we did not
observe an effect.

While past literature observed an association for history of heart
disease and a good knowledge of the symptoms, as well as for
having coronary heart disease and a recommended heart attack
knowledge, we did not observe an effect for having heart disease
(15, 30). It is plausible that people with heart disease have a higher
interest in AMI so it is not clear to us why this association could
not be found in our survey. One possible reason could be that in
light of the low response rate to our survey, the interest of the
participants was generally higher than in the general population
and therefore, the interest among participants with heart disease
was similar to the interest of the other participants. However,
since we could find an association for other factors related to
interest, this might not be a sufficient explanation.

Similarly, we did not find an association between knowledge
and hypertensionwhich is a risk factor for AMI. This aligns with a
previous study that did not find a significant association between
hypertension and excellent knowledge (17).

While we found no association with age, previous studies
found young or middle-aged adults to be most knowledgeable
(14–17), except for one study that found people aged 14–35
years to be least knowledgeable which might be influenced by the
inclusion of teenagers in the sample (10). Regarding the elderly
in our study, the results might have been skewed by a selection
bias since the observed participants were all mentally fit enough
and resourceful enough to use the Internet in order to answer the
online survey and additionally, there were only few people aged
70 or older in our sample.

We found that participants with the highest education had
the highest knowledge score but the associations were very
small including the null effect. Past literature observed a better
knowledge of the AMI symptoms in adults with higher education
(10, 14–17, 31).

We did not observe differences among the federal states. Our
results indicate that differences among Federal States with high
and low AMI mortality rates in Germany might not be explained
by differences in knowledge of AMI symptoms.

Predictors of Reaction to Symptoms of AMI
When the participants were confronted with the symptom
sudden chest pain in the phone call scenario, we observed an
association with higher knowledge score and convincing the
woman to call an ambulance. All other variables were not
associated with the outcome.

When confronted with the symptom abdominal pain, older
age and higher knowledge score were associated with convincing
the woman to call an ambulance. Older people might be more
aware that abdominal pain could be related to a severe disease
than younger people and hence be more likely to convince the
woman to call an ambulance. People in the federal states with low
AMI mortality were less likely to convince the woman to call an
ambulance when compared to people in Saxony-Anhalt, the state
with the highest AMI mortality. Even though this result included
the null effect, which might be partly due to small sample size,
it is highly interesting, since it was hypothesized that people in
federal states with a higher mortality of AMIs would rather not
call an ambulance. This should be explored in further studies.

Since our chosen approach of analyzing the reaction to
AMI symptoms by describing a real-life situation has, to our
knowledge, not been conducted in the same way in previous
literature, it needs more research to better understand the results
and the associated factors for our observation.

Predictors of Ability to Perform CPR
Factors associated with performing CPR were a better knowledge
of the symptoms, being male, and younger age. People having
no degree/still in training or studying were less likely to perform
CPR in comparison with people holding Master, diploma, or
doctorate degree.

In Germany, training in CPR is mandatory when taking
classes for a driving license and in most social and health-related
professions. However, in contrast to many other countries, in
Germany the population is not regularly trained in CPR (32).
Trying to explain our predictors, it might be plausible that for
younger people the time span since obtaining their driving license
was smaller, so they were able to remember their training in CPR
better and therefore showed an increased confidence.

Our results indicate that differences among federal states with
high and low AMI mortality rates in Germany might not be
explained by differences in the ability to perform CPR.

Limitations and Strength
One limitation of our study is the online assessment, whichmight
exclude mainly the elderly, who are not familiar with the internet.
Additionally, because of the low response rate and contacting
only non-responders from a former survey, selection bias must
be assumed. A strength of the study is that we assessed the
knowledge and first responder reaction not only by testing the
participants directly about their knowledge/preferred reaction
without a practical context but also with real-life scenarios. The
description of everyday scenarios could provide a higher external
validity since it is closer to the actual experience of a bystander.
Furthermore, this study is the first survey to assess knowledge,
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reaction to AMI symptoms, and ability to perform CPR in
German federal states with different AMI mortality rates.

CONCLUSIONS

This study indicates rather no differences regarding knowledge
and reaction to AMI symptoms as well as ability to perform CPR
among different regions with high and low AMI mortality rates
when taking into account sociodemographic as well as health and
health-related factors. Only few of the other examined factors
showed an association with the outcomes. Further studies should
explore which factors could influence knowledge, reaction to
symptoms, and ability to perform CPR. This study highlights
that less known AMI symptoms should be included in health
campaigns. Educating the public about AMI symptoms and CPR
may not be sufficient for enabling bystanders to gauge a real-
life situation correctly and act accordingly. Educational health
campaigns should focus on conveying the information in a
format that is close to a real-life situation in order to have most
impact (9). Interventions for enhancing ability to perform CPR
should be compulsory in regular intervals.
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Introduction: Consumption of a healthy diet improves cardiovascular (CV) risk factors
and reduces the development of cardiovascular disease (CVD). Food insecure (FIS)
adults often consume an unhealthy diet, which can promote obesity, type 2 diabetes
mellitus (T2DM), hypertension (HTN), and hyperlipidemia (HLD). The Supplemental
Nutrition Assistance Program (SNAP) is designed to combat food insecurity by
increasing access to healthy foods. However, there is a paucity of data on the
association of SNAP participation among FIS adults and these CVD risk factors.

Methods: The National Health and Nutrition Examination Survey (NHANES) is a
publicly available, ongoing survey administered by the Centers for Disease Control and
Prevention and the National Center for Health Statistics. We analyzed five survey cycles
(2007–2016) of adult participants who responded to the CVD risk profile questionnaire
data. We estimated the burden of select CVD risk factors among the FIS population and
the association with participation in SNAP.

Results: Among 10,449 adult participants of the survey, 3,485 (33.3%) identified
themselves as FIS. Food insecurity was more common among those who were younger,
female, Hispanic, and Black. Among the FIS, SNAP recipients, when compared to non-
SNAP recipients, had a lower prevalence of HLD (36.3 vs. 40.1% p = 0.02), whereas
rates of T2DM, HTN, and obesity were similar. Over the 10-year survey period, FIS
SNAP recipients demonstrated a reduction in the prevalence of HTN (p < 0.001) and
HLD (p < 0.001) which was not evident among those not receiving SNAP. However,
obesity decreased only among those not receiving SNAP. The prevalence of T2DM did
not change over the study period in either group.

Conclusion: Over a 10-year period, FIS adults who received SNAP demonstrated a
reduction in the prevalence of HTN and HLD, which was not seen among those not
receiving SNAP. However, the prevalence of obesity and T2DM did not decline among
SNAP recipients, suggesting that additional approaches are required to impact these
important CVD risk factors.
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INTRODUCTION

Cardiovascular disease (CVD) is a major global health challenge,
and was responsible for 23% of total deaths in the United States
(US) in 2017 (1). Consumption of a healthy and well-balanced
diet is associated with better cardiovascular (CV) outcomes and
has been demonstrated to improve CVD risk factors through
decrease in body weight and various cardiometabolic pathways
(2). Current guidelines emphasize a diet composed of fruits,
vegetables, legumes, fish, nuts, whole grains, and fibers along
with a reduction in sodium, processed meats, sugar-sweetened
beverages (SSB), excess calories and refined foods (2, 3).

The US Department of Agriculture (USDA) defines food
insecurity as economic and social conditions associated with
limited and uncertain access to food (4). In 2018, 37.2
million Americans lived in food insecure (FIS) households
(4). Inadequate financial resources, the high cost of food, and
competing priorities often cause adults with food insecurity to
consume an unhealthy and low quality diet (5–7). FIS adults
often forgo purchasing specialized diets for medical conditions
such as hypertension (HTN) or type 2 diabetes mellitus (T2DM)
in favor of purchasing low-cost foods that are often energy
dense but nutrient poor (8). As a result, food insecurity can
lead to worsening of CVD risk factors including T2DM, HTN,
hyperlipidemia (HLD), and obesity defined as BMI ≥ 30 kg/m2

(9), thus contributing to poor CV health.
The Supplemental Nutrition Assistance Program (SNAP,

formerly called Food Stamps Program) is the largest federal
food assistance program available for low-income households,
and is designed to directly combat food insecurity (10). SNAP
eligibility is based on household income, specifically targeting
low income Americans living under the poverty level (11). Access
to SNAP can potentially address high rates of CVD risk factors
in FIS adults by increasing access to healthy foods. While few
studies have shown a link between CVD risk factors and food
insecurity (12, 13), there is a paucity of data on the association
of SNAP participation amongst FIS adults and CVD risk factors.
Understanding this relationship is important to determine
whether any future expansions, additions or modifications to the
SNAP program are needed to better serve the FIS population
in the United States (US). We designed this study to investigate
the prevalence of CV risk factors among the FIS population, and
analyze the association between participation in SNAP and the
change in CVD risk factors over a 10-year study period.

MATERIALS AND METHODS

Data Source
The National Health and Nutrition Examination Survey
(NHANES) is an ongoing cross-sectional survey administered
by the Centers for Disease Control and Prevention (CDC)
and the National Center for Health Statistics (NCHS). It is
designed to describe the health and nutritional status of the
non-institutionalized population of the United States (14). The
NHANES database is publicly available for researchers, and the
data are released in 2-year cycles. All NHANES participants

complete an English or Spanish language questionnaire during
a home interview. Participants then undergo a standardized
physical examination (including height, weight).

Food Security
The food security module within NHANES is a questionnaire
developed by the USDA to measure adult food security over
the 12 months preceding the survey. Adult food security is
categorized by NHANES as: full food security, marginal food
security, low food security, and very low food security. In this
study, we considered adults in the full food security category to
be food secure (FS) and those categorized as having marginal, low
and very low food security to be FIS.

Study Population
We analyzed 10-year data from five survey cycles completed by
adult participants ≥ 18 years of age, from months of January to
December (2007–2008, 2009–2010, 2011–2012, 2013–2014, and
2014–2016). A total of 10,449 adults who participated in the
NHANES surveys from 2007 to 2016 were included in the full
analytic sample. From this cohort, 6,964 adults were identified
as FS (66.6%), and 3,485 adults were identified as FIS (33.3%).
The FIS adult participants were further categorized into those
receiving SNAP benefits (63.3%) and those not receiving SNAP
benefits (36.6%).

The presence or absence of each CVD risk factor (T2DM,
HTN, HLD, obesity) was determined based on the response to the
survey question: “Have you ever been diagnosed by a physician
with this risk factor?” Respondents who were classified as SNAP
participants, had accepted SNAP benefits in the 12 months
preceding the survey.

Statistical Analysis
All analyses were performed using SPSS, version 26 (IBM,
Chicago). Stratified weighted data were utilized to obtain
nationwide estimates. Continuous variables were reported as
mean ± standard deviation and compared using the Student
t-test, and the categorical variables were reported as proportions
and compared using the Chi-square test. We used multiple
logistic regression analysis to determine temporal trends with
survey year as the independent variable and the CV risk factor
of interest as the dependent variable. The yearly prevalence of
various CV risk factors among the study cohorts was reported
along with P-trend.

RESULTS

A total of 10,449 adults (mean age 53.16 ± 16.9, 41.6% females)
who participated in the NHANES surveys from 2007 to 2016
were included in the full analytic sample. From this cohort,
6,964 adults were identified as FS (66.6%), and 3,485 adults were
identified as FIS (33.3%). The prevalence of CVD risk factors
in the total population, and according to food security status is
shown in Table 1. CVD risk factors were highly prevalent among
all participants. FIS adults were younger than those who were FS.
The proportion of females (Table 1) and self-identified Blacks and
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TABLE 1 | Baseline characteristics of the total adult participants of the survey, 2007–2016a,b.

Population characteristics Total patients n = 10, 449 (%) FS, n = 6, 964 (%) FIS, n = 3, 485 (%) P-value

Age 53.16 ± 16.9 55.75 ± 16.8 48.0 ± 16.1 < 0.00

HTN 4581 (43.8) 3085 (44.3) 1496 (42.9) 0.183

HLD 4162 (39.8) 3048 (43.8) 1114 (31.9) 0

T2DM 1638 (15.7) 1060 (15.2) 578 (16.5) 0.071

Obesityc 4057 (38.8) 2549 (36.6) 1508 (43.3) < 0.00

Female 4354 (41.6) 2776 (39.9) 1578 (45.3) < 0.01

Race

White 5192 (49.7) 3787 (54.3) 1405 (40.3) < 0.00

Black 2213 (21.2) 1353 (19.4) 860 (24.7) < 0.00

Hispanic/Mexican 2165 (20.7) 1206 (17.3) 959 (27.5) < 0.00

Other 879 (8.4) 618 (8.9) 261 (7.4) < 0.00

HTN, hypertension; HLD, hyperlipedemia; T2DM, type 2 diabetes mellitus; SNAP, Supplement Nutrition Assistance Program; FS, Food Secure; FIS, Food Insecure. All
relationships are statistically significant for p < 0.001. Categorical variables are reported as proportions and compared using the Chi-square test. Continuous variables
such as age is reported as mean ± standard deviation and compared using the Student t-test.
aData from the National Health and Nutrition Examination Survey.
bData were weighted to be nationally representative.
cObesity defined as BMI (calculated as weight in kilograms divided by height in meters squared) ≥ 30 kg/m.
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FIGURE 1 | Food insecurity in the total population categorized by ethnicity/race.

Hispanics was higher among FIS participants than FS participants
of the survey (Figure 1). The prevalence of HLD and obesity were
significantly higher among those with FIS, whereas rates of HTN
and T2DM were similar in the two groups.

Characteristics of the FIS participants according to receipt
of SNAP benefits are described in Table 2. Those receiving
SNAP comprised 63.4% of the FIS population. SNAP participants
were younger and more likely to be female and non-white.
Among the FIS, higher proportion of self-identified whites
(41.8%), participated in SNAP compared to self-identified
Hispanics/Mexicans (23.2%) (Figure 2). As described in
Table 2, FIS participants who received SNAP had a lower
prevalence of HLD compared to those who did not receive
SNAP (36.3 vs. 40.1%, p = 0.02). There was no significant
difference in the prevalence of T2DM, HTN, or obesity

between FIS participants receiving SNAP and FIS participants
not receiving SNAP.

Among all NHANES participants, the prevalence of HTN and
HLD decreased over the 10-year study period (Table 3). Rates of
T2DM and obesity remained unchanged over the study period in
the total population (Table 3). When analyzed according to food
security status, similar trends were seen in both FS and FIS groups
(Table 4). The prevalence of HTN and HLD showed statistically
significant decrease over the study period in both FS and FIS
groups (Table 4).

When FIS group was further analyzed according to
participation in SNAP benefits, FIS SNAP participants
demonstrated a significant reduction in the prevalence of
HTN (p < 0.001) and HLD (p < 0.001) over the study period
(Table 5). No significant change was noted in the prevalence
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TABLE 2 | Baseline characteristics of the adult food insecure participants of the survey, 2007–2016a−b.

Population characteristics Total FIS participants, n = 3, 478 (%) Receiving SNAP, n = 2205 (%) Not receiving SNAP, n = 1273 (%) P-value

Age 47.99 ± 16.1 46.55 ± 15.67 50.49 ± 16.5 < 0.00

HTN 1492 (42.9) 956 (43.3) 536 (42.1) 0.473

HLD 1311 (37.7) 800 (36.3) 511 (40.1) 0.024

T2DM 576 (16.6) 346 (15.7) 230 (18.0) 0.069

Obesityc 1503 (43.2) 970 (44) 533 (41.9) 0.224

Female 1574 (45.2) 1079 (48.9) 495 (38.9) < 0.00

Race

White 1402 (40.3) 921 (41.8) 481 (37.8) < 0.00

Black 858 (24.7) 624 (28.3) 234 (18.4) < 0.00

Hispanic/Mexican 957 (27.5) 511 (23.2) 446 (35.0) < 0.00

Other 261 (7.5) 149 (6.7) 112 (8.8) < 0.00

HTN, hypertension; HLD, hyperlipedemia; T2DM, type 2 diabetes mellitus; SNAP, Supplement Nutrition Assistance Program; FIS, Food Insecure. Continuous variables
such as age is reported as mean ± standard deviation and compared using the Student t-test; categorical variables are reported as proportions and compared using the
Chi-square test. All relationships are statistically significant for p < 0.001.
aData from the National Health and Nutrition Examination Survey.
bData were weighted to be nationally representative.
cObesity defined as BMI (calculated as weight in kilograms divided by height in meters squared) ≥ 30 kg/m.
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FIGURE 2 | SNAP participation in FIS population categorized by ethnicity/race.

of T2DM or obesity over 10 years (Table 5). Among the non-
SNAP participants, HLD decreased significantly (p = 0.007) but
HTN did not (Table 5). Remarkably, obesity rates decreased
significantly only in the group not receiving SNAP (Table 5).

DISCUSSION

Our study provides important findings on the prevalence of
CVD risk factors among FIS adults in the United States and the
association with participation in SNAP.

The principal determinant of obesity and other
cardiometabolic diseases is lifestyle, of which food habit is
a main component (15). In our study, we found that the
prevalence of obesity among FIS adults was higher compared
to FS adults. Additionally, FIS SNAP participants did not
show an improvement in the prevalence of obesity over
10 years. An interesting cross-sectional analysis by Myers
et al. (16) from years 1999 to 2016 shows that prevalence
of food insecurity has increased over the study period.
Additionally, the study found that obese individuals had
higher reports of food insecurity. Our study did not show
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TABLE 3 | Trends of CVD risk factors of the total adult participants of the survey, 2007–2016a−b.

2007–2008 n = 1839 (%) 2009–2010 n = 1850 (%) 2011–2012 n = 2161 (%) 2013–2014 n = 2404 (%) 2015–2016 n = 2195 (%) p-value

HTN 884 (48.1) 920 (49.7) 880 (40.7) 988 (41.4) 909 (41.4) < 0.00

T2DM 309 (16.8) 316 (17.1) 316 (14.6) 332 (13.8) 365 (16.6) 0.173

HLD 909 (49.4) 890 (48.1) 821 (38) 904 (37.6) 838 (38.2) < 0.00

Obesityc 718 (39) 786 (42.5) 764 (35.4) 896 (37.3) 893 (40.7) 0.649

HTN, hypertension; HLD, hyperlipedemia; T2DM, type 2 diabetes mellitus; BMI, Body Mass Index; CVD, cardiovascular disease. Multiple logistic regression analysis
was used to determine temporal trends with survey year as the independent variable and the CVD risk factor of interest as the dependent variable. All relationships are
statistically significant for p < 0.001.
aData from the National Health and Nutrition Examination Survey.
bData were weighted to be nationally representative.
cObesity defined as BMI (calculated as weight in kilograms divided by height in meters squared) ≥ 30 kg/m.

TABLE 4 | Trends in CVD risk factors of adult food insecure participants of the survey, 2007–2016a,b.

2007–2008 n = 1418 (%) 2009–2010 n = 1320 (%) 2011–2012 n = 1392 (%) 2013–2014 n = 1572 (%) 2015–2016 n = 1262 (%) p-value

HTN FS 678, (47.8) 649 (49.2) 576 (41.4) 664 (42.2) 518 (41) < 0.001

FIS 206 (48.9) 271 (51.5) 304 (39.5) 324 (38.9) 391 (41.9) < 0.001

T2DM FS 233 (16.4) 221 (16.7) 194 (13.9) 222 (14.1) 190 (15.0) 0.07

FIS 76 (18.0) 95 (17.9) 122 (15.9) 110 (13.2) 175 (18.7) 0.914

HLD FS 701 (49.4) 630 (47.7) 559 (40.1) 646 (41.1) 512 (40.5) < 0.00

FIS 208 (49.4) 260 (49.0) 262 (34.0) 258 (31.0) 326 (34.9) < 0.00

Obesityc FS 527 (37.1) 530 (40.1) 443 (31.8) 557 (35.4) 492 (38.9) 0.708

FIS 191 (45.4) 256 (48.3) 321 (41.7) 339 (40.7) 401 (42.9) 0.071

HTN, hypertension; HLD, hyperlipedemia; T2DM, type 2 diabetes mellitus; SNAP, Supplement Nutrition Assistance Program; FS, Food Secure; FIS, Food Insecure; CVD,
cardiovascular disease. Multiple logistic regression analysis is used to determine temporal trends with survey year as the independent variable and the CV risk factor of
interest as the dependent variable. All relationships are statistically significant for p < 0.001.
aData from the National Health and Nutrition Examination Survey.
bData were weighted to be nationally representative.
cObesity defined as BMI (calculated as weight in kilograms divided by height in meters squared) ≥ 30 kg/m.

TABLE 5 | Trends in CVD risk factors of adult food insecure participants of the survey, categorized by SNAP participation, 2007–2016 a−b.

Column 1 2007-2008 n = 219 (%) 2009–2010 n = 296 (%) 2011–2012 n = 461 (%) 2013–2014 n = 558 (%) 2015–2016 n = 671 (%) p-value

HTN SNAP 113 (51.6) 157 (53.0) 187 (40.6) 218 (39.0) 281 (48.9) < 0.00

NO SNAP 93 (46) 114 (48.7) 113 (37.4) 106 (38.8) 110 (41.9) 0.087

T2DM SNAP 34 (15.5) 56 (18.9) 73 (15.8) 75 (13.4) 108 (16.0) 0.476

NO SNAP 42 (20.8) 39 (16.7) 47 (15.6) 35 (12.8) 67 (25.6) 0.354

HLD SNAP 108 (49.3) 154 (52.0) 158 (34.3) 157 (28.1) 223 (33.2) < 0.00

NO SNAP 100 (49.5) 106 (45.3) 102 (33.8) 100 (36.6) 103 (39.3) 0.007

Obesityc SNAP 97 (44.2) 143 (48.3) 190 (41.2) 230 (41.2) 310 (46.2) 0.99

NO SNAP 94 (46.5) 113 (48.3) 126 (41.7) 109 (39.9) 91 (34.7) 0.001

HTN, hypertension; HLD, hyperlipedemia; T2DM, type 2 diabetes mellitus; SNAP, Supplement Nutrition Assistance Program; CVD, cardiovascular disease. Multiple logistic
regression analysis is used to determine temporal trends with survey year as the independent variable and the CV risk factor of interest as the dependent variable. All
relationships are statistically significant for p < 0.001.
aData from the National Health and Nutrition Examination Survey.
bData were weighted to be nationally representative.
cObesity defined as BMI (calculated as weight in kilograms divided by height in meters squared) ≥ 30 kg/m.

statistically significant difference in prevalence of T2DM
between FS and FIS groups. Similar prior studies (17,
18) however have shown association of food insecurity
with poor glycemic and overall metabolic control in adults.
Further studies are needed that examine association between
food insecurity and CVD risk factors. Specific population
subgroup analysis based on ethnicity, sex, and other social
variables including economic, education level, geographic
location, and marital status, can help identify factors which

may reduce prevalence of both food insecurity and obesity
in the long term.

Supplemental Nutrition Assistance Program is a federal
program which offers financial assistance to eligible people, and
is designed to strengthen food and nutritional security. Although
previous reports (19) demonstrated that SNAP alleviates food
insecurity and improves dietary quality, SNAP participants may
in fact have lower quality diet than non-SNAP participants (20).
While previous studies have shown that SNAP participation is
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effective in increasing intake of caloric and nutritious foods,
SNAP participants overall do not meet the key recommended
nutrition guidelines in daily food habits (20). Greater emphasis
is needed to improve the diet quality, and subsequently the
CV health of SNAP participants. Further, health care providers
should be trained to screen for food security and have knowledge
on how to address this topic with their patients.

There was a significant downward trend in the prevalence of
HTN and HLD among the FIS SNAP participants over 10 years.
Unhealthy diet is one of the top contributors for worsening
CVD and associated risk factors (21). SNAP improves access
of nutritionally adequate foods, and therefore has the capacity
to influence household wellbeing beyond just nutrition and
hunger, by directly impacting health outcomes of participants
(2, 10). Despite this favorable trend in HTN and HLD in our
study, prior studies have shown disparities in the diet quality
between SNAP participants and the high income population (22).
United States fruit and vegetable consumption in the low-income
population remains below recommended levels (23). SNAP-Ed
program is a USDA program which promotes healthier eating
choices with a limited budget through education and awareness
(24). The education programs, national campaigns from groups
like American Heart Association (AHA) (25), and increase in
public awareness on nutrition have shown an improvement in
diet components of SNAP participants, including increase in
whole grain, fruits, vegetables and decrease in SSB consumption
(26). SNAP benefits are critical for many FIS low income
families. Along with improving public education on nutrition,
urgent reform and policy changes at state and local level that
promote and support a healthier diet are needed. Mozaffarian
and colleagues (27) who studied a model evaluating one
such possible policy disincentivizing unhealthy food purchases,
and incentivizing healthy food purchases including fruits and
vegetables, noted a significant decrease in CV deaths and
substantial cost benefits. More public health research assisting
SNAP and other similar federal programs improving dietary
quality of the participants is needed.

Our study has several limitations. First, as with all
observational studies, our study cannot prove direct causality.
Second, our data also does not allow for long-term assessment
in SNAP participation and cardiovascular outcomes. Food
security, depending on the adequacy of food, can wax and
wane. As such, an individual’s level of food security, and

therefore SNAP participation may change over time. The
level of food security over time is not measured in our data,
which focuses on the previous 12-months. Third, our analysis
is based on the self-reported presence or absence of CVD
risk factors, rather than actual measurement of these risk
factors. Therefore, some misclassification is possible. Fourth,
we were unable to exclude participants with established CVD,
as the survey does not contain this information. Finally,
NHANES only assesses responders’ food insecurity over the
last 12 months before survey participation, and thus we were
not able to assess long-term food security levels amongst
survey participants.

CONCLUSION

Ready access to guideline-recommended nutrient intake remains
a challenge in the United States. Our study shows the favorable
trends in the prevalence of HTN and HLD among FIS SNAP
participants over a 10 year period. Our study also highlights
the persistence of high levels of T2DM and obesity in the adult
FIS population. These findings support the need for continuing
efforts toward promoting a sustainable, healthy diet among the
low-income population and the need to further reduce the health
disparities caused by food insecurity.
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Using Group-Based Trajectory
Models
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(FISABIO), Valencia, Spain, 2 Red de Investigación en Servicios de Salud en Enfermedades Crónicas (REDISSEC), Valencia,
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Aim: Adherence to multiple medications recommended for secondary prevention of

cardiovascular conditions represents a challenge. We aimed to identify patterns of

concurrent adherence to combined therapy and assess their impact on clinical outcomes

in a cohort of patients with acute coronary syndrome (ACS).

Methods: Population-based retrospective cohort of all patients discharged after

hospitalization for ACS (2009–2011), prescribed ≥3 therapeutic groups within the first

month. We assessed monthly concurrent adherence (≥24 days of medication out

of 30) to ≥3 medications during the first year, and patterns were identified through

group-based trajectory models. A composite clinical outcome during the second year

was constructed. The association between adherence patterns and traditional refill

adherence metrics [e.g., the proportion of days covered (PDC)], and outcomes were

assessed through a multivariable Cox proportional hazards model.

Results: Among 15,797 patients discharged alive, 12,057 (76.32%) initiated treatment

with ≥3 therapeutic groups after discharge. We identified seven adherence trajectories

to ≥3 medications: Adherent (52.94% of patients); Early Gap (6.64%); Middle Gap

(5.67%); Late Decline (10.93%); Occasional Users (5.45%); Early Decline (8.79%);

Non-Adherent (9.58%). Compared to the Adherent group, patients belonging to

Early Gap (HR:1.30, 95%CI 1.07;1.60), Late decline (hazards ratio (HR): 1.31,

95% CI 1.1; 1.56), and Non-Adherent trajectories (HR: 1.36, 95% CI 1.14; 1.63)

had a greater risk of adverse clinical outcomes, which was also different to the

risk ascertained through concurrent PDC < 80 (HR: 1.13, 95% CI 1.01; 1.27).
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Conclusion: Overall, seven adherence trajectories to ≥3 drugs were identified, with

three distinct adherence patterns being at higher risk of adverse outcomes. The

identification of patterns of concurrent adherence, a more comprehensive approach than

traditional measurements, may be useful to target interventions to improve adherence to

multiple medications.

Keywords: concurrent adherence, concomitant medications, acute coronary syndrome, group-based trajectory

models, clinical outcomes, real-world data, population-based cohort

INTRODUCTION

Physicians treating patients with cardiovascular chronic
conditions (such as hypertension or coronary artery disease)
often prescribe multiple medications to treat a single disease, as
recommended in clinical guidelines (1–5), but adherence to this
more complex therapeutic regime is often inadequately captured
by assessing adherence to an individual agent or drug class (6).

In the case of patients with acute coronary syndrome
(ACS), international guidelines recommend the combined use
of antiplatelets, beta-blockers, angiotensin-converting enzyme
(ACE) inhibitors/angiotensin II receptor blockers (ARB), and
statins for the secondary prevention of this condition (3–
5). Several studies have reported sub-optimal adherence to
essential medications after an ACS (7–10). However, most of
these studies have assessed drug classes individually. This might
not reflect accurately the extent of adherence (or lack of it)
to combined therapy as a whole, as regime complexity may
decrease medication adherence (11–14). Therefore, it is plausible
that real-world adherence to medication for any cardiovascular
chronic condition requiring multiple concurrent drugs, such
as ACS, is even lower than the already suboptimal figures
analyzing individual drug classes (6). This may also have an
impact on the accuracy of the estimates when assessing the
relationship between adherence and clinical outcomes among
these patients.

Furthermore, improving medication adherence is a challenge

that requires methods that can reliably identify and predict when

non-adherence could occur in order to customize interventions.

To our knowledge, only two studies have concurrently assessed

adherence to multiple therapies (statins, beta-blockers, and
ACE/ARB) and tried to elucidate its relationship with clinical

outcomes (all-cause mortality) (15, 16). The population groups

of these studies were also conducted in patients with ACS and
both used conventional measures of adherence. One study was
set in the US and used the proportion of days covered (PDC)
(15), while the other was a population-based, nationwide study
set in Taiwan and used medication possession ratio (MPR) (16)
to assess adherence.

However, grouping the patients based on a dichotomic
measure may mask the changes in patients’ refills, ignoring the
dynamic phenomenon of adherence (17). The use of group-
based trajectory models (GBTM) to measure adherence allows
the identification of subgroups of patients with similar patterns
of medication refill and shows the different trends in easily
understandable graphics (18–21). Evidence shows that GBTM

summarizes in a better way medication adherence than PDC and
has better predictive accuracy on clinical outcomes (22, 23).

Therefore, adherence to therapy when a combination of
medications is prescribed, as is the case of ACS, should be
assessed by considering all drugs together and using approaches
that allow the identification of differential patterns of medication
refill. However, no studies have examined adherence trajectories
to multiple concurrent medications when combined therapy is
recommended or have assessed their relationship with clinical
outcomes. Thus, the objective of our study was 2-fold: first,
to identify adherence patterns to combined recommended
medication using GBTM, and second, to examine the association
between adherence trajectories and subsequent cardiovascular
events and mortality, in a cohort of patients with ACS.

MATERIALS AND METHODS

Design
This study involved a population-based retrospective cohort of
all patients discharged alive following an ACS from any Valencia
Health System (VHS) hospital from January 2009 to December
2011. Patients were followed for 24 months from the date of
hospital discharge (index date).

Setting
The study was conducted in the region of Valencia in Spain,
and specifically in the population covered by the VHS, with an
extensive network of hospitals, primary care centers, and other
facilities managed by the regional government, which provides
universal free healthcare services (except for drug copayment) to
97% of the regional population (∼5million inhabitants, with 10%
of the Spanish population).

Population
We identified all patients aged 35 years and over who were
discharged alive from VHS hospitals with the main diagnosis
of ACS (ICD9-CM:410.xx—except 410.x2—and 411.xx) between
January 2009 and December 2011, who had a prescription
(filled or not) of three or more post-ACS prevention therapies
(antiplatelet, beta-blockers, ACEI/ARB, and statins) within the
first 30 days after discharge. Exclusion criteria were as follows:
(1) deaths in the first year following hospital discharge (as
this was the period to assess adherence); (2) people without
pharmaceutical/health coverage by VHS; (3) non-residents, those
who left the region, or who were discontinued from VHS
coverage for other causes, due to limitations in follow-up.
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Graphical Abstract | Our paper at a glance: assessing concurrent adherence to combined essential medication and clinical outcomes in acute coronary syndrome

patients. A population-based, real-world study using group-based trajectory models.
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Data Sources
Data were obtained from the VHS Integrated Database (VID),
which combines data sources linking them at an individual level
through a single anonymized patient identifier. The main source
of data was the ambulatory Electronic Medical Record, which
includes information on diagnoses, personal medical history,
laboratory test results, lifestyle factors, as well as information on
both physician prescriptions and dispensations from pharmacy
claims. The information on hospitalizations was based on the
Minimum Basic Dataset (MBDS) at hospital discharge, and
the synopsis of clinical and administrative information on
all hospital discharges, including diagnoses and procedures.
The Population Information System provides information on
the population covered by the VHS and registers certain
demographic characteristics, including the geographical location
of each person and the dates and causes of VHS discharge,
including deaths. A detailed description of the sources of data
can be found elsewhere (24). The Ethics Committee of the Public
Health General Directorate of the Valencia Health Authority and
the Center for Public Health Research approved the protocol and
waived the need for obtaining informed consent. All data used
was pseudoanonymized.

Clinical Outcome Measures
The three pre-specified clinical outcomes, measured within the
second year of initial prescription of secondary prevention
medications, were the first hospitalization for a major vascular
event (acute myocardial infarction, unstable angina, stroke,
or congestive heart failure) or coronary revascularization
(identified by the following procedures: coronary bypass,
stenting, or angioplasty); death by any cause (captured
from the mortality registry); and a composite outcome of
either a major vascular event, coronary revascularization or
death. Only principal discharge diagnoses based on ICD9CM
(Supplementary Table S1) were used to define endpoints. Out-
of-hospital mortality was collected from the SIP system which,
in turn, obtains the information from the mortality register. All
outcomes were analyzed separately and only the first event was
considered for analysis. Patients were followed from the start of
the second year after the index event (day 366) until the end of
that second year (day 730) or death, whichever came first.

Drug Exposure: Adherence to Post-ACS
Prevention Therapies
Based on electronic prescription and dispensation information,
we constructed for each drug class a day of supply for the 365
days after the index date which indicates whether the medication
was available or not on each day. The days of supply were
estimated using the dosing regimen specified in the prescription
(one tablet every 8, 12, or 24 h) and the number of pills per
package/prescribed. If a dispensing occurs before the previous
dispensing should have run out, days’ supply was accumulated
up to a maximum excess of 90 days of medication.

We first calculated a monthly PDC for the first 12 months
after discharge for each patient’s therapeutic group and created
a binary indicator for “adherent” in each month defined as PDC
≥0.8 (i.e., 24 out of 30 days covered by medication). In the

case of dual antiplatelet therapy, which is not recommended for
all patients and with recommendations to be prescribed only
for short-term (3, 5), we used a less restrictive approach, which
required having at least one antiplatelet agent available to be
classified as adherent to that group. To measure adherence to
multiple concurrent drugs, we aggregated the monthly indicators
of adherence to each therapeutic group and calculated a new
binary indicator, identifying patients who were adherent to 3 or
more medications each month.

Group-based trajectory models were used to identify and
characterize different patterns of adherence to medication
over time. This method is an application of finite mixture
modeling that through maximum likelihood, identifies clusters
of individuals and classifies individuals with similar trends
and evolution of longitudinal measures (25, 26). We estimated
logistic group-based trajectory models with 2 to 8 groups using
a binary indicator of monthly adherence to three or more
medications for the first 12 months as the longitudinal response,
to model the probability of being adherent. We used until five-
order polynomial in each model to allow the most flexibility
to the trajectories. Model selection was based on the following
parameters: (1) Bayesian information criterion (BIC) where the
largest value indicates the best-fitting model, STATA traj module
implementation: BIC = log(L) −0.5 ∗ log(n) p, where L = log-
likelihood, n = sample size and p = number of parameters); (2)
a minimum proportion of the study sample in a class group or
trajectory of 5%; (3) average posterior probability >0.7 in each
group (25, 26). Additionally, we calculated the annual PDC for
the first 12 months after discharge and defined adherence as
having 80% of days covered by medication dispensed with 3 or
more medications.

Covariates
Covariates included relevant sociodemographic and clinical
characteristics and measures of health service use at the time of
discharge. We identified the following variables: main admission
diagnosis (AMI, angina), age at hospital admission, gender,
and copayment. Comorbidities included were the following:
atrial fibrillation, congestive heart failure, chronic obstructive
pulmonary disease (COPD), hyperlipidemia, hypertension,
peripheral vascular disease, stroke, diabetes mellitus, dementia.
Procedures at index hospitalization included the following:
systemic or intracoronary thrombolysis, angiography, coronary
artery bypass grafting (CABG), and percutaneous coronary
intervention (PCI). Lifestyle included variables such as tobacco
smoking and alcohol abuse. Additionally, we included the
cardiovascular events that occurred during the year of adherence
assessment for further adjustment. Health services use variables
including outpatient visits, ED visits, and hospitalizations,
as well as preventive medication use before the index date,
and polypharmacy.

Statistical Analysis
First, patients were classified according to their adherence
patterns within the first year after discharge using
GBTM. Then, the characteristics of patients were
described according to each adherence trajectory group
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FIGURE 1 | Flowchart of the population.

identified. Categorical variables were expressed as numbers
and percentages, and continuous variables as mean
and SD.

Incidence rates (per 100 person-year) for the clinical outcomes
occurred within 365 days after the first-year treatment were
calculated. Kaplan-Meier curves were plotted for each outcome.
Multivariable Cox proportional hazards models were used to
assess the association between trajectories of adherence to
three or more secondary prevention medications and post-
cardiovascular event and death within the 12 months after
the first-year treatment exposure. We estimated a model for
cardiovascular events and mortality independently, and another
combining both events, whichever came first for the composite
outcome. The model included all patient characteristics. Hazard
ratios (HR) with their respective 95% CI were estimated for the
final models.

Additionally, we performed a secondary analysis, in order
to assess the robustness of our results, using the conventional
adherence measure (e.g., annual PDC).

All analyses were performed using Stata 14 (StataCorp LP,
College Station, TX, USA) and R 3.2.3 (R Foundation for
Statistical Computing, Vienna, Austria) statistical software. The
Traj module for Stata was used to run the GBTM (27).

RESULTS

General Characteristics
A total of 15,797 patients with ACS were discharged alive from
2009 to 2011. From these, 12,989 (82.2%) started treatment with
≥3 therapeutic groups during the first month after hospital
discharge (Figure 1). Finally, a total of 12,057 (76.3%), who were
prescribed at least 3 therapeutic groups during the adherence
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TABLE 1 | Patient characteristics by adherence trajectory group.

