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Background: Postoperative delirium (POD) is a common complication after orthopedic
surgery in elderly patients. The elderly may experience drastic changes in autonomic
nervous system (ANS) activity and circadian rhythm disorders after surgery. Therefore,
we intend to explore the relationship between postoperative long-term heart rate (HR)
variability (HRV), as a measure of ANS activity and circadian rhythm, and occurrence of
POD in elderly patients.

Methods: The study population of this cohort was elderly patients over 60 years of age
who scheduled for orthopedic surgery under spinal anesthesia. Patients were screened
for inclusion and exclusion criteria before surgery. Then, participants were invited to wear
a Holter monitor on the first postoperative day to collect 24-h electrocardiographic (ECG)
data. Parameters in the time domain [the standard deviation of the normal-to-normal
(NN) intervals (SDNN), mean of the standard deviations of all the NN intervals for each 5-
min segment of a 24-h HRV recording (SDNNI), and the root mean square of successive
differences of the NN intervals (RMSSD)] and frequency domain [heart rate (HR), high
frequency (HF), low frequency (LF), very low frequency (VLF), ultra low frequency (ULF),
and total power (TP)] were calculated. Assessment of delirium was performed daily up
to the seventh postoperative day using the Chinese version of the 3-Min Diagnostic
Interview for CAM-defined Delirium (3D-CAM). The relationship between HRV and POD,
as well as the association between HRV and duration of POD, was assessed.

Results: Of the 294 cases that finally completed the follow-up, 60 cases developed
POD. Among the HRV parameters, SDNNI, VLF, and ULF were related to the occurrence
of POD. After adjustment for potential confounders, the correlation between HRV indices
and POD disappeared. Through stratified analysis, two significant negative correlations
emerged: ULF in young-old participants and SDNNI, VLF, and ULF in male patients.
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Conclusion: The lower HRV parameters may be related to the occurrence of POD, and
this correlation is more significant in young-old and male patients. ANS disorders and
rhythm abnormalities reflected by HRV changes may represent a possible mechanism
that promotes POD.

Keywords: heart rate variability, postoperative delirium, autonomic nervous system, elderly patients, orthopedic
surgery

INTRODUCTION

Delirium is a neurocognitive disorder characterized by a
disturbance in attention, level of consciousness, and cognition,
in which symptoms are acute in onset and may fluctuate
in severity throughout the day (Battle, 2013). Postoperative
delirium (POD) is common after elective orthopedic surgery,
with an estimated incidence of 17.3% (Scott et al., 2015), and is
associated with significant adverse outcomes, including dementia
and institutionalization (Inouye et al., 2014). Orthopedic surgery
is a common surgery in patients over 60 years old. As
the latest official statistics shows that there are more than
250 million people over the age of 60 in China (National
Bureau of Statistics of China, 2020), the demand for hip
fracture surgery and total joint arthroplasty is expected to rise
dramatically (Kurtz et al., 2007; Zhang et al., 2020). Although
age and prior cognitive impairment are risk factors for POD
(Dasgupta and Dumbrell, 2006; van Meenen et al., 2014), the
underlying pathophysiology of delirium is still poorly understood
(Maldonado, 2013). As is proved acting in many mental disorders
(Kim et al., 2018; Mulcahy et al., 2019), alterations in autonomic
nervous system (ANS) activity have been suggested to be
related to delirium (Maclullich et al., 2008). Besides, circadian
rhythm that is regulated by the complex interaction between
the central nervous system (CNS) and the ANS has also
been demonstrated to be related to POD (Maldonado, 2018;
Riganello et al., 2019a,b).

Specifically, both ANS activity and circadian rhythm
can indirectly be assessed by measuring heart rate
variability (HRV) non-invasively (Shaffer et al., 2014;
Shaffer and Ginsberg, 2017; Vitale et al., 2019). HRV is
the fluctuation in the time intervals between adjacent
heartbeats, which indexes neurocardiac function and is
generated by heart–brain interactions and dynamic non-
linear ANS processes (Singh et al., 2018b). Because of
the advantages of economy and ease of recording, HRV
measurement is particularly applicable in studies on large
subject samples.

Heart rate variability measurement mainly includes
two methods: short-term (5 min) and long-term (24 h).
The first method is obtained by spectral analysis of the
electrocardiographic (ECG) data obtained within a 5-min period.
It is recommended to record in laboratory conditions before
and after tilt, drugs, controlled ventilation, or other maneuvers
selected to challenge the ANS. In the second method, HRV is
determined from long-term ECG recordings, traditionally 24 h.
In particular, a longer recording (24 h) better represents the daily
activity, the response to environmental stimuli, and the central

nervous activity including circadian rhythms (No authors listed,
1996; Shaffer and Ginsberg, 2017; Singh et al., 2018a,b).

