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Background: Frailty is a syndrome associated with age-related impairments in multiple organ systems, of which 

the autonomic nervous system plays a fundamental role. Measurement of heart rate variability (HRV) is a non- 

invasive method to evaluate the autonomic activity and gain insights into cardiovascular health and potentially, 

frailty. A few small studies have explored the relationship between HRV and frailty, with promising but conflicting 

results. 

Objective: To investigate the relationship between HRV and frailty among adult patients with cardiovascular 

disease. 

Design: A cross-sectional study was conducted using clinical data. 

Setting: Data were collected from an ambulatory cardiology clinic. 

Participants: The cohort comprised 155 patients with a mean age of 67 years (44 % female). 

Measurements: HRV was assessed seated at rest for 2.5 min using a finger-based photoplethysmography (PPG) 

device. Frailty was assessed using the Clinical Frailty Scale (CFS), with a score ≥ 5 considered frail. Associa- 

tions between HRV and frailty were examined using a Spearman correlation matrix and multivariable ordinal 

regression model. The LF/HF ratio (a frequency-domain measure reflecting imbalances between sympathetic and 

parasympathetic activity) was the primary HRV measure analyzed. 

Results: The prevalence of frailty was 15 %. Among all HRV measures, the LF/HF ratio was most closely correlated 

with frailty ( p < 0.001). In the multivariable model, each 1 standard deviation decrease in LF/HF ratio was 

associated with a 1.1-point increase in CFS (95 % CI 0.7–1.6, p < 0.001). The optimal ROC cutoff at which the 

LF/HF ratio was associated with frailty is ≤ 0.37. 

Conclusions: The LF/HF ratio is inversely correlated with the CFS and independently associated with frailty. 

Measurement of HRV is a promising technique to enrich existing frailty scales and assist in frailty assessments in 

an ambulatory cardiology clinic. 
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. Introduction 

Frailty is a geriatric syndrome that is highly prevalent in cardiovas-

ular patients and characterized by age-related impairments in multi-

le organ systems [ 1 ]. These impairments collectively limit the individ-

al’s physiological reserves and ability to maintain homeostasis in the

ace of stressors, predisposing them to adverse health outcomes such

s mortality and major cardiovascular or non-cardiovascular morbidity

 2 ]. One of the key impairments is reduced responsiveness of the auto-

omic nervous system [ 3 ], with a recent systematic review highlighting

he association between frailty and autonomic dysfunction as reflected

y exaggerated orthostatic heart rate change and diminished HRV [ 4 ].
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eart rate variability (HRV) refers to the time interval variation between

onsecutive heartbeats, influenced by a complex interplay of the sympa-

hetic (SNS) and parasympathetic (PNS) branches of the nervous system

 5 ]. Accordingly, HRV has garnered attention as a candidate biomarker

f frailty [ 6 ]. 

Biomarkers derived from HRV signals have the potential to enrich es-

ablished frailty scales derived from questionnaires and physical tests,

r to screen for patients who could benefit from frailty assessments. The

otential for screening is exciting because HRV can be measured op-

ortunistically in large numbers of patients who are already equipped

ith wearable sensors (e.g., smartwatches) or undergoing in-hospital

r ambulatory cardiac monitoring (e.g., Holter tests). Identifying mark-
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Table 1 

Heart rate variability metrics in the time and frequency domains. 

HRV time domain measures 

RMSSD ms Root mean square of successive RR interval differences 

SDNN ms Standard deviation of NN intervals 

Ln (RMSSD) ms Natural log of root mean square of successive RR interval differences 

pNN50 % Percentage of successive RR intervals that differ by more than 50 ms 

Mean RR ms Average RR interval duration 

HRV frequency domain measures 

LF peak Hz Peak frequency of the low-frequency band 

LF power ms2 Absolute power of the low-frequency band 

HF peak Hz Peak frequency of the high-frequency band 

HF power ms2 Absolute power of the high-frequency band 

TP Hz Total Power: sum of ULF, VLF, LF, and HF bands 

LF/HF - Ratio of LF-to-HF power 

∗ Abbreviations : HRV, heart rate variability; ms, milliseconds 
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rs of frailty is useful for risk stratification and treatment guidance;

ne proven use case being prediction of operative risk and need for

pre)rehabilitation in older patients set to undergo cardiac surgery [ 7 ].

pplications in cardiac patients are promising given the known asso-

iations, at both the epidemiological and pathophysiological levels, be-

ween cardiovascular disease and diminished HRV [ 8 ]. Accordingly, this

tudy sought to determine the feasibility and accuracy of using HRV

easured by a portable plethysmography device to detect frailty in a

eal-world cohort of ambulatory patients with prevalent or suspected

ardiovascular disease. 

