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Abstract

Introduction

Research suggests that frailty not only influence individual systems, but also it affects the

interconnection between them. However, no study exists to show how the interplay between

cardiovascular and motor performance is compromised with frailty.

Aim

To investigate the effect of frailty on the association between heart rate (HR) dynamics and

gait performance.

Methods

Eighty-five older adults (�65 years and able to walk 9.14 meters) were recruited (October

2016—March 2018) and categorized into 26 non-frail (age = 78.65±7.46 years) and 59 pre-

frail/frail individuals (age = 81.01±8.17) based on the Fried frailty phenotype. Participants

performed gait tasks while equipped with a wearable electrocardiogram (ECG) sensor

attached to the chest, as well as wearable gyroscopes for gait assessment. HR dynamic

parameters were extracted, including time to peak HR and percentage increase in HR in

response to walking. Using the gyroscope sensors gait parameters were recorded including

stride length, stride velocity, mean swing velocity, and double support.

Results

Among the pre-frail/frail group, time to peak HR was significantly correlated with all gait

parameters (p<0.0001, r = 0.51–0.59); however, for the non-frail group, none of the correla-

tions between HR dynamics and gait performance parameters were significant (p>0.45, r =

0.03–0.15). The moderation analysis of time to peak HR, demonstrated a significant

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0264013 February 16, 2022 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Ruberto K, Ehsani H, Parvaneh S, Mohler

J, Fain M, Sweitzer NK, et al. (2022) The

association between heart rate behavior and gait

performance: The moderating effect of frailty. PLoS

ONE 17(2): e0264013. https://doi.org/10.1371/

journal.pone.0264013

Editor: Ajay Giri Prakash Kottapalli, University of

Groningen: Rijksuniversiteit Groningen,

NETHERLANDS

Received: July 20, 2021

Accepted: February 1, 2022

Published: February 16, 2022

Copyright: © 2022 Ruberto et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: YES NT This study was supported by an

award from the National Institute of Aging (NIA/

NIH- Phase 2B Arizona Frailty and Falls Cohort

2R42AG032748-04). https://www.nih.gov/ The

sponsors or funders did not play any role in the

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

https://orcid.org/0000-0003-4641-3823
https://orcid.org/0000-0002-3618-0125
https://orcid.org/0000-0002-1235-0791
https://doi.org/10.1371/journal.pone.0264013
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264013&domain=pdf&date_stamp=2022-02-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264013&domain=pdf&date_stamp=2022-02-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264013&domain=pdf&date_stamp=2022-02-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264013&domain=pdf&date_stamp=2022-02-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264013&domain=pdf&date_stamp=2022-02-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264013&domain=pdf&date_stamp=2022-02-16
https://doi.org/10.1371/journal.pone.0264013
https://doi.org/10.1371/journal.pone.0264013
http://creativecommons.org/licenses/by/4.0/
https://www.nih.gov/


interaction effect of HR dynamics and frailty status on walking velocity (p<0.01), and the

interaction effect was marginally non-significant for other gait parameters (p>0.10).

Conclusions

Current findings, for the first time, suggest that a compromised motor and cardiac autonomic

interaction exist among pre-frail/frail older adults; an impaired HR performance (i.e., slower

increase of HR in response to stressors) may lead to a slower walking performance. Assess-

ing physical performance and its corresponding HR behavior should be studied as a tool for

frailty screening and providing insights about the underlying cardiovascular-related mecha-

nism leading to physical frailty.

Introduction

Frailty is a geriatric syndrome related to diminished physiological reserves and is defined as

the presence of weakness, slowness, exhaustion, low physical activity, and unintentional weight

loss by Fried et al. [1]. Frailty is shown to put older adults at higher risk for adverse health out-

comes such as higher rates of hospitalization and readmission, adverse treatment outcomes,

longer hospital stays, and increased mortality [1, 2]. Lack of physiological reserves makes frail

individuals less likely to withstand stressors [3], and there are a large range of physical and

physiological markers to measure the lack of reserve among older adults [4, 5]. Specifically,

among physical markers, parameters related to lower-extremity muscular performance are

strongly associated with frailty, such as gait speed [6, 7]. It is now well established that muscle

loss and weakness (sarcopenia and dynapenia) are the main symptoms of frailty, caused by

inflammatory (elevated interleukin 6 (IL-6), C-reactive protein (CRP), and tumor necrosis fac-

tor alpha (TNFα)), metabolic (deficiencies of various mitochondrial subunits), and hormonal

derangements (cortisol and testosterone) that shift homeostasis from an anabolic to a catabolic

state [8–16]. On the other hand, similar muscle dysfunction has been observed in cardiac

frailty with the same inflammatory, metabolic, and hormonal contributors, further exacer-

bated by the lack of cardiovascular reserve and a compromised autonomic nervous system

