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Background: The association of electrocardiographic (ECG) markers of atrial
cardiomyopathy with heart failure (HF) and its subtypes is unclear.
Methods: This analysis included 6,754 participants free of clinical cardiovascular
disease (CVD), including atrial fibrillation (AF), from the Multi-Ethnic Study of
Atherosclerosis. Five ECG markers of atrial cardiomyopathy (P-wave terminal
force in V1 [PTFV1], deep-terminal negativity in V1 [DTNV1], P-wave duration
[PWD], P-wave axis [PWA], advanced intra-atrial block [aIAB]) were derived from
digitally recorded electrocardiograms. Incident HF events through 2018 were
centrally adjudicated. An ejection fraction (EF) of 50% at the time of HF was
used to classify HF as HF with reduced EF (HFrEF), HF with preserved EF
(HFpEF), or unclassified HF. Cox proportional hazard models were used to
examine the associations of markers of atrial cardiomyopathy with HF. The
Lunn-McNeil method was used to compare the associations in HFrEF vs. HFpEF.
Results: 413 HF events occurred over a median follow-up of 16 years. In adjusted
models, abnormal PTFV1 (HR (95%CI): 1.56(1.15–2.13), abnormal PWA (HR (95%
CI):1.60(1.16–2.22), aIAB (HR (95%CI):2.62(1.47–4.69), DTNPV1 (HR (95%CI): 2.99
(1.63–7.33), and abnormal PWD (HR (95%CI): 1.33(1.02–1.73), were associated
with increased HF risk. These associations persisted after further adjustments for
intercurrent AF events. No significant differences in the strength of association
of each ECG predictor with HFrEF and HFpEF were noted.
Conclusions: Atrial cardiomyopathy defined by ECGmarkers is associated with HF,
with no differences in the strength of association between HFrEF and HFpEF.
Markers of atrial Cardiomyopathy may help identify individuals at risk of
developing HF.
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Introduction

According to data from US National Survey from 2015 to 2018,

approximately 6 million Americans aged ≥20 years had heart

failure (HF) (1), and it is projected that the prevalence of HF

would increase by 46% from 2012 to 2030 (1). Significant delays

in the identification of HF among Blacks, Hispanic individuals,

and women can potentially delay the initiation of effective

interventions to slow the progression of HF (2, 3), contributing

to disparities in diagnosis and treatment. Therefore, noninvasive,

and cost-effective markers should be explored for the early

detection of HF in these populations (4, 5).

Prior studies have shown that left atrial (LA) dysfunction and

remodeling are associated with and precede the onset of HF in

otherwise asymptomatic participants (6–8). In one study,

approximately 45% of patients presenting with new-onset HF with

preserved ejection fraction (HFpEF) had LA dysfunction as the

underlying mechanism (9). Despite accumulating evidence

suggesting that impaired LA function is an important pathogenic

factor in the development of HF, especially HFpEF, there is no

consensus about the optimal method for detecting LA dysfunction,

which may ultimately prove to be a therapeutic target for the

prevention of HF and other cardiovascular diseases (CVD). Several

P-wave indices (PWIs), easily measured electrocardiographic (ECG)

markers of atrial cardiomyopathy, have been associated with an

increased risk of poor outcomes such as atrial fibrillation (AF),

mortality, vascular injury, and stroke (10). However, no prior

studies have systematically explored the association of ECG markers

of atrial cardiomyopathy with incident HF in a population free of

HF and atrial fibrillation (AF). We proposed to examine the

association between several ECG markers of atrial cardiomyopathy

and incident HF in MESA, a multiethnic prospective cohort study

with over 16 years of follow-up adjudicated CVD events.
Methods

Study population

Between July 2000 and September 2002, 6,814 participants

aged 45–84 years old were recruited at 6 field centers (Baltimore,

Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los

Angeles, California; New York, New York; and St. Paul,

Minnesota) (11). All participants were free of clinical CVD,

including HF, at baseline. All participants provided informed

consent, and the study protocol was approved by the institutional

review board at each participating institution. For this analysis,

participants were excluded if they were missing baseline ECG

data, prior history of AF, or HF follow-up data.
Baseline characteristics

Baseline covariates were recorded at the initial MESA

examination. Age, gender, race/ethnicity, annual household
Frontiers in Cardiovascular Medicine 02
income, education, and smoking history were self-reported. For this

analysis, annual income and education were used as a categorical

variable dichotomized at <$20,000 vs. ≥$20,000, and education was

dichotomized at high school or less vs. college or higher education.