Characteristics Adherent Early gap Middle gap Late decline Occasional users Early decline Non-adherent Total

N 6,383 (52.94%) 800 (6.64%) 684 (5.67%) 1,318 (10.93%) 657 (5.45%) 1,060 (8.79%) 1,155 (9.58%) 12,057 (100%)

Age (%)

<45 years 3.95 3.38 3.95 5.16 5.02 9.34 5.45 4.72

45–64 35.47 36.62 40.94 40.44 43.99 40.66 37.84 37.55

65–79 44.37 42.88 41.08 37.56 35.46 31.60 35.06 40.84

80 and over 16.21 17.12 14.04 16.84 15.53 18.40 21.65 16.89

Female (%) 28.07 28.50 28.51 26.40 28.31 26.13 29.87 27.96

Copayment (%) 16.51 17.50 19.59 21.55 22.98 29.53 27.19 19.82

Main diagnosis at discharge (%)

Acute Myocardial Infarction 80.54 71.50 77.05 75.64 73.36 77.08 70.39 77.54

Angina 19.46 28.50 22.95 24.36 26.64 22.92 29.61 22.46

Medication use before hospitalization (%)

ACEI or ARB 53.64 59.50 53.51 50.38 50.84 41.60 46.84 51.80

Antiplatelet 33.98 49.38 40.06 39.53 41.55 30.75 38.44 36.51

Beta-blocker 23.58 36.00 23.25 28.60 31.05 19.81 23.55 25.01

Statin 43.16 53.75 47.51 46.97 46.88 35.09 40.78 43.79

Comorbidity (%)

Hypertension 63.67 65.75 61.99 61.68 59.51 51.13 57.40 61.57

Diabetes 34.64 39.88 36.55 34.60 30.59 30.47 30.74 34.13

Lipid disorder 51.51 55.88 53.07 51.75 51.14 43.58 45.19 50.59

Congestive heart failure 6.74 11.62 7.60 7.66 11.42 8.40 10.39 7.96

Coronary heart disease 22.00 37.75 27.49 29.67 32.12 23.02 27.88 25.40

Arrhythmias 8.90 15.12 9.94 10.93 10.50 11.32 15.50 10.53

COPD 10.65 14.50 13.16 11.91 14.31 11.51 13.16 11.70

Chronic renal disease 4.07 6.50 4.53 5.39 6.09 5.38 7.97 5.00

Malignancy 8.15 8.62 6.87 6.37 8.52 5.38 7.10 7.59

Dementia 2.65 4.75 2.92 3.41 1.83 1.79 3.72 2.87

Stroke 10.97 13.00 14.33 13.81 10.05 9.53 13.51 11.67

Smoking 16.03 15.38 18.86 17.15 18.11 17.26 14.37 16.33

Alcohol 0.99 0.62 1.61 1.29 1.37 1.70 1.21 1.14

Health care utilization, mean (SD)

No. ED visits 1.58 (1.35) 1.98 (1.89) 1.72 (1.40) 1.85 (1.71) 1.80 (1.65) 1.78 (1.61) 2.07 (2.22) 1.72 (1.58)

No. of Hospitalization visits 0.17 (0.55) 0.32 (0.74) 0.24 (0.69) 0.29 (0.75) 0.27 (0.69) 0.22 (0.67) 0.34 (0.87) 0.23 (0.66)

No. of outpatient physician visits 17.97 (16.90) 21.74 (21.55) 18.33 (17.69) 17.39 (16.72) 17.74 (18.80) 17.12 (19.85) 18.56 (20.44) 18.15 (18.03)

No. of prescription drugs 7.67 (5.37) 8.90 (5.72) 7.72 (5.61) 7.56 (5.52) 7.48 (5.67) 6.50 (5.79) 7.25 (5.85) 7.59 (5.55)

Procedure on index hospitalization (%)

Angiography 49.60 44.12 49.42 45.68 47.64 46.04 46.93 48.12

Percutaneous coronary intervention 50.98 37.12 42.84 43.02 40.64 42.08 35.76 45.92

Coronary-artery bypass grafting 3.29 4.62 4.39 3.57 3.20 3.21 4.94 3.62

Systemic thrombolysis 10.03 6.50 8.92 7.21 8.83 9.15 6.67 8.96

Intracoronary thrombolysis 1.60 1.38 1.46 0.76 0.91 1.13 0.61 1.31

Length hospitalization, mean (SD) 8.82 (6.63) 9.15 (7.47) 8.92 (6.03) 8.59 (5.40) 8.32 (5.49) 8.87 (8.30) 9.88 (11.54) 8.90 (7.27)

Cardiovascular event during first year (%) 9.07 14.62 12.57 13.43 13.09 12.74 15.84 11.30

Conventional measures of adherence

Annual PDC, mean (SD) 97.37 (3.54) 84.15 (7.77) 81.63 (9.58) 75.95 (11.85) 57.51 (14.75) 44.10 (15.00) 15.01 (14.38) 78.51 (28.08)

PDC >80 (%) 99.94 75.38 62.28 42.34 5.63 0.47 0.09 66.43

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; COPD, chronic obstructive pulmonary disease; ED, emergency department; SD, standard deviation;

PDC, Proportion of days covered.

follow-up (i.e., 1 year after discharge), were kept for analysis.
Of those, 98% were prescribed antiplatelets (78.1% had dual
therapy), 82.1% beta-blockers, 82.4% ACEI/ARB, and 93.9%

statins. Overall, 77.5% of patients had an acute myocardial
infarction (AMI) as the main diagnosis of admission, 28%
were women, and the median age was 68 years old. The

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 May 2022 | Volume 9 | Article 863876246

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Rodríguez-Bernal et al. Adherence Trajectories to Concomitant Medications

average annual PDC for three or more medication therapies
was 78.5 (SD 28.1; Median 92.1), and 66.4% of the cohort
had a PDC ≥80% in the first year after hospital discharge
(Table 1).

Adherence Trajectories
In the GBTM analysis, we identified seven adherence
trajectories after applying the pre-specified criteria.
Adherence trajectories over the first year after an
ACS are presented in Figure 2. These trajectories

can be categorized into the following: (1) Adherent
(52.94% of cohort patients); (2) Early Gap (6.64%);
(3) Middle Gap (5.67%); (4) Late decline (10.93%); (5)
Occasional Users (5.45%); (6) Early Decline (8.79%); (7)
Non-Adherent (9.58%).

Adherent patients were less likely to have a copayment,
cardiovascular comorbidities as well as chronic renal disease,
ED and hospitalization visits, and were also less likely to have
cardiovascular events during the first year after discharge but
were more likely to have AMI as the main diagnosis at discharge

FIGURE 2 | Adherence trajectories identified over the first year after an ACS.

TABLE 2 | Incidence rates (per 100 person-year) for adverse clinical outcomes.

Major vascular event or revascularization Death Composite

New cases Person-

years

Incidence

rate (95%CI)

Deaths Person-

years

Incidence

rate (95%CI)

New cases Person-

years

Incidence

rate (95%CI)

Adherent 383 6081.4 6.30

(5.68–6.96)

249 6245.8 3.99

(3.51–4.51)

572 6081.4 9.41

(8.65–10.21)

Early Gap 71 735.8 9.65

(7.54–12.17)

62 765.8 8.10

(6.21–10.38)

117 735.8 15.90

(13.15–19.06)

Middle Gap 46 644.0 7.14

(5.23–9.53)

40 664.1 6.02

(4.30–8.20)

78 644.0 12.11

(9.57–15.12)

Late Decline 87 1231.8 7.06

(5.66–8.71)

89 1271.2 7.00

(5.62–8.62)

165 1231.8 13.40

(11.43–15.60)

Occasional

Users

43 621.5 6.92

(5.01–9.32)

35 639.6 5.47

(3.81–7.61)

69 621.5 11.10

(8.64–14.05)

Early Decline 62 1000.9 6.19

(4.75–7.94)

64 1026.2 6.24

(4.80–7.96)

113 1000.9 11.29

(9.30–13.57)

Non-Adherent 72 1063.7 6.77

(5.30–8.52)

105 1094.1 9.60

(7.85–11.62)

162 1063.7 15.23

(12.97–17.76)

Full cohort 764 11379.1 6.71

(6.25–7.21)

644 11706.8 5.50

(5.08–5.94)

1276 11379.1 11.21

(10.61–11.85)

CI, confidence interval.
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FIGURE 3 | (A) Unadjusted incidence rates of major cardiovascular events. (B) Unadjusted incidence rates of death. (C) Unadjusted incidence rates of the composite

outcome.

and to have more revascularization procedures on the index
hospitalization (Table 1).

Patients belonging to the early-gap group were less likely to be
in the younger age category, and to report alcohol consumption,
and showed higher use of medication before hospitalization,
and were more likely to have most comorbidities studied (i.e.,
diabetes, lipid disorder, congestive heart failure, coronary heart
disease, COPD, malignancy, and dementia).

The early decline group was more likely to have copayment
and to be in the younger age category and showed lesser
medication use before hospitalization in all therapeutic groups.
It was also less likely to have comorbidities such as hypertension,
diabetes, lipid disorder, chronic renal disease, malignancy
dementia, and stroke.

Non-adherent patients were more likely to be aged 80 and
over, to be female, and to have arrhythmias and chronic renal
disease, they were also the second group most likely to have
copayment (after the early-decline patients). Those belonging
to this group also had more ED- and hospitalization visits,
longer hospitalizations, and showed the highest percentage
of cardiovascular events during the first-year post-discharge
(Table 1).

Clinical Outcomes
Regarding the unadjusted incidence rates of CV events, death,
and the composite outcome for each adherence trajectory
(Table 2, Figures 3A–C), no major differences were observed.
The Early Gap trajectory showed the highest incidence of major
vascular events or revascularization [9.65 per 100 person-year (p-
y), 95% CI: 7.54, 12.17]. Regarding death, the non-adherent and
the early-gap trajectories showed the highest rates (9.6 deaths per
100 p-y; 95% CI: 7.85, 11.62, and 8.1 deaths per 100 p-y; 95%
CI: 6.21, 10.38, respectively). The adherent pattern showed the
lowest incidence in the composite outcome (9.41 events per 100
p-y; 95% CI: 8.65, 19.06).

Figure 4 shows the adjusted association between
adherence trajectories and clinical outcomes (see also
Supplementary Table S2 for the full model). None of the
trajectories was significantly associated with recurrence of
major vascular events or revascularization in the adjusted
analysis. Regarding mortality, compared to the adherent group,

patients belonging to Middle-Gap (hazards ratio (HR): 1.5;
95% CI: 1.07, 2.09), Early-Gap (HR: 1.47; 95% CI: 1.11, 1.95),
Late-decline (HR: 1.58; 95% CI: 1.24, 2.02), Early- Decline
(HR: 1.35; 95% CI: 1.02, 1.79), and Non-Adherent (HR: 1.76;
95% CI: 1.38, 2.23) groups had a greater risk of mortality,
being the non-adherent, the group with the highest likelihood
of death. Similar associations were found for the composite
outcome. Earl-Gap (HR: 1.3; 95% CI: 1.07, 1.6), Late-decline
(HR: 1.31; 95% CI: 1.1, 1.56), and Non-Adherent patients (HR:
1.36; 95% CI: 1.14, 1.63) had a significantly greater risk of a
major vascular event, revascularization or death as compared to
Adherent patients.

When using dichotomized groups based on PDC,
results were found to be robust, with the non-adherent
patients being at higher risk of death or of presenting the
composite outcome but showing no association with recurrent
major vascular events (Figure 4, Supplementary Table S3).
However, the risk found by using PDC < 80 was of lesser
magnitude (HR: 1.31; 95% CI: 1.14, 1.54 for death and
HR: 1.13; 95% CI: 1.01, 1.27 for the composite outcome)
than those found in the poor adherence trajectories (Early
Gap, Late Decline, and Non-Adherent; See Figure 4,
Supplementary Tables S2, S3).

DISCUSSION

In the present study, we used group-based trajectory models
to identify adherence patterns to three or more combined
evidence-based medications in a concurrent manner in a
population-based cohort of patients after hospitalization for
acute coronary syndrome and evaluated which adherence
patterns were associated with adverse clinical outcomes in the
second year after discharge.

Although nowadays GBTM is not an uncommon tool to
identify adherence patterns to medication over time using
pharmacy claims databases (21–23, 28); to our knowledge, this
is virtually the first time that adherence to multiple concurrent
recommended medications is assessed through GBTM and
compared to PDC estimates. GBTM accounts for the dynamic
nature of adherence and allows the identification of differential
behaviors in patients that otherwise would be classified simply
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FIGURE 4 | Adjusted association between adherence trajectories and clinical outcomes.

as “non-adherent” (18–21). We identified seven adherence
trajectories that best-summarized adherence patterns to three
or more combined therapies for the secondary prevention of
ACS. According to these trajectories, 47% of patients did not
adhere to their treatment at some point in the first year
post-ACS, but their patterns were very different, as were the
baseline characteristics related to each pattern. Non-adherence,
Early gap, and Late Decline trajectory groups were associated
with a higher risk of the composite outcome of recurrent
cardiovascular events, and all-cause death, compared to the
adherent group. Furthermore, each of these patterns also
showed differential risks (and of higher magnitude) when
compared to PDC < 80 (the classical measure for non-
adherent patients).

In a previous study of our group assessing adherence
trajectories to the same medication groups, but individually,
some of the patterns identified were similarly found here,
including adherent, early gap, and occasional users (29). However,
others differ from those shown in the present study. It could
be possible that when accounting for the adherence to several
drugs altogether, new patterns arise, as this represents a more
complex scenario.

Through the patterns identified, we found that medication
adherence was suboptimal, with 53% of participants belonging to
the “Adherent” trajectory (sustained and continuous adherence)
to ≥3 secondary prevention drugs. In the aforementioned

study (29), we found that around 66% (for antiplatelet, beta-
blockers, and ACEI/ARB) and 75% (for statins) of patients
after hospitalization for coronary heart disease, were adherent
(29). Again, differences could be explained; first, by the
added complexity that means adhering to at least three
different medications combined as a treatment, and second,
by the different timespan in which adherence was assessed.
These two factors can translate into findings of reduced
adherence. The former factor is very important, as assessing
drugs prescribed in combination, separately, could lead to
overestimation of adherence. The two studies assessing 3
medications altogether: ACEI/ARB, beta-blockers, and statins
(although using the traditional PDC or MPR) (15, 16),
found that 49% and 34% of patients, respectively, adhere
to all three therapies (15, 16). However, those figures are
not directly comparable to our findings, as it does not
provide information on adherence behaviors over time. For
example, static PDC measures would classify patients into
groups of adherent and non-adherent without differentiating
the dynamics of the various non-adherent trajectories shown
in our results. These differential behaviors are associated
with different baseline characteristics and also differential
risks for clinical outcomes as seen in our study. Identifying
these features is key for targeting interventions aiming to
improve adherence. For example, a modifiable factor, such as
having copayment was found to be related to non-adherent
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trajectories. Other factors such as older age or female sex
are indeed non-modifiable but can be considered when
designing interventions.

We found that the adherence trajectories to ≥3 medications
were associated with a higher risk of a composite outcome
including major adverse cardiovascular events and death. We
found an absence of a relationship between adherence trajectories
and cardiovascular events alone, and such an absence of
association was also observed in the analysis using PDC.
These findings are likely to be due to the greater impact that
adherence to preventive medication has in the acute phase
post-ACS on the likelihood of a cardiovascular event. In fact,
11% of cohort patients experienced a cardiovascular event
during the adherence assessment period and patients belonging
to the Non-Adherent trajectory had the highest rate. On the
other hand, our results show that increasing adherence to
preventive therapies is associated with a significantly decreased
risk of mortality in post-AMI patients similar to the previous
study (10). It is important to note that outcomes were
assessed during the second year after the index date, which
is a common approach (15, 16). Therefore, we did not
provide information regarding the impact of adherence to
recommended therapies in the longer term, which should be
further studied.

For the secondary prevention of acute coronary syndrome,
clinical guidelines recommend all 4 therapies (antiplatelets, beta-
blockers, ACE inhibitors/ARB, and statins) for long-term use
for a major benefit. Hence, ideally, adherence to therapy when
a combination of medications is prescribed should be assessed
by considering all drugs together and using approaches that
allow the identification of differential patterns of medication
refill. This was the main focus of our study, and this principle
could be applied to any other condition where combined therapy
is recommended.

There were some limitations to this study. First, we
used electronic prescription and dispensation information for
measuring adherence that lacked information if dispensed
medications were consumed by the patient. Second, we
evaluated outcomes in the second year post-ACS and patients
may have changed their adherence behavior to medication
during this period. However, this is necessary to ensure
the separation of our adherence and outcome measurement
and to protect against bidirectional bias. Third, we only
evaluated adherence for 12 months after hospitalization.
Although non-adherence to secondary prevention post-ACS
during the initial year of treatment is important, these
medications are recommended for long-term use. Fourth, despite
the availability of a wide range of potential confounders,
unmeasured residual confounding by lack of adjustment for
variables such as education or race and ethnicity cannot be
ruled out.

CONCLUSION

In this population-based study, we identified seven trajectories
of adherence to three or more combined essential medications

after ACS. Non-adherence, Early gap, and Late Decline
trajectory groups were associated with a higher risk of
the composite outcome of recurrent cardiovascular events
and all-cause death, compared to the adherent group.
Identification of patient subgroups with suboptimal adherence
patterns may be useful to target interventions to improve
medication adherence and health outcomes of patients
when a therapy composed of several concurrent medications
is recommended.
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Objective: We aim to investigate the prognostic effects of metabolic syndrome (MS)

on patients with non-ST elevated myocardial infarction (NSTEMI) after percutaneous

coronary intervention (PCI).

Methods: Patients with NSTEMI undergoing PCI were consecutively collected.

According to the presence or absence of MS, they were divided into two groups

and followed up for 1 year. The endpoint was major adverse cardiovascular events

(MACE), including all-cause death, unstable angina hospitalization, heart failure

(HF) hospitalization, non-fatal recurrent myocardial infarction (MI), and target lesion

revascularization. Also, six subgroups were made according to gender, age, left

ventricular ejection fraction (LVEF), Global Registry of Acute Coronary Events (GRACE)

score, hypersensitive troponin (hsTNT), and several diseased vessels. Cox proportional

hazard model was adopted to analyze the effect of MS on MACE in all the patients and

different subgroups.

Results: A total of 1,295 patients were included in the current analysis and 660 (50.97%)

of them had MS. About 88 patients were lost to follow-up, and the overall average

follow-up was 315 days. MS was an independent risk factor for MACE (HR 1.714, CI

1.265–2.322, p= 0.001), all-cause death, heart failure (HF) hospitalization, and non-fatal

recurrent MI. In the MS component, BMI ≥28 kg/m2 was positively associated with

MACE. Subgroup analysis indicated the prognostic value of MS was more striking for

patients with the following: age of >60, LVEF of ≤40%, GRACE of >140, multivessel

disease, or hsTNT of >0.1 ng/ml.

Conclusions: The MS was a robust adverse prognostic factor in patients diagnosed

with NSTEMI, especially among those of older age and at higher ischemic risk. A BMI

253
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of ≥28 kg/m2 independently predicted the occurrence of MACE. Prognosis may be

improved by controlling abdominal obesity.

Keywords: metabolic syndrome, non-ST elevated myocardial infarction, prognostic value, percutaneous coronary

intervention, cohort study

INTRODUCTION

Metabolic syndrome (MS) is a disease state that involves multiple
metabolic abnormalities and is closely related to cardiovascular
disease (CVD), mainly including central obesity, hypertension,
dyslipidemia, and diabetes or abnormal glucose tolerance.
Furthermore, MS is associated with future incidence of diabetes
and CVD and subsequent adverse cardiovascular events (1, 2).
The increasing incidence of the syndrome worldwide, as well as
the number of people with MS, will continue to rise, which has
made it a serious public health problem.

As a serious cardiac emergency, patients with non-ST
elevated myocardial infarction (NSTEMI) are likely to have
more comorbidities and a worse prognosis than patients with
ST-elevation myocardial infarction (STEMI) (3). Hospitalization
rates for NSTEMI are increasing, and a transition from STEMI to
NSTEMI in acutemyocardial infarction (AMI) has been observed
in China (4, 5). However, studies on the effects of MS on CVD
were mostly focused on acute coronary syndrome (ACS) and
acute STEMI and those results were controversial. Studies in non-
ST elevation acute coronary syndrome (NSTEACS) or patients
with NSTEMI are still scarce. Beyond that, controversy exists
about whether there is a correlation between each component
and prognosis, and which component is more important. As for
patients with NSTEMI undergoing PCI, it is unclear whether the
presence or absence ofMS affects the occurrence of major adverse
cardiovascular events in patients with different clinical and
angiographic outcomes. Therefore, the current study aimed to
evaluate the impact of MS and its components on cardiovascular
outcomes in patients with NSTEMI undergoing PCI within
12 months after discharge. In addition, we further explored
the prognostic value of MS in different subgroups of patients
with NSTEMI.

METHODS

Study Design and Participants
From January 2018 to December 2019, consecutive patients
with NSTEMI undergoing percutaneous coronary intervention
(PCI) in Tianjin Chest Hospital were included. The inclusion
criteria are as follows: (1) Age ≥18 years old; (2) In line with
the diagnostic criteria of NSTEMI, cardiac troponin and/or
CKMB above the 99th percentile of healthy individuals, and
the following with at least one: (i) ST-segment depression or
T wave inversion on ECG; (ii) Chest pain persists longer than
30min; (3) Onset time <30 days; and (4) Patients undergoing
coronary angiography and treated with PCI during the period of
admission. The exclusion criteria are as follows: (1) Myocardial
infarction (MI) patients if those ECG were persistent ST-segment
elevation during diagnosis and treatment; (2) Chest pain caused

by non-cardiac diseases, such as aortic dissection and pulmonary
embolism, etc.; (3) Active bleeding, severe thrombocytopenia,
severe liver or kidney diseases, malignant tumors, etc.; and
(4) Lack of diagnostic data related to MS. After screening
and meeting the above inclusion and exclusion criteria, 1,295
patients were eventually included. The study was performed by
the Declaration of Helsinki and was approved by the Ethics
Committee of Tianjin Chest Hospital (No. 2018KY-010-01). All
included patients provided signed informed consent forms before
study participation.

Definition of Metabolic Syndrome
The MS was defined according to a scientific statement (6)
from the American Heart Association/National Heart, Lung,
and Blood Institute (AHA/NHLBI). Patients with 3 or more
of the following risk factors were considered to have MS: (i)
Central obesity: waist circumference (WC) of ≥102 cm in men
and ≥88 cm in women. (ii) hypertriglyceridemia (triglycerides
≥1.7 mmol/L or on drug treatment for elevated triglycerides),
(iii) low HDL-C (<1.03 mmol/L in men and <1.29 mmol/L in
women or on drug treatment for reduced HDL-C), (iv) arterial
hypertension [≥130 mmHg systolic blood pressure (SBP) or
≥85 mmHg diastolic blood pressure (DBP) or antihypertensive
therapy], and hyperglycemia (fasting blood glucose≥5.6 mmol/L
or antidiabetic treatment). Since the patient’s WC was not
available, we used BMI as a surrogate parameter for WC, which
had been adopted and verified in previous studies (7, 8). We
utilized the BMI of ≥28 kg/m2 as a diagnostic criterion of
obesity proposed by the Working Group on Obesity of China
(WGOC) (9).

Clinical and Biochemical Measurements
The basic data of gender, age, BMI, and previous medical
history of all patients were recorded on admission, and
the admission conditions of the patients were evaluated,
including sitting blood pressure (measured by senior doctors
on the non-dominant arm supported by the heart level),
Killip class, and Global Registry of Acute Coronary Events
(GRACE) score. The emergency laboratory indexes of admission,
such as creatine kinase (CK), creatine kinase MB (CK-
MB), hypersensitive troponin T (hsTnT), etc., were recorded.
After fasting overnight for 12 h, fasting blood glucose (FBG),
triglyceride (TG), high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C) total cholesterol
were measured. GRACE was calculated for all patients on
admission using eight variables, including age, systolic blood
pressure, heart rate, serum creatinine, Killip class, cardiac
arrest, elevated cardiac biomarkers (hsTnT), and ST deviation.
The calculator used is available at (http://www.outcomes-
umassmed.org/GRACE/). Ejection fraction (EF) was assessed
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TABLE 1 | Baseline patient characteristics according to metabolic syndrome.

Variables MS (-) (n = 635) MS (+) (n = 660) P

Age (years) 65 (57.72) 66 (57.73) 0.552

Female, gender n (%) 150 (23.6) 242 (36.7) <0.001

BMI (%) <24 (kg/m2 ), n

(%)

401 (63.1) 241 (36.5) <0.001

24–28 (kg/m2 ), n (%) 165 (26.0) 185 (28.0)

≥28 (kg/m2), n (%) 69 (10.9) 234 (35.5)

BMI (kg/m2 ) 22.9 (21.5, 24.6) 27.2 (22.3, 29.0) <0.001

Medical history

Hypertension, n (%) 318 (50.1) 557 (84.4) <0.001

Diabetes, n (%) 110 (17.3) 316 (47.9) <0.001

Previous MI, n (%) 105 (16.5) 132 (20.0) 0.107

Previous stroke, n (%) 158 (24.9) 176 (26.7) 0.463

Previous PCI, n (%) 94 (14.8) 114 (17.3) 0.226

Previous CABG, n (%) 27 (4.3) 40 (6.1) 0.142

Family history of CVD,

n (%)

62 (9.8) 72 (10.9) 0.499

Smoking, n (%) 384 (60.5) 430 (65.2) 0.081

Admission

Systolic blood pressure

(mmHg)

130 (120, 145) 135 (122, 150) <0.001

Diastolic blood

pressure (mmHg)

75 (69.84) 76 (70.85) 0.142

Killip class, n (%) 0.481

I 542 (85.4) 564 (85.5)

II 79 (12.4) 73 (11.1)

III 11 (1.7) 19 (2.9)

IV 3 (0.5) 4 (0.6)

Killip ≥II, n (%) 93 (14.6) 96 (14.5) 0.959

Laboratory

LVEF≤40%, n (%) 84 (14.3) 85 (13.9) 0.825

LVEF (%) 55 (47, 59) 54 (45, 58) 0.008

Fasting plasma glucose

(mmol/L)

5.21 (4.72, 5.95) 6.63 (5.64, 8.76) <0.001

Triglyceride (mmol/L) 1.30 (1.04, 1.58) 1.96 (1.50, 2.52) <0.001

Total cholesterol

(mmol/L)

4.36 (3.73, 5.09) 4.50 (3.79, 5.14) 0.1

HDL-C (mmol/L) 1.09 (0.93, 1.30) 0.90 (0.78, 1.01) <0.001

LDL-C (mmol/L) 2.93 (2.28, 3.55) 2.99 (2.37, 3.60) 0.275

hsCRP (mg/L) 4.71 (1.72, 16.36) 5.97 (2.65, 15.96) 0.002

NT-proBNP (pg/ml) 896.9 (380, 2287) 907 (349.6, 2961.75) 0.627

hsTnT (ng/mL) 0.57 (0.24, 1.24) 0.54 (0.24, 1.23) 0.741

CK (U/L) 222.5 (110, 519.5) 208.5 (103.5, 455) 0.299

CK-MB (U/L) 28 (17, 55) 26 (16, 47) 0.255

CAG and treatment

Single-vessel disease,

n (%)

147 (23.1) 131 (19.8) 0.148

Double-vessel disease,

n (%)

161 (25.4) 162 (24.5) 0.737

Triple-vessel disease,

n (%)

312 (49.1) 352 (53.3) 0.131

Left main, n (%) 94 (14.8) 95 (14.4) 0.835

Multi-vessel disease,

n (%)

488 (76.9) 529 (80.2) 0.148

(Continued)

TABLE 1 | Continued

Variables MS (-) (n = 635) MS (+) (n = 660) P

Grace Grade, n (%) 0.454

<109, n (%) 192 (30.2) 206 (31.2)

109–140, n (%) 246 (38.7) 234 (35.5)

>140, n (%) 197 (31.0) 220 (33.3)

IABP, n (%) 19 (3.0) 29 (4.4) 0.182

Respirator, n (%) 72 (11.3) 81 (12.3) 0.603

Baseline medication

DAPT, n (%) 625 (98.4) 649 (98.3) 0.896

Beta-blocker, n (%) 478 (75.3) 522 (79.1) 0.102

ACEI/ARB, n (%) 394 (62.0) 429 (65.0) 0.270

Statin, n (%) 612 (96.4) 638 (96.7) 0.777

Anticoagulants, n (%) 624 (98.3) 649 (98.3) 0.927

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;

BMI, body mass index; CABG, coronary artery bypass graft; CK, creatine kinase;

CK-MB, creatine kinase MB; CVD, cardiovascular disease; DAPT, dual antiplatelet

therapy; GRACE, Global Registry of Acute Coronary Events; HDL-C, high-density

lipoprotein cholesterol; hsCRP, high sensitivity C-reactive protein; hsTnT, hypersensitive

troponin T; IABP, intra-aortic balloon pump; LDL-C, low-density lipoprotein cholesterol;

LVEF, left ventricular ejection fraction; MI, myocardial infarction; MS, metabolic

syndrome; NT-proBNP, N-Terminal pro-brain natriuretic peptide; PCI, percutaneous

coronary intervention.

TABLE 2 | Comparison of clinical outcomes between two groups.

Variables MS (-) (n = 635) MS (+) (n = 660) P

MACE 76 (12) 121 (18.3) 0.001

All-cause death 17 (2.7) 35 (5.3) 0.016

UA hospitalization 29 (4.6) 27 (4.1) 0.674

HF hospitalization 28 (4.4) 48 (7.3) 0.028

Non-fatal recurrent MI 5 (0.8) 21 (3.2) 0.002

TLR 1 (0.2) 4 (0.6) 0.193

HF, heart failure; MACE, major adverse cardiovascular events; MI, myocardial infarction;

MS, metabolic syndrome; TLR, target lesion revascularization; UA, unstable angina.

by echocardiography in the first week after AMI according to
the clinical standards and current echocardiography guidelines
(10). Coronary angiography and PCI were performed by two
cardiologists with qualifications for coronary artery diagnosis
and treatment simultaneously according to the international
standards and guidelines (11). Postoperative antiplatelet therapy
with 100 mg/d of aspirin and 75 mg/d of clopidogrel, or 90mg of
ticagrelor twice per day is recommended for at least 1 year.

Study Endpoint and Follow-Up
All patients were followed up for 1 year after discharge, including
outpatient visits, telephone interviews, and the recording of
recurrent all-cause events by trained nurses or cardiologists, after
the initial appointment.

The endpoint was MACE, including all-cause death, unstable
angina (UA) hospitalization, heart failure (HF) hospitalization,
non-fatal recurrentMI, and target lesion revascularization (TLR).
TLR therapy was for either lesion with ischemia symptoms or
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FIGURE 1 | Kaplan-Meier survival analysis of cumulative event-free survival curves within 1 year according to MS. MS, metabolic syndrome.

TABLE 3 | Multivariate COX regression analysis of each adverse event.

Variables HR (95% CI) P

MACE 1.714 (1.265–2.322) 0.001

All-cause death 2.184 (1.137–4.197) 0.019

UA hospitalization 0.890 (0.508–1.559) 0.683

HF hospitalization 1.662 (1.031–2.680) 0.037

Non-fatal recurrent MI 3.621 (1.324–9.904) 0.012

TLR 5.215 (0.545–49.861) 0.152

CI, confidence interval; HF, heart failure; HR, hazard ratio; MACE, major adverse

cardiovascular events; MI, myocardial infarction; MS, metabolic syndrome;

NSTEMI, non-ST elevated myocardial infarction; UA, unstable angina; TLR, target

lesion revascularization.

event-driven, including PCI and coronary artery bypass grafting
(CABG). In the case of more than one clinical event in the same
patient, only the first event was considered, and follow-up was
discontinued. Patients lost to follow-up or those without MACE
were treated as censored.

Statistical Analysis
Continuous variables were expressed as mean ± standard
deviation (SD) or median with an interquartile range based
on its distribution, and categorical variables were expressed
as frequency and percentage. For comparison of continuous
variables, the independent Student’s t-test or Mann-Whitney U-
test was used, and for comparison of categorical variables, the
chi-square test or Fisher’s exact tests was used, where appropriate.
Event-free survival curves were analyzed by the Kaplan-Meier

method, and a comparison between curves was carried out
by the log-rank test. Multivariate Cox regression analysis was
performed to evaluate the impact of MS and its five components
on MACE in all enrolled patients with NSTEMI and various
subgroups. The covariates included in the multivariable model
were as follows: age, gender, history of smoking, family history of
CVD, Killip≥II, LVEF of≤40%,multi-vessel disease, ACEI/ARB,
and Beta-blocker. All statistical tests were 2-sided with p <

0.05 considered statistically significant. SPSS software (version
25.0, SPSS, Inc., Chicago, Illinois, USA) was used for statistical
analysis. Subgroups were classified: 1,295 patients with NSTEMI
by male vs. female; age of ≤60 vs. age of >60; LVEF of ≤40%
vs. LVEF of >40%; low/medium (≤140) vs. high (>140) GRACE
score; single-vessel disease (SVD) vs. multivessel disease (MVD);
and hsTNT of≤0.1 ng/ml vs. hsTNT of >0.1 ng/ml, respectively.

RESULTS

Clinical Characteristics
Among 1,295 patients with NSTEMI, there were 660 patients
with MS (50.97%) and 635 patients without MS (49.03%). About
88 patients were lost to follow-up, and the overall average follow-
up was 315 days. Women accounted for 36.7% in the MS group
and 23.6% in the non-MS group, with statistical significance
between the two groups. Compared with the non-MS group,
the MS group had a higher body mass index (BMI), an average
lower LVEF, and a higher hypersensitive C-reactive protein (hs-
CRP) level. Among the components of MS, obesity, diabetes,
and hypertension were more prevalent, HDL-C was lower, and
TG and FBG were higher in patients with MS, as compared
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FIGURE 2 | Multivariate COX regression analysis of MACE. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index;

CI, confidence interval; CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; LVEF, left ventricular ejection fraction; MACE,

major adverse cardiovascular events; MS, metabolic syndrome; MVD, multivessel disease.

to those without MS, as expected. There was no significant
difference between the two groups in age, family history of CVD,
history of smoking, previous PCI, previous CABG, and the use of
medications. There was no difference in GRACE score between
the two groups. No significant differences were observed between
the groups concerning the proportion of SVD and MVD and the
application of intra-aortic balloon pump or ventilator (Table 1).

Clinical Prognosis
Procedural success was achieved in all patients. Throughout the
follow-up period, patients with MS had significantly higher rates
of MACE than those without MS. Of the 1,295 people, 197
(15.2%) were involved in the MACE. There were 52 (4%) patients
with all-cause death, 56 (4.3%) patients with UA hospitalization,
76 (5.9%) patients with HF hospitalization, 26 (2%) patients
with non-fatal recurrent myocardial infarction (MI), and 5 (.4%)
patients with TLR. During 1-year follow-up, it was found that
there was a significant difference in MACE between the two
groups (18.3 vs. 12%, p = 0.001), mainly due to the incidence of

all-cause death, HF hospitalization, and non-fatal recurrent MI,
which were significantly higher in the MS group than that of the
non-MS group (5.3 vs. 2.7%, p = 0.016; 7.3 vs. 4.4%, p = 0.028;
3.2–0.8%, p = 0.002, Table 2). There was a significant difference
in the Kaplan-Meier curve between the two groups (p = 0.001)
(Figure 1).

Association MS and Its Components With
MACE
The COX regression analysis showed that MS was an
independent risk factor for MACE [HR 1.714, 95% confidence
interval (CI) 1.265–2.322, p = 0.001], mainly due to the
increased risk of all-cause death, HF hospitalization, and non-
fatal recurrent MI (HR 2.184, 95% CI 1.137–4.197, p = 0.019;
HR 1.662, 95% CI 1.031–2.680, p = 0.037; HR 3.621, 95% CI
1.324–9.904, p= 0.012) (Table 3).

Among the MS components, multivariate COX
regression analysis showed that BMI of ≥28 mg/m2 was
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FIGURE 3 | Subgroup analysis of MS on MACE in different patients. This figure shows the adjusted HR (95% CI) of the subgroup analysis from the multivariable Cox

model. (A–F) Represent the subgroups according to different gender, age, LVEF, GRACE, number of stenosis vessels, hsTNT. The red line denotes a statistically

significant subgroup. CI, confidence interval; GRACE, Global Registry of Acute Coronary Events; hsTnT, hypersensitive troponin T; HR, hazard ratio; LVEF, left

ventricular ejection fraction; MACE, major adverse cardiovascular events; MS, metabolic syndrome; MVD, multivessel disease; SVD, single-vessel disease.

an independent risk factor for MACE (HR 2.691, 95%
CI 1.995–3.632, p < 0.001) in patients with NSTEMI
undergoing PCI, while other components of MS are not
(Figure 2).

Association of MS With MACE in
Subgroups
Furthermore, subgroup analysis of MS on MACE was performed
using a Cox model. We found that MS was a robust factor across
different genders, and the prognostic value was more evident for
patients who have the following: age of >60 (HR 1.633, 95%
CI 1.182–2.256, p = 0.003), LVEF of ≤40% (HR 2.922, 95%
CI 1.668–5.119, p < 0.001), GRACE of >140 (HR1.633, 95%
CI 1.118–2.385, p = 0.011), MVD (HR 1.744, 95% CI 1.251–
2.432, p = 0.001), or hsTNT of >0.1 ng/ml (HR 1.689, 95% CI
1.237–2.307, p= 0.001) (Figure 3; Table 4).

DISCUSSION

To the best of our knowledge, this is the first report to
show the prognostic impact of MS in patients with NSTEMI
undergoing PCI. The main findings were: (1) The prevalence
rate of MS in patients with NSTEMI was 50.97%. Compared
with the non-MS group, the MS group had more females;
(2) After a year of follow-up, MACE in the MS group was
significantly higher than that in the non-MS group, and MS
was an independent risk factor for MACE, mainly due to
the increased risk of all-cause death, HF hospitalization, and
non-fatal recurrent MI; (3) BMI of ≥28 kg/m2 in the MS
components independently predict the occurrence of MACE;
and (4) Subgroup analysis suggested that MS was a robust
factor across different genders. However, the prognostic value
was more evident for patients with the following: older than
60 years; LVEF ≤40%, GRACE >140, and MVD or hsTNT
>0.1 ng/ml.
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It is not surprising to find that the prevalence of MS in
patients with NSTEMI was higher than that from population-
based surveys. A survey indicated that 33.9% (31% in males
and 36.8% in females) had MS in mainland China in 2010 (12).
In patients with established CVD, the prevalence of MS ranged
from 29 to 66% in previous reports (13–17). A single-center,
prospective, and observational study was conducted by Sinha
et al. showed that patients with NSTEACS were more common
than STEMI inMS group (18). Al-Rasadi et al. also found thatMS
was more likely associated with NSTEMI (16). The prevalence
of MS as seen in our study was similar when compared with
previous reports. In our study, there were more women in the
MS group than in the non-MS group. This finding was consistent
with previous research (19).

After 1 year follow-up, we found that MS was independently
associated with MACE, and some previous studies had similar
results (17, 20, 21). We found that this was due to the
increased risk of all-cause death, HF hospitalization, and non-
fatal recurrent MI, which has been similarly reported in previous
studies (22–25).

In our study of MS components, obesity was the only
independent risk factor for MACE, while other components
including hyperglycemia were not. Patients with obesity are
in a state of chronic inflammation and pre-thrombotic state,
which plays an important role in the process of atherosclerosis
and will lead to adverse cardiovascular events (26). It has
been confirmed by previous research that abdominal obesity is
independently associated with CVD (27, 28). Visceral fat was
almost a good predictor of MS (29). It is now generally accepted
that the increase in obesity is the most important in the five
components of the MS, because it provides the core of the
other four components (30). The obesity paradox (31) had not
been observed in our study. Previous research has suggested
that this obesity paradox may exist due to BMI being not a
good indicator of obesity in general obesity because it does
not distinguish between fat and lean mass, and may rely more
on measurements of fat distribution than the amount of body
fat (28). Incidence and outcomes of CVD vary by nations and
country of origin (32). The prevalence of CVD is particularly
high among South Asians [people originate from the Indian
subcontinent (SA)], including SA immigrants living outside the
Asian subcontinent, also known as the SA diaspora (33). SA had a
larger percentage of body fat and larger visceral adipose tissue at a
given BMI compared with other ethnic groups. Asians, including
Chinese, have more visceral fat and less skeletal muscle mass
than westerners (30). Therefore, the association between BMI
and CVD risk may be underestimated in Asians (34). Therefore,
the obesity paradox is not evident in the Chinese population. A
similar study extends the observation made by Chen et al., which
demonstrated (35) that obesity (BMI ≥28 kg/m2) increased
the risk of all-cause mortality in Chinese patients with CVD.
Our study found that hyperglycemia in MS component was
not an independent risk factor for MACE. This finding was in
accordance with Grundy SM’s conclusion that the independent
contribution of hyperglycemic status to the risk of CVD is
rather weak and mainly caused by excess visceral fat in patients
with obesity (36). Xu et al. (37) dissociated and analyzed the

TABLE 4 | Multivariate COX regression analysis of each subgroup.

Variables HR (95% CI) P

Gender Male 1.644 (1.110–2.437) 0.013

Female 1.921 (1.168–3.157) 0.010

Age ≤60 1.931 (0.715–5.218) 0.194

>60 1.633 (1.182–2.256) 0.003

LVEF <40% 2.922 (1.668–5.119) <0.001

≥40% 1.384 (0.952–2.013) 0.089

GRACE ≤140 1.637 (0.968–2.770) 0.066

>140 1.633 (1.118–2.385) 0.011

Number of stenosis vessels SVD 1.339 (0.606–2.957) 0.470

MVD 1.744 (1.251–2.432) 0.001

hsTNT ≤0.1 2.488 (0.567–10.925) 0.227

>0.1 1.689 (1.237–2.307) 0.001

CI, confidence interval; GRACE, Global Registry of Acute Coronary Events; HR, hazard

ratio; hsTnT, hypersensitive troponin T; LVEF, left ventricular ejection fraction; MACE, major

adverse cardiovascular events; MS, metabolic syndrome; SVD, single-vessel disease;

MVD, multivessel disease.

contribution of diabetes to the incidence of post-stent MACE
by excluding those studies with diabetes patients from the MS
group, and concluded that there was no significant difference in
the incidence of MACE in the MS group with or without diabetes
patients, which is consistent with our findings. The discrepancies
between existing studies and our study may be mainly due to
the dissimilarities of patient populations. Patients should be
classified as at high risk even if there are no obvious blood glucose
abnormalities. Therefore, MS phenotypes are important in CV
risk assessment and in educating patients and physicians about
preventive measures.