(ANS) [17–23]. Accordingly, heart rate (HR) response to stressors may also be an underlying

reason for the deterioration of physical performance such as walking.

HR measures have been previously demonstrated to be associated with frailty in older

adults [24, 25]. Specifically, it was found that complexity of HR, heart rate variability (HRV),

and changes in HRV while performing physical activity (HR dynamics: the amount of increase

and decrease in HR and the time to take to maximum and minimum HR during activity and

recovery) were reduced in pre-frail and frail individuals, compared to non-frails, which sug-

gests impairments in autonomic nervous system performance due to frailty [2, 25]. In addi-

tion, frail older adults are more likely to develop cardiovascular diseases such as myocardial

infarction and heart diseases due to malfunctions in the sinoatrial node caused by changes in

action potential morphology and the electrical conduction pathway [26–28]. Further, recent

work suggested changes in interconnection between motor and autonomic cardiac perfor-

mances with aging [29]. In the LINK-HF study cohort, wearable sensors on the chest were uti-

lized to collect HR and activity (e.g., walking) in combination with machine learning

approaches to predict risk of re-hospitalization in older adults with heart failure [30, 31]. More

recently, a 6-minute walk test app has been validated for the Apple Watch that incorporates

both motor and HR behaviors for use in patients with cardiovascular disease [32].
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Nevertheless, the association between HR measures and deterioration in physical activity, such

as gait performance, across frailty groups is not clear.

The goal of the current study was to determine the association between gait performance

and HR response to walking and determine if this association is dependent on the frailty level.

We have previously demonstrated strong associations between HR dynamics with frailty [2].

Our previous findings suggest compromised HR dynamics, which was quantified by a slower

and smaller change in HR during and after walking. The first hypothesis of the current study

was that there would be a significant interaction effect of frailty and HR dynamics on walking

performance. As a secondary hypothesis, it is expected that HR dynamics are significantly cor-

related with gait performance among pre-frail and frail older adults, while this relationship is

weaker among non-frail individuals. If these hypotheses are confirmed, they would suggest

that each of the HR and motor performance measures provides a distinctive measure of frailty,

which can ultimately be used together for enhancing frailty identification among older adults.

Methods

Study design and participants

This was a cross-sectional observational study. Participants were recruited between October

2016 and March 2018, from the Arizona Frailty and Fall Cohort. Sources of recruitment

included primary, secondary, and tertiary health care settings, community providers, assisted

living facilities, retirement homes, and aging service organizations in Tucson, Arizona, United

States. Participants were contacted via flyers, emails, and phone calls. Inclusion criteria were:

1) being 65 years or older; and 2) the ability to walk a minimum distance of 9.14 meters (30

feet) with or without an assistive device. Exclusion criteria were: 1) gait or severe motor func-

tion disorders (e.g., Parkinson’s disease, Multiple Sclerosis, or recent stroke); 2) cognitive

impairment identified by a Mini-Mental State Examination (MMSE) score� 23; 3) usage of β-

blockers or similar medications that can influence HR; 4) diseases/disorders that can directly

influence HR (including arrhythmia and use of pacemaker); and 5) terminal illness. Before

participating, subjects were informed of the study protocol and consenting process, and they

were given time to read the consent and ask questions before participation. The study was

approved by the University of Arizona Institutional Review Board and written informed con-

sent according to the principles expressed in the Declaration of Helsinki [33] was obtained

from eligible subjects before participation; a signed copy of the consent was provided to each

participant. Data collection was performed at participants’ homes by two research staff who

were blinded of the frailty status of participants.