Current smokers and former smokers were defined as ever-smokers

vs. never-smokers. After a 12-hour fast, blood samples were drawn

for total cholesterol, high-density lipoprotein cholesterol, and

plasma glucose measurements. Low-density lipoprotein cholesterol

(LDL-C) was calculated using the Friedewald equation: “LDLc =

total cholesterol−HDLc-triglycerides × 0.2” (12). Diabetes mellitus

was defined as a self-report history of diabetes or fasting glucose

≥126 mg/dl or the use of medications for diabetes. Antihypertensive

medications, lipid-lowering medication, antidiabetic medications,

and aspirin use were determined after the review of the medication

containers brought to the clinic for verification. Systolic Blood

pressure and diastolic blood pressure were measured using an

automated sphygmomanometer with each participant seated for at

least 5 min. Hypertension was defined as systolic blood pressure of

≥130 or diastolic blood pressure of ≥80 or the use of

antihypertensive medications (13). Body mass index was reported as

the weight in kilograms divided by the square of the height in

meters. The estimated glomerular filtration rate (eGFR) was

calculated by the chronic kidney disease epidemiology (CKD-EPI)

collaboration formula (14).
ECG measurements

Using standardized procedures, 12-lead ECGs were obtained by

trained technicians using GE MAC 1,200 electrocardiographs.

After electronic transmission, ECGs were ready at the ECG

Reading Center at the Epidemiological Cardiology Research

Center (Wake Forest School of Medicine, Winston-Salem, NC).

After visual inspection for errors or poor quality, all ECGs were

automatically processed using the 2001 version of the GE

Marquette 12-SL program. P-wave areas, amplitudes, and

durations were automatically measured using the same program

(15). P-wave terminal force in V1 (PTFV1) was calculated using

the duration of the downward deflection terminal portion of the

P-wave in lead V1 in milliseconds (ms) multiplied by the

absolute value of its amplitude in microvolts (µV). Abnormal

PTFV1 was defined as values >5,000 µV ×ms (16). The deep

terminal negative phase of the P-wave in lead V1 (DTNPV1)

values ≥100 µV were considered abnormal. Any value outside

the range of 0° and 75° defined abnormal P-wave axis (aPWA).

Abnormal P-wave duration (PWD) was defined as values

>120 ms. Advanced IAB (aIAB) was reported as the presence of

P-wave duration ≥120 ms and biphasic (positive-negative)

morphology in leads II, III, and aVF. Supplementary Figure S1

demonstrates these abnormal P-wave indices.
Heart failure

MESA participants or their next of kin were contacted by

trained staff every 9–12 months following MESA enrollment to
frontiersin.org
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inquire about any hospitalizations and if any hospitalization,