We found that HDL-C was associated with a neutral risk
of 1-year MACE in patients with NSTEMI, as confirmed by a
previous study (38). This may be due to HDL function being
impaired with CVD (39). Under certain conditions, HDL would
lose its protective functions (antioxidant, anti-inflammation,
anti-apoptotic, and ameliorate endothelial dysfunction) and
gain dysfunction, which might contribute to the inflammatory
process of CVD in patients with atherosclerosis. With respect
to hypertriglyceridemia, a previous study also showed that
hypertriglyceridemia did not have any association to high-risk
all-cause mortality in men and for CVD mortality in women
(40). Hypertriglyceridemia and mortality in older adults could
be due to selective survival, since individuals with higher
cardiovascular risk associated with elevated triglycerides could
have died earlier, while more resilient adults reached older age
(41). The neutral effect of hypertension on patients with NSTEMI
undergoing PCI has been previously demonstrated. Cecchi et al.
conducted a study (42) on the impact of hypertension on
MI patients undergoing PCI, and came to the conclusion that
hypertension was not associated with either in-hospital and long-
term mortality in patients with NSTEMI, which was consistent
with our results. The reason for the scarce impact of hypertension
on NSTEMI outcome can be ascribed to our study population,
which is only the patients undergoing PCI, playing a critical role
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in restoring coronary artery perfusion, alleviating myocardial
ischemia, and, ultimately, improving their long-term survival.

Although the subgroup analyses conducted in this study were
exploratory, the results raised some important points, as limited
data are available on the prognostic value of MS in different
subgroups of patients with NSTEMI. Our study showed that MS
was correlated with higher MACE, especially in older patients
and those with LVEF of ≤40%, GRACE of >140, and MVD
or hsTNT of >0.1 ng/ml. Previous studies have proven that
age is a powerful predictor of adverse events after ACS (43).
GRACE risk score is recommended by international guidelines
to assess the risk of future ischemic events in patients with
NSTEACS to facilitate evidence-based treatment in the future
(44, 45). Kim et al. assumed that MVD involvement might
negatively influence cardiovascular outcomes in patients withMS
(46). Al Suwaidi et al. (47) found recurrent ischemia was more
common in MS group, which leads to lower LVEF in patients
with MS, and statistically significant difference in mortality
compared with those without MS. All these conditions indicate
myocardial ischemia. In practice, advanced vascular damage
is often associated with the presence of MS in patients with
CVD, and it is significantly associated with lipid-rich plaques in
coronary arteries, which increases the risk of rupture and leads
to poor outcomes (48, 49). In other words, we concluded that the
impact of MS on prognosis value was evident when the amount
of myocardial necrosis is greater and cardiac function is worse.

Azarfarin et al. (50) found that increased WC was associated
with greater myocardial necrosis and worsening LVEF in
patients with AMI. This suggested that obesity was associated
with adverse cardiovascular outcomes, which also supported
our finding.

LIMITATIONS

There are several limitations in the present study. First,
abdominal obesity has a better predictive value for the risk of
CVD than BMI. In this paper, BMI was used to replace abdominal
circumference in the diagnosis of MS, which may have a certain
impact on the results. Second, the patients were followed up for
only 1 years, which may have some effect on the final clinical
outcome analysis. Third, considering that the patients in our
study were all from China, which might limit the generalization
of the fingings to other races. Last, dynamic changes in MS status
may confuse the association between MS individual components
and MACE.

CONCLUSION

As far as we know, no previous studies have investigated the
prognostic value of MS in patients with NSTEMI undergoing
PCI. Our study demonstrated that MS had a negative impact
on MACE in those patients. In MS component analysis, a
BMI of ≥28 kg/m2 independently increased the occurrence
of MACE. Therefore, we suggest that patients with NSTEMI
should be aware of the presence of MS, especially in older
patients who have higher ischemic risk. Active prevention and
treatment of MS may improve its clinical efficacy by controlling
abdominal obesity.
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Background: With the increase in maternal antidepressant prescribing before/during

pregnancy, concerns about the safety of antidepressants have come into focus. The

purpose of this study was to explore the association between maternal antidepressant

use before pregnancy/in early pregnancy and the risk of congenital heart disease (CHD)

in children, and to provide a scientific basis for clinical safety of antidepressant use.

Methods: The prospective cohort study ultimately included 34,104 singleton

pregnancies. Modified Poisson regression model with robust error variances was used to

evaluate RRs and 95% confidence intervals (CIs) for the risk of CHD in offspring exposed

to maternal antidepressant in the 3 months before pregnancy and early pregnancy.

In addition, sensitivity analysis was further performed to explore the robustness of

the results.

Results: In this study, the maternal antidepressant exposure rate was 2.83% in the

3 months before pregnancy, 2.42% in early pregnancy, and the incidence of CHD was

8.973 per 1,000 live births. We found that maternal antidepressant use in the 3 months

before pregnancy and early pregnancy were all associated with an increased risk of CHD,

∼2.54 times and 2.87 times, respectively, of non-use of antidepressants after adjusting

for potential confounders. This association was also found in CHD specific phenotypic

analysis. Of these, offspring whose mothers were exposed to antidepressants in the 3

months before pregnancy had the highest risk of transposition of the great arteries (aOR

= 5.50, 95% CI: 1.91–15.88). The offspring of mothers exposed to antidepressants

in early pregnancy had the highest risk of developing ventricular septal defect (aOR

= 4.80, 95% CI: 2.50–9.24). Sensitivity analysis verified the stability of the results.
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Conclusions: Maternal antidepressant use in the 3 months before pregnancy and

early pregnancy were all associated with an increased risk of CHD in their offspring.

In order to reduce the risk of teratogenesis, we recommend that pregnant women

prepare for pregnancy after their condition improves or receive the minimum effective

dose of medication.

Keywords: antidepressant, pregnancy, offspring, congenital heart disease, risk factor

INTRODUCTION

Compared with men, women are more vulnerable to depression
due to their differences in physiological anatomy, endocrine
metabolism, social role and inner quality (1). This is especially
true when a woman’s pregnancy is accompanied by potential
physical stress, putting her at an increased risk of depression. A
recent meta-analysis reported that the prevalence of perinatal
depression in China has shown a significant upward trend
in recent 10 years, reaching 16.3% (95% CI: 14.7–18.2%),
among which 19.7% (95%CI: 15.8–24.2%) was prenatal
depression (2). As the number of pregnant women suffering
from depression has increased significantly, so has the
prescription of antidepressants. However, a new challenge
arises: can antidepressants affect a developing fetus? Studies
have reported the teratogenicity of antidepressants in early
pregnancy, which have raised serious concerns about the
safety of antidepressants used by mothers in early pregnancy,
especially the risk of congenital heart defects in offspring
(3, 4).

At present, congenital heart disease (CHD) is the most
common birth defect in the world. It was reported that the
prevalence of CHD was as high as 9.410 per 1,000 live
births from 2010 to 2017, and is rising globally (5). The
prevalence of CHD in China is 8.89 per 1,000 live births,
close to the global incidence of CHD (6). In the long-term
exploration of the pathogenesis and development of CHD,
CHD is considered to be a lifelong disease (7), and children
with CHD may be at high risk of long-term health risks such
as brain damage, neurodevelopmental disorders, growth and
development disorders or disability (8, 9). It is suggested that
neonatal CHD seriously threatens the healthy development of
mothers and infants, and is an important public health problem
to be solved urgently in China. The etiological mechanism
of CHD is complex. The current consensus is that CHD is
the result of genetic and environmental factors as well as the
interaction between the two, which may alter the structure of
the heart by affecting the placenta (10). With the passionate
study efforts of researchers, up to 400 genes associated with
the pathogenesis of CHD have been found (11). However, the
study reported that routine whole genome sequencing of a large
number of CHD patients and their families can only provide
a genetic explanation for 30% of CHD cases (12). In addition,
considering that genetic factors are difficult to prevent and
change, it is very important to find and identify environmental
risk factors related to offspring CHD for the primary prevention
of CHD.

Researchers have raised questions about the teratogenicity of
antidepressant use during pregnancy after an epidemiological
study conducted in 2005 found that paroxetine use during
pregnancy increased the risk of heart malformations (13).
Subsequent studies continue to explore the truth of this claim
(14–16). A study has found that the use of fluoxetine in early
pregnancy increases the risk of abnormal pulmonary venous
reflux in offspring [OR = 2.56; 95% confidence interval (CI):
1.10–5.93] (17). A large meta-analysis of more than 6 million
people found that sertraline use in early pregnancy significantly
increased the risk of CHD in offspring (OR= 1.36, 95% CI: 1.06–
1.74) (18). A recent meta-analysis also showed an odds ratio of
1.28 (95% CI: 1.17–1.41) between use of any antidepressant in
the first trimester of pregnancy and congenital heart defects in the
offspring (19). However, this associationmay be due to confusion
about maternal characteristics, such as lifestyle, diet, personal
history of illness, and exposure to other risk factors, resulting in
inaccurate risk estimates.

Prohibition of antidepressants during pregnancy is of course
an ideal state, but it may lead to the aggravation of depression
related diseases and even suicidal tendencies (20). Therefore, it
is particularly important to elucidate the relationship between
antidepressant use and CHD risk in pregnant women. We
believe that different races may have different results due to
great differences in various aspects. Considering the impact of
pharmacokinetics, there is no evidence of the association between
maternal antidepressant use before pregnancy and the risk of
CHD in offspring. Here, we constructed a prospective cohort
study to evaluate the association between antidepressant use (in
3 months before pregnancy and in early pregnancy, respectively)
and total CHD and its specific phenotype in offspring for the first
time in China.

MATERIALS AND METHODS

Ethics Statement
This study is a prospective cohort study on maternal and
child health in Hunan province based on Hunan Maternal and
Child Health Hospital. This study was approved by the Ethics
Committee of Xiangya School of Public Health, Central South
University and registered in The Chinese Clinical Trial Registry
(Registration number: ChiCTR1800016635). All subjects were
informed of the study protocol in detail and provided written
informed consent before entering the cohort, and the ethical
principles of the Declaration of Helsinki of the World Medical
Association were strictly followed in this study.
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Study Population and
Information Collection
The cohort was conducted in Hunan Maternal and Child Health
Hospital from March 13, 2013 to December 31, 2019. Hunan
Maternal and Child Health Hospital is a class A, grade III hospital
with a long history, located in Hunan Province, central China.
All subjects were enrolled in the cohort at the time of their
first prenatal care. For study purposes, we excluded pregnant
women using assisted reproductive technology, pregnant women
with multiple pregnancies, and offspring diagnosed with
chromosomal abnormalities or syndromic CHD. Finally, a total
of 34,104 pregnant women were included in the analysis.

In this study, we designed a structured questionnaire,
including the sociodemographic characteristics of the subjects,
obstetric and reproductive history, lifestyle, other health-related
factors and health information of their offspring. In order
to ensure the accuracy of the collected research data, our
investigators underwent strict unified training in accordance
with the standard way before the field investigation, and
then completed the questionnaire survey through face-to-face
interview with our participants. The relevant health information
of the offspring was completed by telephone follow-up 3 months
after delivery and reconfirmed in the medical record system of
the hospital.

Exposures
To assess exposure, information on the prescribing of
antidepressants by mothers in the 3 months before pregnancy
and early pregnancy was collected. The prescribing information
was obtained from the pregnant women’s prescriptions and
secondary confirmations from the hospital’s medical system. The
information was collected by the investigator when conducting
face-to-face interviews. First, the investigator asked the pregnant
women whether they had received antidepressant drugs. If
so, the pregnant women were required to provide a doctor’s
prescription or confirm by querying the hospital’s electronic
medical records system. If the medicine was not prescribed in
this hospital, let pregnant women query the medical records
by logging in to the hospital’s app or Wechat applet. Women
who used only prescribed 1 consistent antidepressant in the 3
months before pregnancy and early pregnancy were considered
to be the exposure group. Antidepressant use was defined
as at least one prescription for an oral antidepressant drug
during the exposure period, which ranged from the 3 months
before pregnancy to the beginning of pregnancy, or the day
of pregnancy initiation up to the end of the first 3 months of
gestation. This avoided the confusion of subsequent results
caused by the simultaneous use of multiple antidepressants and
the replacement of antidepressants.

Diagnosis of CHD
In this study, CHDwas defined as malformation of heart cavities,
heart valves, great arteries, veins, and septal defects (ICD10:
Q20.0–Q28.0). Infants with CHD were diagnosed by neonatal
echocardiography. Seven CHD phenotypes were evaluated,
including atrial septal defect (ASD), ventricular septal defect
(VSD), atrioventricular septal defect (AVSD), patent ductus

TABLE 1 | Prevalence of CHD in offspring.

Type of

CHD

ICD-10

diagnosis codes

Number of cases Prevalence (95%

CI)

Total CHD – 306 8.97‰

(7.97–9.97‰)

ASD Q21.0 86 2.52‰

(1.99–3.05‰)

VSD Q21.1 105 3.08‰

(2.49–3.67‰)

AVSD Q21.2 6 0.18‰

(0.04–0.32‰)

PDA Q25.0 50 1.47‰

(1.06–1.87‰)

TOF Q21.3 24 0.70‰

(0.42–0.99‰)

PS Q25.6 36 1.06‰

(0.71–1.40‰)

TGA Q20.3 28 0.82‰

(0.52–1.13‰)

ASD, atrial septal defect; AVSD, atrioventricular septal defect; CHD, congenital heart

disease; PDA, patent ductus arteriosus; PS, pulmonary stenosis; TGA, transposition of

the great arteries; TOF, tetralogy of fallot; VSD, ventricular septal defect.

arteriosus (PDA), Tetralogy of Fallot (TOF), pulmonary stenosis
(PS), and transposition of the great arteries (TGA) (21). The ICD
diagnostic codes corresponding to each CHD phenotype were
shown in Table 1.

Covariates
In this study, the information about covariates involved maternal
sociodemographic characteristics, obstetric and reproductive
history, lifestyle before and during pregnancy, and other health-
related factors. Among them, sociodemographic characteristics
include maternal age, education level, main residence, and
nationality. The maternal age was divided into <35 years old and
≥35 years old (advanced maternal age). The education level was
divided into four categories, including junior high and below,
high school or technical secondary school, junior college and
Bachelor degree or above. The main areas of residence were
urban and rural areas. Ethnic groups were divided into Han
and minorities (55 ethnic minorities except Han). Obstetric and
reproductive history included consanguineous marriage (i.e.,
yes or no), family history of congenital malformation (i.e., yes
or no), history of gestational diabetes mellitus (GDM) (i.e.,
yes or no) and history of gestational hypertension (GH) (i.e.,
yes or no). Lifestyle includes pre-pregnancy/early pregnancy
smoking (i.e., yes or no) and pre-pregnancy/early pregnancy
alcohol consumption (i.e., yes or no). Alcohol consumption was
defined as consuming at least one standard alcoholic beverage
during exposure, and smoking was defined as smoking at least
one cigarette during exposure. Health related factors included
maternal pre-pregnancy body mass index (BMI), folic acid use
in 3 months before pregnancy or in early pregnancy (i.e., yes
or no), house decoration in 3 months before pregnancy or in
early pregnancy (i.e., yes or no), and exposure to radioactive
substances at work in 3 months before pregnancy or in early
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FIGURE 1 | Directed acyclic graph for the association between maternal antidepressant use in 3 months before pregnancy and risk of CHD in offspring. Red arrows

indicate biasing paths, green arrows indicate causal paths. Minimal sufficient adjustment sets for estimating the effect of maternal antidepressant use in 3 months

before pregnancy on offspring CHD: maternal age, ethnicity, residence location, education level, history of gestational diabetes mellitus and history of gestational

hypertension. BMI, body mass index; CHD, congenital heart disease; CM, congenital malformation; GDM, gestational diabetes mellitus; GH, gestational hypertension.

pregnancy (i.e., yes or no). Pre-pregnancy BMI was divided into
four categories according to the appropriate BMI for Asians
recommended by the World Health Organization, including <

18.5 kg/m2 (underweight), 18.5–<23.0 kg/m2 (normal weight),
23.0–<27.5 kg/m2 (overweight) and ≥27.5 kg/m2 (obesity).

Statistical Analysis
In this study, EpiData version 3.1 was used to input the
collected maternal and infant health data. In order to ensure
the preciseness of the data, the double entry mode was adopted.
The Directed Acyclic Graph (DAG) was used to construct a
causal network based on the offspring CHD theory to identify
variables that might confound the association between maternal
antidepressant use and offspring CHD risk (Figures 1, 2). DAG
was built through DAGitty online software (22).

We assessed sociodemographic distribution and maternal
characteristics based on antidepressant use and CHD,
respectively. Comparisons between categorical variables
were tested using χ2 tests and Fisher’s exact probability. Poisson
regression model is a common model for influencing factors
of rare disease occurrence frequency, which is mainly used to
analyze prospective data such as cohort follow-up. When poisson
regression is applied to binomial data, the error of estimation
relative risk is overestimated. Zou proposed to rectify this by
using a robust error variance procedure known as sandwich

estimation, that is, Modified Poisson regression model (23). In
this study, Modified Poisson regression model with robust error
variances was used to evaluate RRs and 95% confidence intervals
(CIs) for the risk of CHD in offspring exposed to maternal
antidepressant in the 3 months before pregnancy and early
pregnancy. In addition to the risk of total CHD in offspring, we
further analyzed the phenotypes of CHD (i.e., ASD, VSD, AVSD,
PDA, TOF, PS and TGA). Since the number of AVSD, TOF and
PS events in the exposed group was zero, they were not taken into
account. Finally, we analyzed the association between maternal
antidepressant use in the 3 months before pregnancy/early
pregnancy and total CHD and its four phenotypes (i.e., ASD,
VSD, PDA and TGA) in the offspring. Among them, the crude
RRs and their corresponding 95% CI were obtained without
any adjustment in Model 1; minimum sufficient adjustment set
obtained in DAG analysis was adjusted in Model 2; smoking and
alcohol drinking in the 3 months before pregnancy (or smoking
and alcohol drinking in early pregnancy and antidepressants use
before pregnancy) were further adjusted in Model 3 on the basis
of adjusting the minimum sufficient adjustment set.

We further performed two sensitivity analyses to explore the
robustness of the results. The association between maternal
antidepressant use and offspring CHD was reanalyzed
by excluding women whose offspring had any congenital
malformations other than CHD or women whose offspring
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FIGURE 2 | Directed acyclic graph for the association between maternal antidepressant use in early pregnancy and risk of CHD in offspring. Red arrows indicate

biasing paths, green arrows indicate causal paths. Minimal sufficient adjustment sets for estimating the effect of maternal antidepressant use in early pregnancy on

offspring CHD: maternal age, ethnicity, residence location, education level, history of gestational diabetes mellitus, history of gestational hypertension, smoking before

pregnancy, alcohol drinking before pregnancy and antidepressants use before pregnancy. BMI, body mass index; CHD, congenital heart disease; CM, congenital

malformation; GDM, gestational diabetes mellitus; GH, gestational hypertension.

had more than one CHD phenotype. Two-sided P < 0.05 was
considered statistically significant. All analyses were completed
in SPSS 26.0 software, and forest map was completed by R
4.1.2 software.

RESULTS

Characteristics of the Study Objects
A total of 34,104 pregnant women were included in the final
analysis of this study. Among them, we identified 964 (2.83%)
mothers took antidepressant prescription in the 3 months
before pregnancy and 824 (2.42%) mothers took antidepressant
prescriptions in early pregnancy. After follow-up and secondary
confirmation of medical records, 306 fetuses were diagnosed with
non-syndromic CHD (the incidence of CHD was 8.973 per 1,000
live births), including 86 with ASD, 105 with VSD, 6 with AVSD,
50 with PDA, 24 with TOF, 36 with PS and 28 with TGA. It is
worth noting that some cases have been diagnosed with multi-
phenotypic CHD. Therefore, the sum of phenotypes was not
equal to 306. The incidence of each type of CHD was shown
in Table 1. The distribution of baseline characteristics according
to the status of maternal antidepressant use in 3 months before
pregnancy as well as in early pregnancy is summarized inTable 2.

Maternal Antidepressant Use in 3 Months
Before Pregnancy and Risk of CHDs
in Offspring
We constructed DAGs to identify potential causal frameworks
and covariables for maternal antidepressant use in 3 months
before pregnancy/antidepressant use in early pregnancy-
CHDs associations. In the maternal antidepressant use in 3
months before pregnancy-CHDs associations, we considered
14 covariates and retained 6 based on our DAG (covariates
selected by DAG are presented in the footnotes of Figure 1).
In the maternal antidepressant use in early pregnancy-CHDs
associations, we further considered the three covariates of
alcohol drinking in early pregnancy, smoking in early pregnancy
and maternal antidepressant use before pregnancy. In total,
we considered 17 covariates and retained 9 based on our DAG
(covariates selected by DAG are presented in the footnotes of
Figure 2). We obtained a minimum sufficient adjustment set to
estimate the effect of maternal antidepressant use in 3 months
before pregnancy on offspring CHD including 6 covariates
including maternal age, ethnicity, residence location, education
level, history of gestational diabetes mellitus and history of
gestational hypertension. In the minimum sufficient adjustment
set to estimate the effect of maternal antidepressant use in
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TABLE 2 | The distribution of baseline characteristics according to status of maternal antidepressant use before pregnancy or in early pregnancy.

Variables Total, No. (%)

(N = 34,104)

Antidepressants use before pregnancy Antidepressants use in early pregnancy

No

(n = 33,140)

Yes

(n = 964)

No

(n = 33,280)

Yes

(n = 824)

Maternal age

<35 years 26,445 (77.5) 25,715 (77.6) 730 (75.7) 25,810 (77.6) 635 (77.1)

≥35 years 7,659 (22.5) 7,425 (22.4) 234 (24.3) 7,470 (22.4) 189 (22.9)

Maternal education level

Junior high and below 2,547 (7.5) 2,465 (7.4) 82 (8.5) 2,496 (7.5) 51 (6.2)

High school or

technical secondary

school

9,695 (28.4) 9,409 (28.4) 286 (29.7) 9,471 (28.5) 224 (27.2)

Junior college 15,594 (45.7) 15,151 (45.7) 443 (46.0) 15,218 (45.7) 376 (45.6)

Bachelor degree or

above

6,268 (18.4) 6,115 (18.5) 153 (15.9) 6,095 (18.3) 173 (21.0)

Residence location

Urban areas 21,074 (61.8) 20,460 (61.7) 614 (63.7) 20,552 (61.8) 522 (63.3)

Rural areas 13,030 (38.2) 12,680 (38.3) 350 (36.3) 12,728 (38.2) 302 (36.7)

Ethnicity

Han 33,656 (98.7) 32,708 (98.7) 948 (98.3) 32,845 (98.7) 811 (98.4)

Minority 448 (1.3) 432 (1.3) 16 (1.7) 435 (1.3) 13 (1.6)

Pre-pregnancy BMI categories

<18.5 kg/m2 4,920 (14.4) 4,765 (14.4) 155 (16.1) 4,796 (14.4) 124 (15.0)

18.5–<23.0 kg/m2 21,056 (61.7) 20,482 (61.8) 574 (59.5) 20,554 (61.8) 502 (60.9)

23.0–<27.5 kg/m2 6,963 (20.4) 6,757 (20.4) 206 (21.4) 6,792 (20.4) 171 (20.8)

≥27.5 kg/m2 1,165 (3.4) 1,136 (3.4) 29 (3.0) 1,138 (3.4) 27 (3.3)

Smoking before pregnancy

No 33,762 (99.0) 32,818 (99.0) 944 (97.9) 32,942 (99.0) 820 (99.5)

Yes 342 (1.0) 322 (1.0) 20 (2.1) 338 (1.0) 4 (0.5)

Alcohol drinking before pregnancy

No 33,524 (98.3) 32,586 (98.3) 938 (97.3) 32,710 (98.3) 814 (98.8)

Yes 580 (1.7) 554 (1.7) 26 (2.7) 570 (1.7) 10 (1.2)

Smoking in early pregnancy

No 33,650 (98.7) 32,706 (98.7) 944 (97.9) 32,832 (98.7) 818 (99.3)

Yes 454 (1.3) 434 (1.3) 20 (2.1) 448 (1.3) 6 (0.7)

Alcohol drinking in early pregnancy

No 33,606 (98.5) 32,666 (98.6) 940 (97.5) 32,794 (98.5) 812 (98.5)

Yes 498 (1.5) 474 (1.4) 24 (2.5) 486 (1.5) 12 (1.5)

Consanguineous marriage

No 33,956 (99.6) 32,996 (99.6) 960 (99.6) 33,134 (99.6) 822 (99.8)

Yes 148 (0.4) 144 (0.4) 4 (0.4) 146 (0.4) 2 (0.2)

History of gestational diabetes

No 31,280 (91.7) 30,398 (91.7) 882 (91.5) 30,504 (91.7) 776 (94.2)

Yes 2,824 (8.3) 2,742 (8.3) 82 (8.5) 2,776 (8.3) 48 (5.8)

History of gestational hypertension

No 31,816 (93.3) 30,920 (93.3) 896 (92.9) 31,048 (93.3) 768 (93.2)

Yes 2,288 (6.7) 2,220 (6.7) 68 (7.1) 2,232 (6.7) 56 (6.8)

Family history of congenital malformations

No 34,042 (99.8) 33,082 (99.8) 960 (99.6) 33,222 (99.8) 820 (99.5)

Yes 62 (0.2) 58 (0.2) 4 (0.4) 58 (0.2) 4 (0.5)

Taking folic acid in 3 months before pregnancy or in early pregnancy

No 32,556 (95.5) 31,646 (95.5) 910 (94.4) 31,776 (95.5) 780 (94.7)

Yes 1,548 (4.5) 1,494 (4.5) 54 (5.6) 1,504 (4.5) 44 (5.3)

(Continued)
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TABLE 2 | Continued

Variables Total, No. (%)

(N = 34,104)

Antidepressants use before pregnancy Antidepressants use in early pregnancy

No

(n = 33,140)

Yes

(n = 964)

No

(n = 33,280)

Yes

(n = 824)

House decoration in 3 months before pregnancy or in early pregnancy

No 32,510 (95.3) 31,584 (95.3) 926 (96.1) 31,722 (95.3) 788 (95.6)

Yes 1,594 (4.7) 1,556 (4.7) 38 (3.9) 1,558 (4.7) 36 (4.4)

Exposure to radioactive hazardous while at work in 3 months before pregnancy or in early pregnancy

No 32,980 (96.7) 32,058 (96.7) 922 (95.6) 32,186 (96.7) 794 (96.4)

Yes 1,124 (3.3) 1,082 (3.3) 42 (4.4) 1,094 (3.3) 30 (3.6)

BMI, body mass index.

early pregnancy on offspring CHD, 3 covariables including
smoking before pregnancy, alcohol drinking before pregnancy
and antidepressants use before pregnancy were added on the
basis of the 3 months before pregnancy.

In the overall population, mothers who used antidepressant
in 3 months before pregnancy had an increased risk of
CHD in their offspring compared with mothers without used
antidepressant. The adjusted RR of total CHDs was 2.54 (95%
CI, 1.64–3.93) for maternal antidepressant use in 3 months
before pregnancy after adjusting for maternal age, ethnicity,
residence location, education level, history of GDM, history of
GH, smoking before pregnancy and alcohol drinking before
pregnancy. To understand whether maternal antidepressant
use before pregnancy has different effects on offspring CHD
phenotypes, we further analyzed 4 different CHD phenotypes.
Similarly, we found that maternal antidepressant use in 3 months
before pregnancy was independently associated with ASD, PDA,
and TGA in offspring in model 3, and the corresponding
adjusted RR was 2.33 (95% CI, 1.01–5.38) for ASD, 2.99 (95%
CI, 1.07–8.31) for PDA and 5.50 (95% CI, 1.91–15.88) for TGA
respectively (Figure 3).

Maternal Antidepressant Use in Early
Pregnancy and Risk of CHDs in Offspring
Then, we analyzed the association between maternal
antidepressant use in early pregnancy and CHD risk in
offspring (Figure 4). Encouragingly, we also found that maternal
antidepressant use in early pregnancy significantly increased the
risk of total CHDs in offspring. The adjusted RR of total CHDs
was 2.87 (95% CI, 1.78–4.62) for maternal antidepressant use
in early pregnancy after adjusting for maternal age, ethnicity,
residence location, education level, history of GDM, history
of GH, smoking before pregnancy, alcohol drinking before
pregnancy, antidepressants use before pregnancy, smoking
in early pregnancy and alcohol drinking in early pregnancy.
In CHD phenotypic analysis, maternal antidepressant use in
early pregnancy was only significantly associated with VSD in
offspring in Model 3, and the corresponding adjusted RR was
4.80 (95% CI, 2.50–9.24). We speculated that it might be due to
the small sample size.

Sensitivity Analysis
The reliability of the previous results was shown in the results
of two sensitivity analyses that excluded women whose children
had any congenital malformations other than CHD (Figure 5) or
whose children had more than one CHD phenotype (Figure 6).

DISCUSSION

Previous studies have suggested that antidepressant use by
pregnant womenmay increase the risk of CHD in their offspring.
As most of the studies were analyzed the data from developed
countries, our study is the first to explore this association using
data from Hunan province in central China. This prospective
cohort study was conducted from March 13, 2013 to December
31, 2019 at Hunan Maternal and Child Health Hospital. In our
study, the incidence of CHD was 8.97 per 1,000 live births
(306/34,104). We found that maternal antidepressant use in 3
months before pregnancy and early pregnancy were associated
with a significant increase in CHD in offspring, with adjusted
RRs of 2.54 (95% CI, 1.64–3.93) and 2.87 (95% CI, 1.78–4.62),
respectively. In CHD-specific phenotypic analysis, maternal
antidepressant use in the 3months before pregnancy significantly
increased the risk of ASD, PDA, and TGA in children, with
having a highest estimated risk of 5.50 for TGA. However,
maternal antidepressant use in early pregnancy increased the
risk for VSD by ∼4.80 times that of the group not using
antidepressant in early pregnancy. Sensitivity analysis verified the
stability of the results.We believe that the difference between pre-
pregnancy and early pregnancy phenotype results may be due to
the fact that different phenotypes may have different etiologies
and, conceivably, different risks for each phenotype. In addition,
the number of cases for each CHD phenotype is very small and
there may not be sufficient statistical detection capacity available.

In China, the prescription of antidepressants for pregnant
women is conservative, and there are many pregnant women
who take antidepressants before pregnancy and stop treatment
after pregnancy. However, there were few studies on the adverse
pregnancy outcomes of pre-pregnancy antidepressant use in
children. This study was the first to provide strong evidence that
maternal antidepressant use in the 3 months before pregnancy
increased the risk of CHD in children. Therefore, we call for
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FIGURE 3 | Maternal antidepressant use in 3 months before pregnancy and risk of CHD and its phenotypes in offspring. Model 1 was a crude model without any

variable adjusted. Model 2 adjusted for maternal age, ethnicity, residence location, education level, history of gestational diabetes mellitus and history of gestational

hypertension. Model 3 adjusted for maternal age, ethnicity, residence location, education level, history of gestational diabetes mellitus, history of gestational

hypertension, smoking before pregnancy and alcohol drinking before pregnancy. CHD, congenital heart disease.

FIGURE 4 | Maternal antidepressant use in early pregnancy and risk of CHD and its phenotypes in offspring. Model 1 was a crude model without any variable

adjusted. Model 2 adjusted for maternal age, ethnicity, residence location, education level, history of gestational diabetes mellitus, history of gestational hypertension,

smoking before pregnancy, alcohol drinking before pregnancy and antidepressants use before pregnancy. Model 3 adjusted for maternal age, ethnicity, residence

location, education level, history of gestational diabetes mellitus, history of gestational hypertension, smoking before pregnancy, alcohol drinking before pregnancy,

antidepressants use before pregnancy, smoking in early pregnancy and alcohol drinking in early pregnancy. CHD, congenital heart disease.

FIGURE 5 | The risks of CHD in offspring of pregnant women exposured to antidepressant in 3 months before pregnancy and in early pregnancy after excluding

pregnant women whose children had non-cardiac defects. Model 1 was a crude model without any variable adjusted. Model 2 adjusted for maternal age, ethnicity,

residence location, education level, history of gestational diabetes mellitus and history of gestational hypertension. Model 3 adjusted for maternal age, ethnicity,

residence location, education level, history of gestational diabetes mellitus, history of gestational hypertension, smoking before pregnancy and alcohol drinking before

pregnancy. CHD, congenital heart disease. (A) Antidepressants use before pregnancy. (B) Antidepressants use in early pregnancy.

attention to avoid the risk factors related to the adverse pregnancy
outcomes of the offspring as much as possible during the
preparation of pregnancy, and try to choose pregnancy when the
mother’s personal disease improves, which is also one of the best
choices for healthy birth and healthy education.

A recent meta-analysis based on 20 studies from 14 countries
was consistent with our study, finding that mothers who used
any antidepressant in early pregnancy were 1.2 to 1.4 times
more likely to have a child with a congenital heart defect
than those who did not (19). This meta-analysis limited the
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FIGURE 6 | The risks of CHD in offspring of pregnant women exposured to antidepressant in 3 months before pregnancy and in early pregnancy after excluding

pregnant women whose children were diagnosed with more than one CHD phenotypes. Model 1 was a crude model without any variable adjusted. Model 2 adjusted

for maternal age, ethnicity, residence location, education level, history of gestational diabetes mellitus, history of gestational hypertension, smoking before pregnancy,

alcohol drinking before pregnancy and antidepressants use before pregnancy. Model 3 adjusted for maternal age, ethnicity, residence location, education level, history

of gestational diabetes mellitus, history of gestational hypertension, smoking before pregnancy, alcohol drinking before pregnancy, antidepressants use before

pregnancy, smoking in early pregnancy and alcohol drinking in early pregnancy. CHD, congenital heart disease. (A) Antidepressants use before pregnancy. (B)

Antidepressants use in early pregnancy.

high quality of all studies through strict inclusion criteria,
and the results had low heterogeneity. In addition, the largest
current meta-analysis from Shen et al., involving more than
6 million pregnant women, found an increased risk of atrial
and/or ventricular septal defects in infants using sertraline (18),
which is similar to our analysis of CHD specific phenotypes. In
addition, a study from the Danish Registry reported an increased
risk of severe heart malformations from early pregnancy
exposure to venlafaxine, but the absolute risk was low (24).
One point of concern is that the risk may differ for each
class of antidepressant, so more research is needed to explore
the differences.

There were still some studies that put forward the opposite
view. Kayla et al. found some association between maternal
antidepressant use and CHD, but this association weakened
after partially accounting for underlying conditions (17). In a
cohort study of over 60,000 pregnant women, Krista et al. found
that the association between antidepressants in early pregnancy
and cardiac malformations decreased as the level of confounder
adjustment increased, suggesting that antidepressant use in early
pregnancy did not significantly increase the risk of cardiac
malformations. However, antidepressant exposure rates in this
cohort (6.80%) were much higher than in our study (2.42%)
(25). Few Asian countries have studied this association, and a
retrospective cohort study in Japan found no increased risk of
total congenital malformations in children whose mothers used
antidepressants of any type in early pregnancy (aOR = 0.86;
95% CI: 0.52–1.42). In addition, there was no increased risk of
organ-specific abnormalities in the analysis by antidepressant
type. However, total antidepressant use in the study was only
0.7% (392/53,638) (26). This may be related to the background
that the teratogenic potential of drugs became widely recognized

after the harmful effects of thalidomide occurred in Japan in the
1960s (27).

This study identified a significant association between
maternal antidepressant use and increased CHD risk in children.
However, the potential biological mechanisms involved in the
association between maternal antidepressant use and offspring
CHD remain to be elucidated. In recent years, ion channels
as target receptors for antidepressant drugs have attracted
much attention. One potential mechanism is the delayed-
rectifier potassium current (IK), which is a common teratogenic
mechanism. IK includes IKr, which activates quickly, and IKs,
which activates slowly (28). The Kr (KCNH2 gene) and Ks ion
channel (KCNQ1+KCNE1 gene) are highly expressed in human
embryos and adult hearts (29). Genetic mutations in the human
subunits that form the Kr and Ks channels prolong cardiac action
potentials (AP), leading to a prolonged QT interval, known
as long QT syndrome (30, 31). Recent epidemiological studies
have reported an association between antidepressants with a
risk of long QT syndrome and cardiac defects. The use of
antidepressants cimipramil (32) and clomiphene (33) has been
identified to double the risk of ventricular-septal defects. In
animal experiments, it has also been found that several drugs that
block the Kr channel can lead to malformations (including heart
defects) and embryo death (29).

Currently, there is an alternative view on the biological
mechanism between antidepressants with selective serotonin
reuptake inhibitors (SSRIs) and CHD. Serotonin (5-HT) is a
neurotransmitter that plays an important role in embryonic
development as a signaling molecule (34). It is also reported
that 5-HT may be involved in cardiac development, such as
progenitor cell formation and outflow tract lengthening (35–37).
SSRIs can cross the placental barrier and block 5-HT reuptake,
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which provides biological justification for their teratogenic
effect on heart development (38). However, there is a trend of
diversification of drugs on the market, with each drug exhibiting
its own unique receptor binding profile (39). Therefore, there
may be different complex mechanisms that need to be explored
by a large number of animal experiments, cell experiments and
epidemiological studies.

LIMITATION

In this study, exposure information was collected prospectively
to control for recall bias as much as possible. In addition,
many confounding factors, including women’s lifestyle and
obstetric history, were adjusted. However, there were still several
limitations in this study. The data collected in this study came
from only one hospital, which inevitably resulted in the deviation
of admission rate. The number of cases in this study for some
CHD phenotypes was very small and may not have obtained
sufficient statistical detection capabilities. However, considering
that CHD is a rare disease with a low incidence, and the
incidence of its subtypes is even lower, it is difficult to avoid
a small number of cases in the cohort study of influencing
factors of CHD. We will continue to collect samples to expand
the number of cases. In addition, we analyzed the relationship
between exposure and CHD by Modified Poisson regression,
which can provide more stable estimates. In this study, we did
not focus on the dose of medication to determine the effect of
persistent or intermittent medication patterns on CHD. We only
paid attention to frequency, which is the limitation of this study.
Different antidepressants may have different teratogenic effects,
and this study also failed to record the types of drugs prescribed.
However, the number of women using antidepressants during
pregnancy in this study was relatively small, and we may not be
able to ensure a sufficient sample size to conduct a more detailed
analysis in subgroups. Despite the abundance of information
available to adjust for confounders, there is always the possibility
of residual confounders in observational studies. Therefore,
sensitivity analysis was used to minimize this possibility. The
fetuses of themothers included in this study were all live births, so
it was inevitable that the parents may terminate pregnancy when
they find that there may be adverse pregnancy outcomes, so some
cases or events would be missed.

CONCLUSION

In conclusion, it is of concern that antidepressant use in the
3 months before pregnancy and in the early pregnancy may
significantly increase the risk of CHD in children. According
to the results of our study, we suggest that women should
avoid taking some teratogenic drugs as much as possible
during pregnancy preparation, and try to prepare for pregnancy
after their condition is stable, which is beneficial to women’s
mental state and children’s development. In addition, when
prescribing drugs for pregnant women with depression, it

is important to consider the balance between the benefits
and risks of antidepressant use, and it is recommended to
avoid prescribing drugs that may have teratogenic effects in
clinical practice. Finally, more studies are needed to further
elucidate the association between pre-pregnancy/early pregnancy
antidepressant use and CHD in children, given the differences in
antidepressant classes and CHD phenotypes. It is more critical to
study the biological mechanism of antidepressants that may lead
to CHD and determine the teratogenic pathway in order to avoid
the clinical use of teratogenic drugs.
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Aim: Human factors are essential for high-quality resuscitation team collaboration
and are, therefore, taught in international advanced life support courses, but their
assessment differs widely. In Europe, the summative life support course assessment
tests mainly adhere to guidelines but few human factors. This randomized controlled
simulation trial investigated instructors’ and course participants’ perceptions of human
factors assessment after two different summative assessments.