Although studies have shown that HRV is associated with
cognitive function in older patients (Kim et al., 2018; Dalise et al.,
2020), there are few studies concerning the correlation between
long-term HRV parameters and POD. As is proved in previous
researches, HRV decreases to varying degrees in elderly patients
after surgery, indicating that ANS activity and circadian rhythm
were impaired after surgery (Marsch et al., 1994; Amar et al.,
1998; Kärkelä et al., 2002). Previous studies tend to explore the
association between preoperative short-term HRV parameters
and POD. Predictably, due to its high temporal resolution, the
long-term HRV measured postoperatively may reflect changes in
ANS activity and circadian rhythm after surgery more accurately.

Thus, this prospective cohort study intends to explore the
relationship between postoperative long-term (24 h) HRV and
the occurrence of POD.

MATERIALS AND METHODS

Subject Recruitment
This prospective cohort study was conducted in the Zhujiang
Hospital of Southern Medical University from June 1, 2019,
to October 30, 2020. The study protocol was approved by
the Institutional Committee for Medical Ethics (approval
number 2020-KY-065-02, Medical Ethics Committee of Zhujiang
Hospital of Southern Medical University, China). Patients
were asked to give written informed consent to participate.
We enrolled patients aged 60 or older who scheduled for
orthopedic surgery [including total hip arthroplasty (THA),
total knee arthroplasty (TKA), revision TKA (RTKA), revision
THA (RTHA), hip fracture repair, and femoral shaft fracture
(FSF) surgery] under spinal anesthesia. Exclusion criteria were
as follows: (I) American Society of Anesthesiologists (ASA)
grade ≥ IV; (II) clinical evidence of acute coronary artery
disease in the last 3 months, significant valve disease; (III)
arrhythmia (atrial fibrillation or flutter, ectopic beat > normal
sinus 5% of pulsation); (IV) β-blocker user; (V) history of
endocrine disease (thyroid or adrenal gland disease); (VI)
Parkinson disease (PD), all-cause dementia (including PD-
related dementia, AD-related dementia, and Lewy’s body
dementia), CNS tumor, and stroke with hemiplegia; (VII)
preoperative mini-mental state examination (MMSE) score <17
or preoperative delirium; (VIII) severe hearing impairment
and inability to communicate; (IX) long-term usage of
sedatives or other mental illness drugs, and drug or alcohol
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abuse; and (X) transferred to an intensive care unit (ICU)
postoperatively.

Measurement of Postoperative Heart
Rate and Heart Rate Variability
With the end of the operation, participants were invited to
wear a 12-lead Holter monitor (Biomedical Instruments Limited
Company, Shenzhen, China) and then transferred back to quiet
inpatient wards for 24 h. In order to prevent movement from
interfering with HRV, during the recording process, participants
were asked to relax as much as possible and lie in bed
for a long time.

Holter monitor recordings were transmitted to the Dynamic
ECG analysis system (Biomedical Instruments Limited
Company, Shenzhen, China) and interpreted using the same
software. HRV parameters were automatically documented as
numerical data by the Holter software. Artifacts and arrhythmia
were manually identified and removed by an experienced
cardiologist blinded to the clinical data of the cases. Only the
analyzable ECG data recorded for more than 18 h could be
considered qualified.

Parameters in time domain and frequency domain were
applied to HRV assessment. In the time domain, the following
indices were calculated: SDNN (in milliseconds), SDNNI (in
milliseconds), and RMSSD (in milliseconds). In the frequency
domain, the power spectra of the following frequency bands were
calculated: HR, HF (0.15–0.40 Hz, in normal units), LF (0.04–
0.15 Hz, in normal units), VLF (0.0033–0.04 Hz, in milliseconds),
ULF (≤0.003 Hz, in milliseconds), and TP (in milliseconds).

Assessment of Delirium and Cognitive
Scanner
We interviewed all patients the day before the operation. Patients
were screened for dementia through an MMSE test and were
recruited with a score of more than 16. The assessment of
delirium was conducted using the Chinese version of the 3-Min
Diagnostic Interview for CAM-defined Delirium (3D-CAM) by
investigators who were trained and supervised by a delirium
expert. The evaluation included face-to-face interviews with
patients and their accompanying family members or nursing
assistants and review of the medical records and nurse’s notes
since patients’ admission.