medical records for those hospitalizations were reviewed for

hospitalized HF events. The review and diagnosis of hospitalized

HF events were adjudicated by a panel of physician review

committee using standardized criteria. We included probable and

definite hospitalized HF events in this analysis. Probable HF was

ascertained by a previous physician’s diagnosis of HF or

treatment for HF. Definite HF required confirmed hospitalization

with heart failure and at least one additional objective criterion

such as pulmonary edema or congestion by chest radiography,

dilated ventricle, or reduced left ventricular function by

echocardiography or ventriculography, or evidence of left

ventricular diastolic dysfunction. Participants were followed from

the baseline visit until newly diagnosed HF, death, drop-out, or

until December 31, 2018. HF events were classified by EF and

reported in the medical records at the time of hospitalization. As

there were few HF events in mid-range EF category (40%–49%),

we used the cut-off of EF 50% to classify HF as HFpEF if EF

≥50% or HFrEF if EF <50% to consider two categories of HF

subtypes.
Atrial fibrillation

Incident AF during follow-up was identified from a

combination of follow-up study ECGs, hospital discharge

diagnosis of AF, and, from inpatient, outpatient, and physician

AF claim data for participants enrolled in fee-for-service-

Medicare. Any claims data for before to baseline MESA

examination was determined to be prevalent AF and was

excluded from the current analytical plan.
Statistical analysis

Baseline characteristics were compared by each ECG predictor.

Categorical variables were reported as frequency and percentage,

whereas continuous variables were reported as mean ± SD.

Incidence rates for overall HF and subtype of HF were

calculated for each ECG marker and were reported as 1,000-

person years. Assumptions for Cox proportional hazard model

were tested. Cox regression analysis was used to compute hazard

ratios (HRs) and 95% confidence intervals for the association of

each ECG marker with HF. Similarly, separate analyses were

conducted to examine the association of each ECG predictor

with HFpEF and HFrEF. Multivariable models were adjusted as

follows: model 1 adjusted for age, sex, race/ethnicity, income,

and education; model 2 adjusted for model 1 covariates plus

hypertension, smoking, diabetes mellitus, body mass index,

LDL-C, aspirin, lipid-lowering agents, and eGFR; model 3

adjusted for model 2 plus AF a as time-varying covariate.

To examine potential heterogeneity, we explored the

association of each ECG predictor with HF across subgroups

stratified by age, sex, and race status adjusting for covariates as

mentioned above.
Frontiers in Cardiovascular Medicine 03
We used the Lunn–McNeil method to test whether ECG

predictors were associated with differential risk for HFrEF vs.

HFpEF. HF Survival probabilities for each ECG predictor vs.

control were compared using Kaplan-Meier’s method, and

significance was tested using log-rank test.

SAS version 9.4 (SAS Institute Inc, Cary, NC) and Stata version

17 were used for all data analyses. Two-sided P < 0.05 indicated

statistical significance.
Result

6,754 participants (mean age 62 ± 10 years, 53% women, 38%

white, 12% Chinese American, 28% black, 22% Hispanic) were

included in the final analysis. Baseline characteristics stratified by

each ECG predictor are shown in Table 1. As shown,

participants with abnormal ECG predictors were more likely to

be older, men, Black individuals with the higher prevalence of

CVD risk factors such as higher BMI, higher blood pressure,

lower eGFR, and higher fasting glucose, who were more likely to

use aspirin, antihypertensive medications, and anti-diabetic

medications. AF developed more frequently among those with

abnormal ECG predictors than those without it (Table 1).

Over a median follow-up of 16.6 years, a total of 413 HF cases

(incidence rate of 4.34 per 1,000 person-years) were identified.

Among those, there were 197 cases of HFrEF, 149 cases of

HFpEF, and re unclassified cases of HF.

Figure 1 shows the unadjusted Kaplan-Meier survival

probability curves stratified by each ECG predictor. Survival

analysis revealed higher incidence of HF with each ECG

predictor compared with the control (log-rank p-value <0.001).

Supplementary Figure S2 shows covariate-adjusted Kaplan-

Meier survival curves.

Results of HRs for total HF, HFrEF, and HFpEF are shown in

Table 2. As shown, abnormal PTFV1 (>5,000 µV ms vs.

≤5,000 µV ms), and each standard deviation (SD) (1,832 µV ms)

increase in PTFV1 were significantly associated with total HF in a

model adjusted for demographics, CVD risk factors, and incident

AF. Similarly, other ECG markers, DTNPV1, aIAB, aPWA and

PWD were also significantly associated with the total HF in fully

adjusted models and the associations persisted even after further

adjustment for incident AF. No significant differences the in

strength of the association of ECG predictors with the type of HF

(HFrEF vs. HFpEF) were noted (Table 2). The proportional

hazard assumptions were not violated.

