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A B S T R A C T   

Background: Heart rate variability (HRV) is a crucial metric that provides valuable insight into the 
balance between relaxation and stress. Previous research has shown that most HRV parameters 
improve during periods of mental relaxation, while decreasing during tasks involving cognitive 
workload. Although a comprehensive analysis of both linear and non-linear HRV parameters has 
been carried out in existing literature, there still exists a need for further research in this area. 
Additionally, limited knowledge exists regarding how specific interventions may influence the 
interpretation of these parameters and how the different parameters correlate under different 
interventions. This study aims to address these gaps by conducting a thorough comparison of 
different linear and non-linear HRV parameters under mentally relaxed versus stressful states. 
Methodology: Participants were randomly and equally divided among two between-subjects 
groups: relaxed-stress (RS) (N = 22) and stress-relaxed (SR) (N = 22). In the RS group, a paced 
breathing task was given for 5 min to create relaxation, and was followed by a 5-min time-based 
mental calculation task to create stress. In the SR group, the order of the stress and relaxed tasks 
was reversed. There was a washout period of 15 min after the first task in both groups. 
Results: Of the 37 HRV parameters, 33 differed significantly between the two interventions. The 
majority of the parameters exhibited an improving and degrading tendency of HRV parameters in 
the relaxed and stressed states, respectively. The correlation of the majority of HRV parameters 
decreases during stress, while prominent time domain and geometric domain parameters stand 
out in the correlation. 
Conclusion: Overall, HRV parameters can be reliably used to assess a person’s relaxed and stressed 
mental states during paced breathing and mental arithmetic task respectively. Furthermore, non- 
linear HRV parameters provide accurate estimators of the mental state, in addition to the 
commonly used linear parameters.   

1. Introduction 

HRV is the change in the time intervals between successive heartbeats, facilitating adaptability to environmental and psychological 
challenges [1]. This low-cost, non-invasive technique serves as a metric for cardiac autonomic modulation [2]. HRV has been 
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thoroughly investigated to gain insights into the impact of stress on cardiac autonomic functioning, thereby establishing itself as a 
reliable stress indicator [3–8]. It offers an indirect representation of intricate interactions for example as those between the sympa
thetic nervous system (SNS) and parasympathetic nervous system (PNS), blood pressure (BP), gas exchange, and various organs 
including the heart and stomach [5]. 

Distinct pathological and non-pathological circumstances, ranging from cardiovascular diseases to psychological conditions, can 
alter HRV, positioning it as a potential health indicator [9] and also reported to differ between sex [10]. Moreover, HRV has impli
cations as a biomarker for various conditions such as vascular tone, which is essential for blood pressure regulation and heart function 
[6,9]. Its association with self-rated health surpasses that of certain inflammatory and other biomarkers [11]. 

Respiratory sinus arrhythmia (RSA) or cardiac coherence refers to the fluctuation in heart rate during a breathing cycle, with an 
increase during inhalation and a subsequent decrease after exhalation. In the HRV field, most investigations used idle sitting or un
constrained deep breathing to induce relaxation, but only a few have used paced breathing. Paced breathing during the HRV 
biofeedback, involves intentional slow breathing to enhance RSA, usually at a pace of 4.5–7 breaths per minute (bpm). These tech
niques are recognized for their positive effects on well-being, stress reduction, and blood pressure regulation [12–14] and can also 
induce changes in the resting HRV and the brain circuits that help control HRV and regulate emotion [15]. Resonance breathing, for 
instance, augments vagal tone, subsequently enhancing HRV as a health and stress index [16]. The neuro-visceral integration model 
suggests that a heightened vagal tone can bolster cognitive functions [17]. Empirical evidence further underscores cognitive benefits, 
such as improved attention and brain functionality derived from paced breathing, mindfulness meditation, and aerobic exercise [18]. 
Moreover, paced breathing has been linked to reduced emotional distress, operating through the vagal pathway that influences various 
brain regions, including the amygdala and the hippocampus [19]. 