. Methods 

.1. Study population and design 

This cross-sectional study was conducted at the Jewish General Hos-

ital, McGill University (Montreal, Quebec) between August 2022 and

ebruary 2023. The study cohort consisted of consecutive adult pa-

ients who attended their ambulatory appointments at the cardiovascu-

ar medicine clinic. All patients underwent clinical assessments of their

edical history, medications, signs and symptoms of heart disease, vital

igns, and frailty. The device used to measure heart rate had the func-

ionality of recording pulse signals and deriving HRV measures using

alidated algorithms. The Research Ethics Board approved the analysis

f clinical data for research on opportunistic biomarkers of frailty with

aived individual-level consent. 

.2. Heart rate variability analysis 

HRV was collected at rest in a seated position from the right or left

ndex finger for 2 min and 30 s using the Elite HRV CorSense device. The

orSense device employs photoplethysmography (PPG), a non-invasive

echnique that illuminates the skin with light, typically on a finger or

arlobe. This light is then absorbed and reflected, allowing for the detec-

ion of changes in blood volume. PPG provides insights into blood flow

ynamics and pulse rate by capturing these changes. The CorSense de-

ice captures the PPG signal, enabling the extraction of HRV measures

n both the time and frequency domains. Captured measures of HRV in

he time and frequency domains are listed in Table 1 . HRV measures

ere disregarded in cases of active arrhythmia, pacing, or poor-quality

ecordings (those with paroxysmal atrial fibrillation or backup pacemak-

rs who were in sinus rhythm were not disregarded). 

.3. Frailty assessment 

Frailty was assessed using the Clinical Frailty Scale (CFS) with the

tandardized classification tree for reliability [ 9 ], and a score ≥ 5 was

onsidered frail. Duplicate observers graded the CFS to arrive at a con-

ensus. CFS is a validated tool used to assess the frailty of older adults
2

n clinical settings. It provides a quick and standardized way to evalu-

te a person’s overall health status, functional abilities, and resilience to

tressors. The CFS is typically used by healthcare professionals, partic-

larly geriatricians, to guide treatment decisions and care planning for

lder adults. The scale consists of a series of pictorial representations

nd descriptors that depict different levels of frailty, ranging from very

t (level 1) to severely frail (level 9). The assessments are based on the

ndividual’s overall health, mobility, activities of daily living, cognition,

nd comorbidities, among other factors. CFS > 5, indicates dependence

n at least one Independent Activity of Daily Living (IADL), while CFS >

, depicts dependence in at least 1 Basic Activity of Daily Living (BADL)

r multiple IADLs. The CFS assumes that individuals with a CFS of 4 or

igher are not engaging in moderate to vigorous physical activity. 

.4. Statistical analysis 

Summary statistics and distributional histograms were inspected.

ata were presented as medians and interquartile ranges for continuous

ariables and as the number of individuals and percentage [n, (%)] for

ategorical variables. The patients were divided into two groups: frail

atients with CFS ≥ 5 and non-frail patients with CFS < 5. The Wilcoxon

ank-sum test was used to test for differences in HRV measures, non-

arametrically, between the frail and non-frail groups. A Spearman cor-

elation matrix was used to test for correlations between various HRV

etrics non-parametrically. Ordered logistic regression was used to de-

ermine the association between HRV metrics and CFS grade after ad-

usting for patient demographics and comorbidities. The coefficients

rom this model represent the associated change in CFS grade per unit in-

rease in each variable. Receiver Operating Characteristics (ROC) anal-

ses were used to determine the optimal cut-off for HRV metrics to dis-

riminate between frail and non-frail patients. These statistical analy-

es were performed using Stata software (version 18; College Station,

exas). Finally, machine learning analyses were performed using H2O

riverless AI software (version 1.10.5) to determine the optimal model

or correlation between CFS < 5 and clinical variables with 3-fold cross-

alidation using their engine for model selection, feature selection, and

yperparameter tuning. 

. Results 

Of 238 patients with HRV data, 83 were excluded due to arrhythmias

r poor-quality readings; these patients were otherwise similar to those

ith good-quality readings in terms of age, sex, and comorbidities. Thus,

55 patients were included in the final analysis. The mean age was 67

ears, with 31 % being ≥ 75 years and 44 % being females. The mean CFS

core was 3, with 15 % being frail. Frail older patients had a similar heart

ate, lower diastolic blood pressure, a higher proportion of diabetes,

nd heart failure. The most prevalent comorbidities were hypertension
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Table 2 

Patient characteristics and heart rate variability stratified by frailty status. 