The 3D-CAM has four diagnostic features: (1) an acute change
and fluctuating course, (2) inattention, (3) disorganized thinking,
and (4) altered level of consciousness. Delirium is suggested if
both features 1 and 2 are present at the same time that either
feature 3 or 4 is identified. In addition, the 3D-CAM was chosen
to detect POD due to its high sensitivity in comparison with the
gold standard, the Diagnostic and Statistical Manual of Mental
Disorders, 5th edition (DSM5), criteria (Marcantonio et al., 2014).
Moreover, the Chinese version has also been proven to have good
reliability and validity with use in the Chinese elderly population
(Ji et al., 2020).

For delirium patients, the Chinese version of the Delirium
Rating Scale-98-R (DRS-98-R) was additionally used to assess
the subtype of delirium. According to the scale, delirium can be

classified into three motoric subtypes. The hyperactive subtype
was defined as a score of 1 to 3 on Item 7 of the DRS-98-R (motor
agitation) and a score of 0 on Item 8 of the DRS-98-R (motor
retardation). The hypoactive subtype was defined as a score of 0
on Item 7 of the DRS-98-R and a score of 1 to 3 on Item 8 of the
DRS-98-R. The mixed subtype was defined as a score of 1 to 3
on Items 7 and 8 in the DRS-98-R or a score of 0 on both items
(Huang et al., 2009).

Investigators performed delirium assessments 1 day before the
scheduled surgery and daily up to the seventh postoperative day
from 7 am to 9 am. Patients with POD were be followed up
until discharged. Both the subtype and duration of delirium were
required to be recorded.

Covariates
Studies had shown that age, Charlson Comorbidity Index
(CCI), and perioperative usage of benzodiazepine and opiates
were associated with delirium after orthopedic surgery in
elderly patients (Scott et al., 2015; Weinstein et al., 2018). In
addition, body mass index (BMI), sex, and physical status were
correlated with HRV (Shaffer and Ginsberg, 2017). Therefore,
the following variables were collected as potential confounders:
age, sex, BMI, CCI, surgery, dosage of midazolam, and equivalent
morphine usage.

Demographic Characteristics, Lifestyle,
and Clinical Assessment
Demographic characteristics (weight, height, BMI, sex, and
educational level), lifestyle habits (mainly drinking and
tobacco smoking), and clinical features (test results, diagnosis,
past medical history, type of surgery, surgery duration, and
concomitant medications) were collected through a purpose-
designed questionnaire, administered by an interviewer, and
through available medical records.

Statistical Analysis
A minimum of 10 events per variable are necessary to adequately
produce estimates of effect with regression models (Concato
et al., 1995). Based on the reported incidence of POD after
orthopedic surgery of approximately 17.3% (Scott et al., 2015),
a sample size of 289 individuals will allow five variables to be
assessed in the regression model.

Descriptive statistics were expressed as the mean ± SD,
median (interquartile range), or frequencies with percentages to
compare characteristics of participants with and without POD
including demographics, behavioral habits, and outcomes. HRV
parameters were compared between the groups stratified by
the presence of POD using Mann–Whitney U tests. Analyses
further involved Spearman’s rank correlation coefficients of
the entire cohort to evaluate a potential relationship between
HRV parameters and POD. Then, Spearman’s rank correlation
coefficients were used to estimate the associations between
the HRV parameters and the duration of POD. Furthermore,
HRV parameters that differed between the groups at the
20% level of significance (i.e., P < 0.20) were entered into
multivariable logistic regression models for the outcome of POD.
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Covariates were chosen based on significant associations with the
occurrence of POD and previous literature. All analyses were
conducted using the Statistical Package for the Social Sciences
(SPSS) version 25.

RESULTS

Study Population
According to the exclusion criteria, 355 of the 451 patients
were recruited between June 1, 2019, and October 30, 2020
(Figure 1). In the end, 294 patients completed follow-up. Sixty
participants (20.4%) developed POD with a median duration
of 1 day.

Characteristics of the cohort stratified by the presence
of POD are shown in Table 1. Compared with patients
not experiencing POD, delirium patients tended to be older
and had a higher ASA PS, higher CCI, higher dosage of
opiates, and higher percentage of hip surgery (including THA,
RTHA, and hip fracture repair). They also had a lower
preoperative hemoglobin (Hb) concentration and lower dosage
of midazolam. In contrast, there were no differences in sex,
education level, duration of surgery, drinking, and smoking
between groups.

In patients with POD, 18 were assessed as hyperactive subtype
of delirium, 17 as hypoactive subtype, and 25 as mixed subtype.
Except for the duration of surgery, there was no difference in the
characteristics among three subtypes. Compared with the other
two subtypes, the operation time was shorter in mixed subtype
(Supplementary Table 1).