Methods: All 5th/6th-year medical students who attended 19 advanced life support
courses according to the 2015 European Resuscitation Council guidelines during one
study year were invited to participate. Each course was randomized to either: (1)
Simulated team assessment (one instructor simulates a team, and the assessed person
leads this “team” through a cardiac-arrest scenario test); (2) Real team assessment (4
students form a team, one of them is assessed as the team leader; team members
are not assessed and act only on team leader’s commands). After the summative
assessments, instructors, and students rated the tests’ ability to assess human factors
using a visual analog scale (VAS, 0 = no agreement, 10 = total agreement).

Results: A total of 227 students participated in the 1-day Immediate Life Support
courses, 196 students in the 2-day Advanced Life Support courses, additionally 54
instructors were included. Instructors judged all human factors significantly better in real
team assessments; students rated leadership and situational awareness comparable
between both assessments. Assessment pass rates were comparable between groups.

Conclusion: Summative assessment in real teams was perceived significantly better
to assess human factors. These results might influence current summative assessment
practices in advanced life support courses.

Keywords: education, CPR, life support, European Resuscitation Council (ERC), human factors

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 July 2022 | Volume 9 | Article 840114275

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.840114
http://creativecommons.org/licenses/by/4.0/
mailto:sabine.nabecker@sinaihealth.ca
https://doi.org/10.3389/fcvm.2022.840114
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.840114&domain=pdf&date_stamp=2022-07-15
https://www.frontiersin.org/articles/10.3389/fcvm.2022.840114/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-840114 March 14, 2023 Time: 11:39 # 2

Nabecker et al. Human Factors Assessment in an Advanced Life Support Course

INTRODUCTION

The incidence of cardiac arrests ranges between one and five
cardiac arrests per 1,000 hospital admissions (1), and 67–170
per 1,000,000 citizens (2). Cardiopulmonary resuscitation (CPR)
is a key skill that all health care professionals should master
in order to improve patient outcomes after cardiac arrests.
Especially faster and more efficient in-hospital cardiopulmonary
resuscitation and early defibrillation can improve patient
outcomes significantly (1–3).

All health care professionals should be proficient in basic life
support measures (4, 5) and should be regularly trained in small
groups with a maximum instructor to participant ratio of 1:6 (6).
Health care professionals who regularly treat cardiac arrests need
to participate in Advanced Life Support (ALS) courses to improve
their patients’ outcomes (7, 8). Those health care professionals
who are infrequently involved in cardiac arrest management
should at least participate in Immediate Life Support (ILS)
courses (4, 9).

During a cardiac arrest, physicians usually assume the role
of the team leader and need to be proficient in guiding an
interdisciplinary resuscitation team through the management of
a cardiac arrest. The 2015 and 2021 Guidelines of the European
Resuscitation Council (ERC) emphasize that team membership
and leadership training are essential (5, 9–11).

Prerequisites for proper team performance were identified
earlier, and include: team leadership, task management,
teamwork, situational awareness, decision-making, adaptability,
event and mission analysis, and communication (12, 13). ERC
ALS courses include training of technical skills, adherence to
current resuscitation guidelines, and training of human factors
focusing on team membership and leadership, task management,
communication, and situational awareness (14).

Different approaches to assessing human factors in different
fields were described (e.g., the ANTS framework, the Oxford
NOTECHS, the Mayo High performance teamwork scale, the
adapted LOSA checklist from aviation, the Queen’s Simulation
Assessment Tool, etc.) (12, 15–18). The paradigm shift to also
include human factor training in cardiopulmonary resuscitation
courses took place over the last years, however, the practical
end-of-course summative assessment has remained largely
unchanged and tests predominantly the participants’ ability
to adhere to current resuscitation guidelines. Currently, the
ERC uses simulated team assessments of one candidate
during the summative practical end-of-course assessment.
One instructor simulates a team, the assessed person leads
this “team” through a cardiac arrest scenario test. Other
organizations like the American Heart Association use real
team assessments, where a group of participants forms a
team. One of them is then assessed as the team leader; the
team members are usually not assessed and act only on the
commands of the team leader. There is currently no evidence
available as to what extent different assessment methods can
test human factors.

Therefore, the aim of this study was to investigate which
variant of these two different summative end-of-course
assessment methods is perceived as being superior in their

ability to assess human factors, as judged by instructors
and students. This is an evaluation of the opinions of
course participants and instructors, the null hypothesis
was that there is no difference between leadership skills
comparing both assessment methods. The results of this
study might influence the development of a different
assessment approach in such cardiopulmonary resuscitation
courses.

MATERIALS AND METHODS

Participants and Ethics
After reviewing the protocol, the Cantonal Ethics Committee of
Bern, Switzerland (Req-2017-00579, 07.08.2017) judged the study
as non-human research according to the Swiss Human Research
Act. After registration at clinicaltrials.gov (NCT 03381443),
this randomized controlled simulation trial was performed
at the University of Bern, Switzerland between December
2017 and March 2019.

All 5th-year medical students in the study year 2017/2018
took the mandatory 8-h ILS course; all 6th-year medical
students the 16-h ALS course. These courses followed
the 2015 ERC course structure and students earned an
internationally valid certification (9). All course instructors
were ERC certified ILS/ALS instructors. With written
informed consent from all participants and instructors,
all assessments were video recorded. Course participants
participated only once, whereas most instructors participated
more than once.

Procedures
The advanced life support courses ended with a mandatory
summative assessment that used four different, validated ERC
cardiac arrest scenario tests (19). All courses were randomized
to one of two different assessment methods:

1. Simulated team assessment: One instructor mimes a
whole team, and the assessed course participant acts as
team leader, leading this “team” through a cardiac arrest
scenario test. This is the current standard ERC ILS/ALS
course assessment.

2. Real team assessment: Four course participants are
together in the assessment room and form a team.
However, only the predefined team leader is assessed, all
other team members act as resuscitation team, but they are
not allowed to help the team leader with medical decisions
and act only on commands of the assessed team leader.
This corresponds to the American Heart Association
Advanced Cardiac Life Support course assessment.

Randomization
All participants were scheduled for their respective courses
by the University of Bern, the study team had no influence
on which participant attended which course. Due to the
study design, each course was randomized, not the individual
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FIGURE 1 | Consort flow diagram.

participant. Randomization was performed using the online
software “Research Randomizer1.”

Data Analysis
Participants provided general characteristics including age,
gender, primary language, experience as an instructor or real-life
CPR experience, number of courses taught, and registration as
Bern First Responder.

After the assessment, all course participants answered a
questionnaire on their opinion to what extent the assessment

1https://www.randomizer.org

was able to assess human factors such as team leadership, team
membership, communication skills, team management skills,
and situational awareness. They rated their self-assessed level of
competence as a team member and team leader and judged their
need for further training as a team member or team leader. In
addition, they were asked to judge the assessment’s ability to
test medical resuscitation knowledge and technical CPR-skills.
All measurements used a visual analog scale (VAS) ranging
from 0 to 10, where 0 meant no agreement and 10 meant total
agreement. Participation in the study was voluntary and had no
effect on the medical students’ grading at the university (20). All
participating ILS/ALS instructors were also asked to fill out the
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same questionnaire, once after each assessment day, not after
each individual assessment. The primary outcome parameter is
the difference in team leadership assessment in participants’ and
instructors’ opinions.

After 1 year, participants of the former ILS-course were asked
to fill out a follow-up questionnaire before they took their 6th-
year ALS-course. Participants of the original ALS-course could
not take part in the follow-up, because they had already graduated
from university and were not accessible to the study team.

For pass or fail ratings of the assessments, the official ERC
course-grading scheme on the official ERC ALS scenario test
assessment forms was used. Participants are judged for each
parameter on a scale from 1 to 4 (1 = outstanding, 2 = adequate,
3 = marginal, 4 = insufficient).

Statistics
No formal sample size calculation was performed as we did not
find any literature to base such a calculation on. All students
of the entire study year taking these advanced life support
courses were included.

Statistical analysis was performed using the software STATA
version 16.0 (StataCorp LT, TX, United States). Descriptive
statistics analyzed participants’ characteristics by using either a
t-test or Chi-square test as applicable. Questionnaire results were
non-parametric and therefore Mann–Whitney-U test was used
to evaluate them. Assessment sub-items were evaluated using
Chi-square tests. Data are presented as value (percentage) or
mean ± SD (95% CI)—we opted to visualize our data with
mean ± SD to allow for better comparability as the data was not
that skewed compared to the median (interquartile range). We
considered a two-sided p-value < 0.05 as statistically significant.

RESULTS

A total of 427 medical students participated in the study (in
19 courses), and one declined participation. Figure 1 shows
the Consort Flow Diagram. Four students had to be excluded
from the analysis because they withdrew their consent to
publication after participating in the advanced life support course
and assessment. In the 1-day ILS-course, 111 students were
randomized to the simulated team assessment, and 116 to the
real team assessment (5 courses each). In the 2-day ALS-course,
106 students to the simulated team assessment (5 courses), and
90 to the real team assessment (4 courses). The 1-year follow-up
reached 172 students, 78 from the simulated team assessment and
94 from the real team assessment.

A total of 54 instructors participated in the study; they were
aged 39 ± 8 years; 17 (31%) were women; the primary language
reported was: 51 German (94%), 2 French (4%), and 1 (2%)
other; mean experience as the instructor was 4 ± 4 years;
courses taught before participating in the study: 3 ± 2; 17
(31%) were registered Bern First Responders. Most instructors
participated more than once.

Participating instructors judged the real team assessment
overall significantly better than the simulated team assessment
(p = 0.029, Table 1). All human factors were judged significantly

TABLE 1 | Usefulness of the assessment method to assess human factors as
perceived by the instructor.

Characteristic/Assessment Simulated team Real team P-valuea

(n = 49) (n = 40)

Team leader 5.6 ± 2.4 7.2 ± 2.5 <0.01

(5.0–6.3) (6.5–8.0)

Team member 1.9 ± 2.2 3.6 ± 2.9 <0.01

(1.3–2.6) (2.7–4.5)

Communication 3.9 ± 2.7 6.1 ± 3.0 <0.01

(3.1–4.7) (5.2–7.1)

Team management 3.7 ± 3.0 6.7 ± 2.5 <0.01

(2.8–4.6) (5.9–7.5)

CPR skills 3.4 ± 3.2 5.9 ± 3.2 <0.01

(2.5–4.3) (4.9–6.9)

Knowledge 7.2 ± 1.8 7.1 ± 2.2 0.842

(6.7–7.7) (6.4–7.8)

Situational awareness 6.1 ± 2.4 7.1 ± 2.2 0.024

(5.4–6.8) (6.4–7.8)

Assessment overall 5.7 ± 1.9 6.5 ± 2.7 0.029

(5.2–6.3) (5.6–7.3)

Data are mean ± SD (95% CI).Values: VAS, Visual Analog Scale (0–10).
aMann–Whitney-U test. Altogether 54 instructors participated in the study, some
instructors participated more than once. This table shows the answers from each
instructor after 1 day of assessments, not after each individual assessment.

better in the real team assessment (p < 0.01 to 0.024), and
so was the ability to test CPR skills (p < 0.01). In contrast,
knowledge could be tested equally well with both assessment
methods (p = 0.842, Table 1).

Table 2 shows details of the participating students’
characteristics. Of note, even though courses were randomized,
we found in the 2-day ALS course cohort in the real team
assessment group significantly more women (67% vs. 38% in
the simulated team assessment group, p < 0.01). Also regardless
of randomization, more registered Bern First Responders were
found in the 2-day ALS course assessed with the simulated
team assessment method (15% vs. 2% for team assessment,
p < 0.01).

After 1 year, in the ILS cohort, 22 students reported
having resuscitated a patient in real life after passing the
last year’s ILS-course (15 in the simulated team assessment
group, 7 in the real team assessment group). Additional 11
students were recruited as Bern First Responders (4 in the
simulated team assessment group and 7 in the real team
assessment group).

Details of the students’ subjective ratings of their assessments
are displayed in Table 3. Self-assessed competence as a team
member was judged significantly better for the real team
assessment (ILS-course p = 0.032; ALS-course p < 0.01). Real
team assessment was judged consistently significantly better in
the ability to assess team membership, communication skills,
team management skills, and CPR skills (all p< 0.01). Situational
awareness was judged only in the ILS-course cohort in favor of
real team assessments (p = 0.023, Table 3).

In the 1-year follow-up, both the self-assessed
competence as a team member and team leader
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TABLE 2 | Course participants’ characteristics.

Characteristic 1-day ILS-course 2-day ALS-course

Assessment Simulated team Real team Simulated team Real team

n = 111 n = 116 P-value n = 106 n = 90 P-value

Age, years 24.5 ± 1.7 24.6 ± 2.7 0.833a 26.0 ± 1.8 25.6 ± 1.9 0.111a

(24.2–24.9) (24.1–25.1) (25.7–26.4) (25.2–26.0)

Female 72 (65) 69 (59) 0.403b 40 (38) 60 (67) < 0.01b

Primary language

- German 97 (87) 96 (83) 0.342b 91 (86) 85 (95) 0.112b

- French 9 (8) 9 (8) 6 (6) 3 (3)

- Other 5 (5) 11 (9) 9 (8) 2 (2)

Real life CPR experience 5 (5) 6 (5) 0.803b 31 (29) 23 (26) 0.564b

Bern First Responder 16 (14) 22 (19) 0.359b 16 (15) 2 (2) < 0.01b

at-test, bChi-square test. ILS, Immediate Life Support; ALS, Advanced Life Support; CPR, cardiopulmonary resuscitation. A First Responder is a trained layperson or
healthcare professional who is dispatched via an app to a medical emergency in addition to an ambulance. Data are value (percentage) or mean ± SD (95% CI).

TABLE 3 | Course participants self-evaluation and usefulness of the assessment method to assess human factors as perceived by the course participants.

Characteristic 1-day ILS-course 2-day ALS-course

Assessment Simulated team Real team Simulated team Real team

n = 111 n = 116 P-valuea n = 106 n = 90 P-valuea

Competent as team member 7.1 ± 1.6 7.6 ± 1.2 0.032 7.2 ± 1.7 7.8 ± 1.5 <0.01

(6.8–7.4) (7.4–7.9) (6.9–7.6) (7.5–8.1)

Further training as team member needed 6.4 ± 2.3 5.8 ± 2.9 0.189 6.8 ± 2.6 5.5 ± 3.1 <0.01

(6.0–6.8) (5.3–6.4) (6.3–7.3) (4.9–6.2)

Competent as team leader 5.8 ± 1.8 6.0 ± 1.8 0.422 5.7 ± 2.2 6.0 ± 1.9 0.286

(5.4–6.1) (5.7–6.3) (5.3–6.1) (5.6–6.4)

Further training as team leader needed 8.4 ± 1.6 8.2 ± 1.8 0.791 8.7 ± 1.5 8.1 ± 2.0 0.064

(8.1–8.7) (7.9–8.5) (8.4–8.9) (7.7–8.5)

Team leader 8.1 ± 1.8 8.5 ± 1.2 0.327 7.5 ± 2.3 8.0 ± 2.0 0.145

(7.7–8.4) (8.3–8.7) (7.1–8.0) (7.6–8.4)

Team member 4.2 ± 3.4 6.0 ± 2.9 <0.01 4.0 ± 3.3 5.3 ± 3.3 <0.01

(3.5–4.8) (5.5–6.6) (3.4–4.6) (4.6–6.0)

Communication 6.7 ± 2.3 7.6 ± 1.8 <0.01 5.9 ± 3.0 7.4 ± 2.5 <0.01

(6.3–7.1) (7.3–8.0) (5.3–6.5) (6.9–7.9)

Team management 6.4 ± 2.6 8.1 ± 1.6 <0.01 5.7 ± 3.1 7.7 ± 2.3 <0.01

(5.9–6.9) (7.8–8.4) (5.1–6.3) (7.2–8.2)

CPR skills 5.9 ± 3.3 7.8 ± 2.0 <0.01 5.8 ± 3.4 7.1 ± 2.6 <0.01

(5.3–6.6) (7.5–8.2) (5.1–6.5) (6.6–7.7)

Knowledge 7.0 ± 2.0 7.1 ± 1.9 0.734 7.8 ± 1.5 7.6 ± 1.9 0.585

(6.6–7.3) (6.8–7.5) (7.6–8.1) (7.2–8.0)

Situational awareness 7.8 ± 1.6 8.2 ± 1.6 0.023 8.0 ± 1.9 8.0 ± 2.2 0.673

(7.5–8.1) (7.9–8.5) (7.7–8.4) (7.6–8.5)

Assessment overall 7.9 ± 1.8 8.2 ± 1.4 0.515 7.5 ± 2.3 7.5 ± 2.1 0.756

(7.6–8.3) (8.0–8.5) (7.0–7.9) (7.0–7.9)

Data are mean ± SD (95% CI). ILS, Immediate Life Support; ALS, Advanced Life Support; VAS, Visual Analog Scale (0–10); CPR, cardiopulmonary resuscitation.
aMann–Whitney-U test.

were comparable (p = 0.194 and 0.372). The team
member and team leader competences dropped for
both assessment methods (all p < 0.01). All students
agreed at the time of the follow-up that further
training is necessary for team members and leaders (all
p > 0.05).

Table 4 shows the detailed results of the assessments. ILS
course participants had a first attempt cardiac-arrest simulation-
test passing rate of 80–84%; whereas ALS course participants
in 92-95%. The detailed results are comparable between
both course types and assessments, but some items scored
differently (Table 4).
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DISCUSSION

Instructors of advanced life support courses judge the real
team assessment overall significantly better and rate its

ability to test all human factors and CPR-skills better
compared to the simulated team assessment. Participating
students agree that team membership and management,
communication, and CPR skills were better assessed by

TABLE 4 | Objective results from the official European Resuscitation Council cardiac arrest scenario teaching forms as judged by the instructors.

Characteristic 1-day ILS course 2-day ALS course

Assessment Simulated team Real team P-valuea Simulated Team Real team P-valuea

n = 111 n = 116 n = 106 n = 90

Overall Result

First attempt successful 93 (84) 93 (80) 0.480 101 (95) 83 (92) 0.373

Detailed Results

ABCDE* 17/49/18/4 17/54/39/1 0.065 57/34/12/1 51/28/7/0 0.673

(19/56/20/5) (15/49/35/1) (55/33/11/1) (59/33/8/0)

Oxygen and vascular access* 28/45/16/2 29/76/2/0 < 0.01 58/43/4/0 55/31/3/0 0.652

(31/49/18/2) (27/71/2/0) (55/41/4/0) (62/35/3/0)

Recognizes condition* 28/36/14/11 14/52/16/13 0.053 69/27/8/1 58/20/6/0 0.811

(31/41/16/12) (15/54/17/14) (65/26/8/1) (69/24/7/0)

Gives medication* 18/31/10/21 20/27/8/33 0.408 60/27/13/1 62/15/6/2 0.169

(22/39/13/26) (23/31/9/37) (59/27/13/1) (73/18/7/2)

Further medication* 7/18/4/35 8/23/8/33 0.659 33/34/15/5 29/21/12/4 0.823

(11/28/6/55) (11/32/11/46) (38/39/17/6) (44/32/18/6)

Other treatment* 2/15/2/38 7/12/9/39 0.078 28/24/18/5 31/20/11/7 0.514

(4/26/4/66) (10/18/14/58) (37/32/24/7) (45/29/16/10)

Recognizes arrest* 65/33/8/3 61/48/6/1 0.264 76/25/4/0 67/17/6/0 0.511

(60/30/7/3) (53/41/5/1) (72/24/4/0) (74/19/7/0)

Call for help* 44/29/10/20 38/48/8/8 0.015 30/38/16/4 43/25/6/0 < 0.01

(43/28/10/19) (37/47/8/8) (34/43/18/5) (58/34/8/0)

CPR 2 min* 67/37/4/1 61/48/3/0 0.422 74/26/3/1 68/16/3/0 0.544

(61/34/4/1) (54/43/3/0) (71/25/3/1) (78/18/4/0)

Airway* 57/47/3/0 45/62/2/1 0.201 65/30/2/1 69/16/2/1 0.278

(53/44/3/0) (41/56/2/1) (66/31/2/1) (79/18/2/1)

Monitoring* 62/38/3/2 54/49/0/1 0.153 66/26/3/0 61/21/3/0 0.917

(59/36/3/2) (52/47/0/1) (70/27/3/0) (72/25/3/0)

Epinephrine* 61/34/6/5 47/44/12/10 0.088 75/18/7/2 62/19/4/1 0.787

(57/32/6/5) (41/39/11/9) (73/18/7/2) (73/20/6/1)

Reversible causes* 37/35/16/10 8/42/24/14 < 0.01 55/35/7/2 46/23/11/2 0.458

(38/36/16/10) (9/48/27/16) (56/35/7/2) (56/28/14/2)

Recognizes rhythm change* 68/31/5/3 75/36/3/1 0.587 85/16/3/1 66/18/2/1 0.794

(63/29/5/3) (65/31/3/1) (81/15/3/1) (76/21/2/1)

Defibrillation* 67/31/6/4 73/41/1/0 0.029 85/16/3/1 68/15/3/2 0.858

(62/29/5/4) (63/36/1/0) (81/15/3/1) (77/17/4/2)

CPR 2 min* 68/35/2/0 70/41/2/1 0.769 79/22/2/0 68/15/1/1 0.621

(65/33/2/0) (61/36/2/1) (77/21/2/0) (80/18/1/1)

Recognizes rhythm change* 64/30/3/3 61/41/1/2 0.414 83/16/2/1 59/17/1/1 0.743

(64/30/3/3) (58/39/1/2) (81/16/2/1) (76/22/1/1)

Further Epinephrine* 40/31/6/15 26/37/10/9 0.142 34/26/23/3 34/22/8/7 0.050

(43/34/7/16) (32/45/12/11) (40/30/27/3) (48/31/11/10)

Minimizes interruptions* 61/32/3/1 58/38/5/2 0.742 68/32/1/1 63/14/4/1 0.074

(63/33/3/1) (56/37/5/2) (67/31/1/1) (77/17/5/1)

Defibrillation* 57/28/9/5 42/44/9/4 0.115 78/16/8/3 61/14/3/2 0.722

(58/28/9/5) (42/45/9/4) (74/15/8/3) (76/18/4/2)

(Continued)
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TABLE 4 | (Continued)

Characteristic 1-day ILS course 2-day ALS course

Assessment Simulated team Real team P-valuea Simulated Team Real team P-valuea

n = 111 n = 116 n = 106 n = 90

Detailed Results

CPR 2 min* 65/29/2/1 53/37/6/0 0.159 74/23/3/0 61/16/1/1 0.557

(67/30/2/1) (55/39/6/0) (74/23/3/0) (77/21/1/1)

Recognizes rhythm change* 58/30/1/2 48/45/5/0 0.039 76/24/2/0 65/18/1/1 0.679

(64/33/1/2) (49/46/5/0) (75/23/2/0) (77/21/1/1)

Signs of life* 51/32/4/2 44/46/3/2 0.395 70/26/6/0 66/18/1/1 0.186

(57/36/5/2) (46/49/3/2) (69/25/6/0) (77/21/1/1)

Post resuscitation care* 31/36/11/1 14/39/11/1 0.156 46/36/4/1 39/22/4/1 0.779

(39/46/14/1) (22/60/17/1) (53/41/5/1) (59/33/6/2)

Data are value (percentage). ILS, Immediate Life Support; ALS, Advanced Life Support; CPR, cardiopulmonary resuscitation. Scale: 1 = outstanding, 2 = adequate,
3 = marginal, 4 = insufficient. ABCDE, Airway, Breathing, Circulation, Disability, Exposure/Environment. *Missing values, aChi-square test.

the real team assessment. However, students rated the
assessments as comparable in the following categories: the
assessment in general, team leadership, and knowledge.
Situational awareness was only rated better in the 1-
day ILS course, whereas judged as comparable in the
2-day ALS course.

Our course participants self-assessed their competence as
team members higher than as team leaders, regardless of the
assessment method used. They also agreed that further training
as a team leader is more important than team membership
training. These findings are consistent with findings from other
researchers (21, 22).

The importance of training human factors in
cardiopulmonary resuscitation courses is well established
(23–25). Resuscitation teams who applied human factors
efficiently also performed better in technical resuscitation skills
(26). If a team leader performs hands-on procedures, the whole
team is less effective (27). Prior participation in an advanced life
support course improved the team leader’s ability to stay hands
off (27). Nowadays, all courses include team leadership training,
even though there is very little evidence that such specific
leadership training during those courses leads to improved
patient outcome (10). However, training in resuscitation skills, in
general, was able to improve patient outcome (7).

It was unclear if current end-of-course summative assessments
can test these human factor competences adequately. Therefore,
the current study asked participants and instructors to judge
subjectively two different assessment methods, the simulated
team assessment, and the real team assessment. Participants
found that both assessments are equally effective to test their
team leadership skills. However, the included instructors who
have experience with multiple course participants have a different
opinions. The instructors clearly judge the real team assessment
as superior in its ability to test team leadership skills. Training
leadership skills prior to being involved in a real cardiac arrest
is important (28, 29). Unfortunately, our data shows only the
opinions of course participants and instructors. Further research
is necessary to objectively assess the competences for such team
leadership factors, and if one assessment approach is suitable

to assess these competences in different advanced life support
formats (e.g., for neonatal, pediatric, or adult resuscitation).

Participants of a qualitative analysis of human factors
identified teamwork issues as most challenging during
pediatric cardiac arrests (21). Our participants rated team
membership competences consistently lower than team
leadership competences. The real team assessment was judged
to be better suitable to test team membership compared to
the simulated team assessment. The lower scores for team
membership compared to the other aspects of this study
introduces the question if there is a need to adjust the
current assessment method to allow better assessment of
team membership competences. Regardless of the assessment
method used, team members are not allowed to act as “real
team members” during an assessment, they only act on
team leaders’ commands. Assessment of team member
competences is therefore not possible. In contrast, during
cardiopulmonary resuscitation courses, team membership skills
are trained, and course participants are encouraged to act as they
would in real life and support their team leader with all their
knowledge and skills.

Communication during a cardiac arrest needs to be clear,
concise, brief, empathetic, and trigger a feedback loop. It needs
to be targeted directly at a person and closing the loop is
advisable (30, 31). ERC cardiopulmonary resuscitation courses
emphasize proper communication and specifically focus on
hindering factors for speaking up, which is key for success in
cardiac arrest situations (29, 30). Research showed that simple
and short ongoing educational interventions on leadership
principles can improve team leadership and communication
competences significantly (24, 32, 33). Our results show
that such communication competences can be better assessed
with the real team assessment compared to the simulated
team assessment.

Shared situational awareness enables better teamwork (30).
Both assessment methods were rated comparably by our ALS
course participants. However, ILS course participants and
instructors think situational awareness can be better assessed
by real team assessments. The inconsistency in these findings
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suggests that situational awareness might depend more on the
assessment setting itself, than on the assessment method.

Interestingly, over the 1 year between the initial study and
the follow-up, 11 medical students (participants of the 1-day
ILS course) were successfully recruited as Bern First Responders,
some of them during the ILS courses (34) (A First Responder is
a trained layperson or healthcare professional who is dispatched
via an app to a medical emergency in addition to an ambulance).
This should be considered a positive outcome given that
health care professionals might get easily overwhelmed with the
additional burden of being a First Responder (35).

This study has several limitations. It was a single-center study
focusing on medical students as course participants in official
European Resuscitation Council advanced life support courses.
The University of Bern offers a large medical program with more
than 340 medical students per study year. The medical students
were randomly assigned by the University to their courses. There
is a slight chance that medical students assessed together also
worked together during course work or clinically as a team of
students prior to their participation in the respective courses,
therefore, we cannot exclude an effect of this on leadership and
teamwork. Groups for the real team assessment were chosen
randomly, and care was taken that students who had trained
together during the course were not assessed together. Although
there have been many study participants in this study, there are
two cohorts of participants which limits the generalizability of
the data, half of the study participants participated in a 1-day
ILS course, and half in a 2-day ALS course. Randomization was
performed for the whole course due to practical reasons and not
for the individual course participant.

On the other hand, this study has several strengths as it was
planned and executed as a large randomized controlled trial and
each participant was only included once. Both the instructors’ and
the participants’ perspectives are included.

In conclusion, instructors of advanced life support
courses rated a summative course assessment in real teams
significantly better regarding the ability to test team leadership,
team membership, communication, team management, and
situational awareness compared to simulated team assessments,
which is the current European Resuscitation Council’s standard
end-of-course assessment. Course participants rated team
leadership and partly situational awareness as comparable
between both assessment methods. These results might influence
current summative assessment practices in advanced life support
courses.
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Background: Singing is a physical activity involving components of the vagal

nerves manifested as changes in cardiac autonomic regulation.

Aims: The aim of this pilot study is to investigate the acute e�ects of singing

on biomarkers of cardiovascular health.

Methods: Adult subjects were recruited from cardiology clinics to participate

in a single 90-min study visit. Vascular function was measured at the fingertips

with peripheral arterial tonometry (PAT) before and after singing to a 14-min

video led by a voice expert. Heart rate variability (HRV) was measured with a

chest strap sensor at baseline, during, and after singing. PAT measurements

were expressed as reactive hyperemia index (RHI) and Framingham reactive

hyperemia index (fRHI). Measures of HRV included root mean square of

successive RR interval di�erences (RMSSD) and standard deviation of NN (or

RR) intervals (SDNN).

Results: Sixty subjects completed the study (68% female, mean age 61 ±13

years, mean BMI 32 ± 8). There was a significant increase in fRHI (1.88 ± 0.14

to 2.10 ± 0.14, p = 0.02) after singing with no significant change in the RHI

(1.99 ± 0.10 to 2.12 ± 0.09, p = 0.22). There was a reduction in HRV during

singing (compared to baseline) (RMSSD: 42.0 ± 5 to 32.6 ± 4, p = 0.004 and

SDNN: 54 ± 4 to 33.5 ± 3, p = 0.009). HRV measures trended back toward

baseline after singing.

Conclusions: A short duration of singing improved vascular function acutely.

Improvements were more substantial in subjects with abnormal baseline

endothelial function. HRV patterns were similar to that of light-intensity

exercise. Future studies should confirm favorable vascular adaptation to more

sustained singing interventions.

Clinical trial registration: ClinicalTrials.gov, identifer: NCT03805529.

KEYWORDS

singing, vascular function, endothelial function, heart rate variability (HRV), cardiac

rehabilitation
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Introduction

Cardiovascular disease (CVD) is the leading cause of

death in most developed countries (in men and women),

claiming more lives each year than cancer and chronic

respiratory disease combined (1). Lifetime risk of CVD

approaches 50% for persons age 30 years without known

CVD (2). As of 2014, the prevalence of CVD in the

US was 36.6%. By 2035, 45.1% of the US population is

projected to have some form of CVD (3). Many patients

diagnosed with CVD are eligible for participation in cardiac

rehabilitation (CR) programs, which include comprehensive,

long-term services involving medical evaluation, supervised

exercise, cardiac risk factor modification, education, and

counseling. Proven benefits include improvement in exercise

capacity, risk factors, medication adherence, control of cardiac

symptoms, reduction in recurrent myocardial infarction,

improved survival after percutaneous coronary intervention and

coronary artery bypass surgery, and improved quality of life (4–

8). The safety and efficacy of cardiac rehabilitation have been

demonstrated in all patients (9). Despite the benefits and safety,

CR utilization rates are low. Reasons for non-participation

include other comorbidities (arthritis, chronic obstructive

pulmonary disease, diabetes with neuropathy) or disability,

polypharmacy, frailty, deconditioning, and other challenges

that make participation (or the perception of participation)

difficult (10–12).

Alternative or adjunctive forms of rehabilitation to reduce

CVD burden and improve health should be considered. Singing

is a physical activity that involves many components of the

vagal nerves (i.e., the pulmonary efferent fibers and afferent

fibers of the recurrent laryngeal nerve) manifested as changes

in cardiac autonomic regulation (13, 14). It requires both

passive and active breathing, muscle coordination and various

breathing techniques, with almost no reliance on mobility

or skeletal muscle strength. Limited studies have shown

potential for singing interventions in patients with chronic

obstructive pulmonary disease—primarily by improved lung

function (15, 16). Singing also holds promise for improving

gait, vocal function and depression in neurological disorders,

such as Parkinson’s disease (17, 18). Another study examined

the impact of singing in cancer patients and caregivers of

cancer patients and found preliminary evidence that singing

improves mood state and modulates components of the

immune system—even after a single choir rehearsal session

(19). However, patients with established CVD have not been

studied in this context despite promising findings in other

chronic disease populations. Because the cardiovascular and

respiratory systems are intimately related and work together

to deliver oxygen to all cells in the body, singing would

be anticipated to have favorable effects on markers of

cardiovascular health, and this is what we aim to investigate in

this pilot study.

Two excellent biomarkers of cardiovascular health include

non-invasive measures of vascular function, such as fingertip

peripheral arterial tonometry (PAT), and heart rate variability

(HRV). PAT measurements have significant predictive value

for future cardiovascular events (20), and microvascular

function can be improved by interventions known to reduce

cardiovascular risk (21–23). HRV is the variability between

R-R intervals in successive heartbeats and is the result of a

complex interaction between respiratory activity and autonomic

cardiovascular control between the two branches of the

autonomic nervous system (sympathetic and parasympathetic)

(24). Measurements of HRV have been found to be powerful

predictors of cardiac morbidity and mortality (25, 26).

The aim of this pilot study is to investigate the acute effects of

singing on biomarkers of cardiovascular health. Our hypothesis

is that cardiac patients will have favorable improvements in

vascular endothelial function and heart rate variability, after a

single session of singing.

Methods

Subject recruitment

All subject-related study activities were performed at the

Medical College of Wisconsin campus with IRB approval. Adult

patients visiting our cardiology clinics were informed of the

study and given an informational flyer by their clinic provider.

If the patient contacted the study team, a brief overview of

the study was provided over the phone and initial eligibility

was determined in the form of a short screening questionnaire,

which included inclusion and exclusion criteria. Subjects were

≥18 years of age and willing and able to sign informed

consent. Exclusion criteria included: permanent pacemaker

or implantable cardioverter defibrillator (ICD), history of

atrial fibrillation, Parkinson’s disease or tremor, amputated

upper extremity, presence of upper-arm fistula, fingernail

onychomycosis, pregnancy, current tobacco use, current illicit

drug use, current excessive alcohol intake (defined as more

than 14 drinks/week for women, more than 28 drinks/week

for men) unstable coronary heart disease (active symptoms of

chest discomfort), supplemental oxygen use, and non-English

speaking. If the subject satisfied the above screening criteria,

a copy of the IRB consent form was mailed to them, and a

single 90-min visit was scheduled during clinic operating hours.

Subjects were advised to remain fasting for a minimum of 3 h

prior to the study visit.

General study design

At the study visit, written informed consent was obtained.

Subjects were asked to complete a questionnaire including
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the following information: age, gender, race/ethnicity, history

of tobacco use, alcohol use, frequency and intensity of

exercise and any physical limitations, past medical and surgical

history including hypertension, coronary artery disease (as

evidenced by coronary angiography, history of myocardial

infarction, percutaneous coronary intervention, or coronary

bypass surgery), diabetes mellitus, heart failure, chronic lung

disease, high cholesterol, chronic kidney disease, thyroid disease,

peripheral arterial disease, and stroke. Current medications were

documented. Baseline vital signs (heart rate, blood pressure,

pulse oximetry), weight and height were obtained prior to the

music intervention.

Singing protocol

In a seated position in a private exam room, subjects watched

and sang along to a 14-min coaching video created by a music

professor, which included vocal warm-up exercises followed

by the Star-Spangled Banner, repeated at various tempos and

pitches. During this video, the professor played the piano and

coached the subject through the warm-up and singing. Lyrics

were displayed along the bottom of the video.

Peripheral vascular function assessment
using digital peripheral arterial tonometry

Vascular endothelial function was measured by digital

pulse arterial tonometry (Endo-PAT 2000, Itamar Medical,

Israel). Endothelium-mediated changes in vascular tone after

occlusion of the brachial artery are reflecting a downstream

hyperemic response, which is a measure for arterial endothelial

function (27). Measurements were performed prior to and

1min following the 14-min singing protocol, according to the

manufacturer’s instructions (28). Briefly, the subjects were in

a supine position for at least 20min, in a quiet, temperature-

controlled room (70–75◦F) with a non-condensing humidity.

Subjects were asked to remain still and silent during the

measurement period with disposable, pneumatic probes on both

index fingers. Each recording consisted of 5min of baseline

measurement, 5min of occlusion measurement, and 5min post-

occlusion measurement (hyperemic period). Occlusion of the

brachial artery was performed on the non-dominant upper arm

and verified by the absence of a PAT signal from the occluded

arm. The occlusion pressure was at least 60mm Hg above the

systolic blood pressure (maximum 200 mm Hg).

PAT measurements were expressed as reactive hyperemia

index (RHI) and Framingham reactive hyperemia index (fRHI)

(29). The RHI is the PAT signal at the 90–150 s post-

deflation interval (30). A normal RHI was defined as >1.67;

abnormal RHI was ≤1.67 (31, 32). To provide a better

double-sided distribution closer to normal distribution, the log

transformation of RHI was calculated (LnRHI). Normal LnRHI

was defined as >0.51, abnormal LnRHI was ≤0.51. The fRHI is

derived from the PAT signal at the 90- to 120-s post-deflation

interval and is inversely related to cardiometabolic risk factors

(29). The fRHI interval exhibited the strongest correlation

to cardiovascular risk in the Framingham Third Generation

Cohort participants using a multivariate risk model (29).

Because preceding PAT measurements can affect subsequent

measurements, a minimum period of 20min was required

between the pre- and post-singing measurements.

Heart rate variability assessment

To measure heart rate variability, an appropriately sized and

Bluetooth-compatible heart rate sensor strap (Polar, Kempele,

Finland) was applied to the subject’s bare chest. One-minute-

long heart rate and HRV recordings were taken before, during

(about 10min into singing the 14-min video) and (1min) after

completion of singing. The data was transmitted to an iPad using

the Elite HRV (Asheville, NC) application and recorded on a

study data sheet by research personnel. HRV was reported as the

standard deviation of R-R (or NN) intervals (SDNN) and the

root mean square of the successive differences (RMSSD), based

on beat-to-beat differences in R-R intervals.

Additional measurements

Perceived exertion with singing was reported by study

subjects using the Borg Rating of Perceived Exertion (RPE)

scale (33). Subjects were education about the scale prior to the

singing intervention. The numerical scale ranges from 6 to 20,

where 6 means “no exertion at all” and 20 means “maximal

exertion”. The Borg RPE is a well-validated, qualitative scale that

is routinely used during cardiac treadmill testing to measure

physical activity intensity level and is easy for patients to

understand (34). The Borg RPE is the preferred method to assess

intensity among those individuals who take medications that

affect heart rate or pulse due to the scale’s ability to capture

exertion from central cardiovascular, respiratory, and nervous

system functions (35). At the end of the singing intervention,

subjects were asked to rate their perceived exertion level using

the Borg RPE.

In addition, following the singing intervention, subjects

were asked: On a scale of 1–10, how much did you enjoy

singing today (where 1 is “not at all” and 10 is “very much

enjoyed”)? Two study staff agreed on a subjective rating of

each subject’s singing effort using a numerical scale of 1–5,

with 1 indicating “very little effort” and 5 as “maximal effort”

(see Supplementary Table 1 for more details). The study subjects

were blinded to the effort rating.
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TABLE 1 Baseline characteristics of participants (n = 60).

Age (range) 61± 13 (24–90)

Women (%) 41 (68)

Race

%White 46 (77)

% Black 13 (22)

% Asian 1 (2)

BMI (kg/m2) 32± 8

Prior tobacco use 18 (30)

Known coronary artery disease 26 (43)

History of congestive heart failure 10 (17)

Hypertension 36 (60)

Diabetes mellitus 14 (25)

Current statin use 33 (55)

Prior stroke/TIA 6 (10)

Chronic respiratory disease 17 (28)

Chronic physical or orthopedic limitations 26 (43)

ASCVD risk factors

≤2 Risk factors 21 (35)

Known ASCVD or >2 risk factors 39 (65)

Baseline RHI

Normal > 1.67 34 (57)

Abnormal ≤ 1.67 26 (43)

Age and BMI shown in mean years± standard deviation (range). Other values shown as

n (%).

RHI, reactive hyperemia index.

Statistical analysis

RHI by digital pulse arterial tonometry was the primary

outcome of interest. For a 0.05 range in the RHI with 0.1

standard deviation, the effect size is 0.5. Our a priori power

calculation determined that we would need 42 subjects to detect

an effect size of 0.5 at α = 0.05 significance level with 90%

power. Generalized linear regression models were constructed

to determine the effect of covariates (age, gender, history of

CAD, prior tobacco use, history of heart failure, hypertension,

statin medication use, diabetes, and beta blocker or calcium

channel blocker use) on baseline RHI, fRHI, LnRHI, RMSSD,

and SDNN.