Therefore, HRV is postulated to reflect the efficiency of the body’s response mechanism to diverse stimuli, emphasizing physio
logical stability [20]. However, recognizing the myriad factors influencing HRV is paramount before interpreting such responses [21]. 
Different mental states, such as relaxation or stress, can substantially alter HRV parameters [22]. For instance, relaxation typically 
amplifies HRV parameters owing to parasympathetic dominance, whereas stress reduces them because of heightened sympathetic 
activity [6]. The precise interpretation of these parameters often necessitates a thorough understanding of the interventions and 
analytical methodologies in place. A prominent example is how the decrease in LF power during relaxation might be misconstrued in 
specific contexts, such as when paced breathing impacts the LF band [23]. 

Various HRV parameters have shown a degree of correlation. SD1 correlates with the LF and HF band power [24], SD2 correlates 
with the RMSSD and HF band power [24,25], SD2/SD1 ratio correlates with LF/HF ratio [26], SDNN correlates with HF band power, 
pNN50, and RMSSD [27]. These correlations vary according to the intervention, and may show different results under relaxation and 
stress [26]. However, there is a lack of comprehensive studies evaluating most HRV parameters during relaxation and stress 
interventions. 

In the area of HRV, it is typical to employ linear parameters for assessing alterations in heart rate and RSA induced by paced 
breathing routines [28]. Paced breathing at specific frequencies has been shown to influence HRV, with ascending and descending 
breathing rates producing consistent results [13]. Non-linear parameters, however, provide insight into the complex interactions 
between respiration, cardiovascular function, and autonomic modulation [29]. Research has indicated that increased RSA and 
elevated levels of HRV are linked to improved health results and extended lifespan [30]. Conversely, low RSA is linked to poorer health 
conditions, such as chronic stress, anxiety disorders, depression, PTSD, and aging [31]. Hence, focusing on both linear and non-linear 
aspects of HRV can offer a complete insight into cardiac autonomic regulation while performing paced breathing techniques. 

Moreover, although numerous studies utilize LF power and LF/HF ratio to assess sympathetic functions, some question the reli
ability of employing these measures for such purposes [32]. This underscores the necessity for more robust investigations that compare 
HRV parameters across various interventions. Given these complex dynamics, employing a within-subjects design has emerged as an 
optimal approach to scrutinizing the influence of cardiorespiratory oscillations on behavior, minimizing interindividual differences. 

This study is motivated by the detailed observations mentioned earlier, which seek to distinguish the patterns of both linear and 
non-linear HRV parameters during states of relaxation and stress. By comparing HRV parameters during relaxed states, such as paced 
breathing, and stressful states, such as mental calculation, this research provides a clearer differentiation between the two in
terventions. Specifically, this work stands apart in its exhaustive examination of both linear and non-linear HRV parameters under two 
contrasting interventions, relaxation and stress, leveraging short-term HRV recordings. The cornerstone of our study was the 
comprehensive assessment of HRV parameters, outlining the mean values and effect sizes extracted from these parameters. Addi
tionally, the correlation analysis among the HRV parameters under the different interventions provided new insight into the use of 
interventions for relaxation and stress. 

The subsequent sections will detail the preceding work that shaped the hypothesis concerning HRV parameter modulation during 
different states, elucidate the experimental design adopted, and outline the findings, culminating in a discussion on the broader im
plications of variations in HRV parameters in relaxed and stressed states. 

2. Background 

2.1. HRV parameters overview 

HRV serves as a complex biomarker, providing crucial understandings into the operations of the autonomic nervous system. HRV 
parameters can be classified into linear and non-linear categories. Linear parameters are derived from the time domain (TD), frequency 
domain (FD), and geometric parameters (GD), while non-linear parameters utilize the irregularities in the time series derived from the 
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complexity of the mechanisms that regulates HRV [6]. The linear parameters are affected by non-stationarity of the data as opposed to 
non-linear parameters [33]. Therefore, during conventional recording length of 5 min, stationarity in the data is assumed [34]. 

Time Domain Analysis: Of the different analyses available, time-domain parameters are the most straightforward, providing a 
direct method for calculating HRV. The time-domain measures may use a range of recording lengths from <1 min to >24 h. Some of the 
time-domain metrics are SDNN, SDHR, RMSSD, NN50, pNN50, HTI, and TINN. Conventionally 5 min recording period is used for the 
measurement and should be consistent in length while comparison across different sessions or subjects [6,34]. For example SDNN 
recorded over 24 h period is considered as gold-standard for medical stratification of cardiac risk [34] and is not the same as SDNN 
computed over 5 min recording. 