Clinical measures and frailty assessment

Clinical measures collected included: 1) MMSE and Montreal Cognitive Assessment (MoCA)

[34, 35]; 2) comorbidity based on Charlson Comorbidity Score (CCI) [36]; 3) depression using

Patient Health Questionnaire (PHQ-9) [37]; 4) number of falls and fall risk based on Stopping

Elderly Accidents, Death & Injury (STEADI) [38, 39]; and 5) Falls Efficacy Scale-International

(FES-I) [40]. These measures were collected because they could potentially influence physical

activity and the cardiovascular system performance, and accordingly were considered as

adjusting variables in the moderation analysis.

Frailty was defined according to previously validated criteria [1], which determines frailty

level based on: 1) self-reported unintentional weight loss of 4.54 kilograms (10 pounds) or

more within the prior year; 2) weakness based on a grip strength test; 3) slow walking speed; 4)

self-reported exhaustion based on a short two-question version of Center for Epidemiological

Studies Depression (CES-D) scale; and 5) low energy expenditure based on the short version
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of Minnesota Leisure Time Activity questionnaire [41]. Participants that did not meet any of

the criteria were categorized as non-frail, pre-frail if they met one or two criteria, and frail if

they met three or more criteria.

Gait tests and HR measures

Participants walked 4.57 meters (15 feet) in their home at a self-selected normal pace, as rec-

ommended in previous work [1]. Participants wore two motion sensors, one on each shin

above the ankle, including a triaxial accelerometer and gyroscope (LEGSysTM, BioSensics, Bos-

ton, MA) [42, 43]. Motion sensors were used to record gait parameters, including: stride veloc-

ity normalized with height, mean swing velocity during the swing phase, stride length

normalized with height, and double support duration as a percentage of the gait cycle, based

on previously validated algorithms (Table 1) [42, 44, 45]. The mean of all these parameters

were calculated for the whole duration of walking.

While walking, participants wore an electrocardiogram (ECG)/accelerometer sensor to

assess their HR. One channel ECG was recorded using two electrodes; one electrode was

placed medial-supraclavicularly on the left side of the torso and the other one on the left side,

laterally under the rib cage. To extract the ECG outcomes, the synchronized embedded accel-

erometer data was used to extract a five second baseline before the task and the exact starting

and ending time of the walking task. The ECG time series was used to identify the QRS peaks,

representing ventricular depolarization, which then produced the RR interval and HR time

series (Fig 1). Two types of outcomes were extracted from the ECG data, including: 1) baseline

HR parameters; and 2) HR dynamics (HR response to the walking activity). As presented in

Table 1, the HR dynamic parameters represent the change in HR due to walking including:

time to peak HR, percent increase in HR due to walking with respect to five-second baseline

measure of HR, and HR increase rate (i.e., HR increase divided by time to peak HR). The

Table 1. Definition of gait and heart rate (HR) parameters.

Gait parameters

Stride velocity Mean value of distance covered by each stride over time (normalized with height)

Mean swing velocity Mean value of shin angular velocity peaks during swing phase

Stride length Mean value of distance traveled by the same foot between two successive heel contacts

(normalized with height)

Double support

duration

Mean value of duration of initial and terminal double support (both feet in contact with the

ground) as a percentage of the gait cycle time

HR dynamic parameters

Time to peak HR Elapsed time to reach maximum HR during task with reference to minimum baseline HR

Percent increase Increase in HR during the task compared to minimum baseline HR as the percentage of

minimum baseline HR

Increase rate Rate of increase in HR over time

Baseline HR parameters

HR mean Mean value of number of heart beats per minute

RR mean Mean of beat-to-beat RR interval

RR CV Coefficient of variation (CV: standard deviation divided by mean) of RR interval

RMSSD Root mean square of successive heartbeat interval differences

HR: Heart rate.

CV: Coefficient of variance.

SD: Standard deviation.

RMSSD: Root mean square of successive differences.

https://doi.org/10.1371/journal.pone.0264013.t001
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baseline HR parameters included the mean HR and RR, RR coefficient of variation (CV), and

root-mean-square of successive differences (RMSSD) of the RR interval.