Paired t-tests and repeated measures of variance were used

to compare serial measures of vascular function and heart rate

variability, respectively. Regression models were also performed

to compare pre- and post-outcomemeasures, while adjusting for

baseline values, to determine significant (covariate) predictors

of change. In a separate analysis, models were adjusted for

baseline RHI as a categorical variable (abnormal RHI ≤ 1.67

or normal RHI > 1.67). Linear mixed models were adjusted

for repeated measures. Chi-square andWilcoxon rank-sum tests

were used to compare BORG RPE, self-reported enjoyment,

and observed effort on improvement (yes or no) in vascular

function and HRV outcome measures. P-values < 0.05 were

considered significant.

Results

A total of 379 patients were informed of the study by

their cardiologist. Of these, 63 patients had ≥1 exclusion

criterion; 119 were not interested in participating (and were

not approached by the study team). Of 215 interested in

hearing more about the study, the most common reasons

for non-participation were inability of study team to get

in contact with the patient, travel distance to the hospital,

and change of mind after hearing more about the study

protocol. Subject characteristics are displayed in Table 1. Sixty

subjects were enrolled (mean age 61 ± 13 years, 68% women).

Hypertension was the most prevalent cardiovascular disease

(CVD) risk factor, found in 60% of subjects, and 55% of subjects

were currently on a statin medication. Forty-three percent of

subjects had established coronary artery disease (as evidenced

by obstructive disease on coronary angiography, history of

myocardial infarction, percutaneous coronary intervention, or

coronary bypass surgery). Eight subjects did not have one or

both measures of RHI secondary to a weak or noisy PAT

signal. Two subjects did not have usable HRV data secondary

to technical difficulties with equipment.

Fifty-seven percent of subjects had abnormal baseline

endothelial function (defined as an RHI ≤ 1.67). Statin use

was associated with lower baseline RHI (β = −0.40 ± 0.2, p

= 0.041). Statin use and diabetes were associated with lower

baseline fRHI (β = −0.62 ± 0.3, p = 0.015 and −0.63 ±

0.3, p = 0.006, respectively). Results are displayed in Table 2.

Although there was a trend toward improvement in the RHI

after singing, this was not statistically significant (1.99 ± 0.10

to 2.12 ± 0.09, p = 0.17, Figure 1A). There was a significant

increase in the fRHI after singing (1.88 ± 0.14 to 2.10 ±

0.14, p = 0.023, Figure 1B). Subjects with abnormal baseline

endothelial function demonstrated significant improvement in

the RHI after singing (1.40 ± 0.05 to 1.80 ± 0.13, p = 0.01,

Figure 2B) compared to subjects with normal baseline RHI (2.32

± 0.12 to 2.30 ± 0.11, p = 0.82, Figure 2A), with a similar

result in the fRHI. Similarly, subjects at higher ASCVD risk,

defined as established ASCVD or >2 risk factors, demonstrated

a significant improvement in fRHI (1.82 ± 0.14 to 2.08 ±

0.13, p = 0.015) compared to subjects at lower ASCVD risk

(2.35 ± 0.73 to 2.28 ± 0.70, p = 0.78). When stratified by

gender, women (68% of cohort) had a statistically significant

improvement in fRHI (1.80 ± 0.9 to 2.12 ± 0.9, p = 0.007) with

singing when compared to males (2.04 ± 1.3 to 2.07 ± 1.2, p =

0.83). However, after adjustment for baseline fRHI, gender was

no longer significant. The presence of abnormal RHI ≤ 1.67 at

baseline consistently predicted improvement with singing after

adjustment for pre-specified covariates (age, gender, history of
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TABLE 2 Results (n = 60).

Baseline Singing Post-singing

Vascular function

RHI 1.99± 0.10 - 2.12± 0.09

fRHI 1.88± 0.14 - *2.10± 0.14

LnRHI 0.63± 0.05 - 0.70± 0.04

HRV

RMSSD 42.0± 4.9 *32.6± 4.0 40.4± 4.9

SDNN 54.0± 4.8 *33.5± 2.8 *42.9± 4.0

Average HR (bpm) 68.9± 1.8 70.3± 1.9 *66.8± 1.8

Blood pressure (mmHg)

MAP 91± 1.3 *96± 2.2 *93± 1.3

SBP 128± 1.9 *136± 2.0 *131± 2.1

DBP 73± 1.3 *78± 1.5 74± 1.3

Oxygen saturation (%) 96.3± 0.27 *97.5± 0.22 96.0± 0.77

Enjoyment level - - 7.4 (1–10)

Observed effort - - 3.7 (1–5)

BORG RPE score - - 8.9 (6–14)

*p < 0.05 when compared to baseline.

Values represent means± standard error or (range).

RHI, reactive hyperemia index; fRHI, Framingham reactive hyperemia index; LnRHI,

log-transformed reactive hyperemia index; HRV, heart rate variability; RMSSD, root

mean square of the successive differences; SDNN, standard deviation of R-R (or NN)

intervals; HR, heart rate; MAP, mean arterial blood pressure; SBP, systolic blood pressure;

DBP, diastolic blood pressure; RPE, rating of perceived exertion.

CAD, hypertension, diabetes, history of heart failure, statin use;

β = 0.38± 0.18 to 0.43± 0.18, p < 0.05).

There was a significant decrease in both time-domain

measures of HRV during singing: RMSSD decreased from 42

± 4.9ms to 33 ± 4.0ms (p = 0.004, Figure 3A), and SDNN

decreased from 54 ± 4.8ms to 34 ± 2.8ms (p < 0.001,

Figure 3B). In addition, there was a reduction in SDNN post-

singing (43 ± 4.0) compared to baseline (p = 0.014, Figure 3B).

The mean heart rate (averaged over a 1-min recording)

decreased pre- to post-singing (69 ± 2 to 67 ± 2 beats per min,

p= 0.008, Supplementary Figure 1). The mean heart rate during

singing (70± 2 bpm) was not different from baseline (p= 0.16).

The oxygen saturation, asmeasured by pulse oximetry, increased

while singing compared to baseline (97.5 ± 0.2% from 96.3 ±

0.3%, p < 0.0001). Mean arterial blood pressure (MAP, mm Hg)

increased during (95.8± 2.2) and post-singing (93.3± 1.3) when

compared to baseline [(91.5± 1.3), all p ≤ 0.02].

Regression analyses were performed with HRV as the

dependent variable and level of enjoyment (scale 1–10) as the

independent variable. There were low-moderate, but statistically

significant, positive correlations between both RMSSD and

SDNN and enjoyment level during and after the singing

intervention (Figure 4). There was no correlation between

achieved BORG RPE score, level of enjoyment, or observed

singing effort with the reactive hyperemic response (data not

FIGURE 1

E�ects of singing on Reactive Hyperemia Index (RHI, A) and

Framingham RHI (fRHI, B). Box plots showing the following

values: the mean (x), median, upper quartile (Q3), lower quartile

(Q1), minimum and maximum whiskers as well as outliers. *p <

0.05.

shown). In regression models (data not shown), none of the

covariates (age, gender, history of CAD, hypertension, statin

medication use, diabetes, and beta blocker use) were predictors

of change in HRV or vascular function (RHI, LnRHI, fRHI),

when adjusted for baseline values.

Discussion

To our knowledge, this is the first study to demonstrate

acute improvement in peripheral endothelial function after

a single, short period of singing. Subjects with abnormal

baseline endothelial function and/or at highest ASCVD risk

demonstrated the most significant improvement in endothelial

function with singing when compared to subjects with

normal baseline endothelial function and low ASCVD risk.

As such, singing as a non-pharmacologic therapeutic may

be most beneficial to patients with established atherosclerotic

vascular disease.

A small number of prior studies have examined the impact

of listening to music on markers of vascular health. Ripley et al.

(36) randomized 70 subjects undergoing cardiac catherization

for suspected coronary artery disease to music listening (slow,

relaxing contemporary music) or no music. Vascular endothelial

function, as measured by PAT, was performed before and after
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FIGURE 2

Baseline endothelial function and reactive hyperemia response (A) normal baseline, (B) n = 34; abnormal baseline, n = 26. Box plots showing the

following values: the mean (x), median, upper quartile (Q3), lower quartile (Q1), minimum and maximum whiskers as well as outliers. *p < 0.05.

FIGURE 3

E�ects of singing on heart rate variability (A) RMSSD and (B)

SDNN. Box plots showing the following values: the mean (x),

median, upper quartile (Q3), lower quartile (Q1), minimum and

maximum whiskers as well as outliers. *p < 0.05.

catheterization. Listening to music did not elicit a vasodilator

response, lower blood pressure, or heart rate, and did not

relieve anxiety or stress. Patient musical preferences were not

considered, and effects of moderate sedation and/or physical

discomfort, may have contributed to the null findings. In a

separate study, 9 of 10 volunteers experienced increased brachial

artery flow-mediated dilation (FMD) (2.7% absolute increase;

p < 0.001) after listening to 30min of joyful music (self-

selected by the subject). The mean FMD after listening to

joyful music was significantly larger than the FMD response to

anxiety-provoking music (0.6% absolute decrease; p = 0.005).

However, this was a very small study consisting of young,

healthy volunteers (37). Our study is larger with older subjects,

many with established cardiovascular disease, and examines

the impact of active singing rather than passive listening, on

vascular health. In our study, active singing did not significantly

improve endothelial function in healthy subjects with normal

baseline endothelial function. These data suggest that subjects

with healthier endothelium at baseline may need a larger

stimulus to affect change or cannot augment their vascular

endothelial function further. Vascular function remains an

important biomarker to include in future studies since a meta-

analysis concluded an 8–13% lower risk of cardiovascular events

per 1%-point increase in brachial artery FMD (38).

Our study included 68% women. When stratified by gender,

women had a statistically significant improvement in the fRHI

(n = 41) compared to men (n = 19). Women had a lower mean

baseline fRHI (1.80 ± 0.9 vs. 2.04 ± 1.3 for men, p = NS), and

the gender difference was no longer significant after adjustment

for baseline fRHI. Our pilot study showed significantly more

interest in (singing) participation by women. This is noteworthy

since gender disparities in cardiac rehabilitation referral and

adherence favor men even though women completing cardiac

rehabilitation may experience greater reductions in mortality
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FIGURE 4

Regression plots between HRV and level of enjoyment (scale 1–10). (A) RMSSD during singing, (B) SDNN during singing, (C) RMSSD after singing,

and (D) SDNN after singing.

(39, 40). Singing could serve as a more appealing therapy

incorporated into traditional cardiac rehabilitation for older

women (41). Moreover, whether singing as a component of

cardiac rehabilitation could reduce barriers to referral and

adherence to cardiac rehabilitation participation in women

would be important to study in future trials.

Another means by which music may benefit the

cardiovascular systems is by way of cardiac autonomic

regulation. HRV reflects an interplay between the sympathetic

and parasympathetic branches of the autonomic nervous

system. Overall, systematic reviews demonstrate a positive

impact of music listening on HRV, suggesting enhanced

parasympathetic activity (42, 43). Far fewer studies have

examined singing as a musical intervention. Singing and

instrument playing, which are more active interventions,

probably have different effects on cardiovascular physiology, as

supported by the present study.

We examined measures of HRV prior to, during and after

singing. The pattern of HRV changes observed were similar

to those seen with exercise activity whereby exercise elicits

a reduction in HRV when expressed in the time domain

(SDNN and RMSSD), followed by a recovery toward baseline

HRV post-exercise. The reduction in HRV during exercise

is thought to be primarily mediated by reduced cardiac

parasympathetic neural activity (cPNA), i.e., “parasympathetic

withdrawal”. The relative autonomic balance shifts from

predominantly “parasympathetic control” at rest and with low

exercise intensities to mainly “sympathetic control” at higher

intensities. Loading of cardiopulmonary baroreceptors (due to

increase in venous return from muscle pump action), muscle

mechanoreceptors and systemic sympatho-adrenal activation

are thought to also have roles in HRV changes associated

with exercise (44). However, the physical act of singing has

little to no reliance on any skeletal muscle activity. With

singing, pulmonary receptors, lung mechanical effects and

the adrenal response may be the drivers of “parasympathetic

withdrawal”. For example, respiratory sinus arrhythmia (RSA)

occurs when a person’s heart rate relates to their breathing cycle.

Typically, the heart rate increases with inspiration and decreases

during expiration (increasing overall HRV). Prior studies have

shown that efficiency of pulmonary gas exchange is improved

by RSA. Evidence is accumulating of a possible dissociation

between RSA and vagal control of the heart rate, suggesting

differential controls between respiratory modulation of cardiac

vagal outflow and cardiac vagal tone (45). Evaluating the adrenal

response to singing, perhaps with salivary cortisol levels, may

help to elucidate contributions to “parasympathetic withdrawal”

related to adrenal activation (or deactivation), and this should
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be considered in future studies. Additionally, examining HRV

in both the time and frequency domains can provide additional

insight to the relative contributions of both the sympathetic and

parasympathetic nervous systems.

We did see a modest, positive correlation between self-

reported level of enjoyment with the singing intervention and

HRV response. While this doesn’t capture the subjects’ musical

preferences, it may serve as a rough surrogate for individual

emotional valence (pleasure or displeasure). A narrative review

of more than 1,300 subjects with 29 independent studies showed

that the majority of studies did not consider music selection

(43). Published studies to-date suffer from poor control of

individual music preferences. Individual responses to music can

be influenced by personal preferences, familiarity with music,

environment, prior music experience, and other health factors

(42). Furthermore, the construct of singing is complex. Singing

happens in social contexts which complicates an objective

assessment of the effects of singing itself. Other factors, including

vocal contagion, social cohesion, alterations in breathing, other

physiological changes, and song structure further add to this

complexity (14, 46).

The limitations of this pilot study include the non-

randomized, unblinded trial design, lack of a control arm,

lack of consideration to personal music preferences with

the intervention, and HRV measurements at only 1-min

increments in the time domain. Some studies recommend HRV

recordings longer than 2min for improved accuracy (47). The

recommended 3-h fast may be insufficient to exclude post-

prandial vascular function measurements. Fortunately, almost

all the study subjects had an overnight fast (at least 8 h) since

the study visit was scheduled in advance and performed in

the morning. Offsetting these weaknesses are strengths of this

study including the active singing (rather than passive listening)

music intervention, the high percentage of women enrolled,

and a study population with known cardiovascular disease or

risk factors.

Conclusions

A short duration of singing improves peripheral vascular

function acutely in older adults, particularly those with

established ASCVD or at high ASCVD risk. The HRV,

blood pressure, and oxygen saturation responses to acute

singing mirror the effects of light-intensity exercise. While

the acute vascular response to a single bout of singing may

be predictive of the vascular adaptation to longer and more

sustained singing interventions, this remains to be confirmed

in large, randomized trials. The promising effects of music

interventions on cardiovascular physiology, coupled with the

low cost and safety, warrant further exploration in subjects with

cardiovascular disease.
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Heart rate patterns before, during, and after singing (A) minimum heart

rate, (B) average heart rate, (C) maximum heart rate. Box plots showing
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quartile (Q1), minimum and maximum whiskers as well as outliers.
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Background: The association between reproductive lifespan and risk of

hypertension among postmenopausal women is unclear.

Methods: A total of 94,141 postmenopausal women with a mean age of

64.8 years from the China Hypertension Survey were enrolled at baseline

from 2012 to 2015. A standardized questionnaire was used to collect

relevant information by well-trained interviewers. Blood pressure and physical

examination of the participants were performed by trained medical staff.

Logistic regression was used to estimate the odds ratios for hypertension by

years of reproductive lifespan.

Results: The average years of reproductive lifespan in Chinese women was

34.0 years. Women who were longer in reproductive lifespan were more

likely to have older age at recruitment, higher body mass index, larger

waist circumference, lower mean systolic blood pressure, and higher mean

diastolic blood pressure (p < 0.05). After adjustments, odds ratios (95%

confidence interval) for hypertension were 1.035 (0.988–1.085), 1.007 (0.966–

1.048), 1.000 (reference), 0.932 (0.899–0.967), and 0.953 (0.909–0.997) for

those with reproductive lifespan at ≤ 28, 29–31, 32–34 (reference), 35–37,

and ≥ 38 years, respectively, with a significantly inverse association was seen

in those with reproductive lifespan at 35–37 and ≥ 38 years. The overall

risk of hypertension declined with the increase in reproductive lifespan, and

the risk of hypertension was reduced by 1.1% for every 1-year increase in
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the reproductive lifespan (odds ratio, 0.989; 95% confidence interval, 0985–

0.994) per year. The negative association between reproductive lifespan and

hypertension was evident among age at recruitment groups, body mass

index categories, and education levels, with the strongest association among

women aged ≥ 70 years. Positive associations between reproductive lifespan

and risk of hypertension were evident among women aged < 60 years, and

this association was stronger among current alcohol drinkers.

Conclusion: Based on the large nationally representative sample, Chinese

postmenopausal women with a shorter reproductive lifespan have a higher

risk of hypertension.

KEYWORDS

CHS, Chinese Hypertension Survey, postmenopausal women, reproductive lifespan,
hypertension, risk, blood pressure

Introduction

Hypertension is one of the most important and preventable
risk factors for cardiovascular diseases, which has been
recognized as a public health challenge worldwide (1–3). It
is estimated that approximately 1.56 billion adults worldwide
will be diagnosed with hypertension by 2025 (4). In China,
the prevalence of hypertension is increasing from 13.6% in
1991 to 23.2% in 2012 (5, 6). Data from the China National
Hypertension Survey Epidemiology Follow-up Study show a
strong, linear, and significant association between SBP and
DBP and risk for cardiovascular disease (CVD), coronary heart
disease (CHD), and stroke, independent of other risk factors
(7). Previous studies suggested that premenopausal women
typically have lower blood pressure (BP) than men. However,
the prevalence of hypertension is higher in postmenopausal
women than that in men (8). Therefore, it is important to
identify potential risk factors for the prevention of hypertension,
particularly among postmenopausal women.

The age of menarche and menopause as the two endpoints
of reproductive lifespan may have an implication for trajectory
of hypertension later in life. However, the available evidence has
remained unclear whether reproductive lifespan is an important
risk factor for hypertension due to limited studies. Earlier
studies showed inconsistent results on the effect of timing of
menarche (9–12) and menopause (13–15) on hypertension risk
with very few studies conducted overall. If such a link exists,
then the duration of the reproductive lifespan from menarche to
menopause might serve as an improved marker of hypertension
risk in women. Given that hypertension is an important risk
factor for CVD, clarifying the association between reproductive

Abbreviations: BP, blood pressure; CHS, Chinese Hypertension Survey;
CVD, Cardiovascular disease; SBP, systolic blood pressure; DBP, diastolic
blood pressure; BMI, body mass index; SD, standard deviation; OR, odds
ratio; CI, confidence interval; MHT, menopause hormone therapy.

lifespan and the risk of hypertension in postmenopausal women
could help identify subgroups of women at risk for hypertension
and confirm those who should be targeted for early intervention,
which is critical for preventing hypertension.

There is nothing of nationally representative large-sample
studies to explore the relationship between reproductive
lifespan and hypertension in Chinese women. The present study
aimed to investigate the associations between reproductive
lifespan and the risk of hypertension among postmenopausal
women participating in the Chinese Hypertension Survey
(CHS), a large, nationally representative sample study
conducted in China.

Materials and methods

Study design and participants

All participants in this study were derived from the CHS,
a nationally representative sample survey of the Chinese
general population aged ≥ 15 years from all 31 provinces
in the mainland conducted from October 2012 to December
2015. More details on CHS can be found in the previous
publication (16). A stratified multistage random sampling
method was used in the CHS. The first stage of sampling
was to select four cities in urban areas and four counties
in rural areas by using the probability proportional to size
method within each province. Then, a simple random sampling
method was used to select two districts or two townships
in each city or county, and three communities or villages in
each district or township. At the final stage of sampling, a
certain number of participants from 14 sex/age groups (men
and women aged 15–24, 25–34, 35–44, 45–54, 55–64, 65–74,
and ≥ 75 years) were selected from communities using lists
compiled by the local government registries of households.
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FIGURE 1

Chart of the subject inclusion and exclusion. PPS, probability
proportional to size; SRS, simple random sampling.

A total of 487,353 participants from 262 urban resident cities
and rural counties were enrolled, of which 253,531 (52.02%)
were women. Of the total sample of 102,710 postmenopausal
women, 94,141 participants were included in the analysis
after exclusions of 8,569 women with missing or implausible
information (Figure 1).

Prior to recruitment, written informed consent was obtained
from each participant. This study was approved by the Ethics
Committee of Fuwai Hospital (Beijing, China).

Measurement and data collection

Blood pressure on the right upper arm was measured three
times by trained medical staff after the subjects rested for at
least 5 min, with an interval of at least 30 s between each
measurement with an observer present, using an OMRON HBP-
1300 Professional Portable Blood Pressure Monitor (OMRON,
Kyoto, Japan). The average of the three measurements was used
for the analysis.

All subjects were interviewed by well-trained interviewers
using standardized questionnaires developed by Fuwai Hospital,
which covered social-demographic characteristics, lifestyle
factors, disease history, and reproductive factors. The physical
examinations were conducted by trained physicians and nurses.
Height was measured without shoes using a standard right-
angle device (accurate to 0.1 cm). Waist circumference was
measured using a fixed measuring tape and at the midpoint

of the line between the crest of the ilium and the inferior
margin of the 12th rib with participants wearing thin clothing
(to the nearest 0.1 cm). Body weight without wearing heavy
clothing was measured using an OMRON body fat and weight
measurement device (V-body HBF-371, OMRON, Japan). Body
mass index (BMI) was calculated as weight/height2 (kg/m2).

Definitions

The reproductive lifespan was defined as the interval
between age at menarche and menopause. At baseline, each
female subject was asked her age at the time of her first period,
which was recorded as age at menarche. The menopausal status
was defined as menstruation stopped for at least 12 months
and no history of hysterectomy or oophorectomy, or current
pregnancy or lactation, and the age at which menopause
occurred was recorded at baseline. According to the Chinese
guidelines for hypertension management, hypertension was
defined as systolic blood pressure (SBP) ≥ 140 mmHg, and/or
diastolic blood pressure (DBP) ≥ 90 mmHg, and/or use of
antihypertensive medication within 2 weeks.

Educational levels were divided into three groups:
elementary or below, junior high school, and high school
or above. Criteria for overweight and obesity were considered
as BMI ranging from 24.0 to 27.9 kg/m2 and BMI ≥ 28.0 kg/m2,
respectively. Current smoking was defined as someone who has
smoked at least 20 packets of cigarettes in their lifetime and still
smokes. Current alcohol drinking was defined as consuming
alcoholic beverages at least once per week in the past month.
A family history of hypertension refers to one in which parents,
siblings, or children have hypertension.

Statistical analysis

Baseline characteristics of participants were presented as
mean and standard deviation (SD) for normally distributed data
or as a proportion for categorical data. Categorical variables
were analyzed using the chi-square test, and continuous
variables were analyzed by one-way analysis of variance
(ANOVA). Logistic regression was used to estimate odds ratios
(ORs) and 95% confidence intervals (CIs) for hypertension
associated with reproductive lifespan (classified as ≤ 28, 29–
31, 32–34, 35–37, and ≥ 38 years) with 32–34 years as
the reference group. This study further investigated these
associations by making additional adjustments for age at
recruitment (continuous), ethnicity (Han or other ethnicities),
region (urban or rural), education level (elementary or below,
junior high school, high school or above), BMI (continuous),
waist circumference (continuous), current smoking (yes or no),
current alcohol drinking (yes or no), previously pregnant (yes
or no), contraceptive use (yes or no), breastfeeding experience
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TABLE 1 Characteristics of study participants by reproductive lifespan.

Characteristics Reproductive lifespan (year)

≤28 29–31 32–34 35–37 ≥38 N (Mean = 34.0) P-value

Number (%) 11,567 (12.3) 17,418 (18.5) 27,639 (29.3) 25,446 (27.0) 12,071 (12.8) 94,141 (100.0) 0.624

Age at recruitment, mean (SD) 64.5 (10.9) 64.4 (10.6) 64.7 (10.5) 64.8 (10.0) 65.4 (9.3) 64.8 (10.3) 0.037

Han ethnicity, n (%) 9,802 (84.7) 15,042 (86.3) 24,178 (87.5) 22,547 (88.6) 10,590 (87.7) 82,159 (87.3) 0.624

Urban resident, n (%) 4,454 (38.5) 7,336 (42.1) 12,939 (46.8) 13,158 (51.7) 6,495 (53.8) 44,382 (47.1) 0.505

Education level, n (%)

Elementary or below 5,543 (47.9) 7,464 (42.8) 11,261 (40.7) 9,255 (36.4) 4,074 (33.7) 37,596 (39.9) 0.873

Junior high school 5,405 (46.7) 8,806 (50.5) 13,992 (50.6) 13,261 (52.1) 6,324 (52.4) 47,788 (50.8) 0.624

High school or above 619 (5.3) 1,148 (6.6) 2,386 (8.6) 2,390 (9.4) 1,673 (13.8) 8,756 (9.3) 0.188

Body measurements and lifestyle

Body mass index (kg/m2), mean (SD) 24.0 (3.8) 24.2 (3.8) 24.3 (3.8) 24.5 (3.8) 24.8 (3.8) 24.4 (3.8) 0.000

Waist circumference (cm), mean (SD) 82.2 (10.4) 82.8 (10.5) 83.2 (10.4) 83.6 (10.2) 84.1 (10.2) 83.2 (10.3) 0.000

Current alcohol drinking, n (%) 823 (7.1) 1,066 (6.1) 1,544 (5.6) 1,299 (5.1) 678 (5.6) 5,410 (5.7) 0.873

Current smoking, n (%) 385 (3.3) 622 (3.6) 822 (3.0) 734 (2.9) 349 (2.9) 2,912 (3.1) 0.873

Reproductive characteristics

Ever pregnant, n (%) 11,339 (96.7) 17,114 (96.4) 27,143 (97.0) 24,942 (97.1) 11,831 (97.1) 92,369 (96.9) 0.624

Ever use of contraceptives, n (%) 547 (4.7) 901 (5.2) 1,418 (5.1) 1,323 (5.2) 756 (6.3) 4,945 (5.2) 0.624

Breastfeeding experience, n (%) 11,037 (95.4) 16,511 (94.8) 26,438 (95.6) 24,283 (95.4) 11,544 (95.6) 89,813 (95.4) 0.624

Age at menarche, mean (SD) 17.1 (2.3) 16.6 (2.02) 15.9 (1.7) 14.8 (1.6) 14.3 (1.7) 15.7 (2.1) 0.000

Age at menopause, mean (SD) 42.7 (2.8) 46.8 (2.1) 49.0 (1.7) 50.7 (1.6) 53.9 (2.4) 48.9 (3.7) 0.000

Blood pressure

Hypertension, n (%) 5,822 (50.3) 8,735 (50.1) 13,953 (50.5) 12,591 (49.5) 6,211 (51.4) 47,312 (50.2) 0.624

SBP (mmHg), mean (SD) 137.7 (22.2) 137.5 (22.2) 137.4 (21.8) 136.3 (20.9) 136.8 (20.3) 137.1 (21.5) 0.037

DBP (mmHg), mean (SD) 75.8 (11.3) 76.2 (11.3) 76.8 (11.0) 77.1 (10.8) 77.5 (10.8) 76.7 (11.0) 0.000

Family history of hypertension, n (%) 3,272 (28.3) 5,190 (29.8) 8,230 (29.8) 7,740 (30.4) 3,860 (32.0) 28,292 (30.1) 0.624

Other diseases

Stroke, n (%) 255 (2.2) 372 (2.1) 594 (2.1) 545 (2.1) 281 (2.3) 2,047 (2.2) 0.624

Myocardial infarction, n (%) 55 (0.5) 103 (0.6) 151 (0.6) 143 (0.6) 60 (0.5) 512 (0.5) 0.624

Percentages were calculated based on women with complete information for that specific variable; SD, standard deviation; BMI, body mass index; SBP, systolic blood pressure; DBP,
diastolic blood pressure.

(continuous), stroke (yes or no), myocardial infarction (yes or
no), and family history of hypertension (yes or no). We also
examined the risk of hypertension in subgroups of women
previously defined by age at recruitment, education level, and
BMI. The threshold of statistical significance was set as p< 0.05.
We used R 3.6.2 software to conduct our analyses.

Results

The characteristics of the study participants are listed in
Table 1. The mean (SD) age of study participants at recruitment
was 64.8 (10.3) years, and the mean age at menarche, age
at menopause, and reproductive lifespan were 15.7 (2.1), 48.9
(3.7), and 34.0 (3.3) years, respectively. The mean (SD) BMI,
SBP, and DBP were 24.4 (3.8) kg/m2, 137.1 (21.5) mmHg, and
76.7 (11.0) mmHg, respectively. The proportions of women

with reproductive lifespan at ≤ 28, 29–31, 32–34, 35–37,
and ≥ 38 years were 12.3, 18.5, 29.3, 27.0, and 12.8%,
respectively. A minority of women had an education level at
high school or above (9.3%) and were current smokers (3.1%),
current alcohol drinkers (5.7%), ever pregnant (3.1%), and
users of contraceptives (5.2%). Women who were longer in
reproductive lifespan were more likely to have older age at
recruitment, higher BMI, larger waist circumference, and lower
mean SBP and higher mean DBP (p < 0.05). Most women had
been pregnant (96.9%) and had breastfed (95.4%).

Figure 2 shows the adjusted ORs for hypertension
by reproductive lifespan (≤28, 29–31, 32–34, 35–37,
and ≥ 38 years). After adjustment for age at recruitment,
ethnicity, region, education level, BMI, waist circumference,
current smoking, current alcohol drinking, family history of
hypertension, stroke, myocardial infarction, and reproductive
factors, the ORs (95%CIs) were 1.035 (0.988–1.085), 1.007
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FIGURE 2

Adjusted odds ratio (OR) and 95% confidence interval (CI) for
hypertension by the years of reproductive lifespan. Adjusted for
age at recruitment, body mass index, waist circumference,
region, ethnicity, education level, smoking, alcohol drinking,
family history of hypertension, stroke, myocardial infarction,
pregnant, contraceptive use status, and breastfeeding
experience.

(0.966–1.048), 1.000 (reference), 0.932 (0.899–0.967) and 0.953
(0.909–0.997) for those with reproductive lifespan at ≤ 28,
29–31, 32–34 (reference), 35–37, and ≥ 38 years, respectively.
The significantly inverse association was seen in those with
reproductive lifespan at 35–37 and ≥ 38 years. The overall
risk of hypertension declined with the increase of reproductive
lifespan. After adjustments, ORs (95%CI) of hypertension
in subgroups of women defined by age at recruitment, BMI,
and education level are shown in Table 2. Subgroup analyses
were also performed based on age at recruitment, region,
education level, smoking status, alcohol consumption status,
BMI, menopausal status, use of contraceptives, and family
history of hypertension (Figure 3). Reproductive lifespan was
inversely associated with hypertension, with an adjusted OR of
0.989 (95%CI: 0985–0.994) per year. The risk of hypertension
was reduced by 1.1% for every 1-year increase in reproductive
lifespan. Negative associations between reproductive lifespan
and risk of hypertension were evident among urban and rural
women; women aged ≥ 70 and 60–70 years; women with
BMI < 24kgm2; women with education level in junior high
school and elementary or below groups; no current alcohol
drinker, no current smoker, ever use of contraceptives, and no
family history of hypertension. This association was strongest in
women aged ≥ 70. Positive associations between reproductive
lifespan and risk of hypertension were evident among women
aged < 60 years and strongest among current alcohol drinkers.

Discussion

Based on a nationally representative sample, we found that
women with a reproductive lifespan of 35–37 and ≥ 38 years
had decreased risk of hypertension. The longer the reproductive

lifespan, the lower the risk of hypertension. The risk of
hypertension was reduced by 1.1% for every 1-year increase in
the reproductive lifespan. This association also appeared to be
similar among subgroups. To our knowledge, this was the first
comprehensive study to investigate the associations between
reproductive lifespan and risk of hypertension in Chinese
postmenopausal women. It is helpful to identify markers that
are critical for preventing hypertension in women.

The interval between menarche and menopause defines a
woman’s natural reproductive span. However, previous studies
indicated both contradictory results about the effect of age at
menarche and age at menopause on hypertension risk, and
rare studies examined both factors during the reproductive
lifespan. We found only one study conducted by Feng et al.
that simultaneously examined the effects of age at menarche,
reproductive lifespan, and menopause on the metabolic risk
factors for cardiovascular diseases. The study found that every
year’s increase in reproductive lifespan was associated with only
a marginal increase in SBP and DBP and did not reach statistical
significance (9). However, this study only selected a certain
southern city in China as the population source, which cannot
well represent the whole population of China. In addition, the
study adjusted for only a small number of confounding factors,
perhaps leading to a statistical bias.

Although several studies have explored the association
between the risk of hypertension and age at menarche
in women in China, these studies were limited to one
province/city/area, included a smaller number of participants,
and the conclusions of those studies were inconsistent (11,
17, 18). Therefore, using data from a representative sample of
234,867 Chinese women, our findings confirmed the association
between age at menarche and the risk of hypertension, and
showed that each 1-year delay in menarche was associated
with a 6.2% increase in the prevalence of hypertension. The
relationships between age at menarche and hypertension were
also inconsistent in other countries. The result from 12,336
participants in the Korean National Health and Nutrition
Examination Survey manifested no significant association
between age at menarche and hypertension (19). However,
a Brazilian study of 33,715 participants found that age
at menarche was inversely associated with increased blood
pressure (10).

There was limited and contradictory literature on the
effect of age at menopause on the risk of hypertension
among postmenopausal women. One study among
middle-aged and older Chinese women showed that
for each 1-year delay in menopause, the prevalence
of hypertension decreased by 2% (20). Another study
from China reported that the association between post-
menopause and blood pressure disappeared after adjusting
for BMI (9).

The mechanisms by which age at menarche or menopause
is associated with hypertension are complex and are yet to
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TABLE 2 Association between reproductive lifespan and risk of hypertension.

Subgroups Reproductive lifespan (year)

≤28 29–31 32–34 35–37 ≥38 N P-value

By age at recruitment

< 60 0.955 (0.877–1.040) 0.992 (0.923–1.067) Reference 0.985 (0.924–1.050) 1.058 (0.973–1.150) 1.022 (1.015–1.030) <0.05

60–70 1.053 (0.973–1.140) 1.036 (0.967–1.110) Reference 0.954 (0.897–1.016) 1.061 (0.984–1.154) 0.990 (0.983–0.997) <0.05

≥ 70 1.055 (0.972–1.145) 0.971 (0.903–1.043) Reference 0.856 (0.803–0.913) 0.732 (0.675–0.794) 0.973 (0.966–0.980) <0.05

By body mass index (BMI), kg/m2

<24 1.047 (0.982–1.117) 0.999 (0.944–1.058) Reference 0.918 (0.871–0.968) 0.885 (0.827–0.948) 0.985 (0.979–0.991) 0.106

24–28 1.043 (0.962–1.130) 1.014 (0.946–1.087) Reference 0.943 (0.887–1.002) 1.031 (0.957–1.111) 0.994 (0.987–1.002) 0.098

≥28 0.956 (0.843–1.085) 1.007 (0.905–1.121) Reference 0.939 (0.856–1.030) 0.952 (0.851–1.065) 0.995 (0.984–1.006) <0.05

By education level

Elementary or below 1.009 (0.943–1.081) 1.013 (0.952–1.078) Reference 0.937 (0.884–0.994) 0.905 (0.839–0.977) 0.989 (0.983–0.996) 0.206

Junior high school 1.052 (0.983–1.126) 0.977 (0.923–1.035) Reference 0.913 (0.867–0.960) 0.928 (0.871–0.989) 0.986 (0.980–0.992) <0.05

High school or above 1.006 (0.822–1.229) 1.138 (0.971–1.335) Reference 1.028 (0.910–1.162) 1.200 (1.104–1.380) 1.005 (0.989–1.021) <0.05

ORs were estimated using a logistic regression model and adjusted for age at recruitment, body mass index, waist circumference, region, ethnicity, education level, smoking, alcohol
drinking, family history of hypertension, stroke, myocardial infarction, pregnant, contraceptive use status, and breastfeeding experience. Women with reproductive lifespan of 32–34 were
used as the reference category.

be fully elucidated. The reproductive years can be regarded
as the simplest measurement of cumulative exposure to sex
hormones. A systematic review on the association between
reproductive lifespan characteristics and risk of Type 2
diabetes and hypertension suggests a protective effect for
a longer reproductive lifespan, while estrogen exposure
may have an independent effect. In addition, various genes
that regulate the renin-angiotensin system and adrenergic
system, estradiol, testosterone, estrogen/androgen ratio, and
environmental factors such as age, BMI, insulin, oxidative
stress, and cholesterol affect the risk of hypertension among
postmenopausal women (21). In particular, the decrease
of estrogen level reduces the vascular relaxation effect
of estrogen and improves the vasoconstriction effect of
endothelin (22), leading to an increased risk of hypertension
during the menopausal transition (23). Therefore, future
longitudinal studies are needed to examine the relationship
between reproductive markers and the risk of hypertension
as well as the risk attributable to the administration of
exogenous hormones, such as contraceptives and menopause
hormone therapy (MHT).

Interestingly, we also found that the reproductive lifespan at
35–37 years was most associated with hypertension compared
to > 38 years. In addition, when stratified by the age of
recruitment, compared with 60–70 years and ≥ 70 years,
positive associations between reproductive lifespan and risk of
hypertension were evident among women aged < 60 years.
Age is an important risk factor due to reproductive stages
being part of the aging process. Considering both the
timing of menarche and menopause during the reproductive
lifespan, the study found that the effect of menopausal status
disappeared after adjusting for age implying that much of

the hypertension risk in menopausal transition was possibly
related to biological aging (14). This explains the rational
behavior of the phenomenon to some extent. In our study, to
assess the effects of the reproductive lifespan on hypertension
independent of the normal aging process, we removed the
effect of age at recruitment before the analyses. This may
result in underestimated effect sizes. Even in this case, we
still get a significant effect that reflects a possible real
association between reproductive lifespan and hypertension.
We also discovered that the positive association between
reproductive lifespan and hypertension was stronger among
current alcohol drinkers in subgroup analyses. The alcohol-
hypertension relationship has been well documented (24, 25).
The study found that chronic exposure to alcohol alters the
production of this same set of hormones (i.e., estrogen and
testosterone), and hence, alcohol’s effects on the cardiovascular
system could involve an indirect mechanism in which alcohol
alters hormone levels and, in turn, the hormones affect
the BP (26).

Limitations and strengths

The important strength of our study is to explore the
relationship between reproductive lifespan and hypertension in
Chinese women for the first time in a nationally representative
sample. In addition, standardized approaches and stringent
quality control measures were also taken to ensure data quality
and reliability. We adjusted for potential risk factors for
hypertension and performed a detailed subgroup analysis to
improve the reliability of the findings. Several limitations need
to be considered. First, our participants were Chinese women,
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FIGURE 3

Subgroup analyses of the associations between total reproductive years and risk of hypertension according to possible influencing factors.
Analyses were adjusted for age at recruitment, body mass index, waist circumference, region, ethnicity, education level, smoking, alcohol
drinking, family history of hypertension, stroke, myocardial infarction, pregnant, contraceptive use status, and breastfeeding experience.

which minimized the confounding effects of ethnic background
but might minish the generalization of our findings to other
ethnic groups. Second, the reproductive lifespan was calculated
based on age at menarche and menopause, which were self-
reported and not based on medical documentation, raising
the possibility of misclassification due to recall bias. However,
previous studies have reported that the recall of age at menarche
(27, 28) and menopause is relatively accurate (29, 30). Lastly,
although we have fully adjusted for potential confounders,
the possibility of residual confounding from other known or
unknown risk factors cannot be completely ruled out. Finally,
the cross-sectional design could not prove a causal relationship.

Conclusion

Based on a representatively national sample of 94,141
Chinese postmenopausal women, we found that the longer the
reproductive lifespan, the lower the risk of hypertension. The

risk of hypertension is reduced by 1.1% for every 1-year increase
in reproductive lifespan.
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Background and aims: Early detection of mortality after percutaneous

coronary intervention (PCI) is crucial, whereas most risk prediction models

are based on outdated cohorts before the year 2000. This study aimed to

establish a nomogram predicting 30-day mortality after PCI.

Materials and methods: In total, 10,444 patients undergoing PCI in National

Center for Cardiovascular Diseases in China were enrolled to establish

a nomogram to predict 30-day mortality after PCI. The nomogram was

generated by incorporating parameters selected by logistic regression with

the stepwise backward method.

