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Abstract

:

The frailty syndrome is characterized by a decreased capacity to adequately respond to stressors. One of the most impaired physiological systems is the autonomous nervous system, which can be assessed through heart rate (HR) variability (HRV) analysis. In this article, we studied the chronotropic response (HR and HRV) to a walking test. We also analyzed HRV indices in rest as potential biomarkers of frailty. For this, a 160 m-walking test and two standing rest tests (before and after the walking) were performed by young (19–29 years old, n = 21, 57% women), middle-aged (30–59 years old, n = 16, 62% women), and frail older adults (>60 years old, n = 28, 40% women) and non-frail older adults (>60 years old, n = 15, 71% women), classified with the FRAIL scale and the Clinical Frailty Scale (CFS). Frequency domain parameters better allowed to distinguish between frail and non-frail older adults (low-frequency power LF, high-frequency power HF (nu), LF/HF ratio, and ECG-derived respiration rate EDR). Frail older adults showed an increased HF (nu) and EDR and a reduced LF (nu) and LF/HF compared to non-frail older adults. The increase in HF (nu) could be due to a higher breathing effort. Our results showed that a walk of 160 m is a sufficient cardiovascular stressor to exhibit an attenuated autonomic response in frail older adults. Several HRV indices showed to be potential biomarkers of frailty, being LF (nu) and the time required to reach the maximum HR the best candidates.
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1. Introduction


The frailty syndrome associated with aging has been quantified through different approaches [1]. First, frailty may be evaluated empirically, using signs and symptoms present in the patient, using clinical scales such as the frailty phenotype [2] or the Rockwood index [3]. A second approach uses a variety of molecular or cellular biomarkers that may give evidence of alterations in physiological regulation when values are outside of the corresponding reference range [4]. Although these two approaches have been widely used to detect and understand various aspects of frailty, Varadhan et al. [1] have pointed out that these measures are “static” and fail to explain “the mechanisms underlying the vulnerability of the organism to stressors” in frail older people. On the other hand, Lipsitz [5] and Fried et al. [6] have proposed that an increased vulnerability could result from a loss of resilience in regulatory systems that help to maintain homeostasis. Therefore, Varadhan et al. [1] suggest studying the frailty syndrome in a dynamic way using a stimulus-response paradigm, as failures in regulatory systems can be subtle and undetectable in the absence of stressors [1].



The autonomous nervous system (ANS) is one of the most important regulatory systems of the human body and is fundamental to preserve homeostatic balance, particularly in situations of internal or external stress [7]. The ANS modulates cardiac activity inducing spontaneous beat-to-beat fluctuations in heart rate (HR), known as heart rate variability (HRV), which may be used as a continuous and non-invasive quantitative measure of the activity of the ANS [8].



Several previous contributions have analyzed HRV in frail, pre-frail, and non-frail older adults [9,10,11]. Most studies agree that frail older adults present failures in cardiac autonomic control, which are reflected by a low HRV as compared to non-frail and pre-frail older adults. Some studies have also documented loss of complexity in HRV time series [9]. Results for the frequency domain are contradictory; Chaves et al. [9] determined that high-frequency power (HF) in frail older adults was increased, while Katayama et al. [10] found lower HF (nu). However, these studies were carried out in different conditions, dynamic activities and resting, respectively, and may not be directly comparable. Other studies incorporated specific stimuli such as standing up, lifting the feet while sitting, or short walking tests and detected a decreased HR response in frail older adults [11,12,13].



Recent studies in frail patients have evaluated both average HR and HRV in the context of rest and walking with normal and fast speed [9,11,14]. Toosizadeh et al. [11] found that dynamic measures of HR obtained during walking showed a stronger association with frailty than measures obtained at rest. The walking test of Toosizadeh et al. [11] was realized over a short distance of 4.5 m [11], which is the standard distance used to evaluate the walking speed of older adults in the frailty-phenotype clinical scale [2]. However, evaluating longer distances, such as 400-m walking test, has been assessed to demonstrate the association between the test performance and the risk of mortality and incident cardiovascular disease in community-dwelling older adults [15].



In this study, a 160-m walking test is proposed as a long-distance test for older adults, which is much longer than the standard 4.5 m short distance test, but short enough to be completed by both non-frail and frail older adults. The aim of the study was to analyze the chronotropic response, i.e., HR response, to this 160-m walking test, and the parameters of HRV for resting and recovery after the test. To identify the effect of both age and frailty, the test was performed in groups of young, middle-aged, and older adults (frail and non-frail).




2. Materials and Methods


2.1. Study Participants


We studied a sample of 80 Mexican adults, which was divided into four groups by age and frailty status (Table 1): (i) young adults of 19–29 years old (yo) (C1, n = 21), (ii) middle-aged adults 30–59 yo (C2, n = 16), (iii) non-frail older adults >60 yo (nF, n = 15), and (iv) frail older adults >60 yo (F, n = 28). Older adults (groups nF and F) were clinically evaluated by a geriatrician who determined their frailty status according to the FRAIL scale (FS) [16] and the Clinical Frailty Scale (CFS) [3]. The FS evaluates fatigue, absence of resistance (incapacity to climb 1 flight of stairs), ambulation problems (incapacity to walk 100 m), having more than 5 illnesses, and involuntary weight loss (more than 5%) [16]. The CFS evaluates the clinical history of illnesses and a medical examination of the patient [3]. Those scales are widely used in geriatric medicine and have been validated against other known frailty scales for different populations of older adults [3] and to predict mortality [16].The patients were classified as frail when they met the criteria in both scales, patients who did not meet the criteria in both scales were classified as non-frail, and patients who met the criteria in only one of the two scales were excluded (Figure 1). Young and middle-aged adults were medical students of the Hospital General de México “Dr. Eduardo Liceaga” (HGM) and accompanying relatives of the older adults, respectively.



The study included participants of both sexes, aged 19 to 92 years, who could walk 160 m without risk of falling. Exclusion criteria were patients with Parkinson’s disease, muscular dystrophy, postural vertigo, and physical, auditory, visual, or vestibular limitation, which constitute risk factors for falls. In addition, elimination criteria were cardiac diseases where the sinoatrial node (SN) does not modulate HR, e.g., atrial fibrillation and supraventricular arrhythmias, as well as the presence of more than 5% artifacts in the ECG. We also excluded those patients taking medication that could affect the function of the SN, such as beta blockers and antiarrhythmics, e.g., Amiodarone, Diltiazem, and Digoxin. All participants signed a letter of informed consent. The study protocol was approved by the Ethics and Research Committee of the HGM under the tenets of the Declaration of Helsinki (protocol number DI/14/110-B/03/002).




2.2. Study Protocol


All participants were instructed to have breakfast at their home (without any food restriction) at least 1 h before the study. The walking test was performed in a quiet and isolated internal square of the surgical tower of the HGM. Before the walking test, anthropometric measures were taken, including height, weight, and body mass index (Table 1). Additionally, clinicians collected information on the clinical history of the participants, physical activity habits, and factors affecting their pulmonary capacity (smoking or have been frequently exposed to wood smoke) (Figure 1). Subsequently, a nurse placed an ambulatory physiological monitoring device (Bioharness 3.0, Zephyr Technology, Annapolis, MD, USA) on the chest of the participant, and the adequate placement of the device and the correct detection of the physiological waveforms were verified by a real-time and wireless visualization using a specialized mobile phone application (SenseView BT Zephyr Sensor for Android, Schagen, The Netherlands).



The study started with 5 min at rest in a standing position (i.e., without moving and with relaxed extended arms), which was considered the baseline phase (Figure 1). Then, each participant walked over a flat rectangular trajectory at a self-selected speed. Finally, they completed the route in one direction, and they turned around to complete the rectangle again in the other direction to cover a total distance of 160 m. A medical doctor or nurse always accompanied older adults during rest and activity.



A distance of 160 m was a convenience distance, corresponding to twice the perimeter of the internal square where the experiment was carried out. However, this distance roughly corresponds with the validated test of 3 min (3 MWT) [17] given that older adults walk with an average gait speed of 0.89 m/s [18], and 180 s × 0.89 m/s = 160.2 m. After the walking test, participants remained 5 min at rest in a standing position, considered the recovery phase. We asked the participants to be silent during the whole test.