Statistical analysis

Analysis of variance (ANOVA) models were used to evaluate the differences in all continuous

parameters of demographic, clinical measures, and gait and HR parameters between two frailty

groups. Chi-square (χ2) tests were used to assess differences in sex and fall risk categories

among frailty groups. To assess the association between gait performance measures and HR

parameters, first, Pearson correlation tests were explored between each HR and gait perfor-

mance parameters, for all participants and within each frailty group. In this step, HR parame-

ters with significant association with gait performance measures were selected for the

moderation analysis.

A moderation analysis was performed to assess how frailty status can influence the associa-

tion between HR and gait performance. For this, frailty status was considered a moderator var-

iable and the interaction effects of frailty and HR parameters on gait measures were calculated

[46, 47]. Four separate moderation analyses were performed considering each of the four gait

parameters as the dependent variable, including stride velocity, mean swing velocity, stride

length, and double support duration. Within each analysis, three models were developed

within three steps. In Step 1, the selected HR parameters from the Pearson correlation analysis

along with demographics and clinical measures with significant association with frailty were

considered as independent variables in a multivariable ANOVA model; each of the gait param-

eters was considered as the dependent variable. HR parameters with significant association

with gait parameters within the multivariable ANOVA models were selected as candidates for

the next step. Then, HR and demographic parameters were selected using a stepwise method

based on Akaike information criterion (AIC) values. Of note, due to relatively small sample

size, to avoid over-fitting, only one HR parameter was included in each stepwise model. In

Step 2, frailty status was added to the list of independent variables from Step 1. Finally, in Step

Fig 1. MATLAB output. Graph A: acceleration versus time graph to determine the period of walking; Graph B: ECG

time-series, from which, QRS detection process was performed to extract HR time series; and Graph C: HR time series

and HR dynamic parameters in response to the walking task.

https://doi.org/10.1371/journal.pone.0264013.g001
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3, the HR parameter and frailty interaction effect was added as an additional independent vari-

able to the model from Step 2. Goodness of fit was assessed for each model using residual plot.

Root-mean-squared-error (RMSE), R2, and AIC were reported for each step. Statistical analy-

ses were done using JMP (Version 15, SAS Institute Inc., Cary, NC, USA), and statistical signif-

icance was concluded when p<0.05.

Results

Participants

Eighty-five participants were recruited, including 26 non-frail (age = 77.65±7.32 years), 52

pre-frail (age = 80.25±8.23 years), and seven frail (age = 86.71±3.61 years). Due to the small

sample of frail participants, frailty status was dichotomized into non-frail and pre-frail/frail

groups. Comorbidity, depression, FES-I, and number of falls were significantly different

between frailty groups (p<0.01, Table 2), all other demographics were not significantly differ-

ent between groups (p>0.12, Table 2).

Correlation between gait and HR parameters

All HR and gait parameters are reported in Table 2. Among all non-frail and pre-frail/frail par-

ticipants, time to peak HR was significantly correlated with all gait parameters of stride length,

stride velocity, mean swing velocity, and double support duration (p<0.0001, r = 0.43–0.53,

Table 3). All these correlations were significant for the pre-frail/frail group only (p<0.0001,

r = 0.51–0.59, Fig 2). Similar results were observed between HR increase rate with mean swing

velocity and double support duration for all participants and the pre-frail/frail group (Table 3).

On the other hand, none of the correlations were significant for the non-frail group for any of

these HR response parameters (p>0.45, r = 0.03–0.15, Table 3). Further, none of the baseline

HR parameters were significantly associated with gait performance, neither for all participants

(p>0.18, r<0.07), nor for each of the frailty group separately (p>0.41, r<0.11, S1 Table). Time

to peak HR was selected for the moderation analysis, since it showed significant association

with all gait parameters when adjusted with demographic information and clinical measures

(p<0.0001).

Moderation analysis

Results of the moderation analysis showed that time to peak HR was significantly associated to

all gait performance parameters within multivariable models (Step 1), as well as multivariate

models in combination with frailty as an additional independent variable (Step 2, p<0.0012,

Table 4). When the frailty and time to peak HR interaction effect added as the third indepen-

dent variable (Step 3), independent association between time to peak HR and gait parameters

remained significant only for mean swing velocity and double support duration (p<0.03,

Table 4). Further, significant frailty and time to peak HR interaction effect was observed in

association with the walking stride velocity (p<0.01).