All (N = 155) Non-frail (N = 131) Frail (N = 24) P -value 

Age, years 67 (59, 77) 65 (57, 74) 80 (75, 87) < 0.001 

Age ≥ 75 48 (31 %) 30 (23 %) 18 (75 %) < 0.001 

Female 68 (44 %) 56 (43 %) 12 (50 %) 0.51 

Clinical frailty scale 3 (2, 4) 3 (2, 3) 5 (5, 6) < 0.001 

Heart rate 71 (62, 79) 71 (62, 79) 71 (62, 82) 0.99 

Systolic blood pressure 129 (119, 139) 127 (119, 136) 137 (121,145) 0.17 

Diastolic blood pressure 72 (66, 81) 73 (66,81) 66 (58, 75) 0.007 

Hypertension 97 (63 %) 81 (62 %) 16 (67 %) 0.65 

Coronary artery disease 74 (48 %) 59 (45 %) 15 (63 %) 0.12 

Diabetes 36 (23 %) 27 (21 %) 9 (38 %) 0.07 

Heart failure 18 (12 %) 12 (9 %) 6 (25 %) 0.03 

Atrial fibrillation 18 (12 %) 14 (11 %) 4 (17 %) 0.40 

Beta-blocker use 66 (43 %) 56 (43 %) 10 (42 %) 0.92 

Time domain 

RMSSD 32.9 (21.4, 50.0) 32.9 (21.4, 50.0) 36.8 (20.8, 70.5) 0.40 

SDNN 33.5 (24.3, 49.7) 33.7 (25.8, 49.7) 29.3 (16.4, 48.7) 0.29 

ln(RMSSD) 3.5 (3.1, 3.9) 3.5 (3.1, 3.9) 3.7 (3, 4.3) 0.29 

pNN50 7.0 (.01, 19.0) 6.0 (1.0, 17.0) 12.5 (1.5, 27.5) 0.23 

Mean RR 854.6 (756.9, 959.5) 854.6 (759.6, 959.0) 848.9 (742.5, 975.1) 0.87 

Frequency domain 

TP, ms2 467.8 (222.5, 1138.4) 504.5 (241.6, 1154.8) 353.1 (59.4, 945.1) 0.21 

LF power 219 (69.9, 472) 231.9 (77.2, 554.2) 78.3 (20.1, 267.1) 0.01 

HF power 259.1 (98.3, 576.3) 259.1 (99.6, 571.9) 259.2 (43.8, 626.2) 0.95 

LF peak 0.06 (0.05, 0.09) 0.06 (0.05, 0.09) 0.07 (0.05, 0.11) 0.24 

HF peak 0.28 (0.22, 0.34) 0.28 (0.21, 0.34) 0.34 (0.28, 0.39) 0.002 

LF/HF 0.78 (0.42, 1.47) 1.01 (0.46, 1.69) 0.37 (0.23, 0.67) < 0.001 

∗ Values presented as median (25th percentile, 75th percentile) or N ( %). Non-frail and frail defined as 

Clinical Frailty Scale ≤ 4 or ≥ 5 out of 9. Abbreviations: refer to Table 1 . 

Table 3 

Ordinal logistic regression model for association between clinical 

variables and frailty. 

Coefficient 95 % CI P -value 

Age 0.050 0.018, 0.082 0.002 

Female − 0.355 − 1.112, 0.402 0.36 

Systolic blood pressure 0.032 0.007, 0.056 0.01 

Diastolic blood pressure − 0.070 − 0.115, − 0.024 0.003 

Heart rate 0.030 − 0.023, 0.083 0.27 

Hypertension − 0.704 − 1.484, 0.077 0.08 

Coronary artery disease 0.601 − 0.223, 1.426 0.15 

Diabetes 0.268 − 0.563, 1.099 0.53 

Heart failure 0.576 − 0.412, 1.563 0.25 

Atrial fibrillation 0.611 − 0.497, 1.719 0.28 

Pacemaker 0.996 − 0.686, 2.678 0.25 

Beta-blocker use − 0.325 − 1.203, 0.553 0.47 

RMSSD 0.032 − 0.031, 0.096 0.31 

SDNN − 0.025 − 0.067, 0.018 0.26 

ln(RMSSD) − 0.895 − 2.395, 0.606 0.24 

PNN50 − 0.008 − 0.057, 0.040 0.74 

Mean RR − 0.001 − 0.006, 0.005 0.83 

Total Power − 0.003 − 0.014, 0.007 0.53 

LF Power 0.004 − 0.007, 0.014 0.50 

HF Power 0.003 − 0.007, 0.014 0.52 

LF Peak 4.260 − 6.865, 15.384 0.45 

HF Peak 1.425 − 3.083, 5.934 0.54 

LF/HF − 1.144 − 1.612, − 0.677 < 0.001 

∗ Coefficients represent the change in Clinical Frailty Scale per 1- 

unit increase in that variable. Abbreviations: refer to table 1. 
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63 %), coronary artery disease (48 %), diabetes (23 %), and heart fail-

re (12 %) ( Table 2 ). 