In subgroup analyses by age, sex, and race, the association of

abnormal ECG predictors with total HF was homogenous among

these subgroups (Supplementary Table S1).
Discussion

The major findings of this analysis of data from the multiethnic

cohort are the following; Firstly, we found that all ECG markers of

atrial cardiomyopathy are associated with incident HF independent

of traditional CVD risk factors. Secondly, these associations
frontiersin.org
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FIGURE 1

Unadjusted kaplan-meier survival curves for all incident heart failure stratified by each ECG predictor.
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remained significant even after adjustment for incident AF.

Thirdly, there was no heterogeneity in the n association of these

markers with HF by age, sex, or race subgroups. Lastly, there

were no differences in the association of ECG predictors with

HFrEF vs. HFpEF.

LA structural and functional remodeling is associated with

CVD and poor outcomes in participants with prior CVD (17).

Although atrial function and remodeling are strongly influenced

by LV hemodynamics, accumulating evidence suggests that atrial

remodeling precedes and independently contributes to the

systemic dysregulation associated with HF (6, 18). One of the

pathophysiological mechanisms involved in driving and

propagation of AF and HF is atrial cardiomyopathy, a condition

defined as “any complex of structural, architectural, contractile,

or electrophysiological changes affecting the atria with the

potential to produce clinically relevant manifestations” (6, 19,

20). AF and HF, in turn, further worsen the atrial

cardiomyopathy thus creating an uninterrupted cycle of disease

progression. For example, there was a progressive decline in LA

mechanics with a higher AF burden, which in turn, predicted

worsening HF and progression of paroxysmal AF to persistent or

permanent AF (21). Therefore, early recognition of subclinical

atrial disease/atrial cardiomyopathy by any modality such as

ECG, cardiac imaging, or biomarkers offers a window of

opportunity for lifestyle changes, risk factor control, and

potential antifibrotic therapies to prevent the progression to overt

clinical atrial disease (22). Currently, a universal criterion for

diagnosis of atrial cardiomyopathy is lacking, however, PWIs

used in the current study are well-known markers of atrial

remodeling/atrial cardiomyopathy and predicted risk of stroke
Frontiers in Cardiovascular Medicine 05
independent of AF (23–26). Our findings of the association of

these ECG markers with HF independent of AF in a multiethnic

cohort free of CVD suggest the need to use these markers for

risk stratification in high-risk populations with existing

cardiometabolic risk factors.

Abnormal PTFV1 is an independent predictor of AF, ischemic/

non-lacunar stroke, sudden cardiac death (SCD), dementia, and

mortality (27). In addition, a study led by Liu et al. found a

statistically significant association between abnormal PTFV1 and

cardiac death or hospitalization for HF in patients with prior

myocardial infarction (MI) (28). Abnormal PTFV1 was also

associated with worse left ventricular (LV) diastolic function (29,

30), and predicted abnormal diastolic function in participants

with hypertension and preserved EF (30) Several potential

mechanisms are related to the development and linking of

abnormal PTFV1 with poor outcomes through the LA’s

structural, functional, and electrical remodeling. The presence of

abnormal PTFV1 predicts LA size (31, 32), the larger LA size

was associated with more deep terminal negativity of the P-wave

in lead V1, and thus abnormal PTFV1 (24). LA size is a known

predictor of morbidity and mortality including new-onset AF,

stroke, and death (17, 33–34). PTFV1 is also a predictor of LA

function. There is a significant association between deep negative

P-wave in V1 and minimum LA volume index, global LAEF, and

LA reservoir function (24, 35). Weak LA strain was associated

with terminal negativity of P-wave in lead V1 in dose resdose-

response (24). In addition, diffuse LV fibrosis was independently

associated with abnormal PTFV1, and LV fibrosis (potentially

through LA fibrosis) slowed the interatrial conduction resulting

in gradual prolongation of P-wave and negative P-wave in V1
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TABLE 2 Association of atrial cardiomyopathy with heart failure.