Discussion

Interplay between frailty, HR, and gait performance

As hypothesized, we observed a significant effect of frailty level on the association between HR

dynamics and walking performance (interaction effect of frailty and HR dynamics on gait per-

formance), showing that the association between gait performance and HR behavior was

stronger in pre-frail/frail than in non-frail older adults. One explanation for this observation

may be the fact that the short-duration walking task was not intense enough for non-frail older
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Table 2. Participant demographic, clinical measures, and gait and HR parameters.

Demographic Information Non-frail (n = 26) Pre-frail/Frail (n = 59) p-value

Male (% of group) 9 (35%) 16 (27%) 0.49

Age, years (SD) 78.65 (7.46) 81.01 (8.17) 0.21

Stature, cm (SD) 167.15 (9.97) 163.74 (10.01) 0.15

Body mass, kg (SD) 71.51 (13.99) 74.75 (19.20) 0.44

BMI, kg/m2 (SD) 25.73 (5.68) 27.67 (5.93) 0.16

Clinical Measures

MMSE score, 0–30 (SD) 29.50 (0.71) 29.10 (1.30) 0.15

MoCA score, 0–30 (SD) 26.04 (2.95) 24.98 (2.86) 0.12

CCI score, 0–29 (SD) 1.81 (1.92) 3.64 (2.66) <0.01�

PHQ-9 score, 0–27 (SD) 1.04 (1.06) 2.97 (3.65) 0.01�

STEADI categories 0.09

Low, n 17 28

Moderate, n 6 16

High, n 3 15

FES-I score, 7–28 (SD) 9.07 (2.10) 11.85 (5.26) 0.01�

Number of falls, n (SD) 0.46 (0.81) 1.10 (1.45) 0.04�

Gait parameters

Stride velocity, 1/second (SD) 0.48 (0.14) 0.38 (0.13) <0.01� (0.74)

Mean swing velocity, deg/second (SD) 38.49 (3.32) 36.13 (3.53) <0.01� (0.69)

Stride length, % height (SD) 56.62 (16.10) 35.75 (12.35) <0.01� (0.70)

Double support duration, % (SD) 23.01 (6.65) 27.73 (7.07) <0.01� (0.68)

HR dynamic parameters

Time to peak HR, second (SD) 6.03 (2.34) 8.96 (3.70) <0.01� (0.93)

Percent increase, % (SD) 22.03 (19.36) 11.99 (8.67) <0.01� (0.67)

Increase rate, beats per minute/second (SD) 3.78 (5.75) 1.25 (1.20) <0.01� (0.61)

Baseline HR parameters

HR mean, beats per minute (SD) 75.08 (11.98) 78.67 (15.41) 0.25 (0.26)

RR mean, second (SD) 0.82 (0.12) 0.79 (0.15) 0.30 (0.22)

RR CV, % (SD) 4.21 (5.56) 1.94 (2.15) <0.01� (0.54)

RMSSD, millisecond (SD) 43.43 (61.47) 21.12 (29.25) 0.01� (0.46)

SD: standard deviation.

BMI: Body Mass Index.

MMSE: Mini-Mental State Examination (score from 0 for cognitively impaired to 30 for cognitively normal with a

cutoff of 24).

MoCA: Montreal Cognitive Assessment (score from 0 for cognitively impaired to 30 for cognitively normal with a

cutoff of 26).

CCI: Charlson Comorbidity Index (representing the number of comorbidity).

PHQ-9: Patient Health Questionnaire (score from 0 for depression to 27 for healthy mental condition).

STEADI: Stopping Elderly Accidents, Deaths & Injury.

FES-I: Falls Efficacy Scale-International (score from 7 for no fear of falling to 28 for extreme level of fear of falling).

HR: Heart rate.

CV: Coefficient of variance.

SD: Standard deviation.

RMS: Root mean square.