Results: Five features were selected to build the nomogram, including

age, male sex, cardiac dysfunction, STEMI, and TIMI 0–2 after PCI. The

performance of the nomogram was evaluated, and the area under the

curves (AUC) was 0.881 (95% CI: 0.8–0.961). Our nomogram exhibited better

performance than a previous risk model (AUC = 0.7, 95% CI: 0.586–0.813)

established by Brener et al. The survival curve successfully stratified the

patients above and below the median score of 4.

Conclusion: A novel nomogram for predicting 30-day mortality was

established in unselected patients undergoing PCI, which may help risk

stratification in clinical practice.

KEYWORDS

nomogram, risk prediction, percutaneous coronary intervention, 30-day mortality,
model establishment
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Introduction

Annually, percutaneous coronary intervention (PCI) has
been widely used in millions of patients with ischemic heart
diseases to save lives and improve the quality of life around the
world (1), and the number of patients undergoing PCI is still
increasing. However, mortality still exists after PCI, especially in
high-risk patients (2). Therefore, it is valuable to develop a risk-
prediction model which can help doctors identify patients who
are at high-risk and select suitable treatment strategies.

Approximately two-thirds of death after PCI occurs within
30 days after the procedure (3). Therefore, evaluating 30-day
mortality after PCI may help identify events related to PCI (4–
6). In previous studies, several prediction models have been
established to predict the mortality of patients undergoing PCI.
However, most of them are based on outdated cohorts in the
1990s (5, 7, 8). In the past two decades, with the progression
in intervention strategy, stent technology, and pharmacological
therapy, the outcomes of patients undergoing PCI have
improved considerably. Therefore, an updated risk prediction
model is also needed. Recently, Brener et al. established a
novel risk score predicting 30-day mortality after PCI (called
Brener’s score hereafter) (9). Brener’s score was derived from 21
randomized PCI trials and showed a good concordance index
value of 0.848 for predicting 30-day mortality after PCI. The
Brener’s score filled the blank of the risk score predicting 30-day
mortality after PCI in the last 15 years. However, Brener’s score
lacks data on cardiac function and renal function, which were
closely related to mortality after PCI.

Nomogram is a medical tool calculating the risk of a
particular clinical outcome for each individual in a graphic
manner. It has been applied in risk prediction for cancer,
stroke, and surgery (10–12). However, there is no nomogram
for predicting the risk of 30-day mortality after PCI. Therefore,
this study aimed to establish a novel nomogram for predicting
30-day mortality from a large-scale PCI cohort.

Materials and methods

Study population

Our original cohort included 10,724 consecutive patients
undergoing PCI at the National Center for Cardiovascular
Diseases in China (Fuwai Hospital, Beijing, China) between
January 2013 and December 2013. The clinical data were
collected prospectively. Patients with age <18 and without
left ventricular ejection fraction (LVEF) data were excluded.

Abbreviations: PCI, percutaneous coronary intervention; DES, drug-
eluting stents; LAD, left anterior descending coronary artery; LM, left
main coronary artery; TIMI, Thrombolysis in Myocardial Infarction;
STEMI, ST-segment elevation myocardial infarction.

Finally, we enrolled 10,444 patients. All patients had written
informed consent. The study complied with the Declaration of
Helsinki and was approved by the Institutional Review Board
of the hospital.

Endpoint and definitions

The primary endpoint was all-cause mortality within
30 days after PCI. Left ventricular function was evaluated by
echocardiography before the PCI procedure. Types of stents
were recorded in the PCI procedure. Cardiac dysfunction
was defined as LVEF <50% (13), and renal insufficiency was
defined as the estimated Glomerular filtration rate (eGFR)
<30 ml/min/1.73 m2 (14). Patients were followed up at a
regular interval.

TABLE 1 Baseline characteristics.

Alive
(n= 10419)

Death
(n = 25)

P-value

Age 58.3 (10.3) 69.5 (10.9) <0.001

Men 8044 (77.2) 9 (36.0) <0.001

Cardiac dysfunction 693 (6.7) 8 (32.0) <0.001

Renal insufficiency 284 (2.7) 3 (12.0) 0.026

Diabetes mellitus 3165 (30.4) 4 (16.0) 0.179

Smoking 5950 (57.1) 8 (32.0) 0.02

Hypertension 6701 (64.3) 16 (64.0) 1

Hyperlipidemia 7033 (67.5) 13 (52.0) 0.15

Prior PCI 2568 (24.6) 7 (28.0) 0.876

Prior CABG 1110 (10.7) 5 (20.0) 0.235

Prior Cerebrovascular disease 428 (4.1) 1 (4.0) 1

Prior MI 3765 (36.1) 17 (68.0) 0.002

ACS 6498 (62.4) 17 (68.0) 0.708

Unstable angina 4496 (43.2) 2 (8.0) 0.001

NSTEMI 469 (4.5) 2 (8.0) 0.719

STEMI 1533 (14.7) 13 (52.0) <0.001

Stable coronary artery disease 3921 (37.6) 8 (32.0) 0.708

Left main artery disease 650 (6.2) 3 (12.0) 0.438

LM-LAD 7546 (72.4) 16 (64.0) 0.473

Multivessel disease 7840 (75.2) 20 (80.0) 0.75

TIMI flow 0–1 before PCI 2240 (21.5) 10 (40.0) 0.045

TIMI flow 0–2 after PCI 366 (3.5) 6 (24.0) <0.001

First-generation DES 995 (9.5) 2 (8.0) 2

Second-generation DES 8945 (85.9) 17 (68.0) 0.023

Lesion length 29.0 (19.3) 31.6 (16.9) 0.497

Variables are shown as mean (standard deviation, SD) or n (%). CABG, coronary artery
bypass grafting; ACS, acute coronary syndrome; NSTEMI, non-ST-segment elevation
myocardial infarction; STEMI, ST-segment elevation myocardial infarction; LM-LAD,
left main coronary artery disease and left anterior descending artery disease; DES,
drug-eluting stent; TIMI, thrombolysis in myocardial infarction. Cardiac dysfunction
was defined as LVEF <50%. Renal insufficiency was defined as estimated Glomerular
filtration rate (eGFR) <30 ml/min/1.73 m2 .
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TABLE 2 Logistic regression model for 30-day mortality.

Univariable Multivariable

OR (95% CI) P-value OR (95% CI) P-value Coefficient

Age 1.12 (1.08–1.18) <0.001 1.1 (1.05–1.15) <0.001 0.0924

Men 0.17 (0.07–0.38) <0.001 0.22 (0.09–0.52) 0.001 −1.5214

BMI 0.97 (0.85–1.09) 0.58

Diabetes mellitus 0.44 (0.15–1.27) 0.13

Hypertension 0.99 (0.44–2.23) 0.97

Hyperlipidemia 0.52 (0.24–1.14) 0.1

Prior PCI 1.19 (0.5–2.85) 0.7

Prior CABG 2.1 (0.79–5.6) 0.14

Prior Cerebrovascular disease 0.97 (0.13–7.21) 0.98

Prior MI 3.76 (1.62–8.71) <0.001

STEMI 6.28 (2.86–13.79) <0.001 5.72 (2.44–13.38) <0.001 1.7431

NSTEMI 1.84 (0.43–7.85) 0.41

ACS 1.28 (0.55–2.97) 0.56

Smoking 0.35 (0.15–0.82) 0.02

LM-LAD 0.68 (0.3–1.53) 0.35

Multivessel disease 1.32 (0.49–3.51) 0.58

TIMI flow 0–1 before PCI 2.43 (1.09–5.43) 0.03

TIMI flow 0–2 after PCI 8.67 (3.44–21.85) <0.001 8.45 (3.22–22.17) <0.001 2.1344

First-generation DES 0.82 (0.19–3.5) 0.79

Second-generation DES 0.35 (0.15–0.81) 0.01

Renal insufficiency 4.87 (1.45–16.35) 0.01

Lesion Length 1.01 (0.99–1.02) 0.49

Cardiac dysfunction 6.6 (2.84–15.36) <0.001 3.02 (1.2–7.62) 0.019 1.1066

Variables are shown as mean (standard deviation, SD) or n (%). PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; ACS, acute coronary syndrome;
NSTEMI, non-ST-segment elevation myocardial infarction; STEMI, ST-segment elevation myocardial infarction; LM-LAD, left main artery disease and left anterior descending artery
disease; DES, drug-eluting stent; TIMI, thrombolysis in myocardial infarction. Cardiac dysfunction was defined as LVEF <50%. Renal insufficiency was defined as estimated Glomerular
filtration rate (eGFR) <30 ml/min/1.73 m2 .

Statistical analysis

Continuous variables were compared by the Student’s t-test,
and categorical variables were compared by the chi-square test.
Variables in Brener’s model and traditional risk factors were
candidates for univariable logistic analysis. Variables with a
p-value < 0.1 in the univariable logistic analysis were selected for
subsequent stepwise backward multivariable logistic analysis,
and variables with a p-value < 0.05 were retained in the
multivariable logistic regression. Then, the nomogram was
established based on the results of the multivariable analysis,
and the coefficient of each variable was converted into a 0–100-
point scale. The area under the curves (AUC) was internally
validated by bootstrapping with 1,000 resamples. Calibration
plots were generated to evaluate the consistency between
nomogram-predicting probability and actual probability. Also,
the calibration plots were generated through bootstrapping with
1,000-fold resamples. The AUC was calculated to evaluate the
performance of the predictive model. The AUC values between
0.7 and 0.8 are considered moderate, and the AUC values higher

than 0.8 are considered good. The survival probability was
observed by the Kaplan–Meier analysis. The p-value < 0.05
was considered to be statistically significant. The data were
analyzed with SPSS version 24.0 (Chicago, IL, United States) and
R statistical software version 4.0.31.

Results

Baseline characteristics

The baseline characteristics of the patients are shown in
Table 1. Among 10,444 patients in our study, the patients who
died were significantly older than the living patients and were
more likely to be women and smokers (p < 0.001). Patients
with renal insufficiency, cardiac dysfunction, STEMI, prior MI,
TIMI flow 0–1 before PCI, TIMI flow 0–2 after PCI, unstable

1 https://www.r-project.org/
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FIGURE 1

Nomogram scores of 30-day mortality. Nomogram for predicting the probability of 30-day mortality after PCI. Points were assigned for age,
male sex, cardiac dysfunction, STEMI, and TIMI 0–2 after PCI by drawing a line upward from the corresponding values to the “points line”. The
“total points” are calculated as the sum of the individual score of each of the five variables included in the nomogram. STEMI, ST-segment
elevation myocardial infarction; TIMI, thrombolysis in myocardial infarction; PCI, percutaneous coronary intervention. Cardiac dysfunction was
defined as LVEF <50%.

TABLE 3 Risk-prediction nomogram.

Age (years) Score Sex Score

20 0 Male 0
25 1 Female 2

30 1 Cardiac dysfunction Score

35 2 No 0

40 3 Yes 2

45 3 STEMI Score

50 4 No 0
55 5 Yes 3

60 5 TIMI 0–2 after PCI Score

65 6 No 0
70 7 Yes 3
75 7
80 8
85 9
90 9
95 10

STEMI, ST-segment elevation myocardial infarction; TIMI, thrombolysis in myocardial
infarction; PCI, percutaneous coronary intervention. Cardiac dysfunction was defined
as LVEF <50%.

angina, and second-generation DES implantation had a higher
probability of death (all p < 0.05). Other characteristics had no
significant difference.

Predictors of 30-day mortality after
percutaneous coronary intervention

The results of the univariable logistic analysis are shown in
Table 2. Variables with a p-value < 0.1 in the univariable logistic
regression analysis, including age, male sex, prior MI, STEMI,
smoking, TIMI flow 0–1 before PCI, TIMI flow 0–2 after PCI,
second generation drug-eluting stent (DES), renal insufficiency,
and cardiac dysfunction were selected for subsequent stepwise
backward multivariable logistic analysis; variables with p < 0.05
were retained in the multivariable logistic regression (Table 2).
Therefore, age, male sex, STEMI, TIMI flow 0–2 after PCI, and
cardiac dysfunction were selected to formulate a nomogram
(Figure 1 and Table 3). The average AUC generated by bootstrap
resampling was 0.884. There was a good agreement between the
predicted and the observed 30-day mortality risk (Figures 2, 3).
The Hosmer–Lemeshow test also demonstrated that the model
was a good fit (X2 = 10.605, p = 0.225). The distribution of the
risk scores of the population were shown in Figure 4.
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FIGURE 2

Calibration plots of the nomogram.

FIGURE 3

Predicted and observed 30-day mortality risk. The predicted (gray) and observed (black) risk of 30-day mortality for patients following PCI.
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FIGURE 4

Frequency distribution bar graph of the cohort. The distribution of the risk scores of the population.

FIGURE 5

Discrimination of the 30-day mortality of derivation cohort. ROC curves of the nomogram and Brener’s risk model predicting 30-day mortality
with corresponding AUC values. ROC, receiver operating characteristic; AUC, area under curve.
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FIGURE 6

Kaplan–Meier analysis of the 30-day mortality based on the median score <4 and ≥4 in the cohort.

FIGURE 7

Decision carve analysis of the nomogram predicting 30-day mortality after PCI.
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The nomogram had a good performance in predicting
30-day mortality after PCI, with an AUC of 0.881 (95% CI:
0.8–0.961), and the nomogram showed a better predictive
performance than Brener’s model with an AUC of 0.7 (95% CI:
0.586–0.813) (Figure 5).

The discrimination of the nomogram was also assessed by
Kaplan–Meier analysis (Figure 6). The patients were stratified
by the median of the risk score (score = 4) of our cohort.
A total of 5,188 (49.67%) patients were stratified into the low-
risk group and 5,256 (50.33%) patients were stratified into the
high-risk group. The cumulative probability of the occurrence of
30-day mortality was significantly higher in patients with scores
higher than 4 (p < 0.0001). The decision curve analysis (DCA)
demonstrated that the nomogram predicting 30-day mortality
confers a net benefit over the “full treatment” and “no treatment”
strategies in our cohort (Figure 7).

Discussion

In the present study, we established a nomogram for
predicting 30-day mortality after PCI in a large-scale, real-world
PCI cohort. The nomogram shows excellent discrimination and
calibration, which may help clinicians in risk prediction.

To our knowledge, this study firstly used a nomogram
to predict the 30-day mortality of patients undergoing
PCI. Nomogram is a graphic and easy-to-use calculation
instrument which could make an individualized prediction
of 30-day mortality after PCI. This nomogram incorporates
clinical variables and angiographic variables: age, sex, cardiac
dysfunction, STEMI, and TIMI flow after PCI. Previous scoring
systems rarely incorporated angiographic variables (6, 15, 16).

In Brener’s risk model, cardiac function and renal function
were not included due to the lack of data (9). However, in
previous studies, cardiac function and renal insufficiency are
independent risk factors of 30-day mortality after PCI (3, 17–
19), and both are included in several risk scores, such as the
CADILLAC score (17), the New York State Risk Score (20), and
Mayo Clinic Risk Score (5). To improve the predictive value
of the risk score, left ventricular ejection fraction and renal
function are added to our analysis. Finally, cardiac dysfunction
was selected to incorporate the nomogram. Compared to
Brener’s score, this nomogram exhibited an enhanced 30-day
mortality predictive value in Asian patients (0.7 vs. 0.881).
Among the total patients undergoing PCI with a score of <4,
0.03% died within 30 days; while for those with scores of ≥4,
0.36% died within 30 days after PCI. The results showed that the
risk of mortality increased as the sum of scores increased.

Previous studies established several risk models for
predicting 30-day mortality after PCI, including the New York
State risk score (20), the British Columbia PCI risk score (6),
the ALPHA score (21), and the Mayo Clinic risk score (5); all of
these scores focused on the European or American population.

Our study is the first risk model aimed to predict the 30-day
mortality of Asian patients undergoing PCI.

In conclusion, we established a graphic nomogram to
predict 30-day mortality in patients who underwent PCI
based on a large-scale real-world cohort study, and our
nomogram exhibited better performance than Brener’s score.
This nomogram would be a good tool to help doctors identify
patients with high risk and make better clinical decisions.
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Background: At present, the association between age at menarche and menopause,
reproductive lifespan, and cardiovascular disease (CVD) risk among Chinese
postmenopausal women is not clear, and some related researches are contradictory.

Methods: A total of 6,198 Chinese postmenopausal women with a mean age of
63.6 years were enrolled at baseline in 2012–2015 and followed up for 5 years.
A standardized questionnaire was used to collect relevant information by well-
trained interviewers. Physical examination of the participants was performed by
trained medical staff. CVD events were observed during follow-up. Cox proportional
hazards models were used to estimate hazard ratios between reproductive
characteristics and CVD events.

Results: Age at menarche was positively associated with CVD events (HR, 1.106;
95%CI, 1.047–1.167). There was a negative association between age at menopause
and CVD risk in postmenopausal women with comorbidity (HR, 0.952; 95%CI, 0.909–
0.996). Reproductive lifespan was negatively associated with CVD events (HR, 0.938;
95%CI, 0.880–0.999). The CVD risk increased by 10.6% for every 1-year increase in
age at menarche. The CVD risk reduced by 6.2% for every 1-year increase in age at
menopause in women with comorbidity. The CVD risk reduced by 3.8% for every 1-year
increase in reproductive lifespan.

Conclusions: Based on the large prospective study with a nationally representative
sample, Chinese postmenopausal women with late age at menarche and shorter
reproductive lifespan have higher risk of CVD events.

Keywords: age at menarche, age at menopause, reproductive lifespan, cardiovascular events, postmenopausal
women
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INTRODUCTION

Cardiovascular disease (CVD) is the dominant cause of death
throughout the world (1), accounting for 32% of the total deaths
(2). In China, CVD is the leading cause of death and disability (1),
accounting for approximately 45% of all deaths (3). Meanwhile,
CVD as the principle cause of death in women is still under-
recognized and undertreated (4). Therefore, comprehensive
recognition of CVD risk factors and timely implementation of
appropriate interventions for women is of tremendous public
health importance.

Menarche is a marker of puberty and the onset of ovarian
and other endocrine functions relating to reproduction (5). The
results of previous studies on the relationship between age at
menarche, menopause, reproductive lifespan, and the risk of
CVD are inconsistent (6–11). For example, a systematic review
revealed that three out of four studies show a generally linear
association between a decrease in age at menarche with an
increase in CVD risk (11). However, the UK Million Women
Study manifested a significant U-shaped relationship between
age at menarche and coronary heart disease (CHD) risk (6).
Data from Asian populations were also contradictory and
inconclusive (11).

Age at onset of menopause may be a marker for not only
reproductive aging but also for general health and somatic aging
(12). Adverse changes in CVD risk factors occur around the
menopausal transition (13–15). A meta-analysis including 50,000
Western women showed a negative linear association between
age at menopause and CVD (16). A follow-up study found
a non-significant increased risk of death caused by CHD and
stroke among women with earlier natural menopause (12). This
discrepancy may be due in part to a variety of confounding
variables including genetic background, race, study design, or
environmental factors amongst different populations.

The interval between menarche and menopause defines a
woman’s natural reproductive span. Due to exposure to different
hormonal levels, early or late onset of these events may be
associated with increased risk of many chronic health problems.
However, the association between duration of reproductive
lifespan and CVD risk has not been investigated thoroughly.
A shorter duration of reproductive life span was associated with a
higher Framingham Risk Score. However, this study was limited
by its cross-sectional design to investigate a long-term CVD
event risk (17). Results from the Australian Longitudinal Study of
Women’s Health showed that an increase in reproductive lifespan
per year was associated with a 7% reduction in stroke risk, but this
association disappeared when only the duration of endogenous
estrogen exposure was considered (18). Further, the association
was either null or mixed (19, 20). These findings suggest that
the association between reproductive lifespan and CVD is not
completely clear and requires further investigation.

Most previous studies addressing this objective are conducted
in Western populations. Asian women, including Chinese

Abbreviations: CVD, cardiovascular disease; CHD, coronary heart disease; BMI,
body mass index; SD, standard deviation; HRs, hazard ratios; CIs, confidence
intervals; CKB: Chinese Kadoori Biobank.

women, have different menstrual and reproductive patterns
as well as different lifestyle factors compared with women
living in Western countries. At present, there is a lack of
clear and comprehensive researches on the relationship between
age at menarche, menopause, reproductive lifespan, and CVD
risk in Chinese women. Based on a national representative
cohort study, we investigate the associations between age at
menarche and menopause, reproductive lifespan, and the CVD
risk and examine the relationship in subgroups amongst Chinese
postmenopausal women.

MATERIALS AND METHODS

Study Design and Participants
The Study on Prevalence and Key Technologies of Important
Cardiovascular Diseases in China conducted from October
2012 to December 2015 was a large-scale representative
CVD cross-sectional survey in China. A stratified multistage
random sampling method was used to select about 500,000
nationally representative subjects aged ≥15 years from 262
districts and counties in 31 provinces of mainland China to
investigate demographic characteristics, lifestyle risk factors,
pharmacological treatment, female reproductive related
characteristics and so on. In addition, the second sampling
was carried out on the project. The selected districts/counties
were divided into eastern, central and western region, and then
stratified by urban and rural areas, 16 cities and 17 counties
were selected by simple random sampling method. Random
sampling was carried out in the above 33 districts/counties
by stages. In the last stage, only respondents aged 35 and
above were randomly selected from eligible regions to obtain
blood samples for investigation of fasting plasma glucose
(FPG), total cholesterol (TC), triglycerides (TG), low-density
lipoprotein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C) levels. Finally, those 30,036 individuals
who completed the baseline survey were followed up in 2018–
2019. 5,361 people lost to follow-up within the 5 years and
the overall rate of follow-up was 82.15%. A total of 6,198
postmenopausal women were included in the final analysis
after exclusions of 916 people with history of CVD, 11,106
male participants, 5,379 non-menopausal women and 1,076
postmenopausal women with incomplete information or
errors (Figure 1).

The written informed consent was obtained from each
participant. The Ethics Committee of Fuwai Hospital (Beijing,
China) approved this study.

Baseline Measurement and Data
Collection
A standardized questionnaire was used to collect information
on demographic characteristics, lifestyle risk factors, medical
history, and characteristics related to female reproduction by
well-trained interviewers in 2012–2015. Height and weight
were measured using a standardized cartesian and an OMRON
body fat and weight meter (V-body HBF-371, Omron, Japan)
with participants wearing thin clothing and no shoes. Blood
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FIGURE 1 | Flowchart of inclusion and exclusion of study participants. CVD, cardiovascular disease.

pressure of the participant was measured using an Omron
HBP-1300 professional portable sphygmomanometer (Omron,
Kyoto, Japan) on the right arm in the sitting position after resting
for at least 5 min. Laboratory examinations were performed on
venous blood samples collected after at least 8 h of fasting at
night. FPG, TC, TG, LDL-C, and HDL-C levels were measured by
a central core laboratory (Beijing Adicon Clinical Labora-tories,
Inc., Beijing, China).

Follow-Up and Outcome Measures
During 2018–2019, we tracked CVD events via interviewing
participants or their proxies in-person or via telephone or
mail questionnaires, and further examined medical records for
reconfirmation. Participants’ CVD events were initially recorded
by local investigators, and then hospital records were reviewed by
the central adjudication committee of Fuwai Hospital (Beijing,
China) to determine the final diagnosis. CVD events were
defined as CHD, stroke, chronic heart failure, and death due
to CVD. The criteria for stroke included non-fatal and fatal
stroke (subarachnoid hemorrhage, ischemic stroke, intracerebral
hemorrhage, and unspecified stroke). CHD was defined as
non-fatal (including myocardial infarction, coronary artery
bypass graft surgery, or percutaneous coronary intervention)
and fatal CHD (such as fatal myocardial infarction and other
coronary deaths).

Variable Definition
At baseline, each participant was asked her age at the time of her
first period, which was recorded as age at menarche. Menopausal
status was defined based on the World Health Organization’s

definition of menopause as the absence of menstruation for
≥12 months, and the age at which menopause occurred was
recorded at baseline. The reproductive lifespan was defined as the
interval between age at menarche and menopause.

Body mass index (BMI) was calculated by dividing weight
(kg) by height squared (m2). Criteria for overweight and
obese were defined as BMI between 24.0 and 27.9 kg/m2 and
BMI ≥ 28.0 kg/m2, respectively (21). Alcohol drinking was
defined as consuming an alcoholic beverage at least once per
week in the past month. Smoking was defined as people who
have smoked at least 20 packets of cigarettes in their lifetime
and were still smoking (22). Diabetes was defined as fasting
blood glucose ≥7 mmol/dL or was diagnosed with diabetes
by a doctor or was prescribed hypoglycemic drugs within
2 weeks (23). According to the Guidelines for Dyslipidemia
in China, TG ≥ 2.26mmol/L or TC ≥ 6.22mmol/L or HDL-
C < 1.04 mmol/L or LDL-C ≥ 4.14 mmol/L or prior lipid-
lowering medication or prior diagnosis of dyslipidemia (24).
Have pharmacological treatment is defined as taking any one of
anti-hypertensive, hypoglycemic, or anti-hyperlipidemia drugs.
Comorbidity refers to any combination of two or more of
three diseases: diabetes, hypertension and hypercholesterolemia
following previous study (25). Parity was defined as the number
of live babies a woman gives birth to, whether or not the baby dies
after delivery (26).

Statistical Analysis
Baseline characteristics of participants were presented as mean
and standard deviation (SD) for normally distributed data or
as a proportion for categorical data. The t-test, χ2 test, and
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variance analysis were used to compare variables between the
different groups. Logistic linear regression model was used to
explore the trend of variables. Multivariable Cox proportional
hazard model was used to estimate Hazard ratios (HRs) and 95%
confidence intervals (CIs) for CVD events associated with age
at menarche (classified as ≤13, 14, 15, 16, and ≥17 years) with
15 years as the reference group, age at menopause (classified as
≤44, 45–46, 47–48, 49–50, and ≥51 years) with 47–48 years as
the reference group, and reproductive lifespan (classified as ≤28,

29–31, 32–34, 35–37, and ≥38 years) with 32–34 years as the
reference group.

This study further investigated the associations by
additionally adjusting for age at recruitment (continuous),
BMI (continuous), waist circumference (continuous), ethnicity
(Han or other ethnicities), region (urban or rural), marital
status (unmarried/widowed, married/cohabiting), education
level (elementary or below, junior high school, high school
or above), alcohol drinking (yes or no), smoking (yes or no),

TABLE 1 | Characteristics of study participants by age at menarche.

Age at menarche

Characteristics ≤13 14 15 16 ≥17 All Pvalue Ptrend

Number (%) 754 (12.2) 860 (13.9) 1, 086 (17.5) 1, 108 (17.9) 2, 390 (38.6) 6, 198 (100)

Age at recruitment

Age, mean (SD) 62.0 (10.3) 62.3 (10.2) 63.9 (10.1) 63.2 (10.1) 64.7 (9.4) 63.6 (9.9) < 0.001 < 0.001

<60, n (%) 358 (47.5) 398 (46.3) 407 (37.5) 443 (40.0) 744 (31.1) 2, 350 (38.0) < 0.001 < 0.001

60–70, n (%) 206 (27.3) 232 (27.0) 338 (31.1) 370 (33.4) 942 (39.4) 2, 088 (33.7) < 0.001

≥70, n (%) 190 (25.2) 230 (26.7) 341 (31.4) 295 (26.6) 704 (29.5) 1, 760 (28.4) 0.064

Baseline characteristics

Urban resident, n (%) 449 (59.6) 397 (46.2) 462 (42.5) 512 (46.2) 911 (38.1) 2, 731 (44.1) < 0.001 < 0.001

Han ethnicity, n (%) 684 (90.7) 738 (85.8) 927 (85.4) 961 (86.7) 2, 194 (91.8) 5, 504 (88.8) < 0.001 0.001

Unmarried or widowed, n (%) 125 (16.6) 161 (18.7) 219 (20.2) 220 (20.0) 526 (22.1) 1, 251 (20.2) 0.016

BMI

BMI (kg/m2), mean (SD) 25.2 (3.6) 24.8 (3.6) 25.0 (3.8) 24.8 (3.7) 24.6 (3.6) 24.8 (3.7) < 0.001 < 0.001

<24 kg/m2, n (%) 302 (40.1) 394 (45.8) 461 (42.5) 476 (43.0) 1, 080 (45.2) 2, 713 (43.8) 0.044 0.080

24–28 kg/m2, n (%) 295 (39.1) 309 (35.9) 404 (37.2) 438 (39.5) 911 (38.1) 2, 357 (38.0) 0.680

≥28 kg/m2, n (%) 157 (20.8) 157 (18.3) 221 (20.3) 194 (17.5) 399 (16.7) 1, 128 (18.2) 0.006

Waist circumference (cm), mean (SD) 84.5 (10.1) 83.9 (10.0) 84.1 (10.7) 84.2 (10.2) 83.5 (10.5) 83.9 (10.4) 0.131 0.035

Education level, n (%)

Elementary or below 375 (49.7) 527 (61.3) 766 (70.5) 761 (68.7) 1, 825 (76.4) 4, 254 (68.6) < 0.001 < 0.001

Junior high school 173 (23.0) 201 (23.4) 193 (17.8) 216 (19.5) 380 (15.9) 1, 163 (18.8) < 0.001

High school or above 206 (27.3) 132 (15.3) 127 (11.7) 131 (11.8) 185 (7.7) 781 (12.6) < 0.001

Alcohol drinking, n (%) 65 (8.6) 40 (4.7) 38 (3.5) 66 (6) 134 (5.6) 343 (5.5) < 0.001 0.229

Smoking, n (%) 31 (4.1) 32 (3.7) 36 (3.3) 54 (4.9) 85 (3.6) 238 (3.8) 0.203 0.952

Hypertension, n (%) 380 (50.4) 435 (50.6) 589 (54.2) 582 (52.5) 1, 222 (51.1) 3, 208 (51.8) 0.361 0.871

Diabetes, n (%) 123 (16.3) 108 (12.6) 135 (12.4) 139 (12.5) 290 (12.1) 795 (12.8) 0.050 0.021

Dyslipidemia, n (%) 288 (38.2) 267 (31) 404 (37.2) 397 (35.8) 814 (34.1) 2, 170 (35) 0.012 0.346

Comorbidity, n (%) 230 (30.5) 216 (25.1) 299 (27.5) 290 (26.2) 609 (25.5) 1, 644 (26.5) 0.062 0.040

Have pharmacological treatment, n (%) 278 (36.9) 285 (33.1) 412 (37.9) 381 (34.4) 830 (34.7) 2, 186 (35.3) 0.157 0.438

Ever pregnant, n (%) 750 (99.5) 853 (99.2) 1, 076 (99.1) 1, 099 (99.2) 2, 366 (99.0) 6, 144 (99.1) 0.807 0.276

Ever use of contraceptives, n (%) 67 (8.9) 78 (9.1) 85 (7.8) 92 (8.3) 175 (7.3) 497 (8.0) 0.433 0.086

Have breastfeeding experience, n (%) 693 (91.9) 825 (95.9) 1, 038 (95.6) 1, 077 (97.2) 2, 330 (97.5) 5, 963 (96.2) < 0.001 < 0.001

Parity

Parity, mean (SD) 2.6 (1.5) 2.9 (3.6) 3.0 (1.7) 3.0 (3.3) 3.1 (1.5) 3.0 (2.3) 0.345 < 0.001

0–1, n (%) 199 (26.4) 150 (17.4) 169 (15.6) 156 (14.1) 239 (10) 913 (14.7) < 0.001 < 0.001

2, n (%) 236 (31.3) 275 (32) 325 (29.9) 380 (34.3) 705 (29.5) 1, 921 (31) 0.354

≥3, n (%) 319 (42.3) 435 (50.6) 592 (54.5) 572 (51.6) 1, 446 (60.5) 3, 364 (54.3) < 0.001

Age at menopause, mean (SD) 48.4 (3.6) 48.5 (3.6) 48.9 (3.3) 48.7 (3.3) 48.9 (3.5) 48.8 (3.5) 0.002 < 0.001

Reproductive lifespan, mean (SD) 35.8 (3.7) 34.5 (3.6) 33.9 (3.3) 32.7 (3.3) 31.0 (3.7) 32.9 (3.9) < 0.001 < 0.001

Family history of CVD, n (%) 176 (23.3) 148 (17.2) 212 (19.5) 212 (19.1) 478 (20.0) 1, 226 (19.8) 0.041 0.526

Follow-up event

CVD, n (%) 15 (2.0) 19 (2.2) 29 (2.7) 30 (2.7) 83 (3.5) 176 (2.8) 0.143 0.011

Percentages were calculated based on women with complete information for that specific variable; SD, standard deviation; BMI, body mass index.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 September 2022 | Volume 9 | Article 870360316

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-870360 September 5, 2022 Time: 17:26 # 5

Chen et al. Reproductive Factors and Cardiovascular Events

TABLE 2 | Characteristics of study participants by age at menopause.

Age at menopause

Characteristics ≤44 45–46 47–48 49–50 ≥51 All Pvalue Ptrend

Number (%) 647 (10.4) 761 (12.3) 1, 127 (18.2) 2, 068 (33.4) 1, 595 (25.7) 6, 198 (100.0)

Age at recruitment

Age, mean (SD) 61.9 (11.3) 63.0 (10.7) 63.0 (10.2) 64.7 (9.8) 63.7 (8.7) 63.6 (9.9) < 0.001 < 0.001

<60, n (%) 278 (43.0) 302 (39.7) 441 (39.1) 704 (34) 625 (39.2) 2, 350 (37.9) < 0.001 0.015

60–70, n (%) 192 (29.7) 237 (31.1) 395 (35.0) 707 (34.2) 557 (34.9) 2, 088 (33.7) 0.011

≥70, n (%) 177 (27.4) 222 (29.2) 291 (25.8) 657 (31.8) 413 (25.9) 1, 760 (28.4) 0.956

Baseline characteristics

Urban resident, n (%) 234 (36.2) 301 (39.6) 470 (41.7) 1, 038 (50.2) 688 (43.1) 2, 731 (44.1) < 0.001 < 0.001

Han ethnicity, n (%) 555 (85.8) 655 (86.1) 981 (87) 1, 854 (89.7) 1, 459 (91.5) 5, 504 (88.8) < 0.001 0.001

Unmarried or widowed, n (%) 141 (21.8) 160 (21.1) 218 (19.4) 437 (21.2) 295 (18.6) 1, 251 (20.2) 0.231 0.134

BMI

BMI (kg/m2), mean (SD) 24.4 (3.5) 24.8 (3.6) 24.6 (3.6) 24.8 (3.8) 25.0 (3.7) 24.8 (3.7) 0.001 < 0.001

<24 kg/m2, n (%) 300 (46.4) 320 (42) 509 (45.2) 922 (44.6) 662 (41.5) 2, 713 (43.8) 0.050 0.128

24–28 kg/m2, n (%) 252 (38.9) 311 (40.9) 419 (37.2) 751 (36.3) 624 (39.1) 2, 357 (38) 0.486

≥28 kg/m2, n (%) 95 (14.7) 130 (17.1) 199 (17.7) 395 (19.1) 309 (19.4) 1, 128 (18.2) 0.005

Waist circumference (cm), mean (SD) 82.7 (10.2) 83.3 (10.1) 83.7 (10.2) 84.0 (10.7) 84.8 (10.2) 83.9 (10.4) < 0.001 < 0.001

Education level, n (%)

Elementary or below 466 (72.0) 533 (70.0) 752 (66.7) 1, 426 (69.0) 1, 077 (67.5) 4, 254 (68.6) 0.038 0.074

Junior high school 117 (18.1) 136 (17.9) 243 (21.6) 377 (18.2) 290 (18.2) 1, 163 (18.8) 0.722

High school or above 64 (9.9) 92 (12.1) 132 (11.7) 265 (12.8) 228 (14.3) 781 (12.6) 0.004

Alcohol drinking, n (%) 49 (7.6) 42 (5.5) 63 (5.6) 102 (4.9) 87 (5.5) 343 (5.5) 0.158 0.073

Smoking, n (%) 36 (5.6) 34 (4.5) 38 (3.4) 80 (3.9) 50 (3.1) 238 (3.8) 0.065 0.011

Hypertension, n (%) 298 (46.1) 373 (49.0) 556 (49.3) 1, 100 (53.2) 881 (55.2) 3, 208 (51.8) < 0.001 < 0.001

Diabetes, n (%) 86 (13.3) 83 (10.9) 141 (12.5) 260 (12.6) 225 (14.1) 795 (12.8) 0.268 0.190

Dyslipidemia, n (%) 208 (32.1) 243 (31.9) 419 (37.2) 724 (35.0) 576 (36.1) 2, 170 (35.0) 0.070 0.047

Comorbidity, n (%) 147 (22.7) 187 (24.6) 301 (26.7) 545 (26.4) 464 (29.1) 1, 644 (26.5) 0.019 0.001

Have pharmacological treatment, n (%) 210 (32.5) 240 (31.5) 373 (33.1) 755 (36.5) 608 (38.1) 2, 186 (35.3) 0.003 < 0.001

Ever pregnant, n (%) 643 (99.4) 755 (99.2) 1, 115 (98.9) 2, 047 (99) 1, 584 (99.3) 6, 144 (99.1) 0.711 0.907

Ever use of contraceptives, n (%) 44 (6.8) 69 (9.1) 107 (9.5) 137 (6.6) 140 (8.8) 497 (8.0) 0.014 0.908

Have breastfeeding experience, n (%) 619 (95.7) 725 (95.3) 1, 090 (96.7) 1, 982 (95.8) 1, 547 (97.0) 5, 963 (96.2) 0.159 0.102

Parity, n (%)

Parity, mean (SD) 3.1 (4.1) 3.0 (1.6) 2.9 (1.5) 3.0 (2.6) 2.9 (1.5) 3.0 (2.3) 0.367 0.226

0–1 92 (14.2) 111 (14.6) 175 (15.5) 300 (14.5) 235 (14.7) 913 (14.7) 0.281 0.929

2 219 (33.8) 236 (31.0) 357 (31.7) 597 (28.9) 512 (32.1) 1, 921 (31.0) 0.326

≥3 336 (51.9) 414 (54.4) 595 (52.8) 1, 171 (56.6) 848 (53.2) 3, 364 (54.3) 0.396

Age at menarche, mean (SD) 15.8 (2.1) 15.7 (2.0) 15.8 (2.0) 16.0 (2.0) 16.0 (2.0) 15.9 (2.0) 0.001 < 0.001

Reproductive lifespan, mean (SD) 25.9 (2.6) 29.7 (2.0) 31.8 (2.0) 33.7 (2.1) 36.8 (2.4) 32.9 (2.2) < 0.001 < 0.001

Family history of CVD, n (%) 127 (19.6) 123 (16.2) 229 (20.3) 384 (18.6) 363 (22.8) 1, 226 (19.8) 0.002 < 0.001

Follow-up event

CVD, n (%) 24 (3.7) 17 (2.2) 31 (2.8) 54 (2.6) 50 (3.1) 176 (2.8) 0.446 0.907

Percentages were calculated based on women with complete information for that specific variable; SD, standard deviation; BMI, body mass index.

pharmacological treatment (yes or no), comorbidity (yes
or no), family history of CVD (yes or no), ever pregnant
(yes or no), contraceptive use (yes or no), breastfeeding
experience (yes or no), and parity (0–1, 2, ≥3). We
also examined the CVD risk by age at menarche and
menopause and reproductive lifespan in subgroups of women
defined by region, age at recruitment, marital status, BMI,
education level, comorbidity, pharmacological treatment,
alcohol drinking status, and family history of CVD, use of
contraceptives, parity.

R 3.6.2 software were used to conduct analyses. The threshold
of statistical significance was set at p < 0.05.

RESULTS

The characteristics of the study participants by age at menarche
and menopause, and reproductive lifespan were listed in
Tables 1–3, respectively. The mean (SD) age of study participants
at recruitment was 63.6 (9.9) years, and the mean age at
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TABLE 3 | Characteristics of study participants by reproductive lifespan.