2.3. ECG Recording and Beat Detection


A chest strap (Bioharness 3.0, Zephyr Technology, Annapolis, MD, USA) was used to obtain an electrocardiogram (ECG) recording throughout the entire test, including rest and the activity phases. This device has been validated [19]. The ECG was digitized at a sampling frequency of 250 Hz and recorded in the internal memory of the device. After downloading the data on a computer, we used the open-access software Kubios HRV version 2.0 to identify the individual heartbeats in the ECG signal [20]. The Kubios software uses an automatic algorithm to detect beats, which is based on the Pan–Tompkins algorithm [21]. First, the algorithm filters the ECG signal, after which it is squared to increase the amplitude of the R waves and a moving average filter is applied. After that, a decision rule with an amplitude threshold compares the adjacent R-waves with the expected values [22]. We visually inspected the automatically generated RR heartbeat interval series for arrhythmias, ectopic beats, and artifacts, and we excluded recordings with more than 5% of arrhythmias or ectopic beats from subsequent statistical HRV analysis (Figure 1). All RR intervals were interpolated with a third-order polynomial function.




2.4. HRV Analysis


All HRV calculations were performed with Kubios HRV, a reliable and validated software [23,24,25,26]. The HRV analysis complied with the international recommendations [8]. Time domain, frequency domain (Table 2), and non-linear parameters (Table 3) were calculated in the 5 min interval before the walking test (baseline) and the 5 min interval after the walking test (recovery) (Figure 2). We did not analyze HRV parameters during the walking test as the series were shorter than 5 min and of different lengths for all participants. The HRV time-domain parameters included: mean heart rate (mean HR, in beats per minute), mean cardiac period (mean RR, in s), SDNN (standard deviation of all RR intervals, in ms), CV (coefficient of variation, in percentage), root mean square of the successive differences (RMSSD, in ms), pNN50 (percentage of successive RR intervals with differences larger than 50 ms), and pNN30 (percentage of successive RR intervals with differences larger than 30 ms).



In the frequency domain, the power spectrum density (PSD) was calculated for the RR intervals (Figure 1). Before the analysis, the software applied a cubic spline interpolation to the RR interval series to generate an equidistantly sampled series. The PSD was calculated with the FFT-based Welch periodogram method [28]. Frequency bands of interest were low-frequency (LF, 0.04 to 0.15 Hz) and high-frequency (HF, 0.15 to 0.4 Hz). We report LF and HF in normalized units (nu) [8]. We also included the LF/HF power ratio and the electrocardiogram-derived respiration (EDR), which estimates of the respiration frequency.



The non-linear parameters analyzed were SD1 and SD2 from the Poincaré plot (short-term and long-term variability, respectively), the SD1/SD2 ratio [29], approximate entropy (ApEn) [30], sample entropy (SampEn) [30], and the short-term scaling index α1 from Detrended Fluctuation Analysis (DFA) [31]. ApEn and SampEn measure time-series regularity and were computed using as parameters embedding dimension m = 2 and tolerance r = 0.2 × standard deviation [30]. Finally, α1 quantifies time-series self-similarity and was calculated within a short range from 4 to 11 beats [31].




2.5. HR Response Parameters


For the walking phase, we calculated the time required to reach the maximum HR (Δt), we also report the maximal HR (    HR   Max    ) and the velocity of HR response calculated by     HR   Max   / Δ  t     .



Additionally, we calculated the chronotropic or HR response to the walking test using a parameter defined by:


  Δ   HR   WB   =     HR   Walking   −   HR   baseline       HR   baseline       ×   100  



(1)




which gives a measure in percentage of the change of HR between the walking phase and the baseline phase. Similarly, we calculated   Δ   HR   RW     and   Δ   HR   RB    , comparing HR between recovery and walking, and recovery and baseline, respectively (Table 2).




2.6. Statistical Analysis


Nominal variables are described as absolute frequency and percentage and were compared between groups by a chi-squared test or an exact Fisher’s test. Most ordinal variables had no normal distribution (p < 0.05, Shapiro–Wilk test), in which case they were described as median (percentile 25–percentile 75) and were compared between phases (i.e., baseline versus recovery) with a Wilcoxon Rank test. An independent sample Kruskal–Wallis test was applied to compare between groups, and we applied a Mann–Whitney U test to compare the means of the pair of groups. The best cut-off point for HRV parameters was determined from receiver-operator characteristic (ROC) curve analysis, according to the shortest orthogonal distance of each curve point to the “optimal point”. The optimal point is in the coordinate (0.0,1.0). This point corresponds with maximum sensitivity and specificity. An example is shown in Figure 3. Sensitivity and specificity were estimated for each parameter. We used the Statistical Package for the Social Sciences (SPSS) version 22.0 (SPSS Inc., Chicago, IL, USA). A p-value ≤ 0.05 was considered significant.





3. Results


Descriptive Results


By construction, age differed significantly between groups. For body mass index, there were only differences between C1 and the two groups of older adults (nF and F) (Table 1). Twelve subjects (57%) of the C1 group and eight subjects (50%) of the C2 group performed physical activity (aerobic and anaerobic) on average 1 h 3 times per week. Of the older adults, 15 subjects (100%) of the nF group performed 1 h of daily aerobic exercise. In addition, 26 subjects (93%) of the F group walked on average 800 m daily. Of the C1 Group, one subject smoked regularly and eight occasionally, whereas for the C2 group, there were three regular and one occasional smoker. Of the older adults, 10 non-frail subjects (67%) and 25 frail subjects (80%) were smokers or were exposed to wood smoke.



Figure 2 shows the HR time series during the whole test (before, during and after 160 m walking) for three selected cases of (a) a young adult, (b) a non-frail older adult, and (c) a frail adult. The young adult had an almost instantaneous chronotropic response of 20 bpm when walking, as well as an immediate HR recovery after the walking test (panel a). For the non-frail older adult, both the HR response to walking and the HR recovery after the walking test take longer than in the young adult (panel b). The basal HR of the frail older adult is higher than for the former cases and the chronotropic response and recovery were even slower than for the non-frail older adult (panel c).



Analyzing the chronotropic responses between the various rest and activity phases of the study for all participants of the young (C1), mature (C2), and non-frail (nF), and frail (F) older adults (see Table 2 and Figure 4a), we found that the HR response (ΔHRRW) between the recovery and walking phases, calculated with Equation (1), was negative for all the groups and significantly smaller in magnitude for the frail older adults (F) than for the young, middle-aged, and non-frail older adults (C1, C2, and nF, respectively). On the other hand, the HR response (ΔHRRB) between the baseline and the recovery phases, was positive and more significant in magnitude for the frail older adults (F) than for the young (C1), middle-aged (C2), and non-frail older adults (nF) where the response was negative and/or smaller in amplitude (see ΔHRRB in Figure 4b).



We found that Δt as well as the speed response (   v  resp   )   were significantly higher for the frail older adults in comparison to each of the other groups (C1, C2 and nF). HRMax only was different (lower) for the nF in comparison to C1 group.



Visual inspection of Figure 4a shows larger fluctuations for the young adults than for the frail and non-frail older adults in all phases (baseline, walking, and recovery), and suggests that HRV diminishes with age and even more with frailty. To study these fluctuations, we analyzed several HRV parameters, which are shown in Table 2 (time and frequency domain indices) and Table 3 (non-linear indices). First, we compared HRV indices between the recovery and baseline phases for each group (e.g., ΔpNN50 and Δα1 in Figure 4b). For group C1, we found that pNN50 was higher during recovery than in the baseline phase (Table 2). None of the frequency domain indices changed during recovery compared to the baseline for any group (Table 2). For the non-linear indices, α1 was smaller in recovery than in the baseline phase for group C1, whereas SampEn was larger during recovery than basal SampEn in group nF (Table 3).