Atrial Cardiomyopathy
Markers

HF
Group*

Events/1,000
PY

Model 1 Model 2 Model 3 χ2 P For HF Subtype
Difference!

HR (95% CI) HR (95% CI) HR (95% CI)
P-terminal Force in V1 (PTFV1)
(PTFV1 > 5,000 µv.ms)

All HF 8.92 1.80 (1.32–2.43) 1.56 (1.15–2.13) 1.55 (1.14–2.12)

HFrEF 3.39 1.38 (0.85–2.26) 1.25 (0.76–2.05) 1.18 (0.72–1.94) 0.09

HFpEF 3.47 2.32 (1.45–3.70) 2.03 (1.27–3.26) 2.12 (1.32–3.41)

Each SD increase in PTFV1
(1 SD = 1,832 µV ms)

All HF 4.34 1.24 (1.14–1.36) 1.19 (1.08–1.30) 1.17 (1.07–1.29)

HFrEF 2.07 1.22 (1.07–1.39) 1.17 (1.02–1.34) 1.13 (0.99–1.30) 0.21

HFpEF 1.56 1.33 (1.16–1.54) 1.26 (1.10–1.45) 1.28 (1.11–1.48)

Abnormal P-wave axis (aPWA)
(P-wave axis outside the range of 0–
75°)

All HF 6.08 1.27 (0.93–1.75) 1.61 (1.17–2.22) 1.40 (1.01–1.94)

HFrEF 2.00 0.88 (0.52–1.51) 1.08 (0.63–1.84) 0.96 (0.56–1.64) 0.34

HFpEF 2.25 1.31 (0.78–2.22) 1.65 (0.97–2.81) 1.39 (0.80–2.40)

Advanced Intra-atrial block (aIAB) All HF 19.1 2.77 (1.55–4.95) 2.62 (1.47–4.69) 2.55 (1.42–4.57)

HFrEF 12.7 4.20 (2.05–8.61) 3.99 (1.94–8.19) 3.79 (1.84–7.80) 0.08

HFpEF 1.59 0.65 (0.09–4.66) 0.60 (0.08–4.33) 0.59 (0.08–4.26)

Deep terminal negativity-V1
(DTNPV1)
(DTNPV1 ≥ 100 µv)

All HF 17.9 3.30 (1.80–6.02) 3.08 (1.68–5.64) 3.45 (1.88–6.32)

HFrEF 8.16 3.22 (1.32–7.86) 2.99 (1.22–7.33) 3.10 (1.26–7.60) 0.50

HFpEF 8.16 4.34 (1.77–10.6) 3.87 (1.57–9.54) 4.78 (1.93–11.7)

Prolonged P-wave duration (PWD)
(P-dur >120 ms)

All HF 8.03 1.43 (1.10–1.86) 1.33 (1.02–1.73) 1.30 (1.01–1.69)

HFrEF 3.70 1.37 (0.94–2.01) 1.32 (0.90–1.93) 1.27 (0.86–1.86) 0.87

HFpEF 2.67 1.45 (0.93–2.26) 1.31 (0.84–2.04) 1.33 (0.85–2.09)

Each SD increase in P-wave duration
(1 SD = 13.3 ms)

All HF 4.36 1.18 (1.06–1.31) 1.12 (1.01–1.24) 1.12 (1.00–1.25)

HFrEF 2.08 1.20 (1.03–1.39) 1.16 (1.00–1.35) 1.13 (0.97–1.32) 0.88

HFpEF 1.57 1.16 (0.97–1.38) 1.09 (0.91–1.30) 1.11 (0.92–1.33)

CI, confidence interval; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction.

Statistically significant results at P < 0.05 are in bold font.

Model 1: age, sex, race, income, education. Model 2: Model 1 covariates + smoking status, hypertension, diabetes mellitus, body mass index (continuous), LDL cholesterol,

aspirin use, lipid-lowering agents, eGFR. Model 3: Model 2 plus time-varying incident atrial fibrillation.