Frequency Domain Analysis: Complex FD parameters, including Very Low Frequency (VLF), Low Frequency (LF), High Fre
quency (HF), and the HF/LF ratio, are essential for assessing the influence of the autonomic nervous system on HRV, with data 
extracted either from a 24-h Holter ECG record or short-term recordings lasting 2–5 min [33]. The recording length is recommended to 
be at least 10 times the wavelength of the lower frequency bound, with an absolute minimum of 1 min recording for HF components, 2 
min recording for LF components and 10 min recording for VLF component [34,35]. 

Non-linear Analysis: However, the heartbeat’s underlying dynamics, steered by interactive cardiovascular control systems, are 
often too multifaceted to be entirely depicted using standard TD and FD analyses. This intricacy has prompted efforts to utilize the 
principles of non-linear dynamics, leading to the development of non-linear HRV parameters. Notably, while linear HRV parameters 
(barring geometric parameters) are susceptible to artifacts and missed beats, their non-linear counterparts are robust against these 
anomalies [36]. 

Comparison Metrics: Typically, HRV parameters are benchmarked against a baseline, either an idle sitting [35] or a controlled 
non-task situation that ensures an objective comparison, [37 p. 6. Situations juxtaposing mental stress against relaxation, for instance, 
enable a pronounced contrast between two diametric interventions. 

As per the literature, the HRV parameters that shows a decrease in value during mental stressful intervention is PNS Index [38], 
SDNN [34,39], SDHR and MaxHR [35], DiffHR [6], RMSSD [27,39,40], NN50 and pNN50 [34,41,42], HTI [3,34], TINN [34,43], DC 
and DCmod [44,45], HFap and HFrp [6,46–49], SD1 [50,51], DFAα1 [52,53], D2 [53,54], MeanLL [55,56], MaxLL [56], REC [55,56], 
DET [56], and ShEn [55–57]. 

The HRV parameters that increase in value during stress are SNS Index [38], SI [58], LFap and LFrp [6,34,59], LF/HF [34,59,60], 
SD2 [24], SD2/SD1 [61,62], ApEn [63–65], SampEn [63,66], DFAα2 [52,53], and D2 [53,54]. The respiration rate RESP, although not 
an HRV parameter, may influence these parameters [39,67–69]. 

Specifically, the reported change in the direction of HRV parameters in the literature depends on the intervention. However, some 
parameters may deviate from the norms in the literature owing to other factors. For example, because of slow and paced breathing, 
RSA may become pronounced, potentially affecting the power in the LF and HF frequency bands [48,70]. The LF range (0.04–0.15 Hz) 
mainly reflects the baroreceptor activity during periods of rest [1]. Activities involving mental arithmetic tend to significantly enhance 
LF dominance in the RR spectrum [71]. Nevertheless, the vagal activity during respiration at a lower rate can effortlessly produce 
oscillations in HRV that extend into the LF band [72–74]. Therefore, LFap and LFrp may show increased values due to spillover of the 
RSA frequency at 0.1 Hz in the LF band [72–74]. Because of the issues described with the LF band, the LF/HF ratio is also influenced by 
RSA rhythms during slow and deep breathing or paced breathing [75]. 

Likewise, the HF range (0.15–0.4 Hz) signifies parasympathetic activity and is commonly referred to as the respiratory band due to 
its correlation with heart rate fluctuations during the respiratory cycle [6]. However, these changes in HR, which is referred to as RSA, 
are not necessarily an accurate indicator of cardiac vagal control [47]; however, a lower HF power has been linked to stress, panic, 
anxiety, or distress [46]. Fast paced and deep breathing (9–24 bpm), can change HF power without affecting vagal tone [47]. 

In addition to the FD parameters, SDHR, DiffHR, and MaxHR may be influenced by paced breathing because of the RSA effects at 
the resonant frequency. However, the MeanHR change across interventions reflects vagal tone, which may not be affected by paced 
breathing at the resonance frequency, unlike the large-scale shift in the RSA magnitude [35]. 