Then, we compared the HRV indices between groups for each phase. For time domain parameters (Table 2) in the baseline phase, we found smaller SDNN, CV, RMSSD, and pNN50 for the non-frail older adults (nF) compared to the young adults (C1), we also found these parameters to be smaller for the non-frail older adults (nF) in comparison to middle aged group (C2). We found pNN30 to be smaller for non-frail older adults (nF) compared to the young adults (C1) and to be smaller for frail older adults (F) with respect to young adults (C1). SDNN was smaller for the frail older adults (F) compared to the young and mature adults (groups C1 and C2), and pNN50 was smaller for the frail older adults (F) in comparison to the young adults (C1). In contrast, pNN50 was larger in the frail group (F) compared to the non-frail group (nF). These three HRV indices (SDNN, RMSSD, and pNN50) had similar significant differences during the recovery phase, except for pNN50 between the frail (F) and non-frail (nF) groups, which was no longer significant. Further, mature adults (C2) had a smaller SDNN in comparison to young adults (C1). Moreover, there was an additional reduction of the RMSSD for frail older adults (F) compared to young adults (C1). For pNN30, the statistical differences detected during the baseline remained, and new statistical differences appeared; pNN30 was smaller for the non-frail older adults (nF) than for the mature adults (C2), and similarly for frail older adults (F) in comparison to mature adults (C2).



For the frequency-domain parameters (Table 2), during the baseline, we found that LF (nu) and the ratio LF/HF were smaller for the frail older adults (F) than for any other group (C1, C2 and nF). The opposite occurred for HF (nu), which was larger for the frail group (F). EDR is larger for the frail older adults (F) than for the non-frail older adults (nF). In the recovery phase, some of the significant differences previously found disappeared. A smaller LF (nu) and LF/HF and a larger HF (nu) prevailed in the frail (F) compared to the non-frail older adults (nF).



Table 3 shows non-linear HRV parameters. In the baseline phase, we found a smaller SD1 and SD2 in the non-frail older adults (nF) compared to young and mature adults (groups C1 and C2). SD2 was smaller for frail older adults (F) compared to young adults (groups C1 and C2). ApEn was smaller for the frail group (F) in comparison to the young adults (C1). SampEn also smaller for the frail group (F) but in comparison to mature adults (C2) and the non-frail older adults (nF). α1 was smaller for the frail group (F) compared to all other groups (C1, C2, nF). In the recovery phase, there were some additional differences: SD1 was smaller for the frail group (F) with respect to young adults (C1), and SD2 was smaller for the mature adults (C2) compared to the young adults (C1). SampEn was smaller for the frail older adults (F) compared to the young adults (C1) and non-frail older adults (nF). α1 was smaller for the frail group (F) compared to the non-frail group (nF).



Finally, we analyzed a Receiver Operating Characteristic (ROC) curve for HRV parameters that were statistically different between frail (F) and non-frail adults (nF) (Table 4). Several indices had good diagnostic values. For instance, LF (nu) and LF/HF during the baseline phase have a sensitivity of 82% (68–96%) and specificity of 71% (48–95%) and during the walking, Δt with a sensitivity of 81% (64–98%) and specificity of 70% (42–98%) (Table 5).





4. Discussion


4.1. Main Contributions of the Present Work


This work assessed the chronotropic response to a 160 m walking test in young, middle-aged, frail, and non-frail older adults. HR and HRV indices were compared between groups during the baseline or the recovery phase, showing significant differences with respect to age and/or frailty status. Moreover, comparisons between phases (recovery vs. baseline) for a specific group showed that average HR and mean RR did not recover their baseline values after the walking test in frail older adults. LF (nu), HF (nu), LF/HF, and α1 during the baseline and the recovery phases and SampEn during recovery phase showed (through ROC curves analysis) to be potential biomarkers to identify frailty.




4.2. Average HR, HR Response, and Time Domain HRV Indices


Previous studies analyzed the HR response after a stimulus in frail older adults with paradigms different from the one proposed in the present work. Romero-Ortuno et al. [12] assessed the HR response to a supine-to-standing orthostatic test, while Weiss et al. [13] evaluated a seated step test and Toosizadeh et al. [11] performed a short gait test (4.5 m). Despite the methodological differences, our results agree with Romero-Ortuño et al. [12], Weiss et al. [13], and Toosizadeh et al. [11] regarding a significantly decreased HR response to a physiological stressor in frail older adults compared to non-frail older adults and younger adults. We observed this through the ΔHRRW index calculated through Equation (1) and shown in Figure 4b.



Additionally, we compared the statistical differences of HR and HRV parameters for each study group, before (baseline) and after (recovery) the 160 m walking test. Mean HR was the parameter with the most remarkable differences. The young adults group (C1) had a notable increase of the mean HR as a response to the walking test, which shows excellent adaptability to stressors; interestingly, this increase was followed by an undershoot effect of mean HR during recovery [32,33] (Figure 2a and Table 2), i.e., ΔHRRB < 0. Additionally, during this phase, pNN50 showed higher parasympathetic activity and revealing not only recovery but also relaxation after the walking test in group C1. The frail older adults also showed a significant difference in mean HR from baseline to recovery phase. However, ΔHRRB > 0, so that, unlike the younger group, it is not a result of their adaptability to the walking test, but instead shows their incapacity to return to their basal mean HR and showing that the walking test represented a cardiovascular stressor with an inadequate autonomic response and with diminished ability to modify the HR response. For the parameters of response to the walking test, we found that the time of the HR response (Δt) and its velocity    v  resp    , allowed to distinguish the frail older adults from each other group (C1, C2, and nF) while the maximal HR did not. Our results shows that frail older adults did not have a significantly different maximal HR in comparison to the other groups, but their time of response was significantly higher than C1, C2, and nF groups. In addition, their velocity was significantly lower than C1, C2, and nF groups.



Analyzing the temporal parameters of HRV during the baseline phase, we compared differences between groups. We found a higher SDNN in young (C1) and middle-aged (C2) adults than in older adults (nF and F), which is consistent with the well-documented decrease of SDNN with aging [34,35]. Furthermore, a small SDNN has been associated with a higher probability or risk of frailty [9,10,11,12,13,14]. However, like Katayama et al. [10], we did not find statistical differences in the SDNN of frail and non-frail older adults. Additionally, we found a smaller RMSSD for the non-frail group (nF) than for the young and mature (groups C1 and C2). According to Toosizadeh et al. [11] and Katayama et al. [10], RMSSD is also decreased for frail older adults with respect to younger populations, although these differences were not statistically significant in the latter study. Finally, we found a larger pNN50 for young and mature adults (groups C1 and C2) than for the non-frail group. However, it was higher for the frail than for the non-frail group, contrary to Toosizadeh et al. [11], who found a larger pNN50 in the non-frail group. The implications of these results for the autonomic nervous system will be discussed later in the text.



For the recovery phase, we found very similar results as for the baseline phase, and a lower SDNN in mature adults (C2) in comparison to young adults (C1), which suggests an aging effect [34,35].




4.3. Frequency Domain HRV Indices


Most previous works compared frequency HRV parameters between groups during a baseline phase in rest only. In the present work, for the baseline phase, we found similar results as Chaves et al. [9] and Varadhan et al. [14]: significantly lower LF (nu) and LF/HF in frail subjects (F) compared to non-frail subjects (nF) and—in contrast—a significantly higher HF (nu) for the frail group (F) in comparison with the non-frail group (nF). These results are contrary to the findings of Katayama et al. [10], who reported higher LF (nu) and LF/HF and smaller HF (nu) in the frail group (F). Frequency-domain parameters have been related to sympathetic and parasympathetic cardiac modulation and LF/HF has been proposed as an index of sympathovagal balance [8]. The implications of these results for the autonomic nervous system will be discussed later in the text.



During the recovery phase, the differences remained only between frail (F) and non-frail groups (nF).