No HRV metrics in the time domain and three in the frequency do-

ain were associated with frailty expressed as a dichotomous variable:

F/HF ratio ( P < 0.001), LF power ( P = 0.01), HF peak ( P = 0.002).

he LF/HF ratio was lower (0.37) in frail compared to non-frail (1.01)

atients. LF power was lower in frail (78.3 ms 2 ) compared to non-frail

231.9 ms 2 ) patients. HF peak was higher in frail (0.34 Hz) compared

o non-frail (0.28 Hz) patients ( Table 3 ). The linear regression showed
3

hat one HRV metric in the time domain and four in the frequency

omain were correlated with frailty expressed as an ordinal variable:

DNN (P = 0.0391), LF/HF (P < 0.001), LF power (P = 0.0002), HF peak

P = 0.0123), Total Power (P = 0.0207). There were variable correla-

ions between the different HRV metrics ( Fig. 1 ). In a sub-group analysis

f 68 patients with pre-frailty defined as CFS 3 or 4, there were no sta-

istically significant correlations between pre-frailly and HRV metrics. 

As shown in Table 3 , multivariable ordinal logistic regression re-

ealed that the LF/HF ratio was the only HRV metric associated with

railty (expressed as an ordinal variable) after adjusting for covariates.

ach unit decrease in LF/HF ratio translated to a 1.14 (95 % CI –

.61, –0.68) unit increase in CFS grade. ROC analysis showed that the

pecificity-optimized cutoff for LF/HF ratio associated with frailty (ex-

ressed as a dichotomous variable) was 0.37, with a sensitivity of 54 %

nd a specificity of 82 %. The balanced cutoff for the LF/HF ratio associ-



M. Samuel, S.G. Arif and J. Afilalo The Journal of Frailty & Aging 14 (2025) 100007

Fig. 2. ROC Curve of LF/HF in association with frailty. 
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ted with frailty was 0.94, with a sensitivity of 96 % and a specificity of

1 %. Other risk factors for increased CFS grade were older age, higher

ystolic blood pressure, and lower diastolic blood pressure. 

The HRV measures were entered into the Driverless AI autoML soft-

are engine in addition to comorbidities, vital signs, age and sex (24

ariables considered). The optimal model for correlation between CFS

 5 and clinical variables was found to be a LightGBM architecture with

 variables retained, in descending order of feature importance (as in-

icated by Shapley coefficients): higher age (0.39), lower LF/HF (0.25),

ower diastolic blood pressure (0.18), lower LF power (0.17). Comor-

idities were not significantly associative. This model achieved an area

nder the ROC curve of 0.911, area under the precision-recall curve of

.758, true positive rate of 83 %, false positive rate of 7 %, and accuracy

f 92 % to identify frailty ( Fig. 2 ). 

. Discussion 

The study’s primary purpose was to determine whether HRV mea-

ures were associated with frailty in middle to older-aged cardiovascular

atients. The study findings were threefold: first, feasibility of measure-

ents was variable using a portable finger-based PPG sensor, with one-

hird of patients not reliably assessed due to arrhythmia or poor signal

uality. Second, HRV measures in the frequency domain were gener-

lly more closely correlated with the CFS score than those in the time

omain. Third, the LF/HF ratio, a frequency domain measure, showed

he strongest correlation with frailty, independent of age and other con-

ounders, with an optimal cut-off of ≤ 0.37 for excluding frailty. How-

ver, to reliably identify frailty in this population, additional clinical

esting may be required. 

Heart rate is not a metronome, but rather a dynamic process influ-

nced by a multitude of physiological functions operating at various

ime scales, even in a stable physiological state. This phenomenon is

ommonly referred to as physiological complexity. Short-term HRV pri-

arily reflects the influence of the SNS and PNS, while longer-term HRV

akes into consideration factors such as pharmacological agents, circu-

ating hormones, and circadian rhythms. Aging is generally associated

ith a decline in HRV, also known as a loss of physiological complexity,

lthough it can be mitigated by maintaining physiological wellbeing. 

One hypothesis proposes that the loss of physiological complexity di-

inishes adaptability to stressors, resulting in the geriatric syndrome of

railty. In the cardiovascular system, the decline in HRV is mediated by

ge-related dysfunction of the autonomic nervous system, namely: sinus

ode dysfunction, B-adrenoceptor hypo-responsiveness, and decreased
4

arasympathetic tone [ 10 ]. Both HRV and frailty are inversely associ-

ted with oxidative stress and inflammatory markers [ 11 , 12 ] represent-

ng a shared mechanistic pathway and potential causal link towards the

evelopment of cardiovascular disease, a leading cause of death in older

dults. 