Postoperative Delirium and Heart Rate
Variability
Heart rate variability parameters of the cohort stratified by the
presence of POD were expressed as median and reported in
Table 2. Aside from RMSSD and HR, other HRV indices were
higher in patients who experienced POD compared with those
without delirium. These differences were significant for SDNNI
(P = 0.027) and ULF (P = 0.006).

A comparison of HRV among three subtypes of delirium
patients is illustrated in Supplementary Table 2. No differences
were observed in the HRV indices among groups.

Table 3 shows the correlation analysis between HRV and POD.
The occurrence of POD was significantly negatively correlated
with SDNNI, VLF, ULF, and TP but not with SDNN, HF, or LF,
which were traditionally of concern. As stratified into young-old
(60–79 years old) and old-old (≥80 years old) participants by
age, POD was still significantly negatively correlated with SDNNI,

FIGURE 1 | Flowchart of the study.
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TABLE 1 | Descriptive characteristics of the cohort, stratified by POD.

No POD, n = 234
(79.6%)

POD, n = 60
(20.4%)

P

Age (years) 69.49 ± 7.43 73.9 ± 8.11 <0.001

Sex 0.249

female 177 (75.64%) 41 (68.33%)

male 57 (24.36%) 19 (31.67%)

Education level 0.973

<high school 175 (74.79%) 45 (75.00%)

≥high school 59 (25.21%) 15 (25.00%)

Smoking 0.541

yes 43 (18.38%) 9 (15.00%)

no 191 (81.62%) 51 (85.00%)

Drinking 0.077

yes 23 (9.83%) 2 (3.33%)

no 211 (90.17%) 58 (96.67%)

BMI, kg/m2 24.79 ± 4.46 23.97 ± 3.87 0.192

Hb (g/L) 124.62 ± 16.22 115.62 ± 18.55 <0.001

ASA PS <0.001

1 or 2 200 (85.47%) 36 (60.00%)

3 34 (14.53%) 24 (40.00%)

CCI 0.64 ± 1.14 1.20 ± 1.33 0.004

Type of surgery 0.010

THA or RTHA 61 (26.07%) 20 (33.33%)

TKA or RTKA 136 (58.12%) 22 (36.67%)

Hip fracture repair 24 (10.26%) 14 (23.33%)

FSF surgery 13 (5.55%) 4 (6.67%)

Duration of surgery (min) 129.99 ± 48.37 133.50 ± 49.88 0.619

Midazolam (mg) 2.01 ± 0.76 1.57 ± 0.71 <0.001

Equivalent morphine (mg) 42.1 ± 48.63 72.61 ± 100.85 0.026

Duration of delirium (day) – 1.00 (1.00, 2.00) –

Data are reported as mean ± SD, n (percentage), or median (interquartile range).
BMI, body mass index; Hb, hemoglobin; ASA PS, physical status according
to the American Society of Anesthesiologists; CCI, Charlson Comorbidity Index;
THA, total hip arthroplasty; RTHA, revision total hip arthroplasty; TKA, total knee
arthroplasty; RTKA, revision total knee arthroplasty; FSF surgery, femoral shaft
fracture surgery; POD, postoperative delirium.

VLF, and ULF in young-old adults rather than in the old-old
population (Supplementary Table 3).

Observed to be associated with cognitive function (Dalise
et al., 2020), HF and LF were selected for logistic regression
analyses. In addition, as SDNNI, VLF, and ULF were associated
with POD at a significance level of less than 0.2, they were
also included in the planned binary logistic regression analyses.
After potential confounders were controlled for (i.e., sex, age,
BMI, educational level, CCI, surgery, dosage of midazolam,
and equivalent morphine), there was no significant association
between HRV indices and POD (Table 4). Noticeably, after
stratification by age, there was a significant association between
ULF and POD in young-old adults (Table 5). Stratified by
sex subsequently, SDNNI, VLF, and ULF were significantly
associated with POD in male patients (Table 6).

The median duration of POD was 1 day. There were significant
negative correlations of SDNNI, VLF, ULF, and TP but not
RMSSD, HF, or LF with the duration of POD (Table 7).

TABLE 2 | HRV parameters of the cohort, stratified by POD.