4.4. Nonlinear HRV Indices


For the nonlinear indices, during the baseline phase, we found a smaller SD1 and SD2 in non-frail older adults (nF) compared to young and mature adults (groups C1 and C2) and no statistical differences between frail (F) and non-frail older adults (nF). Toosizadeh et al. [11] reported SD1 and SD2 to be lower in frail (F) than in non-frail older adults (nF). We found a significantly smaller ApEn in frail older adults (F) compared to young adults (C1) but no difference between frail (F) and non-frail older adults (nF). Chaves et al. [9] found a smaller ApEn in frail older adults (F) than in non-frail older adults (nF), which was opposite to Takahashi et al. [36], who found a higher ApEn in frail and pre-frail than in non-frail older adults. However, Takahashi et al. [36] argues that this apparent contradiction may be explained by differences in the methodology applied, such as the timing of the recordings, the specific activities and/or stimuli applied during the test, and differences in the selected populations. We found a smaller SampEn in the frail older adults (F) compared to mature adults (C2) and non-frail older adults (nF). According to Katayama et al. [10], SampEn indeed tends to be smaller for pre-frail and frail older adults than for non-frail older adults without, however, being statistically significant. A series with a small ApEn or SampEn reflects a regular, periodic and/or predictable signal [30], which in the case of HRV data may reflect an unhealthy state that is less adaptable to stressors [37].



Finally, we found a lower α1 in frail older adults (F) than in all other groups (C1, C2, and nF). The α1 index quantifies the presence of fractal-like correlation properties; however, scaling properties of this exponent depend on posture [38]. It has been reported that α1 in young and middle-aged adults is on average 1.17 ± 0.05 in a standing position [39]. We found slightly higher values for young, mature, and non-frail older adults (C1, C2, and nF older adults) and a significantly lower value for frail older adults (F), α1 = 1.08 (0.63–1.35), which may reflect a loss of correlation in the HRV times series with frailty.




4.5. Pathophysiological and Clinical Implications


Stimulus-response paradigms have been proposed as a potential test that would allow to study the underlying vulnerability present in frail older adults, particularly for older adults with “hidden” frailty that only becomes apparent in the face of stressors [1]. For this study, we used a common stressor that is crucial in the daily life of older adults: walking. We proposed an extended walking test (compared to the standard distance of 4.5 m of studies on the frailty phenotype) corresponding to walking 1–2 blocks. This distance (160 m) is short enough to avoid a risk of falling among the frail older adults of our study. Only frail patients with preserved functionality (e.g., able to stand up and walk without assistance) were included in this study.



According to Toosizadeh et al. [11], walking tests increase the cardiovascular demand of the body, so these tests allow “to observe some deficits that are hidden under the basal phase”. We did not find a higher number of differences between groups during the recovery phase than in the baseline phase. However, it is essential to note that the baseline phase considered here (standing rest) is already an orthostatic stressor. Additionally, this experimental design allowed us to identify an incapacity of cardiovascular recovery of the frail older adults in an activity of daily life.



Frailty was originally linked to loss of physical functionality [2]. However, recently, frailty has been studied in a physiological context [40,41]. These new findings may be helpful in the development of early-warning biomarkers for frailty [4]. In addition, we found that HRV parameters from the frequency domain are promising candidates for the non-invasive identification of frail patients.



HRV parameters also provide physiological information. We found larger values of pNN50 and HF (nu) in the frail older adults with respect to the other populations. A higher HF (nu) is often interpreted as an increased parasympathetic modulation which is usually beneficial for health [42]. A counter example is presented by Kabbach et al. [43], who reported a higher HF in acute exacerbated patients with chronic obstructive pulmonary disease (COPD), compared to stabilized patients with COPD. They suggest that the increase in this HRV parameter is not a sign of good health but rather a consequence of a vagal influence on the airways as exacerbated patients make a higher effort to breathe, possibly due to bronchoconstriction [43]. We observed a higher breathing rate (EDR) in frail older adults than in non-frail older adults. Therefore, we suggest that the higher HF (nu) in frail older adults could be due to an increased breathing rate rather than an increased parasympathetic modulation [42]. We cannot interpret the dominance or absence of sympathetic modulation based on the LF components as it has been found that LF incorporates information of the two modulations, both sympathetic and parasympathetic [44], therefore, to understand specifically the alterations of the sympathetic modulation in frail older adults, a different experimental protocol should be carried out. The results found in this article emphasize the importance of comparing baseline phases of rest with phases with specific stimuli to allow a better interpretation of the sympathetic, parasympathetic, and respiratory responses.




4.6. Perspectives


HRV analysis with advanced methods such as machine learning are being explored in diverse applications [45] including classification of frail and non-frail patients [46,47]. Our approach in this first exploratory study was to apply traditional statistical tests to identify HRV indices that had different median values when comparing frail and non-frail patients. Then, we explored the potential value for classification of frail and non-frail by calculating sensitivity and specificity using the basic ROC curve analysis. We selected a candidate for cut-off value by the simplest method: calculating the minimum orthogonal distance between the optimum point of the ROC curve (0,1) and each point within the ROC curve. This simple approach was enough to show the potential value of HRV analysis during a 160 m walking test to identify frail patients based on a physiological measurement (the cardiac response to the test). These results, based on a small sample of participants are enough to warrant further studies in larger populations where machine learning methods would improve the classification of frail and non-frail patients.




4.7. Study Limitations


For the walking test, we selected a fixed distance of 160 m which participants covered at a self-selected speed in 3 min or less. However, for HRV analysis, a minimum RR time series length of 5 min is recommended [8]. Therefore, we only analyzed HRV in the baseline and recovery phases. Additionally, the duration of the walking phase is different for each subject. The study included a relatively small sample of participants (n = 80), which reduces the statistical power of the study. Although the internal validity was strengthened by carefully applied selection criteria and assessment procedures, further studies are needed to increase the external validity, by assessing larger and more heterogeneous samples of both frail and non-frail older adults. A high prevalence of comorbidities in older adults could have a confusing effect on the results of this study; however, we excluded diseases that direct affect HRV. In future works, we plan to explore the HRV data with other mathematical methods such as recurrence plots and analyses of cardiorespiratory coupling.





5. Conclusions


The chronotropic response to the 160 m walking test comparing baseline to recovery showed that frail older adults did not recover their basal HR, suggesting that walking a moderate distance of 160 m at a self-selected speed constitutes a more important cardiovascular stressor for the frail older adults than for young, middle-aged, and non-frail older adults. It is important to note that 160 m is a distance commonly walked in the daily routine of the older adults (e.g., walking to a shop).



Additionally, our findings highlight the importance of studying in detail HRV parameters in frail and non-frail older adults, as they help to understand physiological impairments of the ANS that may be characteristic of the frailty syndrome. We studied several parameters of the temporal, frequency, and non-linear domains and found that the best parameters to distinguish between frail and non-frail older adults are the frequency domain parameters. Notably, HF (nu) was higher and LF (nu) and LF/HF were lower in the frail older adults relative to the non-frail older adults and/or young or middle-aged adults. HR series were more predictable (smaller SampEn) in the frail older adults and through the analysis of α1, we found indications for a loss of correlations in the HRV time series. Furthermore, HRV parameters showed to be potential biomarkers for frailty based on non-invasive methods. It is important to recall that frail older adults are a widely heterogeneous population with several and different diseases. Therefore, further studies are required to validate the present results in more extensive populations.







Author Contributions


Conceptualization, C.L., R.F. and J.R.-S.; methodology, L.Á.-M., D.C.-C., R.M.Q.-S., A.P.-P. and J.R.-S.; software, L.Á.-M. and C.L.; validation, C.L. and R.F.; formal analysis, L.Á.-M., C.L. and R.F.; investigation, L.Á.-M., C.L., R.F. and J.R.-S.; resources, D.C.-C., R.M.Q.-S. and A.P.-P.; data curation, L.Á.-M. and C.L.; writing-original draft preparation, L.Á.-M., C.L. and R.F.; writing-review and editing, L.Á.-M., C.L., D.C.-C., R.M.Q.-S., A.P.-P., J.R.-S. and R.F.; visualization, C.L. and R.F.; supervision, C.L., R.F. and J.R.-S.; project administration, C.L., R.F. and J.R.-S.; funding acquisition, R.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Consejo Nacional de Ciencia y Tecnología (CONACyT) with fellowship number 767729 and research grants FORDECyT-PRONACES with grant numbers 610285/2020 and 263377/2020, and by the Dirección General de Asuntos del Personal Académico (DGAPA) of the Universidad Nacional Autónoma de México (UNAM) with grant number PAPIIT IN110321.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics and Research Committee of the Hospital General de México (HGM) (protocol number DI/14/110-B/03/002, approved in December 2016).