There are only three studies examining the relationship between

railty and HRV, all conducted in community-dwelling older women.

he first two studies from the Women’s Health and Aging Study I (WHAS

) measured HRV using ambulatory electrocardiography during a vari-

ty of physical tasks over 2–3 h and found that LF power, LF/HF ratio,

nd SDNN were inversely associated with Fried’s frailty scale [ 13 , 14 ].

ontrastingly, the third study from a small cohort of 23 women mea-

ured HRV using chest heart rate monitors during supine rest over ≤ 5

inutes and found that LF power and LF/HF ratio were positively as-

ociated with frailty [ 15 ]. Our results are consistent with the WHAS I

ohort, broadening the generalizability to men and women including pa-

ients with active cardiovascular disease, affirming the conclusion that

rail individuals are more likely to have low LF/HF ratios due to low LF

ower (and preserved HF power). 

Historically, attempts to understand the LF/HF ratio assumed that LF

ower was driven by SNS activity while HF power was driven by PNS

ctivity, a simplistic sympathovagal balance [ 16 , 17 ]. Many have since

hallenged this belief, suggesting that drivers of LF and HF power were

ore complex [ 5 , 18–22 ]. LF power is roughly driven by 50 % PNS, 25 %

NS, and 25 % other factors [ 23 ]. Aging affects LF power by increasing

ympathetic tone (SNS), reducing baroreceptor sensitivity (PNS), reduc-

ng respiratory variation (PNS), and reducing autonomic adaptability

SNS-PNS). HF power remains predominantly driven by 90 % PNS, and

0 % SNS [ 18 ]. SNS and PNS activation are not mutually exclusive, as

ne branch can override the other even during maximum activation. For

nstance, in the mammalian dive reflex, the PNS decreases heart rate de-

pite maximal sympathetic activation [ 24 ]. In addition to the physiolog-

cal determinants, HRV measures are significantly impacted by testing

onditions, comorbidities, and medications. 

Cardiovascular disease, diabetes, and hypertension are associated

ith reduced LF power and HRV. Medications such as beta-blockers

lock sympathetic activity and, theoretically, may reduce LF power [ 25–

7 ]. As nearly half (43 %) of the patients in our study were receiving

eta-blockers, it raises the question of whether part of the reduction in

F power and association with frailty may be explained by the sympa-

holytic effect of beta-blockers. This is unlikely as beta-blocker use was

ot correlated with the LF/HF ratio and it was evenly distributed be-

ween non-frail and frail patients. Most of the patients were diagnosed
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ith cardiovascular diseases or risk factors, but this unlikely to be con-

ounding the association between LF/HF ratio and frailty since it per-

isted after adjusting for comorbidities and beta-blocker use in the mul-

ivariable model. 

Autonomic imbalance and HRV, particularly diminished vagal tone,

as been linked to increased mortality [ 28–30 ] and the presence of

ypertension, a cardiovascular risk factor [ 31 , 32 ]. In the Framingham

eart Study, a one standard deviation decrease in log-transformed LF

ower was associated with a 1.7-fold increase in all-cause mortality

 33 ]. Our findings suggest that part of this association may be medi-

ted by frailty, which has consistently been shown to be associated with

ll-cause mortality and cardiovascular events in epidemiological studies

f older adults [ 34 ]. 

Given the possibility of measuring HRV opportunistically using avail-

ble cardiac monitors and wearable devices, it is attractive to integrate

n clinical care. One such use-case of HRV testing may be as an early

ndicator of patients who could benefit from comprehensive frailty as-

essments. Another use-case may be as a surrogate parameter to track

hanges in frailty level over time. HRV measured by non-contact PPG

as previously been used as a surrogate parameter to gauge the impact

f geriatric rehabilitation in frail and non-frail older adults [ 35 ]. Future

tudies with larger, more diverse populations and comprehensive assess-

ents of comorbidities and physical activity are necessary to validate

nd expand upon these findings. This research serves as an initial step,

aving the way for more robust studies in the field. 

.1. Limitations 

The first limitation is the potential for contamination of HRV outputs

y uncontrolled conditions in a clinical setting. For ideal assessment

f HRV, it is advisable to instruct participants to abstain from sympa-

holytic or sympathomimetic medications and diuretics for 48 h. Partic-

pants should also refrain from consuming food and coffee for at least

 h, empty their bladder, and avoid vigorous exercise on the test day.

hile physical activity is a key determinant of autonomic balance [ 36 ],

he lack of a comprehensive exercise history beyond the CFS limits the

bility to fully assess its impact in frailty. The second limitation is PPG-

ased methodology for acquiring HRV signals. ECG-based methodolo-

ies are generally preferred for their accuracy and reliability. PPG and

CG have demonstrated a high degree of correlation under controlled

onditions, suggesting PPG can be a practical alternative [ 37 , 38 ]. The

hird limitation is the 2.5 min collection timeframe; longer timeframes

re preferred, especially for HRV measures in the frequency domain.

he shorter PPG approach was chosen in this study because it is more

ragmatic and realistic to acquire in a busy outpatient clinic workflow.

astly, while our study provides valuable insights into the relationship

etween HRV and frailty in an ambulatory cardiovascular population,

t is important to note the mean age of the cohort was 67 years. Thus,

hese findings may not be fully generalizable to older populations with

 higher prevalence of comorbid conditions. 