Characteristics Reproductive lifespan Pvalue Ptrend

≤28 29–31 32–34 35–37 ≥38 All

Number (%) 814 (13.1) 1, 263 (20.4) 1, 897 (30.6) 1, 584 (25.6) 640 (10.3) 6, 198 (100.0)

Age at recruitment

Age, mean (SD) 63.4 (10.8) 63.4 (10.2) 63.8 (10.1) 63.6 (9.4) 63.7 (8.7) 63.6 (9.9) < 0.001 0.429

<60, n (%) 296 (36.4) 449 (35.6) 716 (37.7) 620 (39.1) 269 (42.0) 2, 350 (37.9) < 0.001 0.005

60–70, n (%) 276 (33.9) 460 (36.4) 628 (33.1) 523 (33.0) 201 (31.4) 2, 088 (33.7) 0.077

≥70, n (%) 242 (29.7) 354 (28.0) 553 (29.2) 441 (27.8) 170 (26.6) 1, 760 (28.4) 0.240

Baseline characteristics

Urban resident, n (%) 261 (32.1) 482 (38.2) 881 (46.4) 779 (49.2) 328 (51.2) 2, 731 (44.1) < 0.001 < 0.001

Han ethnicity, n (%) 703 (86.4) 1, 123 (88.9) 1, 673 (88.2) 1, 432 (90.4) 573 (89.5) 5, 504 (88.8) 0.040 0.0129

Unmarried or widowed, n (%) 186 (22.9) 274 (21.8) 382 (20.2) 310 (19.6) 99 (15.5) 1, 251 (20.2) 0.006 0.001

BMI

BMI (kg/m2), mean (SD) 24.3 (3.4) 24.6 (3.6) 24.8 (3.8) 24.9 (3.6) 25.3 (3.7) 24.8 (3.7) < 0.001 < 0.001

<24 kg/m2, n (%) 375 (46.1) 578 (45.8) 823 (43.4) 681 (43.0) 256 (40.0) 2, 713 (43.8) 0.009 0.008

24–28 kg/m2, n (%) 328 (40.3) 465 (36.8) 716 (37.7) 600 (37.9) 248 (38.8) 2, 357 (38.0) 0.744

≥28 kg/m2, n (%) 111 (13.6) 220 (17.4) 358 (18.9) 303 (19.1) 136 (21.2) 1, 128 (18.2) < 0.001

Waist circumference (cm), mean (SD) 82.5 (10.0) 83.4 (10.4) 84.0 (10.7) 84.5 (10.1) 85.0 (10.2) 83.9 (10.3) < 0.001 < 0.001

Education level, n (%)

Elementary or below 644 (79.1) 895 (70.8) 1, 314 (69.3) 1, 013 (64.0) 388 (60.6) 4, 254 (68.6) < 0.001 < 0.001

Junior high school 116 (14.3) 242 (19.2) 375 (19.7) 298 (18.8) 132 (20.6) 1, 163 (18.8) 0.010

High school or above 54 (6.6) 126 (10.0) 208 (11.0) 273 (17.2) 120 (18.8) 781 (12.6) < 0.001

Alcohol drinking, n (%) 51 (6.3) 74 (5.9) 101 (5.3) 70 (4.4) 47 (7.3) 343 (5.5) 0.061 0.622

Smoking, n (%) 41 (5.0) 58 (4.6) 67 (3.5) 51 (3.2) 21 (3.3) 238 (3.8) 0.100 0.010

Hypertension, n (%) 384 (47.2) 617 (48.9) 1, 000 (52.7) 842 (53.2) 365 (57.0) 3, 208 (51.8) < 0.001 < 0.001

Diabetes, n (%) 100 (12.3) 139 (11.0) 232 (12.2) 227 (14.3) 97 (15.2) 795 (12.8) 0.028 0.006

Dyslipidemia, n (%) 258 (31.7) 418 (33.1) 694 (36.6) 563 (35.5) 237 (37.0) 2, 170 (35.0) 0.052 0.011

Comorbidity, n (%) 185 (22.7) 300 (23.8) 512 (27.0) 458 (28.9) 189 (29.5) 1, 644 (26.5) 0.001 < 0.001

Have pharmacological treatment, n (%) 263 (32.3) 410 (32.5) 673 (35.5) 571 (36.0) 269 (42.0) 2, 186 (35.3) < 0.001 < 0.001

Ever pregnant, n (%) 807 (99.1) 1, 251 (99) 1, 877 (98.9) 1, 571 (99.2) 638 (99.7) 6, 144 (99.1) 0.527 0.311

Ever use of contraceptives, n (%) 57 (7.0) 94 (7.4) 169 (8.9) 126 (8.0) 51 (8.0) 497 (8.0) 0.440 0.381

Have breastfeeding experience, n (%) 786 (96.6) 1, 213 (96.0) 1, 842 (97.1) 1, 514 (95.6) 608 (95.0) 5, 963 (96.2) 0.067 0.103

Parity, n (%)

Parity, mean (SD) 3.1 (3.7) 3.0 (1.5) 3.1 (2.7) 2.9 (1.6) 2.7 (1.5) 3.0 (2.3) 0.490 0.002

0–1 103 (12.7) 141 (11.2) 256 (13.5) 296 (18.7) 117 (18.3) 913 (14.7) < 0.001 < 0.001

2 248 (30.5) 413 (32.7) 588 (31.0) 457 (28.9) 215 (33.6) 1, 921 (31.0) 0.752

≥3 463 (56.9) 709 (56.1) 1, 053 (55.5) 831 (52.5) 308 (48.1) 3, 364 (54.3) < 0.001

Age at menarche, mean (SD) 17 (2.0) 16.8 (1.9) 16.1 (1.7) 15 (1.7) 14.1 (1.6) 15.9 (2.0) < 0.001 < 0.001

Age at menopause, mean (SD) 42.9 (2.4) 47 (2.0) 49.1 (1.7) 50.8 (1.7) 53.3 (1.8) 48.7 (3.5) < 0.001 < 0.001

Family history of CVD, n (%) 154 (18.9) 223 (17.7) 373 (19.7) 324 (20.5) 152 (23.8) 1, 226 (19.8) 0.029 0.006

Follow-up event

CVD, n (%) 30 (3.7) 37 (2.9) 53 (2.8) 37 (2.3) 19 (3.0) 176 (2.8) 0.454 0.170

Percentages were calculated based on women with complete information for that specific variable; SD, standard deviation; BMI, body mass index.

menarche and menopause, and reproductive lifespan were
15.9 (2.0), 48.7 (3.5), and 32.9 (3.9) years, respectively. The
mean (SD) BMI, waist circumference, and parity were 24.8
(3.7) kg/m2, 83.9 (10.4) cm, and 3.0 (2.3), respectively.
A minority of women were smokers (3.8%), alcohol drinkers
(5.5%), and users of contraceptives (8.0%). Most women
had previously pregnant (99.1%) and breastfeeding experience
(96.2%). Women with earlier age at menarche had higher
educational level, had lower BMI, waist circumference and
parity, had higher percent of urban resident. Women with

later age at menopause had higher educational level, BMI,
and waist circumference, had higher percent of comorbidity,
Women with lower reproductive lifespan had higher parity, had
lower educational level, BMI and waist circumference, had lower
percent of comorbidity.

Figure 2 showed the HRs for CVD events by age at
menarche, age at menopause, and reproductive lifespan amongst
postmenopausal women. In model 1, the association between
age at menarche and CVD was significant, and the association
between age menopause, reproductive lifespan and CVD was
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FIGURE 2 | Hazard ratios (HRs) for cardiovascular disease (CVD) by age at menarche, age at menopause, and reproductive lifespan among postmenopausal
women. (A) HRs for CVD by age at menarche; (B) HRs for CVD by age at menopause; (C) HRs for CVD by reproductive lifespan. Model 1: adjusted for age at
recruitment. Model 2: model 1 plus region, ethnicity, marital status, body mass index, waist circumference, education level, alcohol drinking, smoking, comorbidity,
pharmacological treatment, family history of CVD. Model 3: model 2 plus pregnant, contraceptive use status, and breastfeeding experience, parity.

not significant. In model 2 and 3, the association between age
at menarche, reproductive lifespan and CVD was significant,
and the association between age menopause and CVD was
not significant. Model 3 showed that for those with age at
menarche ≤ 13, 14, 15 (reference), 16, and ≥ 17 years, the
HRs (95%CIs) were respectively 0.887 (0.489–1.609), 0.993
(0.560–1.762) 1.000 (reference), 1.157 (0.699–1.915), and 1.589
(1.041–2.424), for those with age at menopause ≤44, 45–46,
47–48 (reference), 49–50, and ≥51 years, the HRs (95%CIs)
were respectively 1.388n(0.821–2.346), 0.861 (0.482–1.537), 1.000
(reference), 0.909 (0.587–1.405), and 1.111. (0.716–1.726), for
those with reproductive lifespan ≤28, 29–31, 32–34 (reference),
35–37, and ≥38, the HRs (95%CIs) were respectively 1.368
(0.896–2.090), 1.059 (0.700–1.602), 1.000 (reference), 0.746
(0.492–1.132), and 0.926 (0.538–1.549). The highest risk was
seen in those with menarche at age ≥17 years, and those with
reproductive lifespan ≤28 years.

Age at menarche was positively associated with CVD events,
with an adjusted HR (95%CI) of 1.106 (1.047–1.167) per year.
For every 1-year increase in age at menarche, the risk of CVD
increased by 10.6%. The association between age at menopause
and risk of CVD was not significant, with an adjusted HR
(95%CI) of 0.982 (0.943–1.024) per year. Reproductive lifespan

was negatively associated with CVD events, with an adjusted
HR (95%CI) of 0.962 (0.929–0.996) per year. For every 1-
year increase in reproductive lifespan, the risk of CVD was
reduced by 3.8%.

Subgroup analyses were also conducted according to region,
age at recruitment, marital status, BMI, education level,
pharmacological treatment, comorbidity, alcohol drinking
status, use of contraceptives, parity, and family history of
CVD (Figure 3). There was a positive association between
age at menarche and risk of CVD events in postmenopausal
women within the following subgroups: living in urban areas,
70 years old and above, low BMI, low education level, have no
comorbidity, have pharmacological treatment, non-drinkers,
no previous contraceptive use, and 0–2 live births. There
was a negative association between reproductive lifespan
and risk of CVD events among the following subgroups:
married, 60–70 years old, low BMI, low education level,
have comorbidity, have pharmacological treatment, non-
drinkers, no previous contraceptive use, and 2 live births.
There was a negative association between age at menopause
and CVD risk in postmenopausal women with comorbidity,
with an adjusted HR (95%CI) of 0.938 (0.880–0.999) per
year. The risk of CVD reduced by 6.2% for every 1-year
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FIGURE 3 | Adjusted hazard ratios (HRs) for cardiovascular disease (CVD) per year by age at menarche, age at menopause, and reproductive lifespan within various
subgroups. (A) Age at menarche; (B) age at menopause; (C) reproductive lifespan. Analyses were adjusted for age at recruitment, region, ethnicity, marital status,
body mass index, waist circumference, education level, alcohol drinking, smoking, comorbidity, pharmacological treatment, family history of CVD, pregnant,
contraceptive use status, and breastfeeding experience, parity.

increase in age at menopause in postmenopausal women
with comorbidity.

DISCUSSION

To our knowledge, this was the first large prospective study
that comprehensively investigated the associations between age
at menarche and menopause, reproductive lifespan, and risk
of CVD events in Chinese postmenopausal women using
a nationally representative sample and evaluating multiple
subgroups. Based on 6,198 Chinese postmenopausal women
without prior history of CVD, we found that late age at menarche
and shorter reproductive span is significantly associated with
increased risk in CVD events among women. These associations
also appeared to be similar amongst subgroups. There was also
a negative association between age at menopause and CVD risk
in postmenopausal women with comorbidity. For every 1-year
increase in age at menarche, the risk of CVD increased by
10.6%, and for every 1-year increase in reproductive lifespan,
the risk of CVD reduced by 3.8%. The risk of CVD reduced by
6.2% for every 1-year increase in age at menopause in women
with comorbidity.

Several studies have previously investigated the relationship
of age of menarche and CVD events, but reported inconsistent

findings. A systematic review revealed that for Caucasian
populations, eight out of twelve studies show a generally linear
association between a decrease in age at menarche with an
increase in CVD risk (11). But the UK Million Women Study
showed a significant U-shaped relationship between age at
menarche and the outcomes CHD (6). This discrepancy may
be due in part to small sample sizes, geographic limits to one
city or province, or only rural areas, age or ethnic differences,
or residual confounding from unmeasured or other potential
risk factors. The results from studies with Asian populations
are inconclusive, with either early or late menarche increasing
the CVD risk. One cohort study reported an increased risk of
ischemic stroke for women with an age at menarche ≤13 years
compared to those with 15 years, but the participants were
selected from a rural town in northern Japan and therefore
not representativeness of the general population (27). The same
U-shape between age at menarche and CVD risk was found
in data from the Chinese Kadoori Biobank (CKB), but the
associations seemed to differ by birth cohort (28). A case-control
study reported that higher age at menarche was associated with
an increased ischemic stroke risk, which was consistent with our
study (29).

Some mechanisms may explain the positive correlation
between age of menarche and risk of CVD events in our results.
Studies have shown that late menarche is associated with low
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estrogen levels (30, 31). Estrogen affects the elasticity of blood
vessels and regulates the level of metabolic mediators such as
lipids, inflammatory markers and the coagulation system (4).
Estrogen has a protective effect on CVD in women by stimulating
endothelial nitric oxide synthase, which mediates vasodilation
and maintains cardiovascular health (32, 33). Women with early
age at menarche are more likely to have higher levels of ovarian
hormone, which can protect women from hypertension and
atherosclerosis (34). Several studies agree about the different
impact of testosterone on males and females (35, 36). Low
endogen levels of this hormone in males can be associated with
CVD and coronary stenosis severity. High levels of circulating
androgens in women appear to be associated with higher
cardiovascular risk (37, 38). In addition, age at menarche
is associated with the higher adiposity both in childhood
and in adulthood (39, 40). Adiposity indicators mediated the
relationship between age at menarche and blood pressure in
women. Adiposity is a risk factor of CVD, so the association
between age at menarche and CVD could a result of higher
estrogen levels or higher adiposity in early maturing women (40).

Additionally, the relationships between age at menopause and
CVD risk in previous research are contradictory. Two meta-
analysis indicated women with early menopausal age have a
higher risk of incident CVD (16, 41). However, the result might
have introduced some heterogeneity or has certain limitations
about extrapolation due to the limited racial population included.
Results of UK Biobank on early natural menopause were
associated with a increased risk for a composite of CVD may have
a “healthy participant” selection bias (42). The following studies
are consistent with our findings on no convincing relationship
between early menopausal age and cardiovascular disease (12,
43–47). Differences in population and study design and the
influence of confounding factors may be the main reasons for the
inconsistent results.

Persuasive evidence demonstrated that bilateral
oophorectomy in premenopausal women increases the risk
of CHD unless exogenous hormones are administered (48).
However, there is no convincing evidence to support the
hypothesis that natural menopause is a risk factor for CHD.
When women with natural, surgical, and medicated menopause
were analyzed together, the risk increased significantly with
decreasing age at menopause, but this inverse association was
limited to current non-smokers and not statistically significant
amongst women with natural menopause (49). In a previous
report from the Nurses’ Health Study, with further adjustment
for smoking and age the relative risk of CHD in postmenopausal
women diminished from significantly elevated to insignificant
(48). These results might reflect the need to closely control the
residual confounding factors of smoking and age, which have
been adjusted for in our study. Furthermore, we found that
there was a negative association between age at menopausal
and CVD risk in postmenopausal women with comorbidity. As
far as we know, diabetes, hypertension and dyslipidemia are
independent risk factors for CVD events and show a additive
association with the risk of CVD (50). Our finding suggests that
this association may be more striking to particularly attention in
postmenopausal women.

Previous studies investigating the association between
reproductive lifespan and CVD risk were inconsistent.
A systematic review and meta-analysis found that women
with a shorter reproductive lifespan was associated with a
higher risk of CVD events, with a 31% increased risk of stroke
in particular (19). The Nurse’s Health Study found that the
CVD risk was 25% higher amongst those with <30 years
of reproductive lifespan compared to 34–37 years (51). One
cross-sectional study from the United States showed that each
yearly increase in reproductive lifespan was associated with 3%
reduction in the risk for overall CVD and stroke events (20).
The findings from this and other studies were consistent for
CHD (34, 51, 52). A cohort study from the Women’s Health
Initiative manifested that a shorter total reproductive duration in
postmenopausal women resulted in a modestly increased risk of
any heart failure (53). In Asia, the study of CKB found that total
reproductive years were inversely associated with risks of both
fatal and non-fatal CVD events, with 1.4% lower risk of CVD
events death per each additional reproductive year (52). For
stroke mortality, a large prospective study from Japan showed a
decreased risk for longer reproductive lifespan (54). The above
relationship between reproductive lifespan and CVD risk is
consistent with our current study. However, some studies have
found that there is no statistically significant association between
the number of reproductive years and CVD mortality (9, 46,
55, 56). In addition, Jung et al. found a U-shaped association
between reproductive lifespan and ischemic heart disease; the
risk of which increased in both reproductive lifespan <30
and 40 years when 36–39 years were used as a reference (34).
In one prospective study, it was significantly associated with
5% higher mortality for every additional year of reproductive
lifespan (57).

Timing of menarche and menopause were correlated in that
women who experienced early menarche were at higher risk
of early menopause (51). In addition, reproductive lifespan
can serve as a simple way to estimate estrogen exposure
(51). Therefore, the underlying mechanism linking a longer
reproductive lifespan with reduced risk of CVD events can be
attributed to prolonged exposure to endogenous estrogen, which
is accordant with our previous explanatory mechanism. These
findings suggest that reproductive factors may play an important
role in maintaining and improving cardiovascular health, which
can be used to assess populations with poor cardiovascular health
for targeted interventions.

STRENGTHS AND LIMITATIONS

Important strengths of our study are the prospective design
and nationally representative sample. The study has several
other strengths, including the standardized approaches and
stringent quality control measures taken to ensure data
quality and reliability. We adjusted for potential risk factors
for CVD and conducted a detailed subgroup analysis to
improve the reliability of our results, which allowed us to
simultaneously adjust for potential confounders and reliably
assess the associations.
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Several limitations need to be taken into account. First, CVD
is composed of multiple diseases, so it is unclear whether role in
our study is specific for certain CVD. Second, age at menarche
is known to vary by ethnicity, with girls of African and Asian
descent experiencing earlier menarche than Caucasian girls (58,
59). However, it is unknown whether ethnicity plays a role
in the association between age at menarche and CVD events.
Furthermore, our study participants were Chinese women,
which minimized the confounding effects by ethnic background,
but might reduce the generalization of our results to other
ethnic groups. Thirdly, ages at the time of menarche and
menopause were self-reported which raises the possibility of
misclassification due to recall bias. However, previous studies
have reported that the recall of age at menarche (60, 61) and
menopause is relatively accurate (62, 63). Therefore, self-reported
age at menarche and menopause were reasonably valid and
reproducible. If recall bias existed, it would be non-differential,
tending to attenuate the real strengths of the associations
that we observed. Lastly, although we have adjusted for a
comprehensive range of potential confounders, the possibility of
residual confounding from other known or unknown risk factors
cannot be completely ruled out.

CONCLUSION

Based on 6,198 Chinese postmenopausal women who had no
prior history of CVD, we found that late age at menarche and
shorter reproductive span are both significantly associated with
increased risk of CVD events. These associations also appeared
to be similar amongst subgroups. In addition, there was a
negative association between age at menopause and CVD risk
in postmenopausal women with comorbidity. Our findings have
important public health implications for early detection and
timely implementation of appropriate interventions in women at
high risk of CVD.
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Objective: In China, a limited number of studies focus on women and examine

the effect of cardiometabolic multimorbidity (defined as the presence of two

or more cardiometabolic diseases) on health outcomes. This research aims to

investigate the epidemiology of cardiometabolic multimorbidity and the association

of cardiometabolic multimorbidity with long-term mortality.

Methods: This study used data from the China Health and Retirement Longitudinal

Study between 2011 and 2018, which includes 4,832 women aged 45 years and

older in China. Poisson-distributed Generalized Linear Models (GLM) were applied to

examine the association of cardiometabolic multimorbidity with all-cause mortality.

Results: Overall, the prevalence of cardiometabolic multimorbidity was 33.1% among

the total sample of 4,832 Chinese women, and increased with age, ranging

from 28.5% (22.1%) for those aged 45–54 years to 65.3% (38.2%) for those aged

≥75 years in urban (rural) areas. Compared with the group of none and single

disease, cardiometabolic multimorbidity was positively associated with all-cause

death (RR = 1.509, 95% CI = 1.130, 2.017), after adjusting socio-demographic

and lifestyle behavioral covariates. Stratified analyses revealed that the association

between cardiometabolic multimorbidity and all-cause death was only statistically

significant (RR = 1.473, 95% CI = 1.040, 2.087) in rural residents, but not significant in

urban residents.

Conclusion: Cardiometabolic multimorbidity is common among women in China

and has been associated with excess mortality. Targeted strategies and people-

centered integrated primary care models must be considered to more effectively

manage the cardiometabolic multimorbidity shift from focusing on single-disease.
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1. Introduction

Metabolic disease is associated with the high risk of
cardiovascular diseases (1, 2) and all-cause mortality (3–5) has
been a major global challenge. In 2019, one-third of all deaths
worldwide were due to cardiovascular disease and the cardiovascular
diseases, especially coronary heart disease and stroke, is the
leading cause of death worldwide (3). The disease burden of
cardiometabolic multimorbidity (defined as the coexistence of
two or more cardiometabolic diseases) is rising rapidly. In China
and low-and middle income countries (LMICs), the number of
people experiencing cardiometabolic multimorbidity has increased
rapidly over the past few decades (6–8). In European countries
and the United States, multimorbidity is associated with higher
healthcare service utilization, poorer health outcomes, and mortality,
challenging the single-disease framework of most healthcare
configurations (9, 10).

Although several studies have been conducted in high-income
countries (HICs) on the burden and effect of multimorbidity, this
topic remains an emerging research area of research in LMICs (11–
13). Recently, only a few studies in certain regions of China have
explored this topic (14–16). For example, the Chinese Electronic
Health Records Research in Yinzhou (CHERRY) study focusing on
Yinzhou County, which examined the burden of cardiometabolic
multimorbidity and mortality risk among 1 million subjects in
China (16).

Most of previous studies investigated the relationships between
some single chronic conditions alone and health outcomes. There
is limited evidence on the long-term changes of health related
outcomes in individuals who are suffering from cardiometabolic
multimorbidity (3–5). In China, there is no study focusing on
females and estimated the impact of cardiometabolic multimorbidity
on long-term mortality using nationally representative data (17–
21). Therefore, the objective of this research is to investigate
the prevalence of cardiometabolic multimorbidity among Chinese
women and the association of cardiometabolic multimorbidity
with all-cause mortality, using nationally representative population-
based cohort data.

2. Materials and methods

2.1. Data source

A nationally representative population-based cohort study was
designed, using longitudinal data from the baseline and newest wave
of China Health and Retirement Longitudinal Study (CHARLS)
conducted from 2011 to 2018. The aim of CHARLS is to collect a
set of high-quality micro-data representing families and individuals
of middle-aged and elderly people aged 45 and above in China.
The CHARLS baseline survey was launched in 2011, covering
150 counties, 450 villages/communities as primary sampling units
(PSUs), and over 17,000 individuals in about 10,000 households.
These samples will then be tracked every 2 to 3 years. Data were
collected in a survey in which four-stage stratified cluster sampling
was used to select eligible individuals. Details of the procedures
involved in CHARLS and its multistage stratified sampling are
described elsewhere (22). The CHARLS questionnaire includes: basic
socio-demographic information, family structure and income, health

status, health service utilization and expenditure, retirement and
pensions, anthropometric measurements and biomarkers. Written
informed consent was obtained from all participants (22).

The baseline of CHARLS collected a total of 17,708 participants,
including 9,230 adult women, with the respondent rate above 80%.
The fourth wave of CHARLS survey successfully re-interviewed
7,593 females in 2018. This study identified 5,538 participants with
biomarker information and blood test. After deleting the individuals
aged below 45 years and those respondents with missing values for
the outcome variable and covariates of interest, 4,832 individuals who
performed the two wave surveys were included (The sample selection
flowchart was shown in Supplementary Figure 1).

2.2. Measures

We counted the number of chronic diseases for each participant,
identifying those with multimorbidity (23, 24). Cardiometabolic
multimorbidity was defined as the presence of two or more
cardiometabolic diseases included for each participant (17, 20, 21).
A total of seven cardiovascular and metabolic diseases were used
to measure multimorbidity. Hypertension, diabetes, dyslipidaemia,
hyperuricemia and central obesity were measured by biomarkers
or blood test information. Another two non-fatal cardiometabolic
diseases, including heart disease and stroke, were ascertained via
self-reports of a physician or health professional diagnosis of heart
disease or stroke.

In this study, the hypertension was defined as systolic blood
pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg,
and/or taking antihypertensive drugs for elevated blood pressure
(25). The diabetes was defined as (1) fasting blood glucose level
≥126 mg/dL (7.0 mmol/L); and/or (2) HbA1c concentration
≥6.5%; and/or (3) insulin therapy and/or medication for elevated
blood glucose (26). The dyslipidemia was defined as (1) total
cholesterol ≥240 mg/dL (6.22 mmol/L); and/or (2) low-density
lipoprotein cholesterol ≥160 mg/dL (4.14 mmol/L); and/or (3)
high-density lipoprotein cholesterol Protein cholesterol <40 mg/dL
(1.04 mmol/L); and/or (4) triglycerides ≥200 mg/dL (2.26 mmol/L);
and/or (5) taking anti-dyslipidemic drugs (27). The hyperuricemia is
defined as a serum uric acid concentration greater than 7.0 mg/dL in
men and greater than 6.0 mg/dL in women (28). The central obesity
was defined as a waist circumference greater than 85 cm in female
participants with a body mass index (BMI) ≥30 kg/m2 (29). The
presence of heart disease and stroke, respectively, was determined by
two questions in CHARLS survey: the participants were asked “Have
you been diagnosed with heart attack, coronary heart disease, angina,
congestive heart failure, or other heart problems by a doctor” and
“Have you been diagnosed with stroke by a doctor?”

Regarding the health related outcome variable, all-cause mortality
during the period of 2011–2018 was used as the primary outcome.
The death information of participants at baseline was collected in
sequential surveys and the last follow-up was conducted in 2018.

2.3. Statistical analysis

Poisson-distributed Generalized Linear Models (GLM)
were conducted to determine the longitudinal association of
Cardiometabolic multimorbidity with all-cause mortality. Models
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are adjusted on age, marital status, educational level, residence
place, region, and social health insurance at baseline (model 1)
and other confounding factors (smoking, drinking alcohol, other
non-communicable diseases (NCDs), and depression) (model
2). Depressive disorder was measured by the 10-item Center for
Epidemiologic Studies Depression Scale (CES-D 10), which has been
identified as a valid and reliable useful mental health assessment tool
in China (30).

We performed stratified analyses to further investigate urban-
rural differences of the association of cardiometabolic multimorbidity
with all-cause death. In terms of the multivariable regression analyses,
relative risk ratios (RR) and 95% confidence intervals (CI) were
reported. We performed the sensitivity analysis on relationships
between the single components of cardiometabolic syndrome and
all-cause mortality. We also conducted the regression analyses
by using a newer cut-off of 5.1 mg/dl for the definition of

TABLE 1 Characteristics of participants, the prevalence of single condition and CMDmultimorbidity.

Variables N (Percentage)a Prevalence of single diseaseb (95% CI) Prevalence of CMD multimorbidity (95% CI)

All 4,832 100.0 34.1% 32.2% 36.0% 33.7% 31.6% 35.9%

Age, years

45–55 1,900 39.3 32.4% 29.2% 35.8% 25.1% 21.3% 29.4%

55–65 1,903 39.4 34.9% 32.3% 37.6% 35.7% 33.1% 38.4%

65–75 786 16.3 35.2% 30.8% 39.8% 44.9% 40.5% 49.5%

≥ 75 243 5.0 37.2% 29.0% 46.1% 50.4% 41.0% 59.7%

Marital status

Married and
partnered

4,200 86.9 33.6% 31.6% 35.7% 32.5% 30.2% 35.0%

Unmarried and
others

632 13.1 36.6% 31.9% 41.6% 40.7% 35.9% 45.7%

Education level

Illiterate 2,901 60.0 36.5% 34.3% 38.7% 33.8% 31.6% 36.0%

Primary school 858 17.8 31.2% 27.3% 35.3% 37.5% 32.9% 42.3%

Secondary school 726 15.0 31.0% 25.8% 36.7% 30.1% 25.0% 35.7%

College and
above

347 7.2 31.7% 24.1% 40.4% 33.5% 22.6% 46.5%

Residence place

Urban 1,685 34.9 30.7% 27.4% 34.3% 39.2% 35.0% 43.5%

Rural 3,147 65.1 36.8% 34.9% 38.7% 29.2% 27.5% 31.0%

Region

East 1,780 36.8 33.9% 30.4% 37.5% 33.0% 28.9% 37.3%

Central 1,852 38.3 34.5% 31.7% 37.3% 35.8% 33.2% 38.5%

West 1,200 24.8 33.7% 30.4% 37.2% 32.0% 28.0% 36.2%

Social health insurance

No 311 6.4 35.2% 28.6% 42.4% 31.9% 24.9% 39.9%

Yes 4,521 93.6 34.0% 32.0% 36.0% 33.9% 31.7% 36.2%

Smoking

No 4,549 94.1 34.0% 32.1% 36.1% 33.5% 31.3% 35.8%

Yes 283 5.9 34.2% 27.6% 41.5% 38.1% 31.0% 45.8%

Alcohol drinking

No 4,241 87.8 33.6% 31.6% 35.7% 34.9% 32.6% 37.4%

Yes 591 12.2 37.4% 32.5% 42.5% 24.8% 20.8% 29.3%

Other NCDs

No 1,958 40.5 33.2% 29.9% 36.7% 31.3% 27.4% 35.5%

Yes 2,874 59.5 34.7% 32.5% 36.9% 35.5% 33.3% 37.8%

Depression

No 2,690 55.7 33.7% 31.0% 36.5% 32.4% 29.2% 35.7%

Yes 2,142 44.3 34.6% 32.2% 37.1% 35.7% 33.2% 38.3%

a, N and percentages were based on study samples (unweighted); b, weighted prevalence of single disease and cardiometabolic multimorbidity. CMD, cardiometabolic disease.
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TABLE 2 The proportion of cardiometabolic diseases and multimorbidity among Chinese adults by age group and residence place (N = 4,832).

CMD and
multimorbidity

Total Rural Urban

n % 45–55 55–65 65–75 ≥ 75 45–55 55–65 65–75 ≥ 75

Single disorder

Hypertension 1,641 34.0 22.0 33.2 49.5 59.7 24.0 37.5 49.5 61.2

Hyperlipidemia 1,986 41.1 34.9 40.5 40.9 42.4 40.1 51.2 51.9 57.7

Diabetes 708 14.7 11.2 15.3 14.0 16.7 12.4 19.3 21.3 26.3

Hyperuricemia 216 4.5 2.3 3.6 8.2 11.6 3.7 8.4 8.5 6.4

Concentric obesity 267 5.5 4.4 4.8 3.5 2.6 5.5 7.9 7.3 8.0

Heart disease 768 15.9 12.2 14.9 15.4 8.3 10.5 20.7 29.5 29.1

Stroke 127 2. 1.9 3.3 3.6 1.4 1.5 3.0 3.3 6.4

Overall multimorbidity 1,601 33.1 22.1 31.1 39.0 38.2 28.5 41.8 52.0 65.3

Values are unweighted counts and weighted percentages unless otherwise indicated. Overall multimorbidity refers to any two or more cardiometabolic diseases included in this study. CMD,
cardiometabolic disease.

hyperuricemia for females (31). All analyses were weighted to account
for the multi-stage probability-proportionate-to-size sampling (PPS)
design of CHARLS, and conducted using Stata Version 16.0 (Stata
Corp., College Station, TX, USA). P-values < 0.05 were deemed
statistically significant.

3. Results

Our analysis included 4,832 females from the CHARLS in
China. The mean age of respondents was 57.7 years at the baseline
survey. Among the participants, 60.1% of the respondents were
illiterate, 65.1% of individuals living in rural areas and 93.6% of
individuals with social medical insurances. Among Chinese women,
the proportion of current smoking and alcohol drinking was 5.9 and
12.2%, respectively. The prevalence of depression disorder was 44.3%
(Table 1).

Table 2 showed the prevalence of main cardiometabolic
diseases and multimorbidity across age group and residence place.
Among the Chinese women, the prevalence of cardiometabolic
multimorbidity was 33.1%, and raised with age, ranging from
28.5% (22.1%) for those aged 45–54 years to 65.3% (38.2%)
for those aged 75 years and above in urban (rural) areas.
Over 30% of Chinese women experiencing hypertension and
hyperlipidemia. The prevalence of heart disease, diabetes, concentric

2.2%

5.5%
7.4%

2.0% 1.3%

4.8%

0%

5%

10%

15%

20%

25%

None CMD One CMD Mul�morbidity

All-cause mortality

Rural Urban

FIGURE 1

The all-cause mortality from 2011 to 2018 by the number of disease
and residence place. CMD, cardiometabolic disease.

obesity, hyperuricemia and stroke was 15.9, 14.7 5.5, 4.5, and
2.6%, respectively. The prevalence of hypertension, hyperlipidemia,
diabetes as well as stroke increased with age among urban
citizens and was commonly higher than those of rural residents.
Figure 1 showed a higher proportions of all-cause death among
individuals in rural areas compared to individuals in urban
areas.

Table 3 revealed the relationship between cardiometabolic
multimorbidity and health-related outcomes. Cardiometabolic
multimorbidity was positively associated with all-cause death
(RR = 1.509, 95% CI = 1.130, 2.017), after adjusting socio-
demographic and lifestyle behavioral covariates. In women with
ages above 65 years, depression and those without social health
insurance were more likely to have the risk of death (Table 3). The
stratified analysis showed that he association of cardiometabolic
multimorbidity with all-cause death was only statistically significant
(RR = 1.473, 95% CI = 1.040, 2.087) in rural residents, but not
significant in urban residents (Table 4). The sensitivity analyses
suggested consistent results (Supplementary Tables 1, 2). For
the single disorders, stroke, heart disease and diabetes showed a
statistically significant association with all-cause mortality, after
adjusting socio-demographic and lifestyle behavioral covariates
(Supplementary Table 3).

4. Discussion

This research analyzed nationally representative longitudinal
data from the CHARLS to examine the prevalence of cardiometabolic
multimorbidity and its association of cardiometabolic
multimorbidity with all-cause death among middle-aged and
elderly Chinese females. This study revealed that cardiometabolic
multimorbidity is common among Chinese women, especially
among the elderly and urban citizens. We found that cardiometabolic
multimorbidity was associated with excess mortality. Furthermore,
the association between cardiometabolic multimorbidity and all-
cause death was only statistically significant in rural residents, but
not significant in urban residents.

The cardiometabolic multimorbidity prevalence estimated by this
study was 33.1% among middle-aged and older Chinese women
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TABLE 3 Association of CMDmultimorbidity with all-cause death.

Variable (reference) Model 1 Model 2

RR 95% CI P-value RR 95% CI P-value

CMD multimorbidity (single disorder) 1.529 1.146 2.039 0.004 1.509 1.130 2.017 0.005

Age (45–59 years)

55–65 1.539 0.887 2.672 0.125 1.514 0.872 2.630 0.140

65–75 6.035 3.592 10.140 <0.001 5.970 3.552 10.036 <0.001

≥ 75 13.694 7.751 24.193 <0.001 13.362 7.566 23.599 <0.001

Marital status (married) 1.340 0.963 1.863 0.082 1.312 0.944 1.824 0.106

Education level (Illiterate)

Primary school 0.837 0.536 1.307 0.435 0.851 0.544 1.330 0.479

Secondary school 1.167 0.677 2.013 0.578 1.209 0.701 2.086 0.496

College and above 0.297 0.072 1.228 0.094 0.317 0.077 1.315 0.114

Residence place (urban) 1.164 0.850 1.595 0.345 1.137 0.828 1.561 0.428

Region (east)

Central 1.094 0.783 1.528 0.600 1.066 0.762 1.492 0.708

West 1.278 0.893 1.829 0.180 1.265 0.877 1.826 0.209

Social health insurance (no) 0.602 0.393 0.922 0.020 0.597 0.390 0.914 0.018

Smoking (no) – – – – 1.274 0.758 2.143 0.360

Alcohol drinking (no) – – – – 0.966 0.618 1.511 0.880

Other NCDs (no) – – – – 0.916 0.677 1.239 0.569

Depression (no) – – – – 1.406 1.044 1.894 0.025

Models are adjusted on age, marital status, educational level, residence place, region, and social health insurance at baseline (model 1) and other confounding factors (smoking, alcohol drinking, other
NCDs, and depression) (model 2). CMD, cardiometabolic disease; RR, relative risk ratio; CI, confidence interval; Other NCDs, other non-communicable diseases excluding the seven cardiometabolic
diseases in this study.

in 2011. For general adults in China, there were studies showing
a lower prevalence of metabolic disorder (16.5% in 2000 and
23.3% in 2009) (7). A meta-analysis in the basis of studies from
mainland China also showed that the pooled prevalence of metabolic
syndrome was 24.5% (32). Those evidence suggested that China is
experiencing an emerging cardiometabolic disease epidemic, which
may be related to the accelerated changes in dietary patterns
and lifestyle behaviors due to demographic and socioeconomic
transitions during the past decades (33). Moreover, there are many
studies revealing a high prevalence of cardiometabolic syndromes
in western developed countries and other regions in Asia, such as
the United States (35%), Iran (37%), and Turkey (44%) (34–36).
Variations in cardiometabolic syndrome prevalence between LMICs
and HICs could be because of real differences across countries, and
might also be due to potentially different definitions and sampling
methods (36, 37).

The results from this research also suggested that cardiometabolic
multimorbidity increased with the individual’s age and the people
living in urban areas had a higher proportion of cardiometabolic
multimorbidity than those rural persons in China. In line with
previous findings, the burden of cardiometabolic disease increases
with age due to the declining trends in cardiometabolic function
(34, 38). Urban residents experiences a higher proportion of
cardiometabolic multimorbidity than rural residents (32, 39), which
could be attributed to physical inactivity, sedentary, unhealthy
diet (such as excessive intake of high-calorie food, fat and salt)
during the process of urbanization and economic development
(39–41).

A few of studies have suggested that multiple chronic diseases
have a significant impact on health related outcomes and mortality
(10, 16–18). These findings are consistent with our previous
studies in China (16, 19–21), United States (10, 42, 43), Japan
(44), and Europe (45), where multimorbidity presented in health-
related outcomes and deaths (10, 16). Cardiovascular and metabolic
diseases have been revealed by several studies to play a dominant
role in multiple multimorbidity patterns (41). The association
between single cardiometabolic disease and negative health outcomes
and mortality has also been documented (46). This research
further provides new evidence that significant relationship between
cardiometabolic multimorbidity and long-term mortality among
adult women in China. We also performed the regression
analyses by using a recently lower cut-off of 5.1 mg/dl for the
definition of hyperuricemia for females (31), which also suggested
consistent results.

Stratified analyses of this study revealed a significant
association between cardiometabolic multimorbidity and all-
cause death in rural residents, but there was not a significant
association in urban residents while they had a high prevalence
of cardiometabolic multimorbidity. Previous studies from
China have documented disparities in the healthcare access and
service utilization between residents living in rural and urban
areas (47). Patients in rural areas have less geographic access
to health-care than those patients living in urban areas. Rural
areas in China could be more prone to healthcare provider
shortages and lack of medical resources (48, 49). Rural residents
usually face greater financial barriers and relatively low-quality
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TABLE 4 Association of CMDmultimorbidity with all-cause death among participants living the rural and urban area.

Variable (reference) Rural Urban

RR 95% CI P-value RR 95% CI P-value

CMD Multimorbidity (single disorder) 1.473 1.040 2.087 0.029 1.571 0.920 2.681 0.098

Age (45–59 years)

55–65 1.404 0.699 2.819 0.340 1.649 0.657 4.139 0.28

65–75 6.638 3.520 12.516 <0.001 4.606 1.833 11.571 0.001

≥ 75 14.157 7.077 28.322 <0.001 11.690 4.196 32.570 <0.001

Marital status (married) 1.331 0.893 1.982 0.160 1.257 0.694 2.277 0.450

Education level (Illiterate)

Primary school 0.732 0.398 1.347 0.316 1.128 0.570 2.233 0.729

Secondary school 1.076 0.477 2.426 0.860 1.355 0.631 2.910 0.436

College and above 0.674 0.091 4.976 0.699 0.248 0.033 1.874 0.177

Region (east)

Central 0.965 0.642 1.449 0.862 1.265 0.689 2.324 0.449

West 1.175 0.755 1.828 0.476 1.607 0.821 3.142 0.166

Social health insurance (no) 0.611 0.356 1.047 0.073 0.623 0.305 1.274 0.195

Smoking (no) 1.089 0.548 2.163 0.807 1.645 0.732 3.693 0.228

Alcohol drinking (no) 1.193 0.739 1.927 0.471 0.358 0.087 1.476 0.155

Other NCDs (no) 0.774 0.537 1.113 0.167 1.321 0.761 2.292 0.323

Depression (no) 1.290 0.901 1.847 0.165 1.711 1.009 2.902 0.046

Models are adjusted on age, marital status, educational level, region, social health insurance, smoking, alcohol drinking, other NCDs, and depression. CMD, cardiometabolic disease; RR, relative risk
ratio; CI, confidence interval; Other NCDs, other non-communicable diseases excluding the seven cardiometabolic diseases in this study.

health care (50). Thus, early screening of high-risk groups of
cardiometabolic multimorbidity should be strengthened, and
targeted preventive measures should be taken further. A strong
people-centered primary care system needs to be oriented toward
cardiometabolic diseases and multimorbidity, which has been
shown to be the most cost-effective way to manage chronic diseases
(51–54).