A significant difference between groups is denoted by the asterisk symbol.

https://doi.org/10.1371/journal.pone.0264013.t002
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adults to reach their limits of HR performance. On the other hand, among pre-frail/frail older

adults, we observed inability to quickly increase the HR, which was associated with an

impaired gait performance. Frailty is defined as a lack of physiological reserves [1], and its

symptoms may not be limited to one specific system; as current findings suggested, frailty

influence both cardiovascular system and the motor function. Nevertheless, no causal relation-

ship between HR dynamics and gait performance can be concluded; it is not clear from the

current findings whether the lack of cardiovascular reserves led to impairment in gait

performance.

Several physiological mechanisms can be influenced by frailty. Considering the motor func-

tion system independently, previous studies have confirmed deterioration in gait performance

with frailty, which was observed as gait spatial-temporal differences between non-frail, pre-

frail, and frail individuals, including gait velocity, stride length, and double-support [48–50].

Table 3. Correlation analyses between HR response (time to peak HR and increase rate) and gait parameters.

All Participants r-value (p-value) Non-frail r-value (p-value) Pre-frail/frail r-value (p-value)

Time to Peak HR Increase Rate Time to Peak HR Increase Rate Time to Peak HR Increase Rate

Stride Length 0.4268 (<0.001�) 0.1481 (0.1841) 0.0322 (0.8758) 0.0788 (0.7143) 0.5079 (<0.001�) 0.0080 (0.9527)

Stride Velocity 0.4754 (<0.0001�) 0.1549 (0.1648) 0.1539 (0.4528) 0.1058 (0.6226) 0.5733 (<0.0001�) 0.1534 (0.2502)

Mean Swing Velocity 0.5314 (<0.0001�) 0.2786 (0.0113�) 0.0568 (0.7829) 0.0677 (0.7530) 0.5868 (<0.0001�) 0.2908 (0.0268�)

Double Support Duration 0.5314 (<0.0001�) 0.2786 (0.0113�) 0.0569 (0.7824) 0.0679 (0.7526) 0.5868 (<0.0001�) 0.2908 (0.0268�)

Significant values are denoted by the asterisk symbol. See the S1 Table for correlation results between baseline HR and gait parameters.

https://doi.org/10.1371/journal.pone.0264013.t003

Fig 2. Correlation analyses. Correlation between gait parameters and HR response to walking (time to peak HR)

among non-frail and pre-frail/frail groups.

https://doi.org/10.1371/journal.pone.0264013.g002
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Table 4. Moderation analyses for HR dynamics (time to peak HR).

Parameter Estimates (p-value) R2 RMSE � AIC

Stride Velocity (height/s)

Step 1

Time to Peak <0.0001� 0.2250 0.1234 -110.15

Step 2

Time to Peak 0.0001� 0.2492 0.1223 -110.54

Frailty 0.1153

Step 3

Time to Peak 0.3023 0.3106 0.1179 -115.53

Frailty 0.0067�

Time to Peak�Frailty 0.0088�

Mean Swing Velocity

Step 1

Time to Peak <0.0001� 0.2824 3.0862 437.08

Step 2

Time to Peak <0.0001� 0.2943 3.791 437.85

Frailty 0.2421

Step 3

Time to Peak 0.0255� 0.3187 3.0440 437.12

Frailty 0.0626

Time to Peak�Frailty 0.0924

Stride Length (% height)

Step 1

Time to Peak <0.0001� 0.1822 12.9743 681.20

Step 2

Time to Peak 0.0012� 0.2117 12.8149 680.27

Frailty 0.0831

Step 3

Time to Peak 0.2133 0.2368 12.6868 679.78

Frailty 0.0210�

Time to Peak�Frailty 0.1065

Double Support Duration

Step 1

Time to Peak <0.0001� 0.2824 6.1722 554.90

Step 2

Time to Peak <0.0001� 0.2943 6.1578 555.68

Frailty 0.2424

Step 3

Time to Peak 0.0255� 0.3187 6.0878 554.95

Frailty 0.0627

Time to Peak�Frailty 0.0926

� RMSE: root mean square error, with units of 1/second, deg/second, % height, and % for stride velocity, mean swing velocity, stride length, and double support

duration, respectively.

AIC: Akaike information criterion.