. Conclusions 

This study has demonstrated an inverse relationship between HRV

nd frailty, clarifying conflicting results from prior small studies and

xtending generalizability to both sexes and patients with cardiovascu-

ar diseases or comorbidities. Specifically, the frequency-domain mea-

ure of LF/HF ratio ≤ 0.37 was found to be associated with frailty as

easured by the CFS. While the LF/HF ratio remains a complex and

ncompletely understood parameter, its clinical application may be to

ssist healthcare professionals with flagging patients for further com-

rehensive frailty assessment and longitudinal monitoring of frailty in

iddle to older age patients. This knowledge, acquired with little ad-

itional cost or effort through existing cardiac monitors and wearables,

ay facilitate early frailty interventions and personalized care to im-

rove outcomes in the context of frailty. 
5

unding 

J.A. and M.S. are supported by the Canadian Institutes of Health

esearch. 

onflict Of Interest 

The authors have no conflicts of interest to report. 

cknowledgements 

M.S. led the writing of the manuscript and data collection. S.G.A co-

ed the writing of the manuscript and was involved in data collection.

.A. led the conceptualization, methodology, funding acquisition, super-

ision, and editing of the manuscript. M.S. and J.A. were responsible for

he data analysis. 

eferences 

[1] Hoogendijk EO, Afilalo J, Ensrud KE, Kowal P, Onder G, Fried LP. Frailty: Implica-

tions for clinical practice and public health. Lancet 2019;394(10206):1365–75 Oct

12. doi: 10.1016/s0140-6736(19)31786-6 . 

[2] Chu W, Chang SF, Ho HY. Adverse health effects of frailty: Systematic re-

view and meta-analysis of middle-aged and older adults with implications for

evidence-based practice. Worldviews Evid Based Nurs 2021;18(4):282–9 Aug.

doi: 10.1111/wvn.12508 . 

[3] Hadaya J, Ardell JL. Autonomic modulation for cardiovascular disease. Front Physiol

2020;11:617459. doi: 10.3389/fphys.2020.617459 . 

[4] Debain A, Loosveldt FA, Knoop V, et al. Frail older adults are more likely to have

autonomic dysfunction: A systematic review and meta-analysis. Ageing Res Rev Jun

2023;87:101925. doi: 10.1016/j.arr.2023.101925 . 

[5] Shaffer F, Ginsberg JP. An overview of heart rate variability metrics and norms.

Frontiers Public Heal 2017;5:258. doi: 10.3389/fpubh.2017.00258 . 

[6] Arantes FS, Oliveira VR, Leão AKM, et al. Heart rate variability: A

biomarker of frailty in older adults? Frontiers Medicine 2022;9:1008970.

doi: 10.3389/fmed.2022.1008970 . 

[7] Afilalo J, Alexander KP, Mack MJ, et al. Frailty assessment in the cardio-

vascular care of older adults. J Am Coll Cardiol Mar 4 2014;63(8):747–62.

doi: 10.1016/j.jacc.2013.09.070 . 

[8] Thayer JF, Yamamoto SS, Brosschot JF. The relationship of autonomic imbal-

ance, heart rate variability and cardiovascular disease risk factors. Int J Cardiol

2010;141(2):122–31. doi: 10.1016/j.ijcard.2009.09.543 . 

[9] Rockwood K, Song X, MacKnight C, et al. A global clinical measure of

fitness and frailty in elderly people. Cmaj 2005;173(5):489–95 Aug 30.

doi: 10.1503/cmaj.050051 . 

10] Lipsitz LA. Loss of ’complexity’ and aging. Jama 1992;267(13).

doi: 10.1001/jama.1992.03480130122036 . 

11] Haensel A, Mills PJ, Nelesen RA, Ziegler MG, Dimsdale JE. The rela-

tionship between heart rate variability and inflammatory markers in car-

diovascular diseases. Psychoneuroendocrinology 2008;33(10):1305–12 Nov.

doi: 10.1016/j.psyneuen.2008.08.007 . 

12] Soysal P, Arik F, Smith L, Jackson SE. Isik at. inflammation, frailty

and cardiovascular disease. Adv Exp Med Biol 2020;1216:55–64.

doi: 10.1007/978-3-030-33330-0_7 . 

13] Chaves PHM, Varadhan R, Lipsitz LA, et al. Physiological complexity underlying

heart rate dynamics and frailty status in community-dwelling older women. J Am

Geriatr Soc 2008;56(9):1698–703. doi: 10.1111/j.1532-5415.2008.01858.x . 