Informed Consent Statement


Written informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Lesli Aide Alvarez Millán is a doctoral student from the Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de México (UNAM) and has received CONACYT fellowship 767729. We greatly acknowledge to the participants of this study, to Catalina Ramírez for her valuable help with the placement of the monitoring devices and patient management, and to Patricia Ledezma-López for her technical assistance.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Varadhan, R.; Seplaki, C.; Xue, Q.; Bandeen-Roche, K.; Fried, L. Stimulus-response paradigm for characterizing the loss of resilience in homeostatic regulation associated with frailty. Mech. Ageing Dev. 2008, 129, 666–670. [Google Scholar] [CrossRef]

	



Fried, L.P.; Tangen, C.M.; Walston, J.; Newman, A.B.; Hirsch, C.; Gottdiener, J.; Seeman, T.; Tracy, R.; Kop, W.J.; Burke, G.; et al. Frailty in older adults: Evidence for a phenotype. J. Gerontol. A Biol. Sci. Med. Sci. 2001, 56, M146–M156. [Google Scholar] [CrossRef] [PubMed]

	



Rockwood, K.; Song, X.; MacKnight, C.; Bergman, H.; Hogan, D.B.; McDowell, I.; Mitnitski, A. A global clinical measure of fitness and frailty in elderly people. CMAJ 2005, 173, 489–495. [Google Scholar] [CrossRef] [PubMed]

	



SAl Saedi, A.; Feehan, J.; Phu, S.; Duque, G. Current and emerging biomarkers of frailty in the elderly. Clin. Interv. Aging 2019, 14, 389–398. [Google Scholar] [CrossRef] [PubMed]

	



Lipsitz, L.A. Dynamics of Stability: The Physiologic Basis of Functional Health and Frailty. J. Gerontol. Ser. A 2002, 57, B115–B125. [Google Scholar] [CrossRef] [PubMed]

	



Fried, L.P.; Hadley, E.C.; Walston, J.D.; Newman, A.B.; Guralnik, J.M.; Studenski, S.; Harris, T.B.; Ershler, W.B.; Ferrucci, L. From Bedside to Bench: Research Agenda for Frailty. Sci. Aging Knowl. Environ. 2005, 2005, pe24. [Google Scholar] [CrossRef]

	



Ghachem, A.; Fried, L.P.; Legault, V.; Bandeen-Roche, K.; Presse, N.; Gaudreau, P.; Cohen, A.A. Evidence from two cohorts for the frailty syndrome as an emergent state of parallel dysregulation in multiple physiological systems. Biogerontology 2021, 22, 63–79. [Google Scholar] [CrossRef]

	



Malik, M.; Bigger, J.T.; Camm, A.J.; Kleiger, R.E.; Malliani, A.; Moss, A.J.; Schwartz, P.J. Heart rate variability: Standards of measurement, physiological interpretation, and clinical use. Eur. Heart J. 1966, 17, 354–381. [Google Scholar] [CrossRef]

	



Chaves, P.H.M.; Varadhan, R.; Lipsitz, L.A.; Stein, P.K.; Windham, B.G.; Tian, J.; Fleisher, L.A.; Guralnik, J.M.; Fried, L.P. Physiological complexity underlying heart rate dynamics and frailty status in community-dwelling older women. J. Am. Geriatr. Soc. 2008, 56, 1698–1703. [Google Scholar] [CrossRef]

	



Katayama, P.L.; Dias, D.P.M.; Silva, L.E.V.; Virtuoso-Junior, J.S.; Marocolo, M. Cardiac autonomic modulation in non-frail, pre-frail and frail elderly women: A pilot study. Aging Clin. Exp. Res. 2015, 27, 621–629. [Google Scholar] [CrossRef]

	



Toosizadeh, N.; Ehsani, H.; Parthasarathy, S.; Carpenter, B.; Ruberto, K.; Mohler, J.; Parvaneh, S. Frailty and heart response to physical activity. Arch. Gerontol. Geriatr. 2021, 93, 104323. [Google Scholar] [CrossRef] [PubMed]

	



Romero-Ortuno, R.; Cogan, L.; O’Shea, D.; Lawlor, B.A.; Kenny, R.A. Orthostatic haemodynamics may be impaired in frailty. Age Ageing 2011, 40, 576–583. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, C.O.; Hoenig, H.H.; Varadhan, R.; Simonsick, E.M.; Fried, L.P. Relationships of Cardiac, Pulmonary, and Muscle Reserves and Frailty to Exercise Capacity in Older Women. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 287–294. [Google Scholar] [CrossRef] [PubMed]

	



Varadhan, R.; Chaves, P.H.M.; Lipsitz, L.A.; Stein, P.K.; Tian, J.; Windham, B.G.; Berger, R.D.; Fried, L.P. Frailty and impaired cardiac autonomic control: New insights from principal components aggregation of traditional heart rate variability indices. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 682–687. [Google Scholar] [CrossRef]

	



Newman, A.B.; Simonsick, E.M.; Naydeck, B.L.; Boudreau, R.M.; Kritchevsky, S.B.; Nevitt, M.C.; Pahor, M.; Satterfield, S.; Brach, J.S.; Studenski, S.A.; et al. Association of long-distance corridor walk performance with mortality, cardiovascular disease, mobility limitation, and disability. JAMA 2006, 295, 2018–2026. [Google Scholar] [CrossRef]

	



Lopez, D.; Flicker, L.; Dobson, A. Validation of the frail scale in a cohort of older Australian women. J. Am. Geriatr. Soc. 2012, 60, 171–173. [Google Scholar] [CrossRef]

	



Ibikunle, A.F.; Adedoyin, R.A.; Awotidebe, T.; Fasakin, O.M.; Okonj, A.M.; Odettunde, M. Validation of Three-Minute Walk Test for the Assessment of Functional Capacity among Patients with Hypertension. J. Clin. Exp. Cardiolog. 2020, 11, 662. [Google Scholar]

	



Studenski, S.; Perera, S.; Patel, K.; Rosano, C.; Faulkner, K.; Inzitari, M.; Brach, J.; Chandler, J.; Cawthon, P.; Connor, E.B.; et al. Gait Speed and Survival in Older Adults. JAMA 2011, 305, 50–58. [Google Scholar] [CrossRef]

	



Nazari, G.; Bobos, P.; MacDermid, J.C.; Sinden, K.E.; Richardson, J.; Tang, A. Psychometric properties of the Zephyr bioharness device: A systematic review. BMC Sports Sci. Med. Rehabil. 2018, 10, 6. [Google Scholar] [CrossRef]

	



Kubios HRV. Available online: https://www.kubios.com/ (accessed on 11 April 2022).

	



Pan, J.; Tompkins, W.J. A Real-Time QRS Detection Algorithm. IEEE Trans. Biomed. Eng. 1985, 32, 230–236. [Google Scholar] [CrossRef]

	



Tarvainen, M.P. Biosignal Analysis and Medical Imaging Group (BSAMIG); Department of Applied Physics, University of Eastern Finland: Kuopio, Finland; Available online: https://uefconnect.uef.fi/en/group/biosignal-analysis-and-medical-imaging-research-group-bsamig/ (accessed on 11 April 2022).