No POD,
n = 234 (79.6%)

POD,
n = 60 (20.4%)

P

Time for
analysis (min)

1,428.00 (1,299.00,
1,440.00)

1,436.00 (1,351.00,
1,440.00)

0.295

HR mean
(bpm)

73.54 ± 10.79 75.60 ± 12.88 0.258

SDNN (ms) 79.50 (62.00, 100.00) 72.50 (57.00, 104.50) 0.392

SDNNI (ms) 33.00 (24.00, 41.00) 29.00 (19.50, 37.00) 0.027

RMSSD (ms) 19.00 (14.00, 28.00) 20.00 (12.50, 26.50) 0.593

HF (nu) 36.03 (27.74, 47.04) 35.53 (28.95, 47.99) 0.929

LF (nu) 55.36 (47.58, 62.34) 53.94 (45.24, 60.11) 0.312

VLF (ms) 487.80 (272.50, 701.50) 356.05 (163.95, 505.10) 0.136

ULF (ms) 21.75 (12.50, 31.20) 15.15 (6.60, 23.25) 0.006

TP (ms) 795.90 (467.70, 1,215.10) 637.15 (265.80, 985.60) 0.941

Data are reported as mean ± SD or median (interquartile range). HR, heart
rate; bpm, beats per minutes; SDNN, standard deviation of all normal-to-normal
intervals; SDNNI, mean of the standard deviations of all the normal-to-normal
intervals for each 5-min segment of a 24-h HRV recording; RMSSD, square root
of the mean of the sum of the squares of differences between adjacent normal-to-
normal intervals; HF, high frequency; LF, low frequency; VLF, very low frequency;
ULF, ultra-low frequency; TP, total power; POD, postoperative delirium.

TABLE 3 | Spearman’s correlation coefficients between HRV
parameters and POD.

POD

Variables ρ P

SDNN (ms) −0.057 0.331

SDNNI (ms) −0.142 0.015

RMSSD (ms) −0.046 0.433

HF (nu) 0.030 0.603

LF (nu) −0.053 0.367

VLF (ms) −0.186 0.001

ULF (ms) −0.185 0.001

TP (ms) −0.128 0.028

SDNN, standard deviation of all normal-to-normal intervals; SDNNI, mean of the
standard deviations of all the normal-to-normal intervals for each 5-min segment of
a 24-h HRV recording; RMSSD, square root of the mean of the sum of the squares
of differences between adjacent normal-to-normal intervals; HF, high frequency; LF,
low frequency; ULF, ultra-low frequency; TP, total power; HRV, heart rate variability;
POD, postoperative delirium.

DISCUSSION

To our knowledge, this study is the first prospective cohort study
to explore the relationship between postoperative long-term HRV
parameters and the occurrence of POD. According to results, we
observed a connection between HRV indices and POD, which
may be more pronounced in young-old patients.

In recent years, neuroimaging studies have shown a
functional interaction between the ANS and the CNS,
which are involved in the neural network of higher brain
functions (including attention and consciousness processes)
(Thayer et al., 2009; Riganello et al., 2019a,b). As generated
by heart–brain interactions and dynamic non-linear ANS
processes, HRV is used to represent ANS activity and circadian
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TABLE 4 | Adjusted regression coefficients (95% confidence interval) between
HRV parameters and POD.

Variables aOR 95% CI

SDNNI (ms) 0.976 (0.951, 1.003)

HF (nu) 0.987 (0.963, 1.011)

LF (nu) 1.003 (0.978, 1.029)

VLF (ms) 0.999 (0.998, 1.000)

ULF (ms) 0.976 (0.951, 1.002)

Adjusted variables: sex, age, BMI, education, CCI, surgery, dosage of midazolam,
and equivalent morphine. aOR, adjusted odds ratio; SDNNI, mean of the standard
deviations of all the normal-to-normal intervals for each 5-min segment of a 24-h
HRV recording; HF, high frequency; LF, low frequency; VLF, very low frequency;
ULF, ultra-low frequency; HRV, heart rate variability; POD, postoperative delirium;
BMI, body mass index; CCI, Charlson Comorbidity Index.

TABLE 5 | Adjusted regression coefficients (95% confidence interval) between
HRV parameters and POD, stratified by age.

Young-old, n = 251
(85.37%)

Old-old, n = 43
(14.63%)

Variables aOR 95% CI aOR 95% CI

SDNNI (ms) 0.972 (0.943, 1.002) 0.980 (0.914, 1.051)

HF (nu) 0.993 (0.964, 1.023) 0.968 (0.924, 1.014)

LF (nu) 1.005 (0.974, 1.038) 1.003 (0.957, 1.051)

VLF (ms) 0.999 (0.998, 1.001) 0.998 (0.994, 1.002)

ULF (ms) 0.970 (0.942, 0.999) 0.981 (0.891, 1.079)

Adjusted variables: sex, BMI, education, CCI, surgery, dosage of midazolam, and
equivalent morphine. aOR, adjusted odds ratio; SDNNI, mean of the standard
deviations of all the NN intervals for each 5-min segment of a 24-h HRV recording;
HF, high frequency; LF, low frequency; VLF, very low frequency; ULF, ultra-low
frequency; HRV, heart rate variability; POD, postoperative delirium; BMI, body mass
index; CCI, Charlson Comorbidity Index.