A significant difference is denoted by the asterisk symbol.

https://doi.org/10.1371/journal.pone.0264013.t004
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These studies reported on average 36% and 14% less gait velocity and stride length and 16%

larger double-support among pre-frail/frail older adults compared to non-frail individuals

[48–50], which are comparable to the current results (Table 2). These changes in gait perfor-

mance partially due to dynapenia (i.e., loss of muscle strength and power) in pre-frail and frail

older adults, which can lead to weakness, fatigue, and incapability of doing simple physical

tasks such as walking [51, 52]. Several underlying factors can cause dynapenia in frailty,

including inflammation and nutritional deficiencies [52], as well as changes in neuromuscular

morphology and function (e.g., loss in the volume of motor units and the mass of type 2 fibers)

[53, 54].

On the other hand, aging and frailty are associated with impaired performance of the car-

diovascular system [55, 56]. Specifically, frailty can affect the autonomic nervous system per-

formance and, consequently HR response [2, 25]. This has been observed in our previous

research, where pre-frail/frail older adults showed a weaker and slower HR response to physi-

cal activity, compared to non-frail individuals (46% less increase in heart rate, and 49% slower

occurrence of heart rate peak among pre-frail/frail when compared to non-frail older adults)

[2]. Moreover, it has been observed that frailty can lead to an impaired orthostatic HR, which

can consequently cause the systolic blood pressure to recover more slowly during an active

stand [24]. The observed lack of heart performance due to frailty may be partially attributable

to deficits in electrical conduction and action potential morphology [57], dynapenia that can

affect cardiac muscle [58], and inflammatory cytokines [58].

As the above previous evidence demonstrated, several underlying mutual factors related to

frailty can simultaneously affect both cardiovascular and motor systems. This observation con-

firmed the multi-dimensional characteristic of frailty effects on physiological systems, which

was confirmed by current findings. In contrary to what was observed here for the association

between time to peak HR and gait performance among frailty groups, Weiss et al. reported no

interaction effect of frailty and cardiac function on exercise capacity within a seated step test

[59]. In this study cardiac function was measured based on the chronotropic index, which is

the index of HR reserve during the exercise session. We believe that the main reason for the

observed discrepancy is related to the selection of HR parameters (i.e., HR response to activ-

ity); although, within the current study, time to peak response showed significant main and

interaction effect (across frailty groups) with gait performance, none of the baseline HR

parameters, even within our sample of data, showed significant association with gait perfor-

mance (S1 Table). Although previous studies showed that frail older adults have higher HR

and lower HRV during inactive baseline conditions [2, 24, 57, 59], the current findings suggest

that these parameters may not be directly associated with physical activity impairments. In this

regard, the HR response measures showed more promise for associating frailty with physical

function impairment; nevertheless, this hypothesis needs to be further confirmed in future

research.

Limitations and future direction

Other than HRV, other measures of HR complexity during resting may provide meaningful

assessment of autonomic system performance that are not calculated here [60]. However, lon-

ger than a five-second resting period is required to obtain reliable complexity measures such

as sample or multiscale entropy. The frailty and HR complexity interaction on physical func-

tion should be investigated in future research. Also, although we validated HR dynamics out-

comes for frailty assessment, their test-retest reliability should be investigated in future

research. Further, due to the small number of frail participants pre-frail and frail groups were

merged, and therefore, the trajectory of the interaction effect of frailty across non-frail, pre-
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frail, and frail individuals requires more investigations in future. Lastly, as a common step in

HR monitoring, we manually inspected QRS detection for ECG data, since, inherently, noise

due to motion artifacts exists in the data during physical activities such as walking task. Over-

all, 3% of the total data (three out of a total of 88 participants) were removed because the peak

detection process could not be completed due to the noise problem.

Conclusion and implications

In this study, we demonstrated a significant association between HR dynamic measures and

walking, specifically time to peak HR, and gait performance among pre-frail/frail older adults.

On the other hand, no significant association was observed between HR measures and gait

performance among non-frail participants. This suggests a significant interaction effect of

frailty on the performance of cardiovascular and motor systems. Our findings suggest that HR

dynamic measures may provide a distinct measure of frailty that in combination with physical

function assessments can potentially provide a practical multidimensional tool for assessing

frailty. One advantage of the current approach was being objective, implementing sensor-

based measurements instead of subjective questionnaires.
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