	



Tarvainen, M.P.; Ranta-Aho, P.O.; Karjalainen, P. An advanced detrending method with application to HRV analysis. IEEE Trans. Biomed. Eng. 2002, 49, 172–175. [Google Scholar] [CrossRef] [PubMed]

	



Niskanen, J.-P.; Tarvainen, M.P.; Ranta-Aho, P.O.; Karjalainen, P.A. Software for advanced HRV analysis. Comput. Methods Programs Biomed. 2004, 76, 73–81. [Google Scholar] [CrossRef] [PubMed]

	



Tarvainen, M.P.; Niskanen, J.-P.; Lipponen, J.A.; Ranta-Aho, P.O.; Karjalainen, P.A. Kubios HRV—Heart rate variability analysis software. Comput. Methods Programs Biomed. 2014, 113, 210–220. [Google Scholar] [CrossRef]

	



Lipponen, J.A.; Tarvainen, M.P. A robust algorithm for heart rate variability time series artefact correction using novel beat classification. J. Med. Eng. Technol. 2019, 43, 173–181. [Google Scholar] [CrossRef] [PubMed]

	



Álvarez-Millán, L.A.; Castillo-Castillo, D.; Pérez-Pacheco, A.; Quispe-Siccha, R.; Angelova, M.; Rivera-Sánchez, J.; Fossion, R. Time-series based evaluation of physiological alterations in age-associated frailty during walking at self-selected velocity. AIP Conf. Proc. 2019, 2090, 050002. [Google Scholar] [CrossRef]

	



Marple, S.L. Digital Spectral Analysis; Prentice-Hall International: Hoboken, NJ, USA, 1987. [Google Scholar]

	



Tulppo, M.P.; Mäkikallio, T.H.; Takala, T.E.; Seppänen, T.; Huikuri, H.V. Quantitative beat-to-beat analysis of heart rate dynamics during exercise. Am. J. Physiol. 1996, 271 Pt 2, H244–H252. [Google Scholar] [CrossRef] [PubMed]

	



Richman, J.S.; Moorman, J.R. Physiological time-series analysis using approximate entropy and sample entropy. Am. J. Physiol. Heart Circ. Physiol. 2000, 278, H2039–H2049. [Google Scholar] [CrossRef]

	



Peng, C.K.; Havlin, S.; Stanley, H.E.; Goldberger, A.L. Quantification of scaling exponents and crossover phenomena in nonstationary heartbeat time series. Chaos 1995, 5, 82–87. [Google Scholar] [CrossRef] [PubMed]

	



Michael, S.; Graham, K.S.; Davis, G.M. Cardiac Autonomic Responses during Exercise and Post-exercise Recovery Using Heart Rate Variability and Systolic Time Intervals—A Review. Front. Physiol. 2017, 8, 301. [Google Scholar] [CrossRef]

	



Gourine, A.V.; Ackland, G.L. Cardiac Vagus and Exercise. Physiology 2019, 34, 71–80. [Google Scholar] [CrossRef]

	



Almeida-Santos, M.A.; Barreto-Filho, J.A.; Oliveira, J.L.; Reis, F.P.; Oliveira, C.C.D.C.; Sousa, A.C.S. Aging, heart rate variability and patterns of autonomic regulation of the heart. Arch. Gerontol. Geriatr. 2016, 63, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Umetani, K.; Singer, D.H.; McCraty, R.; Atkinson, M. Twenty-Four Hour Time Domain Heart Rate Variability and Heart Rate: Relations to Age and Gender Over Nine Decades. J. Am. Coll. Cardiol. 1998, 31, 593–601. [Google Scholar] [CrossRef]

	



Takahashi, A.C.D.M.; Bonjorni, L.A.; Buto, M.S.S.; Vassimon-Barroso, V.; Minatel, V.; Rocha, S.M.A.; Ribeiro, F.H.M.; Montano, N.; Porta, A.; Catai, A.M. Short-term complexity of cardiovascular oscillations in frailty syndrome. In Proceedings of the 8th Conference of the European Study Group on Cardiovascular Oscillations (ESGCO), Trento, Italy, 25–28 May 2014; pp. 21–22. [Google Scholar] [CrossRef]

	



Lipsitz, L.A. Physiological complexity, aging, and the path to frailty. Sci. Aging Knowl. Environ. 2004, 2004, pe16. [Google Scholar] [CrossRef] [PubMed]

	



Radhakrishna, R.; Dutt, D.N.; Yeragani, V.K. Nonlinear measures of heart rate time series: Influence of posture and controlled breathing. Auton. Neurosci. 2000, 83, 148–158. [Google Scholar] [CrossRef]

	



Vuksanović, V.; Gal, V. Nonlinear and chaos characteristics of heart period time series: Healthy aging and postural change. Auton. Neurosci. 2005, 121, 94–100. [Google Scholar] [CrossRef]

	



Parvaneh, S.; Howe, C.; Toosizadeh, N.; Honarvar, B.; Slepian, M.J.; Fain, M.; Mohler, J.; Najafi, B. Regulation of Cardiac Autonomic Nervous System Control across Frailty Statuses: A Systematic Review. Gerontology 2015, 62, 3–15. [Google Scholar] [CrossRef]

	



Walston, J.; Hadley, E.C.; Ferrucci, L.; Guralnik, J.M.; Newman, A.B.; Studenski, S.A.; Ershler, W.B.; Harris, T.; Fried, L.P. Research agenda for frailty in older adults: Toward a better understanding of physiology and etiology: Summary from the American Geriatrics Society/National Institute on Aging Research Conference on Frailty in Older Adults. J. Am. Geriatr. Soc. 2006, 54, 991–1001. [Google Scholar] [CrossRef] [PubMed]

	



Martínez, O.M.; Fossion, R.; Piceno, Y.G.; Lopez-Gomez, R.E.; López-Espinosa, E.; Jiménez-Estrada, I.; Quiroz-González, S. Heart Rate Variability and Psychometric Analysis in Patients with Hyperactive Heart Fire Syndrome. J. Acupunct. Meridian Stud. 2021, 14, 137–148. [Google Scholar] [CrossRef]

	



Kabbach, E.Z.; Mazzuco, A.; Borghi-Silva, A.; Cabiddu, R.; Agnoleto, A.G.; Barbosa, J.F.; Junior, L.C.S.D.C.; Mendes, R.G. Increased parasympathetic cardiac modulation in patients with acute exacerbation of COPD: How should we interpret it? Int. J. Chron. Obstruct. Pulmon. Dis. 2017, 12, 2221–2230. [Google Scholar] [CrossRef]

	



Hopf, H.-B.; Skyschally, A.; Heusch, G.; Peters, J. Low-frequency Spectral Power of Heart Rate Variability Is Not a Specific Marker of Cardiac Sympathetic Modulation. Anesthesiology 1995, 82, 609–619. [Google Scholar] [CrossRef]

	



Ishaque, S.; Khan, N.; Krishnan, S. Trends in Heart-Rate Variability Signal Analysis. Front. Digit. Health 2021, 3, e639444. [Google Scholar] [CrossRef] [PubMed]

	



Eskandari-Nojehdehi, M.; Parvaneh, S.; Ehsani, H.; Fain, M.; Toosizadeh, N. Frailty Identification using Heart Rate Dynamics: A Deep Learning Approach. IEEE J. Biomed. Health Inform. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Ruberto, K.; Ehsani, H.; Parvaneh, S.; Mohler, J.; Fain, M.; Sweitzer, N.K.; Toosizadeh, N. The association between heart rate behavior and gait performance: The moderating effect of frailty. PLoS ONE 2022, 17, e0264013. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 19 08413 g001 550] 





Figure 1. Flow diagram of the study protocol. FRAIL = fatigue, resistance, ambulation, illness, and low performance scale; CFS = clinical frailty scale; HRV = heart rate variability; FFT = Fast Fourier Transform; PSD = power spectrum density; ROC = receiver operator characteristic. 
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Figure 2. Heart rate time series from a selected (a) young adult, (b) a non-frail older adult and (c) a frail older adult during the whole test. The left fragment shaded in gray corresponds to the first 5 min of standing rest (baseline). The white part shows the fragment where participants walked a fixed distance of 160 m. Fragment sizes of walking are different as every person walked at their own preferred pace. The right gray shaded fragment corresponds with the recovery phase, which means 5 min of standing rest. Adapted with permission from Ref. [27]. 2022, AIP Publishing. 
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Figure 3. Receiver-operator characteristic (ROC) curve (A) and scatter plot (B) of LF (nu) evaluated during 5 min of standing rest (baseline phase) in 15 non-frail and 27 frail older adults. The best cut-off point, indicated by symbol ‘x’ in panel (A), was determined according to the shortest orthogonal distance from each point to the optimum vale (0,1). The line in panel (B) indicates the cut-off point at 77.3 normalized units (nu). 
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Figure 4. (a) Heart rate time series from young adults (group C1), non-frail older adults (group nF) and frail older adults (group F) during the whole test. Dashed vertical line represent the final of baseline phase (first 5 min). The final of the walking test cannot be specified as every subject walked to their own pace and traveled the fixed distance of 160 m in different times. (b) Chronotropic response ΔHR and changes in selected HRV parameters comparing recovery vs. baseline phases expressed as a percentage. Changes were calculated through Equation (1) for young (C1), middle-aged adults (C2), non-frail older adults (nF), and frail adults (F). Black dots in panel (b) represent the outliers of the data. ¶ p < 0.05 compared to C1 (comparison between groups). # p < 0.05 compared to C1 (comparison between groups). 
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Table 1. Demographic and most common comorbidities of the study participants. Results are reported as mean ± standard deviation or absolute value (percentage).
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Variables