TABLE 6 | Adjusted regression coefficients (95% confidence interval) between
HRV parameters and POD, stratified by sex.

Female, n = 218
(74.15%)

Male, n = 76 (25.85%)

Variables aOR 95% CI aOR 95% CI

SDNNI (ms) 0.991 (0.962, 1.021) 0.927 (0.870, 0.987)

HF (nu) 0.981 (0.952, 1.010) 0.998 (0.954, 1.044)

LF (nu) 1.009 (0.979, 1.041) 0.993 (0.944, 1.044)

VLF (ms) 1.000 (0.999, 1.001) 0.997 (0.994, 0.999)

ULF (ms) 0.991 (0.963, 1.021) 0.929 (0.871, 0.991)

Adjusted variables: age, BMI, education, CCI, surgery, dosage of midazolam and
equivalent morphine. aOR, adjusted odds ratio; SDNNI, mean of the standard
deviations of all the NN intervals for each 5-min segment of a 24-h HRV recording;
HF, high frequency; LF, low frequency; VLF, very low frequency; ULF, ultra-low
frequency; HRV, heart rate variability; POD, postoperative delirium; BMI, body mass
index; CCI, Charlson Comorbidity Index.

rhythm (Shaffer et al., 2014; Shaffer and Ginsberg, 2017;
Vitale et al., 2019). Due to homeostatic requirements with
different timing and latencies, CNS and ANS setups change
over time spontaneously. As proven by previous studies,
the elderly experienced drastic changes in ANS activity
and circadian rhythm after surgery (Marsch et al., 1994;

TABLE 7 | Spearman’s correlation coefficients between HRV parameters and the
duration of POD.

POD duration

Variables ρ P

SDNN (ms) −0.064 0.271

SDNNI (ms) −0.156 0.007

RMSSD (ms) −0.057 0.331

HF (nu) 0.039 0.502

LF (nu) −0.059 0.310

VLF (ms) −0.205 <0.005

ULF (ms) −0.204 <0.005

TP (ms) −0.143 0.014

SDNN, standard deviation of all normal-to-normal intervals; SDNNI, mean of the
standard deviations of all the NN intervals for each 5-min segment of a 24-h
HRV recording; RMSSD, square root of the mean of the sum of the squares of
differences between adjacent normal-to-normal intervals; HF, high frequency; LF,
low frequency; VLF, very low frequency; ULF, ultra-low frequency; TP, total power;
HRV, heart rate variability; POD, postoperative delirium.

Amar et al., 1998; Kärkelä et al., 2002). Because of high
time resolution during the day of the HRV measures, the
purpose of our research is to explore the relationship between
postoperative HRV and POD.

In this study, we observed that VLF, ULF, TP, and SDNNI were
significantly negatively correlated with the occurrence of POD.

The VLF and ULF bands require a long-term recording, which
may be best monitored over 24 h (Shaffer et al., 2014). Their
band lie in the 95% of the total power of the HRV power in
a 24-h recording (Fisher et al., 2014). VLF power is strongly
associated with all-cause mortality (Tsuji et al., 1994; Hadase et al.,
2004; Schmidt et al., 2005), post-traumatic stress disorder (PTSD)
(Ulmer et al., 2018), and emotional stress (Fisher et al., 2014).
Parasympathetic nervous system activity was found to contribute
VLF power mainly (Berntson et al., 1997; Taylor et al., 1998).

Theoretically, ANS can participate in the regulation of
inflammatory reflex through cholinergic anti-inflammatory
pathway (Huston and Tracey, 2011; Williams et al., 2019).
Low VLF power has been found to be associated with higher
levels of inflammation in several studies (Carney et al., 2007;
Lampert et al., 2008). Unbalanced inflammatory response and
dysfunctional interaction between the cholinergic and immune
systems can contribute to POD (Cerejeira et al., 2012; Riedel
et al., 2014; Subramaniyan and Terrando, 2019). In our result,
the lower VLF power may indicate more severe inflammatory
response, and cholinergic dysfunction occurred in patients with
POD. Also, over a 24-h period, VLF power is correlated with
SDNNI, which reflects the global autonomic modulation of the
heart (Almeida-Santos et al., 2016).