14] Varadhan R, Chaves PHM, Lipsitz LA, et al. Frailty and impaired cardiac autonomic

control: new insights from principal components aggregation of traditional heart rate

variability indices. J Gerontol Ser 2009;64A(6):682–7. doi: 10.1093/gerona/glp013 .

15] Katayama PL, Dias DPM, Silva LEV, Virtuoso-Junior JS, Marocolo M. Cardiac au-

tonomic modulation in non-frail, pre-frail and frail elderly women: a pilot study.

Aging Clin Exp Res 2015;27(5):621–9. doi: 10.1007/s40520-015-0320-9 . 

16] Pagani M, Lombardi F, Guzzetti S, et al. Power spectral density of heart rate variabil-

ity as an index of sympatho-vagal interaction in normal and hypertensive subjects.

J Hypertens Suppl 1984;2(3):S383–5 Dec . 

17] Malliani A, Pagani M, Lombardi F, Cerutti S. Cardiovascular neural regula-

tion explored in the frequency domain. Circulation 1991;84(2):482–92 Aug.

doi: 10.1161/01.cir.84.2.482 . 

18] Billman GE. The LF/HF ratio does not accurately measure cardiac sympatho-vagal

balance. Front Physiol 2013;4:26. doi: 10.3389/fphys.2013.00026 . 

19] Shaffer F, McCraty R, Zerr CL. A healthy heart is not a metronome: an integrative

review of the heart’s anatomy and heart rate variability. Front Psychol 2014;5:1040.

doi: 10.3389/fpsyg.2014.01040 . 

20] Kingwell BA, Thompson JM, Kaye DM, McPherson GA, Jennings GL, Esler MD. Heart

rate spectral analysis, cardiac norepinephrine spillover, and muscle sympathetic

nerve activity during human sympathetic nervous activation and failure. Circula-

tion 1994;90(1):234–40 Jul. doi: 10.1161/01.cir.90.1.234 . 

21] Koh J, Brown TE, Beightol LA, Ha CY, Eckberg DL. Human autonomic rhythms: vagal

cardiac mechanisms in tetraplegic subjects. J Physiol 1994;474(3):483–95 Feb 1.

doi: 10.1113/jphysiol.1994.sp020039 . 

https://doi.org/10.1016/s0140-6736(19)31786-6
https://doi.org/10.1111/wvn.12508
https://doi.org/10.3389/fphys.2020.617459
https://doi.org/10.1016/j.arr.2023.101925
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.3389/fmed.2022.1008970
https://doi.org/10.1016/j.jacc.2013.09.070
https://doi.org/10.1016/j.ijcard.2009.09.543
https://doi.org/10.1503/cmaj.050051
https://doi.org/10.1001/jama.1992.03480130122036
https://doi.org/10.1016/j.psyneuen.2008.08.007
https://doi.org/10.1007/978-3-030-33330-0_7
https://doi.org/10.1111/j.1532-5415.2008.01858.x
https://doi.org/10.1093/gerona/glp013
https://doi.org/10.1007/s40520-015-0320-9
http://refhub.elsevier.com/S2260-1341(24)00382-7/sbref0016
https://doi.org/10.1161/01.cir.84.2.482
https://doi.org/10.3389/fphys.2013.00026
https://doi.org/10.3389/fpsyg.2014.01040
https://doi.org/10.1161/01.cir.90.1.234
https://doi.org/10.1113/jphysiol.1994.sp020039


M. Samuel, S.G. Arif and J. Afilalo The Journal of Frailty & Aging 14 (2025) 100007

[  

 

[  

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

[  

 

 

[  

[  

 

[  
22] Hopf HB, Skyschally A, Heusch G, Peters J. Low-frequency spectral power of heart

rate variability is not a specific marker of cardiac sympathetic modulation. Anesthe-

siology 1995;82(3):609–19 Mar. doi: 10.1097/00000542-199503000-00002 . 

23] Billman GE. Heart rate variability - a historical perspective. Front Physiol 2011;2:86.

doi: 10.3389/fphys.2011.00086 . 

24] Lundell RV, Ojanen T. A systematic review of HRV during diving in

very cold water. Int J Circumpolar Health 2023;82(1):2203369 Dec.

doi: 10.1080/22423982.2023.2203369 . 

25] Lurje L, Wennerblom B, Tygesen H, Karlsson T, Hjalmarson A. Heart rate variability

after acute myocardial infarction in patients treated with atenolol and metoprolol.

Int J Cardiol 1997;60(2):157–64 Jul 25. doi: 10.1016/s0167-5273(97)00104-6 . 

26] Malfatto G, Facchini M, Sala L, Branzi G, Bragato R, Leonetti G. Effects of

cardiac rehabilitation and beta-blocker therapy on heart rate variability af-

ter first acute myocardial infarction. Am J Cardiol 1998;81(7):834–40 Apr 1.

doi: 10.1016/s0002-9149(98)00021-6 . 