2.2. RSA and HRV 

RSA (or cardiac coherence) is the term used to describe the fluctuations in the heart rate that occur as a result of changes during the 
breathing cycle. These changes are largely affected by the vagal tone and can be noticed within the frequency span of 0.15–0.4 Hz [76, 
77]. A notable connection can be found between changes in the depth and timing of respiration and the amount, consistency, and 
timing of vagal cardiac output in individuals who are awake. Noteworthy differences are evident when comparing values during 
natural breathing and controlled, rhythmic breathing [70]. Under normal breathing conditions, the rhythmic alterations in vagal 
motoneuron activity associated with respiration commence during the exhalation phase, develop gradually, and do not completely 
manifest themselves during fast breathing rates [48]. Increased tidal volumes and reduced respiration rates directly impact and elevate 
RSA [39,67] by means of the central connection between the cardiac vagal motor neurons and the respiratory drive [69]. 

In the initial continuous monitoring of RSA in a healthy individual, Angelone and Coulter [78] were the first to document this 
phenomenon. They showed that as the rate of respiration slowed down, the fluctuations in phase also decreased. At a respiratory pace 
of 4 bpm, there was a distinct alignment between HRV and the inhalation/exhalation cycle. However, the maximum amplitude of HRV 
was noted at 6 bpm (0.1 Hz), with a phase discrepancy of 90◦. Numerous investigations [67,79,80] have validated the maximization of 
RSA at approximately 6 bpm. This is called the “resonant frequency effect” and shows cardiorespiratory resonance [81]. Further 
research suggests that when respiration is reduced to 6 bpm, both HRV and RSA are maximized; however, this resonant frequency 
varies across people [81–83]. Diaphragmatic breathing [84] and increased tidal volume [67,85,86] and have been demonstrated to 
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dramatically boost RSA, with the effect being stronger at lower respiratory rates. Numerous investigations, on the other hand, have 
also found that increasing respiration rate decreases RSA [67,78,87]. 

The effects of respiration rate on autonomic activity may be evaluated through LF/HF power and TD parameters using power 
spectral analysis adjusted for respiratory influence [79]. Using this technique, Chang et al. [88] found that healthy humans who 
breathed at 8 bpm instead of 12 and 16 bpm, resulted in a transition towards a more balanced parasympathetic state and an 
augmentation in vagal activity. Similarly, Zhang et al. [89] used TD parameters to describe the respiratory response patterns of vagal 
activity in healthy adults at respiration of at 8 to 18 bpm. By retraining vagally triggered cardiac resetting to periods of respiration, 
they discovered that delayed breathing increased vagal power [90]. Additionally, it has been demonstrated that when breathing is 
regulated, slow, and deep, sympathetic activity is more completely inhibited from the beginning of inspiration until the middle of 
expiration [91]. It has been proposed that persistent practice of slow breathing is essential to produce a lasting shift towards para
sympathetic dominance, as evidenced by healthy adults who incorporated slow breathing into their daily routine over a period of 3 
months [92]. 

In healthy individuals breathing at 15-3 bpm, Taylor et al. [86] investigated the impact of sympathetic blockage on RSA. They 
observed that across all breathing rates, the inhibition of cardiac sympathetic activity results an increase in RSA. Their findings 
suggested that tonic vagal activity remains consistent across different breathing rates, leading them to propose that rapid breathing 
reduces the release of acetylcholine due to shortened expiration, thereby decreasing RSA. In contrast, acetylcholine release and hy
drolysis are enhanced at the resonance frequency (6 bpm), resulting in the maximum RSA. In addition, Wang et al. [93] reported an 
enhanced propensity for HRV at 6 bpm when the inhalation/exhalation ratio was 1/1, and they attributed this observation to the 
optimal release and hydrolysis of acetylcholine. 