Establishing a multidisciplinary team composed of clinical
physicals, geriatricians, pharmacists, nurses, nutritionists,
rehabilitation physiotherapists, social workers, patients and their
families is a potential model for dealing with multimorbidity
issues, following the “people-centered principle” of managing
multimorbidity. In the process of achieving the “Healthy
China 2030” strategic goals (55) and Sustainable Development
Goals, considering the increasing burden of multimorbidity
populations and its long-term impact in future, it need
more attention from clinicians, researchers and health
policy makers from China as well as other countries with
economies in transition.

To our best knowledge, this is the first nationally representative
cohort study that focused on adult women and investigated
associations of cardiometabolic multimorbidity with long-term
mortality in China that examined the rural-urban differences in
the relationships, by using longitudinal data with cardiometabolic
biomarkers for the disease diagnosis. This study also has some
limitations. First, while we identify several cardiometabolic diseases
on the basis of biomarkers, the partial use of self-reported
measures of heart disease and stroke could underestimate the
prevalence of these chronic diseases. Second, we estimated the
prevalence of cardiometabolic multimorbidity and its association

with health outcomes by simply counting the number of chronic
conditions, hence the accuracy of findings may be affected
by the types of cardiometabolic multimorbidity. CHARLS only
collected the data for calculating all-cause mortality and we could
not further analyze the association between multimorbidity and
mortality due to stroke or cardiovascular diseases. Third, there
was only a 7-year follow-up period of CHARLS data and long-
term impacts on health-related outcomes due to multimorbidity
should be examined further. Finally, this study only analyzed
the middle-aged and older Chinese women due to the CHARLS
data collection, which may affect the generalizability of the
findings from this study. The prevalence of cardiometabolic
multimorbidity and its relationships with more health related
outcomes among younger populations should be considered
for future studies.

5. Conclusion

Cardiometabolic multimorbidity is common among women
in China and has been associated with excess mortality. Health-
care delivery models need to shift from focusing on single-
disease to effectively managing cardiometabolic multimorbidity.
Targeted strategies and people-centered integrated primary care
models must be considered to more effectively manage the
cardiometabolic multimorbidity shift from focusing on single-
disease. Medical resources need to be prioritized to screen, prevent
and treat cardiometabolic diseases as well as multimorbidity,
especially in rural areas.
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Non-dipping pulse rate and
chronic changes of the kidney in
patients with chronic kidney
disease
Rina Oba, Go Kanzaki*, Kotaro Haruhara, Takaya Sasaki,
Yusuke Okabayashi, Kentaro Koike, Nobuo Tsuboi and
Takashi Yokoo

Division of Nephrology and Hypertension, Department of Internal Medicine, The Jikei University School
of Medicine, Tokyo, Japan

Introduction: An insufficient decrease in nocturnal pulse rate (PR), non-dipping PR,

reflects autonomic imbalance and is associated with cardiovascular events and all-

cause mortality. We aimed to investigate the clinical and microanatomical structural

findings associated with the non-dipping PR status in patients with chronic kidney

disease (CKD).

Methods: This cross-sectional study included 135 patients who underwent

ambulatory blood pressure monitoring and kidney biopsy concurrently at our

institution between 2016 and 2019. Non-dipping PR status was defined as

(daytime PR-nighttime PR)/daytime PR <0.1. We compared clinical parameters and

microstructural changes in the kidney between patients with and without non-

dipping PR, including 24 h proteinuria, glomerular volume, and Mayo Clinic/Renal

Pathology Society Chronicity Score.

Results: The median age was 51 years (interquartile range: 35–63), 54% of which

were male, and the median estimated glomerular filtration rate was 53.0 (30.0–75.0)

mL/min/1.73 m2. Non-dipping PR status was observed in 39 patients. Patients with

non-dipping PR were older and had worse kidney function, higher blood pressure,

greater prevalence of dyslipidemia, lower hemoglobin levels, and a larger amount of

urinary protein excretion than patients with dipping PR. Patients with non-dipping

PR had more severe glomerulosclerosis, interstitial fibrosis, tubular atrophy, and

arteriosclerosis. In the multivariable analysis, the severe chronic changes of the

kidney were associated with non-dipping PR status after adjusting for age, sex, and

other clinical parameters (odds ratio = 20.8; 95% confidence interval, 2.82–153;

P = 0.003).
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Conclusion: This study is the first to indicate that non-dipping PR is

significantly associated with chronic microanatomical changes in the kidneys of

patients with CKD.

KEYWORDS

autonomic imbalance, ambulatory blood pressure monitoring, cardiorenal syndrome,
chronic kidney disease, microanatomical structure, non-dipping pulse rate

1. Introduction

Blood pressure (BP) and pulse rate (PR) physiologically
decrease by 10–20% at night due to the relative dominance
of the parasympathetic nervous system (1, 2). Non-dipping, the
phenomenon of insufficient nocturnal BP and PR decline (defined as
less than 10% from day to night), reflects autonomic imbalance.

Abnormal circadian rhythms of BP, including non-dipping and
nocturnal rising BP, are established risk factors for hypertensive
target organ damage and cardiovascular events (3–5). In this
regard, ambulatory blood pressure monitoring (ABPM) is useful
for predicting long-term kidney and cardiovascular outcomes in
patients with chronic kidney disease (CKD) (6, 7). We reported
cross-sectional studies using ABPM and kidney biopsy specimens,
which showed that chronic kidney biopsy findings were significantly
associated with both daytime and nighttime hypertension in
patients with CKD (8) and patients with IgA nephropathy (9).
In addition, several experimental models have demonstrated that
tubulointerstitial damage induces salt-sensitive hypertension (10, 11).
These studies suggest the possibility that intrarenal mechanisms
regulate systemic BP.

Likewise, recent studies have reported that non-dipping PR
is associated with cardiovascular events and all-cause mortality
in the general population and in patients with hypertension,
acute myocardial infarction, and type 2 diabetes (2, 12–16). These
studies have shown that non-dipping PR status is associated with
several clinical factors, including age, sex, body mass index (BMI),
hypertension (HTN), and diabetes mellitus (DM) (12, 14). However,
little is known about non-dipping PR in patients with CKD. A recent
cross-sectional study showed that the prevalence of non-dipping PR
was higher in CKD and hemodialysis patients than in the general
population (14, 17). Previous clinical and experimental studies
have suggested that autonomic cardiovascular alterations occur in
the presence of CKD, contributing to cardiovascular morbidity
and mortality (18, 19). Although ABPM recordings provide PR
together with BP measurements, studies regarding ambulatory PR
data are limited, and the association between non-dipping PR and
microanatomical structural changes in kidney biopsies is unclear.

Abbreviations: ABPM, ambulatory blood pressure monitoring; BP, blood
pressure; BMI, body mass index; CKD, chronic kidney disease; DM, diabetes
mellitus; dBP, diastolic BP; eGFR, estimated glomerular filtration rate; GFR,
glomerular filtration rate; GS%, percentage of segmental and/or global
glomerulosclerosis; GV, mean glomerular volume; HDL-C, high-density
lipoprotein cholesterol; HTN, hypertension; IQRs, interquartile ranges; IF,
interstitial fibrosis; IF/TA, interstitial fibrosis and/or tubular atrophy; JSH,
2019 japanese society of hypertension guidelines for the management of
hypertension; KDIGO, kidney disease improving global outcomes; LDL-C, low-
density lipoprotein cholesterol; MAP, mean arterial pressure; PR, pulse rate;
RAS, renin-angiotensin system; sBP, systolic BP; TA, tubular atrophy; TG,
triglyceride.

In the present study, we investigated the clinical and
microanatomical characteristics of non-dipping PR in Japanese
patients with CKD using both ABPM and kidney biopsy specimens
and aimed to identify pathophysiological factors associated with
non-dipping PR status.

2. Materials and methods

2.1. Subjects

Patients who underwent both ABPM and kidney biopsy during
the same admission period from March 2016 to March 2019 at
Jikei University Hospital, Tokyo, Japan, were included in the present
cross-sectional study. A kidney biopsy was performed at the time of
diagnosis and, in case of repetition, only the first diagnostic biopsy
was included. All subjects were diagnosed with primary or secondary
glomerular disease by kidney biopsy. We excluded patients who
fall within the following criteria: aged <20 years, end-stage kidney
disease, kidney transplant recipients, patients taking β-blockers, those
with less than 5 glomeruli in the kidney biopsy (8, 20), and those with
no histopathological data available (Figure 1).

This study was approved by the Ethics Review Board of The
Jikei University School of Medicine (33–265, 10,883) and was carried
out according to the Declaration of Helsinki. Because this was a
cross-sectional study, information on the research plan was proposed
and an opportunity to opt out was provided; therefore, individual
informed consent was waived for this study. All patients provided
their written informed consent for kidney biopsy.

2.2. Clinical measurements

General demographic data, including age, sex, height, body
weight, type of antihypertensive medication, frequency of DM and
frequency of dyslipidemia, were obtained from medical records at
the time of diagnostic kidney biopsy. Laboratory measurements
included hemoglobin, creatinine, estimated glomerular filtration rate
(eGFR), uric acid, low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), triglyceride (TG), urinary
β2-microglobulin, and 24 h proteinuria. Urine was collected for 24 h,
and dietary sodium intake was assessed using 24 h urinary sodium
excretion. Estimated protein intake was estimated from 24 h urinary
urea excretion according to Maroni’s formula (21), normalized to
ideal body weight, and expressed as g/kg/day. Ideal body weight was
defined as a BMI of 22 kg/m2, as previously reported (22).

Diabetes mellitus was defined as a HbA1c value > 6.5%
(National Glycohemoglobin Standardization Program) or the use
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FIGURE 1

Flow diagram of study participants. One hundred and seventy-two
patients aged ≥20 years who underwent ABPM and kidney biopsy at
our institution between March 2016 and March 2019 were assessed
for eligibility. Of these patients, 37 were excluded from this study due
to the exclusion criteria. ABPM, ambulatory blood pressure
monitoring; ESKD, end-stage kidney disease; PR, pulse rate.

of antidiabetic medications. Dyslipidemia was defined as LDL-
C ≥ 140 mg/dL, HDL-C < 40 mg/dL, TG ≥ 150 mg/dL, or
the use of antihyperlipidemic agents (23). BMI was defined as
body weight divided by the square of height, and eGFR was
calculated using the following formula for Japanese subjects: eGFR
(mL/min/1.73 m2) = 194 × Cr−1.094

× age−0.287 (× 0.739 for
women) (24).

In addition, patients were classified into four CKD prognostic
groups (low risk, moderately increased risk, high risk and very high
risk) by glomerular filtration rate (GFR) and proteinuria categories
according to the KDIGO (Kidney Disease Improving Global
Outcomes) 2012 Clinical Practice Guidelines for the Evaluation
and Management of Chronic Kidney Disease (Supplementary
Figure 1) (25).

2.3. ABPM measurements and definition of
non-dipping status

Ambulatory blood pressure monitoring analyses were performed
using a TM-243 device (A&D, Tokyo, Japan). Measurements were
taken at 30-min intervals from 06:00 to 22:00, whereas measurements
were taken at 1-h intervals from 22:00 to 06:00. The daytime
and nighttime were defined as the awake and sleeping periods,
respectively, which were determined by the activity records of the
patients (26). According to the Japanese Society of Hypertension
Guidelines for the Management of Hypertension (JSH 2019) (27),
24 h hypertension was defined as an average 24 h systolic BP
(sBP) of ≥130 mmHg and/or an average 24 h diastolic BP (dBP)
of ≥80 mmHg. Daytime hypertension was defined as an average
diurnal sBP ≥135 mmHg and/or an average diurnal dBP ≥85 mmHg.
Nighttime hypertension was defined as an average nocturnal sBP
≥120 mmHg and/or an average nocturnal dBP ≥70 mmHg. Mean
arterial pressure (MAP) was defined as dBP plus pulse pressure

divided by three. The PR and BP drop rates were defined as
(daytime PR-nighttime PR)/daytime PR and (daytime sBP-nighttime
sBP)/daytime sBP, respectively. Non-dipping PR status was defined as
a PR drop rate <0.1, whereas non-dipping BP status was defined as a
BP drop rate <0.1 (12–15, 17, 28).

2.4. Microanatomical structural findings

Kidney biopsy specimens were obtained using percutaneous
needle biopsy, after which tissues were embedded in paraffin,
cut into 3-µm sections, and stained with hematoxylin and eosin,
periodic acid–Schiff, Masson’s trichrome, and periodic acid silver–
methenamine. These specimens were evaluated by light microscopy,
immunostaining, and electron microscopy in routine diagnostic
pathological assessments. The number and percentage of glomeruli
with segmental and/or global sclerosis were also recorded. In
addition, the mean glomerular volume (GV) was estimated from the
measured mean glomerular tuft area as follows: GV = (glomerular
tuft area)3/2

× β/d, where β is a dimensionless shape coefficient
(β = 1.382 for spheres), and d is the size distribution coefficient
used to adjust for variations in glomerular size (d = 1.01) (29). The
severity of arteriosclerosis was graded based on the most severe
lesions by comparing the thickness of the intima with that of the
media in the same segment of the vessel; it was graded on a
scale of 0 to 2 (grade 0: absence of intimal thickening, 1: intimal
thickening <thickness of media, 2: intimal thickening ≥ thickness
of media) (8, 30). The percentage of segmental and/or global
glomerulosclerosis (GS%) and interstitial fibrosis and/or tubular
atrophy (IF/TA) was semiquantitatively scored on a scale of 0 to
3 (score 0 for <10%, 1 for 10% to 25%, 2 for 26% to 50%, and
3 for >50%). From these scores, the total renal chronicity score
was determined according to the Mayo Clinic/Renal Pathology
Society Chronicity Score (31) to grade the overall severity of
chronic lesions as minimal (0–1 total score), mild (2–4 total
score), moderate (5–7 total score), and severe (≥8 total score).
Arteriosclerosis was scored from 0 to 1 (0: intimal thickening
<thickness of media; 1: intimal thickening ≥ media thickness) in
this scoring system. Interstitial fibrosis (IF) and tubular atrophy (TA)
usually occur together, but rarely develop independently of each
other (31). IF and TA scores are considered equal to the IF/TA
score in this study.

2.5. Statistical analyses

Continuous variables are presented as medians and interquartile
ranges (IQRs) or numbers with percentages in parentheses.
Differences in continuous variables were analyzed using the Mann–
Whitney U test or Kruskal–Wallis test, as appropriate, and those
in categorical variables were analyzed using the chi-square test
or Fisher’s exact test according to the sample size. The Dunn–
Bonferroni test was used as a post hoc analysis for the Kruskal–
Wallis test. Spearman’s correlation analysis was used to analyze the
correlations among the variables. Multivariable logistic regression
analysis was performed to identify independent determinants of
non-dipping PR status in patients with CKD. All covariates
except sex, the presence of DM, the renal chronicity score grades
and the use of antihypertensive medications were treated as
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continuous variables in the multivariable analyses. Missing values
are excluded and addressed for each variable. Statistical significance
was defined as a two-sided P < 0.05. All statistical analyses
were performed with SPSS v.25.0 (IBM Corp., Armonk, NY,
USA).

3. Results

3.1. Subject selection

A total of 172 patients aged ≥20 years underwent both
ABPM and kidney biopsy at our institution between March 2016
and March 2019. Of these patients, 37 were excluded from this
study due to the following exclusion criteria: kidney transplant
recipients, taking β-blockers, inadequate glomerular number or
unavailable kidney biopsy specimens. After exclusion, 135 patients
were enrolled, of which 39 (28.9%) patients were in the non-dipping
PR group and 96 (71.1%) patients were in the dipping PR group
(Figure 1).

3.2. Baseline demographic and clinical
characteristics

Tables 1, 2 summarize the demographic, clinical and laboratory
data of the patients. The median age was 51 years (IQR: 35–63), 54%
of which were male, and the median eGFR at diagnosis was 53.0
(30.0–75.0) mL/min/1.73 m2. The proportions of each GFR category
were as follows: G1 7.4%, G2 32.6%, G3a 16.3%, G3b 20.0%, G4
13.3%, and G5 10.4%.

Patients with non-dipping PR were significantly older and
had worse kidney function at baseline. Dyslipidemia was more
prevalent among patients with non-dipping PR than among those
with dipping PR. Patients with non-dipping PR had significantly
lower levels of hemoglobin, a greater amount of urinary protein
excretion, and a greater amount of urinary β2-microglobulin
than patients with dipping PR. Twenty-nine out of 39 (74%)
patients with non-dipping PR were classified as “very high risk”
in the CKD prognostic categories, whereas 42 out of 96 (44%)
patients with dipping PR were classified in the same category.
Of note, other characteristics, including sex, frequencies of DM,

TABLE 1 Clinical and demographic characteristics of the subjects according to the dipping and non-dipping pulse rate pattern.

All (n = 135) Dipping (n = 96) Non-dipping (n = 39) P-value

Age (years) 51 (35–63) 46 (33–59) 62 (49–74) <0.001

Male, n (%) 73 (54) 50 (52) 23 (59) 0.47

eGFR (mL/min/1.73 m2) 53.0 (30.0–75.0) 59.0 (36.0–79.0) 36.0 (14.0–53.0) <0.001

Diabetes, n (%) 23 (17) 14 (15) 9 (23) 0.23

Dyslipidemia, n (%) 90 (67) 58 (60) 32 (82) 0.02

BMI (kg/m2) 22.2 (20.4–24.7) 22.0 (20.2–24.6) 22.9 (20.8–25.3) 0.43

Hb (g/dL) 13.0 (11.1–14.7) 13.6 (11.8–14.9) 11.2 (10.1–13.1) <0.001

Anemia, n (%) 56 (41) 29 (30) 27 (69) < 0.001

UA (mg/dL) 6.3 (5.1–7.3) 6.1 (5.0–7.1) 7.0 (5.2–7.5) 0.05

HbA1c (%)a 5.6 (5.4–6.0) 5.6 (5.4–6.0) 5.7 (5.4–6.1) 0.90

LDL-C (mg/dL)b 121 (101–142) 121 (101–137) 120 (94–165) 0.53

HDL-C (mg/dL)c 60 (50–73) 60 (49–75) 62 (51–70) 0.63

TG (mg/dL)d 134 (102–183) 136 (104–196) 117 (95–164) 0.10

EPI/IBW (g/kg/day) 0.8 (0.7–1.0) 0.8 (0.7–1.0) 0.8 (0.6–1.0) 0.13

NaCl (g/day) 6.1 (4.4–8.5) 5.8 (4.4–7.8) 7.0 (4.3–9.8) 0.18

UPE (g/day) 0.9 (0.4–2.1) 0.7 (0.3–1.6) 1.8 (0.6–4.3) 0.002

u-β2MG (µg/L)e 128 (55–2,465) 84 (0–452) 1,363 (119–12,095) <0.001

Prognosis of CKD by GFR and proteinuria
categories

<0.001

Low risk, n (%) 9 (6) 9 (9) 0 (0) –

Moderately increased risk, n (%) 15 (11) 12 (13) 3 (8) –

High risk, n (%) 40 (30) 33 (34) 7 (18) –

Very high risk, n (%) 71 (53) 42 (44) 29 (74) –

eGFR, estimated glomerular filtration rate; BMI, body mass index; Hb, hemoglobin; UA, uric acid; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG,
triglyceride; EPI/IBW, estimated protein intake divided by ideal body weight; NaCl, sodium intake; UPE, urinary protein excretion; u-β2MG, urinary β2-microglobulin; CKD, chronic kidney disease;
GFR, glomerular filtration rate. Values are presented as medians and interquartile ranges (IQRs) or numbers with percentages in parentheses. The bold values indicate statistically significant.
a11 cases are missing.
b2 cases are missing.
c4 cases are missing.
d2 cases are missing.
e22 cases are missing.
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BMI, serum uric acid, cholesterol levels, estimated protein intake,
and sodium intake were not statistically different between the
two groups (Table 1). Patients with non-dipping PR had higher
24 h/diurnal/nocturnal BP parameters and a higher prevalence of
24 h/diurnal/nocturnal HTN. 24 h PR and diurnal PR were not
statistically different between the groups. In addition, the presence of
non-dipping BP was not associated with non-dipping PR (P = 0.24,
Table 2).

3.3. Association between non-dipping PR
and kidney function

As shown in Table 1, patients with non-dipping PR had worse
kidney function than those with dipping PR; however, there were
no differences in baseline eGFR between patients with and without
non-dipping BP. When we analyzed the association between PR or
BP drop rate and kidney function as continuous variables, the PR
drop rate exhibited a positive linear correlation with baseline eGFR
(rs = 0.40, P < 0.001, Figure 2A), whereas the BP drop rate was
not significantly correlated with baseline eGFR (rs = 0.04, P = 0.67,
Figure 2B).

3.4. Comparison of microanatomical
characteristics

Table 3 lists the characteristics of microanatomical structural
changes in the kidney. Kidney biopsies contained a median of 29 (21–
39) glomeruli, and the median GS% and IF/TA were 20.0% (5.9–46.2)
and 10.0% (5.0–30.0), respectively. Patients with non-dipping PR had
significantly higher GS%, IF/TA, and more severe arteriosclerosis
(P < 0.001, P < 0.001, and P = 0.02, respectively) than patients with
dipping PR; therefore, patients with non-dipping PR had a higher
renal chronicity score than those without it (P < 0.001). GV was
not significantly different between the groups. The proportion of
the histopathological diagnosis was as follows: IgA nephropathy, 54
patients (40%); nephrosclerosis, 13 patients (9.6%); focal segmental
glomerulosclerosis, 13 patients (9.6%); membranous nephropathy,
10 patients (7.4%); minimal change disease, 8 patients (5.9%);
diabetic nephropathy, 7 patients (5.2%); tubulointerstitial nephritis,
6 patients (4.5%); membranoproliferative glomerulonephritis, 3
patients (2.2%); and others, 21 patients (15.6%) (Supplementary
Table 1).

3.5. Comparison of four categories
regarding PR and BP dipping status

When we classified subjects as having or not having BP and/or
PR non-dipping into four categories (Table 4), the proportion of very
high risk CKD prognostic categories increased in the following order:
BP/PR dipping, BP non-dipping/PR dipping, BP dipping/PR non-
dipping, and BP/PR non-dipping. The BP/PR non-dipping group
had significantly lower eGFR than the BP/PR dipping and BP non-
dipping/PR dipping groups (adjusted P = 0.004 and P = 0.002,
respectively). The GS% was significantly higher in the BP/PR non-
dipping group than in the BP/PR dipping and BP non-dipping/PR
dipping groups (adjusted P = 0.006 and P < 0.001, respectively). The

IF/TA ratio was significantly higher in the BP/PR non-dipping group
than in the BP/PR dipping group (adjusted P = 0.02).

3.6. Clinical and microanatomical factors
associated with non-dipping PR status

Univariable and multivariable adjusted logistic regression
analyses were performed to identify the independent determinants
of non-dipping PR status in this population (Table 5). As per
univariable analysis, non-dipping PR status was associated with age,
baseline eGFR, urinary protein excretion, MAP, and moderate and
severe renal chronicity score groups. As per multivariable analysis,
the severe chronic changes of the kidney were significantly associated
with non-dipping PR status after adjustment for age, sex, and
previously reported covariates, including eGFR, 24 h proteinuria,
the presence of DM, BMI, and MAP (odds ratio = 20.8; 95%
confidence interval, 2.82–153; P = 0.003). Moreover, we added the
use of antihypertensive agents to the age/sex-adjusted multivariable
model to adjust for each effect of antihypertensive agents, which did
not change the association between the renal chronicity score and
non-dipping PR status (Supplementary Table 2).

4. Discussion

Two major findings novel to the present study are as follows.
First, the non-dipping PR status was observed in approximately 30%
of patients with CKD, and the highest proportion of patients with
CKD with non-dipping PR was in the “very high risk” category
by the KDIGO GFR and proteinuria categories. Second, even
after adjustment for clinical parameters, severe chronic changes in
kidney microanatomical structure were significantly associated with
insufficient decline in nocturnal PR, which is reported to indicate
autonomic nervous system dysfunction. To our knowledge, this is
the first study to investigate the association between non-dipping
PR and clinical and microanatomical factors in patients with CKD.
We identified microanatomical structural changes in the kidney
responsible for non-dipping PR; therefore, it may contribute to
understanding the pathophysiology behind the autonomic imbalance
in patients with CKD.

Although the pathophysiology of the development / progression
of CKD and autonomic disorders has not been fully elucidated, a
CKD animal model showed that central and peripheral circadian
clocks were disrupted in mice with CKD, and the study suggested
that circadian disruption accelerated CKD progression, resulting in a
vicious cycle (32). In addition, cardiovascular autonomic dysfunction
is an important complication of CKD (18, 33). There is a bidirectional
interaction between the heart and kidneys, and the dysfunction
of one organ may induce the dysfunction of the other, which is
called cardiorenal syndrome. Cardiorenal syndrome is frequently
complicated by anemia, which is also called cardiorenal anemia
syndrome (34). Anemia was more prevalent among patients with
non-dipping PR than among those with dipping PR in this study.
Several mechanisms, including autonomic, neural, hormonal, and
vascular mechanisms, have been implicated in its pathogenesis (35).
A high nocturnal heart rate increases the mechanical load and shear
stress on the endothelium, leading to endothelial dysfunction and
predisposition to arteriosclerosis (17, 36). In accordance with this
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TABLE 2 Ambulatory blood pressure monitoring measurements of the subjects according to the dipping and non-dipping pulse rate pattern.

All (n = 135) Dipping (n = 96) Non-dipping (n = 39) P-value

Antihypertensive agent 72 (53) 47 (49) 25 (64) 0.11

Ca channel blocker, n (%) 41 (30) 21 (22) 20 (51) 0.003

ACE-I/ARB, n (%) 55 (41) 35 (36) 20 (51) 0.11

Diuretics, n (%) 15 (11) 7 (7.3) 8 (21) 0.03

Alfa blocker, n (%) 1 (0.7) 0 (0.0) 1 (2.6) 0.29

24 h sBP (mmHg) 125 (114–141) 122 (113–135) 141 (125–152) <0.001

Diurnal sBP (mmHg) 128 (116–143) 124 (115–138) 142 (125–155) <0.001

Nocturnal sBP (mmHg) 118 (108–133) 113 (107–128) 133 (114–146) <0.001

24 h dBP (mmHg) 76 (70–84) 75 (69–83) 81 (72–92) 0.03

Diurnal dBP (mmHg) 77 (71–87) 76 (71–84) 80 (73–93) 0.05

Nocturnal dBP (mmHg) 70 (64–78) 68 (62–75) 78 (66–88) 0.001

24 h MAP (mmHg) 93 (85–102) 90 (84–100) 102 (90–112) 0.001

Diurnal MAP (mmHg) 94 (86–105) 91 (86–102) 99 (92–115) 0.003

Nocturnal MAP (mmHg) 86 (78–96) 84 (77–91) 99 (81–109) <0.001

24 h PR (bpm) 72 (66–78) 72 (66–78) 72 (67–78) 0.95

Diurnal PR (bpm) 74 (68–79) 74 (68–80) 72 (68–79) 0.34

Nocturnal PR (bpm) 63 (57–69) 60 (55–66) 68 (63–74) <0.001

PR drop (%) 14.3 (8.6–19.4) 17.0 (13.0–21.0) 6.8 (5.8–8.1) <0.001

BP drop (%) 7.9 (1.8–12.1) 8.3 (2.5–12.4) 5.7 (0.0–11.7) 0.12

24 h HTN, n (%) 66 (49) 38 (40) 28 (72) <0.001

Diurnal HTN, n (%) 59 (44) 31 (32) 28 (72) <0.001

Nocturnal HTN, n (%) 80 (59) 51 (53) 29 (74) 0.02

BP non-dipping, n (%) 83 (61) 56 (58) 27 (69) 0.24

Ca, calcium; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; sBP, systolic blood pressure; dBP, diastolic blood pressure; MAP, mean arterial pressure; PR,
pulse rate; HTN, hypertension; BP, blood pressure. Values are presented as medians and interquartile ranges (IQRs) or numbers with percentages in parentheses. BP drop rate was defined as (daytime
sBP-nighttime sBP)/daytime sBP. The bold values indicate statistically significant.

FIGURE 2

Pulse rate and blood pressure drop in relation to the baseline eGFR. The pulse rate drop rate showed a positive linear correlation with baseline eGFR (A),
whereas the blood pressure drop rate did not show a significant correlation with baseline eGFR (B). Measures of association were tested by Spearman’s
correlation analysis. Solid lines indicate lines of best fit. Dotted lines show 95% confidence intervals. The dashed red line represents 10% of the pulse rate
drop (A) and the blood pressure drop (B). eGFR, estimated glomerular filtration rate; PR, pulse rate; BP, blood pressure.

vascular mechanism, we observed more severe chronic microvascular
changes, including arteriosclerosis, IF/TA, and glomerulosclerosis,
in kidney biopsies of patients with non-dipping PR than in those
with dipping PR.

Moreover, we hypothesize that intrarenal renin-angiotensin
system (RAS) activation may be one of the underlying mechanisms

of the association between non-dipping PR and chronic changes
(GS% and IF/TA) in this study. Urinary angiotensinogen is an
established surrogate marker for intrarenal RAS activity, and a
previous pathological study showed that urinary angiotensinogen
levels were correlated with the severity of GS% and IF/TA (37).
Another study reported that urinary angiotensinogen levels had
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TABLE 3 Microanatomical structural characteristics of the subjects according to the dipping and non-dipping pulse rate pattern.

All (n = 135) Dipping (n = 96) Non-dipping (n = 39) P-value

GV (×106µm3) 2.3 (1.8–3.4) 2.3 (1.8–3.3) 2.6 (1.7–3.8) 0.43

GS (%) 20.0 (5.9–46.2) 13.1 (5.0–31.0) 46.2 (13.9–64.5) <0.001

IF/TA (%) 10.0 (5.0–30.0) 10.0 (5.0–20.0) 30.0 (10.0–60.0) <0.001

Arteriosclerosis grade 0.02

0: No intimal thickening 29 (21) 23 (24) 6 (15) –

1: Intima < Media 34 (25) 29 (30) 5 (13) –

2: Intima > Media 72 (53) 44 (46) 28 (72) –

Renal chronicity score <0.001

Minimal (score 0–1) 40 (30) 36 (38) 4 (10) –

Mild (score 2–4) 36 (26) 29 (30) 7 (18) –

Moderate (score 5–7) 39 (29) 25 (26) 14 (36) –

Severe (score ≥ 8) 20 (15) 6 (6) 14 (36) –

GV, mean glomerular volume; GS, segmental and/or global glomerulosclerosis; IF/TA, interstitial fibrosis and/or tubular atrophy. Values are presented as medians and interquartile ranges (IQRs) or
numbers with percentages in parentheses. The bold values indicate statistically significant.

a significant positive association with an increase in nighttime
heart rate in patients with CKD (38). Intrarenal RAS activation
increases intraglomerular pressure and induces proteinuria, followed
by progressive kidney damage and activation of the sympathetic
nervous system (38). We observed an association between non-
dipping PR and chronic changes irrespective of patient age, kidney
function, and use of antihypertensives. In the participants of this
study with circadian disruption, intrarenal RAS may be activated,
leading to the further formation of chronic microvascular changes.

The renal chronicity score, which is derived from the sum of
semiquantitative assessments of chronic changes, has been proposed
as a uniform approach to grade chronic changes in kidney biopsy
specimens (31). Chronic changes are generally irreversible and are
important for predicting the prognosis and response to treatment.
A prospective cohort study including native kidney biopsies with
various kidney diseases showed that each component of the renal
chronicity score was associated with the progression of kidney
disease, even after adjusting for clinical predictors, including eGFR
and proteinuria. In addition, this study validated that the renal
chronicity score was independently associated with kidney failure
(39). In this study, we observed a significant association between renal
chronicity score and non-dipping PR after adjustments for clinical
covariates. Patients with non-dipping PR had higher renal chronicity
scores, and the largest proportion belonged to the very high risk
group of the KDIGO categories in this study. We speculate that
patients with non-dipping PR may exhibit poorer kidney outcomes
than those without dipping PR, although this cannot be proven from
our study. Future longitudinal studies are needed.

Notably, there was no association between non-dipping PR and
non-dipping BP, which is consistent with previous studies (12, 14,
15). A randomized double-blind study investigating the effects of
melatonin suggested that BP and PR are regulated by different
mechanisms (40). In addition, when we divided subjects into the
abovementioned four categories according to BP/PR non-dipping
status, the proportion of very high risk CKD prognostic categories
tended to increase in the following order: BP/PR dipping, BP non-
dipping/PR dipping, BP dipping/PR non-dipping, and BP/PR non-
dipping (Table 4). The risk of all-cause mortality is reported to

increase in the following order: sole non-dipping BP, sole non-
dipping PR, and a combination of non-dipping BP and non-dipping
PR when a combination of dipping BP and dipping PR is a reference
group (12). Another study showed that the combination of BP and
PR non-dipping resulted in a significant synergistic increase in the
risk of cardiovascular events (13). However, in this study we did not
investigate cardiovascular or all-cause mortality.

This study had several limitations. First, the study design was
cross-sectional, and the causal relationship between non-dipping
PR and microanatomical parameters could not be proven. In this
regard, we assessed non-dipping PR status in relation to CKD
prognostic categories by KDIGO and renal chronicity score, as these
parameters are established prognostic factors. Second, ABPM was
performed once during the hospitalization period, and these results
might be different from ABPM performed in outpatient clinics;
however, restricted diet and physical activity during hospitalization
can minimize the effect of interpersonal differences, which could
be an advantage at the same time. Third, we did not consider
the physical activity of the patients, smoking habits, food intake,
and sleep quality. Finally, the present study was limited to a
single center with Japanese patients with CKD who underwent
kidney biopsies, making it difficult to generalize these results to all
patients with CKD.

Despite these limitations, this study is the first to investigate
the association between a flattened PR circadian rhythm and
microanatomical structural findings of the kidney. This study
supported the hypothesis that the bidirectional interactions between
chronic changes in the kidney and circadian disruption fall into a
vicious cycle in patients with CKD. We speculate that patients with
CKD and non-dipping PR have an additional risk of cardiovascular
events and poor kidney outcomes compared to patients with
CKD and dipping PR. Non-dipping PR is an important but
neglected parameter, and only limited studies focusing on this
topic have emerged in recent decades (41). A new attempt to
monitor non-dipping PR with wearable devices has been proposed
in a recent review (41). Therefore, we await future studies with
these new devices to further investigate the effects of non-
dipping PR on CKD.
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TABLE 4 Clinical and microanatomical characteristics of the subjects according to the dipping and non-dipping blood pressure/pulse rate pattern.

DBP/DPR
(n = 40)

NBP/DPR
(n = 56)

DBP/NPR
(n = 12)

NBP/NPR
(n = 27)

P-value

Clinical parameters

Age (years) 44 (33–55) 51 (33–60) 64 (49–73) 60 (49–76) 0.001abcd

Male, n (%) 25 (63) 25 (45) 4 (33) 19 (70) 0.04

eGFR (mL/min/1.73 m2) 59.0 (39.0–78.8) 61.0 (35.0–80.5) 42.5 (16.3–56.0) 33.0 (13.0–53.0) <0.001abd

Prognosis of CKD by GFR and proteinuria categories 0.01abd

Low risk, n (%) 3 (7) 6 (11) 0 (0) 0 (0) –

Moderately increased risk, n (%) 8 (20) 4 (7) 2 (17) 1 (4) –

High risk, n (%) 12 (30) 21 (37) 2 (17) 5 (18) –

Very high risk, n (%) 17 (43) 25 (45) 8 (66) 21 (78) –

Microanatomical structural parameters

GV (×106µm3) 2.4 (1.9–3.4) 2.2 (1.6–3.1) 2.0 (1.6–3.4) 2.7 (1.9–3.9) 0.34

GS (%) 15.5 (5.2–36.9) 13.1 (3.8–30.1) 39.4 (11.8–53.6) 54.5 (20.0–73.0) <0.001abd

IF/TA (%) 10.0 (5.0–20.0) 10.0 (5.0–25.0) 30.0 (11.3–47.5) 30.0 (5.0–60.0) 0.004ab

Arteriosclerosis grade 0.11

0: No intimal thickening 10 (25) 13 (23) 1 (8) 5 (19) –

1: Intima < Media 13 (32) 16 (29) 2 (17) 3 (11) –

2: Intima > Media 17 (43) 27 (48) 9 (75) 19 (70) –

Renal chronicity score <0.001abd

Minimal (score 0–1) 14 (35) 22 (39) 0 (0) 4 (15) –

Mild (score 2–4) 15 (38) 14 (25) 3 (25) 4 (15) –

Moderate (score 5–7) 7 (17) 18 (32) 8 (67) 6 (22) –

Severe (score ≥ 8) 4 (10) 2 (4) 1 (8) 13 (48) –

DBP, dipping blood pressure; DPR, dipping pulse rate; NBP, non-dipping blood pressure; NPR, non-dipping pulse rate; eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease;
GV, mean glomerular volume; GS, segmental and/or global glomerulosclerosis; IF/TA, interstitial fibrosis and/or tubular atrophy. Values are presented as medians and interquartile ranges (IQRs) or
numbers with percentages in parentheses. BP drop rate was defined as (daytime systolic BP-nighttime systolic BP)/daytime systolic BP. The bold values indicate statistically significant.
aKruskal–Wallis test with Dunn–Bonferroni test.
bAdjusted P < 0.05, DBP/DPR vs. NBP/NPR.
cAdjusted P < 0.05, DBP/DPR vs. DBP/NPR.
dAdjusted P < 0.05, NBP/DPR vs. NBP/NPR.

TABLE 5 Univariable and multivariable logistic regression analysis for determinants of non-dipping pulse rate.

Univariable Multivariable

OR (95% CI) P-value Adjusted OR (95% CI) P-value

Age (years) 1.05 (1.03–1.08) <0.001 1.05 (1.02–1.08) 0.003

Sex (Male) 1.32 (0.62–2.81) 0.47 0.90 (0.33–2.46) 0.84

eGFR (mL/min/1.73 m2) 0.97 (0.95–0.98) <0.001 1.00 (0.98–1.03) 0.76

UPE (g/day) 1.15 (1.01–1.31) 0.03 1.09 (0.92–1.30) 0.31

Diabetes 1.76 (0.69–4.48) 0.24 0.61 (0.18–2.14) 0.44

BMI (kg/m2) 1.02 (0.94–1.11) 0.59 0.96 (0.86–1.06) 0.40

24 h MAP (mmHg) 1.05 (1.02–1.08) 0.001 1.04 (0.99–1.09) 0.06

Renal chronicity score

Minimal (score 0–1) Reference - Reference -

Mild (score 2–4) 2.17 (0.58–8.15) 0.25 1.63 (0.35–7.56) 0.54

Moderate (score 5–7) 5.04 (1.48–17.1) 0.01 3.06 (0.55–17.0) 0.20

Severe (score ≥8) 21.0 (5.14–85.8) <0.001 20.8 (2.82–153) 0.003

OR, odds ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate; UPE, urinary protein excretion; BMI, body mass index; MAP, mean arterial pressure. All covariates except sex, the
renal chronicity score and the presence of diabetes were treated as continuous variables. The bold values indicate statistically significant.
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5. Conclusion

Non-dipping PR status was observed in 28.9% of patients with
CKD, and the majority of patients with non-dipping PR belonged to
the “very high risk” category by the KDIGO GFR and proteinuria
categories. In conclusion, this study indicates that a flattened PR
circadian rhythm is associated with chronic changes in kidney
microanatomical structure.
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