Except other factors (body temperature regulation and
metabolism), the circadian oscillation in HR is the primary source
of the ULF power (Laborde et al., 2017). Circadian rhythm
disruption was deemed to contribute to the development of POD
by itself or by interacting with pain and inflammation (Chouchou
et al., 2014; Scott, 2015; Fadayomi et al., 2018). Therefore, the
lower ULF indices may manifest circadian rhythm disruption of
delirium patients.
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Furthermore, movement is likely to impair the power of
ULF and VLF (Hunt and Saengsuwan, 2018). According to
the subtype of delirium (Liptzin and Levkoff, 1992; Meagher
and Trzepacz, 2000), patients with hyperactive (characterized
by agitation, aggression, hallucinations, and disorientation) or
mixed (fluctuation between hypoactive and hyperactive subtypes)
subtype may show increased movement. As our result showed,
the lower ULF power and VLF power in patients with POD were
consistent with clinical manifestation of delirium.

Crucially, delirium is considered a marker of the vulnerable
brain with diminished reserve capacity predisposed in large part
by advanced biological – not chronologic – age (Inouye et al.,
2014). Previous researches have shown that long-term HRV
indexes can be used as a biomarker of the aging process (Corino
et al., 2006; Perseguini et al., 2015; Tan et al., 2019). Based on this,
the connection between HRV indices and POD may also reflect
the effect of aging on POD to a certain extent.

By means of regression analysis that included several
relevant confounders, we did not find postoperative VLF, ULF,
and SDNNI indices to be independently associated with the
occurrence of POD. Noticeably, after stratification by age,
there was a significant association between ULF and POD in
young-old adults. Subsequently, after stratification by sex, results
showed SDNNI, VLF, and ULF were significantly associated with
POD in men instead of women. This may be due to a few
different reasons.

The aging process is related to a reduction in the interaction
ability of biological systems including the ANS (Lakatta and Levy,
2003; Niccoli and Partridge, 2012; Chadda et al., 2018). Multiple
studies have shown that HRV decreases with age (Corino et al.,
2006; Almeida-Santos et al., 2016; Botsva et al., 2017). However,
it should not be ignored that some of the HRV indices show a
non-linear decreasing pattern as age increased. Results of two
cohort studies in Brazil showed that parasympathetic associated
time domain variables showed a U-shaped distribution and
reversal increase between 60 and 70 years old, which were
consistent with trend of the frequency domain parameters (HF)
changing with age in our cohort (Almeida-Santos et al., 2016;
Geovanini et al., 2020; Supplementary Table 4). Theoretically,
the VLF band, which contributed mainly by parasympathetic
nervous system activity, may display a reversal process in old-old
patients (Berntson et al., 1997; Taylor et al., 1998). Furthermore,
the decrease of HRV with age is accompanied by changes in
functional connectivity along the cortical midline (Kumral et al.,
2019). It is foreseeable that there would be a complex-pattern
HRV changing in old-old patients.

Therefore, we speculate that the complex non-linear
interaction between aging and HRV may be the cause of the
disappearance of the correlation between HRV indices and POD
after adjusting for confounding factors including age. Instead of
the old-old patients, the correlation between HRV indices and
POD may be more significant in young-old patients.

As for the difference in results between different sexes, a
previous cohort study of hip fractures displayed that men were
more likely to experience POD than women (Oh et al., 2016).
Male patients were observed to have higher scores on motor
agitation and affective lability, whereas females have a higher

frequency of hypoactive delirium (Trzepacz et al., 2018). In our
result, although there is no statistical difference in gender among
the three subtypes of delirium, the proportion of hyperactive
subtype in delirium male patients was higher than that in females
(42.1 vs. 24.3%). The characteristics of hyperactive delirium may
exert an influence on HRV power. Alternatively, we had more
women in this study population than men, and the difference
may have been due to chance or unmeasured confounders.
Therefore, it is worthwhile to further investigate the differences
on age and gender.

Finally, we did not find any difference in HRV parameters
among three subtypes of delirium. Clinically, delirium symptoms
are acute in onset and fluctuate in severity throughout the day.
The three subtypes of delirium can be transformed into each
other during hospitalization. For example, mixed subtype cloud
manifests hyperactive or hypoactive symptoms. Patients who
experienced both hyperactive and hypoactive symptoms were
assessed as mixed subtype. Therefore, the difficulty to define the
subtype of delirium clearly may be the main reason.

Comparison With Existing Literature
A survey in an ICU observed that the delirium patients had a
lower LF/HF ratio and a greater reduction in SDNN than the
control group during head-up tilt to 15◦ (Neerland et al., 2019).
In our results, the frequency and time domain parameters of
patients with POD were mostly lower, which was consistent with
the result of a research about HRV at mild cognitive impairment
stage of Lewy body disease (Kim et al., 2018).