	
C1

	
C2

	
nF

	
F




	

	
(n = 21)

	
(n = 16)

	
(n = 15)

	
(n = 28)






	
Age (years)

	
22.0 ± 1.4

	
48.6 ± 8.9 *

	
71.5 ± 8.2 *,**

	
78 ± 5.4 *,**,||




	
Sex

	

	

	

	




	
Male

	
9 (43%)

	
6 (38%)

	
9 (60%)

	
8 (29%)




	
Female

	
12 (57%)

	
10 (62%)

	
6 (40%)

	
20 (71%)




	
Body mass index (kg/m2)

	
23.8 ± 3.6

	
27.5 ± 5.9

	
27.4 ± 3.6 *

	
26.4 ± 3.9 *




	
Physical activity

	

	

	

	




	
Mild

	
9 (43%)

	
8 (50%)

	
0 (0%)

	
2 (7%)




	
Moderate

	
12 (57%)

	
8 (50%)

	
6 (40%)

	
20 (71%)




	
Comorbidities

	

	

	

	




	
Hypertension

	
0

	
3

	
4

	
15




	
Mild cognitive

	
0

	
0

	
0

	
14




	
Diabetes

	
0

	
0

	
2

	
10




	
Depression

	
0

	
0

	
2

	
9








* p < 0.05 compared to C1; ** p < 0.05 compared to C2; || p < 0.05 compared to nF.
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Table 2. Heart rate response ΔHR and linear HRV parameters evaluated from a 160-m walking test in young adults (C1), middle-aged adults (C2), non-frail older adults (nF), and frail older adults.
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C1

(n = 21)

	
C2

(n = 16)

	
nF

(n = 15)

	
F

(n = 28)

	
p-Value






	
Baseline

	




	
HR (1/min) (bpm)

	
81.2 (69.9–89.9)

	
74.2 (65.1–84.4)

	
76.4 (65.9–82.5)

	
74.1 (67.2–84.5)

	
0.462




	
Mean RR (ms)

	
747 (672–866)

	
811 (713–924)

	
788 (736–912)

	
811 (721–908)

	
0.540




	
SDNN (ms)

	
61.5 (46.7–76.4)

	
48.6 (35.3–63.8)

	
29.6 (27.6–46.7) **,||

	
33.2 (20.6–57.2) **,||

	
0.000 #




	
CV (%)

	
82.5 (53.8–98.6)

	
68.5 (46.8–102.0)

	
42.9 (33.1–68.1) **,||

	
46.0 (26.5–88.6) **

	
0.007 #




	
RMSSD (ms)

	
33.5 (25.5–42.1)

	
27.9 (17.3–39.5)

	
13.5 (7.7–25.7) **,||

	
22.4 (9.7–71.8)

	
0.010 #




	
pNN30 (%)

	
34.3 (24.6–45.1)

	
22.4 (13.7–35.9)

	
4.6 (1.2–32.6) **

	
3.7 (7.6–26.6) **

	
0.006 #




	
pNN50 (%)

	
12 (3.00–22.00)

	
6 (1.00–16.00)

	
1 (0.00–7.00) **,||

	
2 (0.00–12.00) **,¶

	
0.004 #




	
LF (ms2)

	
1202.5 (1066.2–1842.6)

	
531.1 (473.5–1464.4) **

	
172.9 (74.5–916.0) **,||

	
167.8 (53.6–1041.0) **,||

	
0.000 #




	
HF (ms2)

	
380.5 (247.1–1263.6)

	
275.7 (176.9–617.7)

	
67.5 (38.5–201.1) **,||

	
97.4 (186.8–2130.0) **

	
0.002 #




	
LF (nu)

	
75.5 (64–85.5)

	
74.0 (57.5–87.9)

	
81.3 (69.0–89.3)

	
59.8 (34.0–77.1) **,||,¶

	
0.011 #




	
HF (nu)

	
24.0 (14.4–35.8)

	
26.0 (12.0–42.4)

	
18.6 (10.7–31.0)

	
40.1 (22.9–64.9) **,||,¶

	
0.010 #




	
LF/HF

	
3.14 (1.79–5.93)

	
2.84 (1.35–7.33)

	
4.38 (2.23–8.38)

	
1.49 (0.52–3.37) **,||,¶

	
0.010 #




	
EDR (Hz)

	
0.2 (0.16–0.21)

	
0.18 (0.17–0.19)

	
0.17 (0.14–0.19)

	
0.19 (0.16–0.22) ¶

	
0.214




	
Recovery

	




	
HR (1/min)

	
77.2 (67.00–88.2) *

	
75.5 (61.7–86.2)

	
75.2 (66.0–79.5)

	
78.6 (69.1–87.6) *

	
0.582




	
Mean RR (ms)

	
786 (685–900) *

	
811 (700–983)

	
801 (757–914)

	
766 (694–873) *

	
0.619




	
SDNN (ms)

	
59.1 (52.6–82.4)

	
51.2 (42.4–61.7) **

	
29.7 (19.1–37.2) **,||

	
28.0 (21.9–49.6) **,||

	
0.000 #




	
CV (%)

	
75.5 (58.8–122.3)

	
68.5 (49.0–96.4)

	
39.6 (24.5–58.0) **,||

	
41.1 (24.6–72.3) **,||

	
0.000 #




	
RMSSD (ms)

	
37.9 (29.7–46.1)

	
35.1 (14.4–39.0)

	
15.0 (12.5–21.9) **,||

	
16.5 (8.3–58.7) **

	
0.003 #




	
pNN30 (%)

	
39.7 (30.5–51.5)

	
30.7 (17.5–44.8)

	
4.4 (1.7–18.2) **,||

	
2.8 (5.4–20.9) **,||

	
0.000 #




	
pNN50 (%)

	
16.00 (10.00–26.00) *

	
12.00 (1.00–20.00)

	
0.00 (0.00–2.00) **,||

	
1.00 (0.00–22.00) **

	
0.000 #




	
LF (ms2)

	
1564.1 (1234.8–2595.7)

	
916.5 (617.3–1414.6) **

	
362.7 (180.6–646.5) **,||

	
138.1 (144.6–950.7) **,||

	
0.000 #




	
HF (ms2)

	
601.2 (482.0–1301.4)

	
319.9 (221.5–651.6)

	
77.0 (21.9–259.9) **,||

	
65.3 (189.5–1066.9) **

	
0.001 #




	
LF (nu)

	
73.3 (60.4–80.1)

	
77.0 (45.1–89.4)

	
81.5 (68.5–86.5)

	
68.8 (42.6–77.6) ¶

	
0.098




	
HF (nu)

	
26.7 (19.6–39.5)

	
23.0 (10.6–54.9)

	
18.4 (13.4–31.1)

	
31.3 (22.3–57.2) ¶

	
0.101




	
LF/HF

	
2.74 (1.53–4.08)

	
3.35 (0.82–8.43)

	
4.49 (2.20–6.44)

	
2.19 (0.75–3.47) ¶

	
0.102




	
EDR (Hz)

	
0.19 (0.16–0.23)

	
0.17 (0.16–0.19)

	
0.17 (0.13–0.19)

	
0.18 (0.16–0.22)

	
0.431




	
HR response

	




	
   Δ  t     s    

	
39.0 (33.1–48.2)

	
42 (29.8–59.6))

	
54 (26.3–84.7)

	
115 (96.5–175.3) **,||,¶

	
0.000 #




	
     HR   Max       bpm     

	
107.0 (101.4–114.4)