*The entire sample, including non-cases and HFrEF, HFpEF, and unclassified events, was included in the analysis for “all HF”. !P-value comparing survival functions of HFrEF

vs. HFpEF using Lunn-McNeil analysis in augmented data set; unclassified cases were excluded from the analytic sample in this analysis.
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(24). Taken together, these observations suggest abnormal PTFV1

derived from ubiquitously available ECG is a marker of atrial

remodeling and LA dysfunction and suggests a potential

predictive value of PTFV1 in HF risk assessment.

Although PTFV1 is a widely used ECG marker of atrial

cardiomyopathy (16, 36), DTNPV1 has shown its value as a

relatively good substitute for PTFV1 and a predictor of poor

outcomes (37, 38). In all participant with the terminal negative

portion of the P wave in V1 amplitude, ≥100 µV in-depth, the

duration of that terminal negative P wave in the V1 was greater

than 0.04 s (39). Similar to PTFV1, DTNPV1 is a marker of

electrical and functional remodeling of the LA (24) and

demonstrated a statistically significant prediction of the

combined outcomes (CHF, AF events, fatal, or non-fatal CHD,

or stroke) in the Atherosclerosis Risk in Communities (ARIC)

study (39). An association of DTNPV1 with incident HF in our

study further supports its potential utility in risk prediction in

the general population. Unlike PTFV1, DTNPV1 can be

visualized without requiring any calculations.

We also observed an association between aIAB and incident

HF in our study. aIAB is a risk factor for AF, stroke, cognitive

impairment, and mortality (40–42). Advanced age, hypertension,

and coronary artery disease (CAD) are risk factors for aIAB

development and are pathophysiologically linked to fibrotic atrial

cardiomyopathy (FAC) and reduced LA strain indexes (42, 43).

Thus, aIAB is associated with perturbations in the

electromechanical function and therefore potentially represents
Frontiers in Cardiovascular Medicine 06
another marker for HF prediction in the general population (44).

The prevalence of aIAB in our sample is consistent with the

overall low prevalence of aIAB of 0.1%–0.5% of the general adult

population (41, 42).

Like other PWIs, aPWA, and PWD are also markers of atrial

remodeling (32, 45–47) and therefore, likely explain the

association of these markers with incident HF. Unlike other

PWIs, P-wave axis is reported on contemporary ECG print outs

and therefore, any abnormality in P-wave axis is easily

recognizable, with the potential utility to identify high-risk

populations.
Strengths and limitations

The current study should be interpreted in the context of

several limitations. Although several covariates were included in

the models, residual confounding remains a concern. Due to a

limited number of HF events, analysis for differences for subtype

of HF may have been underpowered to observe clinically

meaningful differences. We did not use cardiac imaging to assess

LA size or functions, especially cardiac magnetic resonance

imaging (CMR) which is the most sensitive and specific method

for the detection in LA abnormalities. However, the use of CMR

for risk stratification in the general population is not cost

effective. In addition, P-wave measurements likely represent

conduction abnormalities, filling pressures or possible underlying
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LA fibrosis which may not by accurately assessed by other

modalities (48). We may have missed cases of subclinical AF that

can potentially mediate the association of PWIs with incident HF

and thus, create a bias away from null hypothesis. Finally, for

this analysis, we only used PWIs measured at baseline

examination, therefore unable to assess any longitudinal changes

in the ECG intervals and their impact on the outcomes. The

strength of our study includes a prospective study with 16 years

of follow-up in asymptomatic individuals from a racially diverse

population with the availability of comprehensive and

standardized clinical data. In addition, comprehensive

adjudication of CVD events by expert physicians and use of

PWIs from digital ECGs which were read at central reading

center further represent strengths of the current study.
Conclusions

In conclusion, atrial cardiomyopathy defined by ECG is

associated with incident HF. Our findings provide a rationale for

utilizing these well-established markers of atrial cardiomyopathy

to replicate these findings in other large independent cohorts and

to assess whether these markers can be used for HF risk prediction.
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