Conversely, a research in patients with hip fracture showed
that preoperative SDNN, TP, and HF values were significantly
higher in patients with delirium and that LF and LF/HF were
lower compared with those in patients without delirium (Ernst
et al., 2020). One reason for this discrepancy might be as
follows: this investigation studied HRV by analyzing short-term
measurements based on preoperative 5-min recordings, which
could not accurately reflect environmental stimuli and the central
nervous activity including circadian rhythms. Besides, at very
low respiratory rates (<7–8 breaths per minute or deep breaths),
parasympathetic activity can drive LF power and other indices.
Therefore, respiratory rate must be considered, since it is a
confounder of short-term measurements. It is also true that the
LF/HF ratio has long been considered an index of sympathovagal
balance, but this viewpoint has also been strongly criticized
because the physiological bases are not clear (Billman, 2013;
Shaffer and Ginsberg, 2017). What is more, the study focused on
preoperative HRV indices, which changed so dramatically after
surgery that they could not reflect the effects of operation and
anesthesia exerted on patients.

As reported by Shaffer and Ginsberg (Shaffer and Ginsberg,
2017), the 24-h HRV recordings achieve greater predictive
power than short-term measurements. Therefore, our study
design provided 24-h ECG recordings postoperatively.
Correspondingly, neither the levels of LF nor HF show a
difference in our result. There is a significant correlation between
POD and VLF, ULF, SDNNI, and TP power, represented as the
gold standard for a more accurate evaluation of total circadian
HRV (Singh et al., 2018a,b).
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The study’s strengths include its prospective nature, blinding
of assessors, and use of validated and reliable measures to assess
delirium status and HRV parameters.

There are limitations to this work that should be noted.
Primarily, the age span of participants included in the cohort
is too large. According to the China country assessment report
on aging and health, people over 60 are classified as the elderly
(No-authors, 2016). Apparently, the young-old patients may not
be representative of the entire elderly population. While life
expectancy is rising, the health span has not kept up with it
(Partridge et al., 2018). The aging process has been linked to
the occurrence of chronic diseases and functional impairments,
including frailty and metabolic and neurodegenerative diseases
(Niccoli and Partridge, 2012; Rivero-Segura et al., 2020). Except
for old-old population with hip fractures, a considerable part
of the patients who underwent orthopedic surgery were young-
old patients who suffered from arthritis. As a common chronic
disease in the elderly, an European cross-sectional survey
indicates that nearly 50% of elderly patients with symptomatic
knee osteoarthritis show fragility (Salaffi et al., 2020). Particularly,
fragility is not only a reflection of biologic rather than
chronologic age but also an important predisposing factor
of delirium (Bersani et al., 2020; Rivero-Segura et al., 2020;
Susano et al., 2020).

Specially, due to disadvantageous education (Zhang et al.,
2008), cognitive decline in elderly Chinese is more serious. As
our research shows, only 25% of participants received high school
education or above. Therefore, we set 60 years old as the lower
age limit to prevent people who have a young calendar age but
experiencing aging from being missed.

In addition, there is a wide spectrum of operative types in
this cohort. The study included patients who suffered from hip
fracture who were more likely to be older and have with more
diseases. A well-known complication of hip fracture surgery is
POD, with an incidence up to 56% (Oh et al., 2015). Therefore,
we excluded patients with preoperative MMSE score < 17
and preoperative delirium who were more susceptible to POD.
Besides, the corresponding baseline HRV of patients should be
collected before surgery. Considering the influence of movement
and anxiety on HRV before operation (Goessl et al., 2017; Hunt
and Saengsuwan, 2018), we only record postoperative long-term
HRV, which could reflect the state of patients after surgery more
accurately. A more convincing conclusion may require further
study to compare predictive power for the occurrences of POD
upon HRV of patients before operation and post operation.

What is more, the development of delirium involves the
complex inter-relationship between a vulnerable patient with
multiple predisposing factors and exposure to noxious insults
or precipitating factors (Inouye et al., 2014). Our assessment of
the above factors is not comprehensive enough. Finally, due to
the small sample size, we cannot adjust for other drugs used in
the statistical analyses. Consequently, we excluded the patients

who were transferred to the ICU for further treatment because
of complex drug use and surroundings. In addition, although
generally thought that there is no difference in the incidence
of POD between general and regional anesthesia (Mason et al.,
2010), we only included patients under spinal anesthesia to
eliminate effects on HRV exerted by other anesthetics.

In this prospective cohort study, we investigated the
association between postoperative long-term HRV parameters
and POD in an orthopedic surgery elderly population. The
results showed a negative correlation between VLF, ULF, SDNNI,
and TP and incidence and duration of POD. This finding
suggests that the occurrence of POD may affected by ANS
change and circadian rhythm disorder reflected by postoperative
long-term HRV parameters. Thus, future research on how ANS
activity and circadian rhythm function affect POD in elderly
patients would provide an opportunity to explain relevant
pathophysiological factors in POD.
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