	
104.2 (91.2–107.9)

	
98.3 (90.9–103.4) **

	
88.3 (87.1–100.2)

	
0.013 #




	
    v  resp       bpm / s     

	
2.4 (2.3–4.1)

	
2.5 (1.5–5.1)

	
1.8 (1.0–6.7)

	
0.7 (0.6–1.9) **,||,¶

	
0.000 #




	
  Δ   HR   WB     (%)

	
20.0 (12.2– 24.9)

	
16.5 (−11.3–28.6)

	
16.4 (1.3–26.2)

	
15.2 (8.6–23.1)

	
0.734




	
  Δ   HR    RW       (%)

	
−19.5 (−12.7–−23.3)

	
−15.9 (−10.1–−25.4)

	
−16.2 (−11.9–−26.2)

	
−8.8 (−5.0–36.9) **,||,¶

	
0.002 #




	
  Δ   HR   RB     (%)

	
−3.9 (−4.9–−0.9)

	
0.1 (−2.8–3.4)

	
0.4 (−4.3–3.4)

	
4.3 (0.5–8.6) **,||,¶

	
0.001 #








n: number of participants. Data is shown as median (percentile 25–percentile 75). # p < 0.05 for Kruskal–Wallis test. * p < 0.05 compared to baseline (comparison between phases for the same group). ** p < 0.05 compared to C1 (comparison between groups for the same phase). || p < 0.05 compared to C2 (comparison between groups for the same phase). ¶ p < 0.05 compared to nF (comparison between groups for the same phase).
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Table 3. Non-linear HRV parameters evaluated from a 160-m walking test in young adults (C1), middle-aged adults (C2), non-frail older adults (nF), and frail older adults. n: number of participants. Data is shown as median (percentile 25 –percentile 75).
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	C1

(n = 21)
	C2

(n = 16)
	Nf

(n = 15)
	F

(n = 28)
	p-Value





	Baseline
	
	
	
	
	



	SD1 (ms)
	23.7 (18.0–29.8)
	19.8 (12.3–28.0)
	9.5 (5.4–18.2) **,||
	15.9 (6.9–50.8)
	0.010 #



	SD2 (ms)
	81.7 (64.3–104.1)
	67.0 (48.4–87.6)
	39.8 (38.4–63.1) **,||
	39.8 (27.1–73.7) **,||
	0.000 #



	SD1/SD2
	0.3 (0.2–0.4)
	0.3 (0.2–0.4)
	0.2 (0.2–0.3)
	0.3 (0.2–0.8)
	0.136



	ApEn
	1.11 (1.03–1.19)
	1.07 (1.03–1.13)
	1.04 (0.97–1.14)
	1.02 (0.95–1.11) **
	0.149



	SampEn
	1.35 (1.18–1.63)
	1.27 (1.11–1.64)
	1.18 (1.03–1.51)
	1.16 (0.96–1.39) ||,¶
	0.353



	α1
	1.37 (1.16–1.47)
	1.40 (1.06–1.66)
	1.41 (1.26–1.57)
	1.08 (0.63–1.35) **,||,¶
	0.006 #



	Recovery
	
	
	
	
	



	SD1 (ms)
	26.8 (21.0–32.7)
	24.9 (10.2–27.6)
	10.6 (8.9–15.5) **,||
	11.7 (5.8–41.6) **
	0.003 #



	SD2 (ms)
	79.8 (68.8–109.9)
	71.7 (54.6–74.4) **
	40.5 (26.5–51.5) **,||
	38.5 (30.1–61.6) **,||
	0.000 #



	SD1/SD2
	0.3 (0.2–0.4)
	0.3 (0.2–0.5)
	0.3 (0.2–0.4)
	0.3 (0.2–0.8)
	0.381



	ApEn
	1.12 (0.97–1.17)
	1.06 (0.92–1.12)
	1.12 (1.01–1.18)
	1.02 (0.91–1.13)
	0.184



	SampEn
	1.52 (1.25–1.67)
	1.22 (0.94–1.71)
	1.39 (1.14–1.69) *
	1.21 (0.96–1.37) **,¶
	0.065



	α1
	1.27 (1.09–1.37) *
	1.40 (0.88–1.54)
	1.37 (1.18–1.51)
	1.17 (0.79–1.32) ¶
	0.075







# p < 0.05 for Kruskal–Wallis test. * p < 0.05 compared to baseline (comparison between phases for the same group). ** p < 0.05 compared to C1 (comparison between groups for the same phase). || p < 0.05 compared to C2 (comparison between groups for the same phase). ¶ p < 0.05 compared to nF (comparison between groups for the same phase).
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Table 4. ROC curve analysis of heart rate response (ΔHR) and heart rate variability indices.
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	AUC (95% CI)
	p-Value
	Best Cut off Value





	Baseline
	
	
	



	pNN50 (%)
	0.583 (0.408–0.758)
	0.386
	0.8



	LF (nu)
	0.765 (0.609–0.922)
	0.080
	77.3



	HF (nu)
	0.768 (0.612–0.924)
	0.005
	22.6



	LF/HF
	0.768 (0.612–0.924)
	0.005
	3.4



	EDR (Hz)
	0.686 (0.526–0.847)
	0.051
	0.2



	SampEn (beats)
	0.597 (0.420–0.774)
	0.090
	1.2



	α1
	0.745 (0.891–0.599)
	0.010
	1.2



	Recovery
	
	
	



	LF (nu)
	0.722 (0.554–0.890)
	0.020
	78.6



	HF (nu)
	0.722 (0.554–0.890)
	0.020
	21.4



	LF/HF
	0.722 (0.554–0.890)
	0.020
	3.7



	SampEn
	0.724 (0.564–0.885)
	0.019
	1.3



	α1
	0.717 (0.557–0.876)
	0.023
	1.2



	HR response
	
	
	



	Δt (s)
	0.807 (0.652–0.962)
	0.006
	74



	   v  resp      (bpm/s)
	0.824 (0.678–0.970)
	0.000
	1.2



	ΔHRRB
	0.707 (0.544–0.870)
	0.083
	−3.8
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Table 5. Predictive values of HRV indexes in 28 frail and 15 non-frail older adults.
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	Sensitivity (%)
	Specificity (%)
	PPV (%)
	NPV (%)





	Baseline
	
	
	
	



	pNN50 > 0.8%
	43 (25–61)
	43 (17–69)
	60 (39–81)
	27 (9–46)



	LF < 77.3 nu
	82 (68–96)
	71 (48–95)
	85 (72–99)
	67 (43–91)



	HF >22.6 nu
	18 (4–32)
	29 (5–52)
	33 (9–57)
	15 (1–28)



	LF/HF > 3.4
	82 (68–96)
	71 (48–95)
	85 (72–99)
	67 (43–91)



	EDR (Hz) > 0.2
	36 (18–53)
	36 (11–61)
	53 (30–75)
	22 (5–39)



	SampEn > 1.2
	54 (35–72)
	64 (39–89)
	75 (56–94)
	41 (20–61)



	α1 > 1.2
	61 (43–79)
	86 (67–104)
	89 (76–103)
	52 (32–73)



	Recovery
	
	
	
	



	LF < 78.6 nu
	79 (63–94)
	57 (31–83)
	79 (63–94)
	57 (31–83)



	HF > 21.3 nu
	21 (6–37)
	43 (17–69)
	43 (17–69)
	21 (6–37)



	LF/HF > 3.7
	79 (63–94)
	57 (31–83)
	79 (63–94)
	57 (31–83)



	SampEn > 1.3
	71 (55–88)
	64 (39–89)
	80 (64–96)
	53 (29–77)



	α1 > 1.2
	64 (47–82)
	79 (57–100)
	86 (71–101)
	52 (31–74)



	HR response
	
	
	
	



	Δt (s)
	81 (64–98)
	70 (42–98)
	85 (69–101)
	64 (35–92)



	   v  resp      (bpm/s)
	76 (58–94)
	70 (42–98)
	84 (68–101)
	58 (30–86)



	ΔHR > −3.6
	54 (35–72)
	86 (67–104)
	88 (73–104)
	48 (28–68)
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