27] Lampert R, Ickovics JR, Viscoli CJ, Horwitz RI, Lee FA. Effects of propranolol on

recovery of heart rate variability following acute myocardial infarction and relation

to outcome in the beta-blocker heart attack trial. Am J Cardiol 2003;91(2):137–42

Jan 15. doi: 10.1016/s0002-9149(02)03098-9 . 

28] Gerritsen J, Dekker JM, TenVoorde BJ, et al. Impaired autonomic function is as-

sociated with increased mortality, especially in subjects with diabetes, hyperten-

sion, or a history of cardiovascular disease. Diabetes Care 2001;24(10):1793–8.

doi: 10.2337/diacare.24.10.1793 . 

29] Kleiger RE, Miller JP, Bigger JT, Moss AJ. Decreased heart rate variability and its

association with increased mortality after acute myocardial infarction. Am J Cardiol

1987;59(4):256–62. doi: 10.1016/0002-9149(87)90795-8 . 
6

30] Camm AJ, Pratt CM, Schwartz PJ, et al. Mortality in patients after a recent

myocardial infarction: a randomized, placebo-controlled trial of azimilide using

heart rate variability for risk stratification. Circulation 2004;109(8):990–6 Mar 2.

doi: 10.1161/01.Cir.0000117090.01718.2a . 

31] Liao D, Cai J, Barnes RW, et al. Association of cardiac automatic function and the

development of hypertensionthe ARIC study. Am J Hypertens 1996;9(12):1147–56.

doi: 10.1016/s0895-7061(96)00249-x . 

32] Singh JP, Larson MG, Tsuji H, Evans JC, O’Donnell CJ, Levy D. Reduced heart

rate variability and new-onset hypertension. Hypertension 1998;32(2):293–7.

doi: 10.1161/01.hyp.32.2.293 . 

33] Tsuji H, Venditti FJ Jr, Manders ES, et al. Reduced heart rate variability and

mortality risk in an elderly cohort. The framingham heart study. Circulation

1994;90(2):878–83 Aug. doi: 10.1161/01.cir.90.2.878 . 

34] Finn M, Green P. The influence of frailty on outcomes in cardiovascular disease. Rev

Esp Cardiol (Engl Ed) 2015;68(8):653–6 Aug. doi: 10.1016/j.rec.2015.04.005 . 

35] Yu X, Antink CH, Leonhardt S, Bollheimer LC, Laurentius T. Non-Contact measure-

ment of heart rate variability in frail geriatric patients: response to early geriatric

rehabilitation and comparison with healthy old community-dwelling individuals - A

pilot study. Gerontology 2021;68(6):707–19. doi: 10.1159/000518628 . 

36] Goldsmith RL, Bloomfield DM, Rosenwinkel ET. Exercise and autonomic function.

Coronary artery disease 2000;11(2):129–35 . 

37] Lu G, Yang F, Taylor JA, Stein JF. A comparison of photoplethysmography and ECG

recording to analyse heart rate variability in healthy subjects. Journal of medical

engineering & technology 2009;33(8):634–41 . 

38] Lin W-H, Wu D, Li C, Zhang H, Zhang Y-T. Comparison of heart rate variability from

PPG with that from ECG. Springer; 2014. p. 213–15 . 

https://doi.org/10.1097/00000542-199503000-00002
https://doi.org/10.3389/fphys.2011.00086
https://doi.org/10.1080/22423982.2023.2203369
https://doi.org/10.1016/s0167-5273(97)00104-6
https://doi.org/10.1016/s0002-9149(98)00021-6
https://doi.org/10.1016/s0002-9149(02)03098-9
https://doi.org/10.2337/diacare.24.10.1793
https://doi.org/10.1016/0002-9149(87)90795-8
https://doi.org/10.1161/01.Cir.0000117090.01718.2a
https://doi.org/10.1016/s0895-7061(96)00249-x
https://doi.org/10.1161/01.hyp.32.2.293
https://doi.org/10.1161/01.cir.90.2.878
https://doi.org/10.1016/j.rec.2015.04.005
https://doi.org/10.1159/000518628
http://refhub.elsevier.com/S2260-1341(24)00382-7/sbref0036
http://refhub.elsevier.com/S2260-1341(24)00382-7/sbref0037
http://refhub.elsevier.com/S2260-1341(24)00382-7/sbref0038

	Heart rate variability as a digital biomarker for frailty in cardiovascular patients
	1 Introduction
	2 Methods
	2.1 Study population and design
	2.2 Heart rate variability analysis
	2.3 Frailty assessment
	2.4 Statistical analysis

	3 Results
	4 Discussion
	4.1 Limitations

	5 Conclusions
	Funding
	Conflict Of Interest
	Acknowledgements
	References