2.3. Gap and expectations 

While the existing literature offers fragmented insights into HRV dynamics under varying interventions, a holistic understanding 
remains elusive. We anticipate that HRV parameters will exhibit pronounced enhancement during relaxation interventions, specif
ically paced breathing, attributed to heightened PNS activity. Drawing from the aforementioned literature, our hypothesis suggests 
that most of the HRV parameters will improve during the relaxation intervention (paced breathing) compared to the stress inter
vention, primarily thought to result from the stimulation of the PNS. We also hypothesized that the prominent RSA (or cardiac 
coherence) during relaxation causes spill-over of the band power, which may lead to different results, as reported in the literature, 
during the comparison and correlation of HRV parameters between relaxation and stress interventions. We also expect to see most of 
the correlations between HRV parameters, as reported in the literature, such as between the TD and FD, and additionally some new 
insights that may help in establishing the suitability of using non-linear HRV parameters in HRV assessment studies. The primary 
objective of this study was a comprehensive evaluation of the variations in most available HRV parameters, both linear and non-linear, 
under relaxed and stressful interventions using short-term HRV recordings and to provide a comprehensive report of the mean values 
and effect sizes obtained with them. 

3. Materials and methods 

3.1. Participants 

Forty-four individuals took part in this study, comprising 13 females and 31 males, with mean and standard deviation (SD) in age is 
24.43 ± 4.18 years. The minimum and maximum age is 19 and 34 years respectively. The sample size was determined based on a 90 % 
confidence level, 18 % margin of error, and 50 % population proportion at the Indian Institute of Technology Mandi, Himachal 
Pradesh, India. 

Participants were required to meet the inclusion criterion of being healthy individuals between the ages of 18 and 35. Exclusion 
criteria were any history of diagnosed cardiac or psychiatric disorders, alcohol consumption, or smoking. None of the participants 
received any medical HRV or RSA biofeedback training. 

This study followed the principles of the Declaration of Helsinki [94]. This study was reviewed and approved by Indian Institute of 
Technology Mandi, Ethical Approval Committee, with the approval number: IITM/IEC(H)/2023/VD/P2. All participants provided 
written informed consent prior to participate in the study. The research was conducted in 2023, with initial recruitment in February 
2023 and final recruitment in May 2023. 

3.2. Tools, statistical instruments, and measures 

HRV data were captured using an emWave Pro Plus device (HeartMath Institute, California, USA) [95]. This Photoplethysmogram 
(PPG)1 device records heartbeats through attachment to the earlobe, as illustrated in Fig. 1(a). The software that comes with it can 

1 The PPG modality has been effectively used in the literature for HRV studies [117–124]. In addition, we compared emWave Pro with AD8232 
(ECG device) by recording 2 min of HRV data from N = 15 participants under relaxation. Comparing the inter beat interval (IBI) data from PPG and 
ECG devices, we found a strong mean correlation with the raw IBI values (r = 0.95 ± 0.01). The root mean square error (RMSE) between ECG and 
PPG values was 39.20 ± 2.29 ms and mean absolute percentage error (MAPE) was 5.58 ± 2.20 %. 
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show and keep track of a person’s heart rate and HRV in real time. After the acquisition, the raw RR peaks were exported as Comma 
Separated Values (CSV) files from the EM Wave Pro software (Graphical User Interface (GUI) of the software shown in Fig. 1(b)). The 
files exported from the Emwave Pro software were imported into Kubios [96] for pre-processing and computation of linear and 
non-linear HRV features. Kubios is a proficient and user-friendly program for analyzing HRV. The settings within the Kubios for the 
pre-processing of the RR peaks were set at the default values of “low” for “Automatic noise detection” and “automatic” for the “Beat 
Correction”. HRV features were exported to CSV files, which were later extracted for statistical analysis. 

3.3. Experiment design 

As shown in Fig. 2, the experimental procedure comprised three primary phases: introduction, intervention, and feedback. In the 
introduction phase, participants received brief information regarding the experiment upon arrival, which lasted for less than 2 min. 
Subsequently, participants spent 2 min completing a straightforward questionnaire containing demographic information relevant to 
the study. Next, in the intervention stage, participants were randomly and equally divided between two between-subject groups: 
relaxed-stress (RS) (N = 22) and stress-relaxed (SR) (N = 22). The randomness was established using online random number generator 
[97]. The groups were matched for age [females: RS (22 ± 3.10 vs SR (23.86 ± 2.61), t(11) = − 1.17, p = 0.26; males: RS (23.88 ±
4.16) vs SR (26.27 ± 4.71), t(29) = − 1.50, p = 0.14] and gender ratio (females: males) [number of females: RS (6) vs SR (7), χ2(1, N =
13) = 0.08, p = .78; number of males: RS (16) vs SR (15), χ2(1, N = 31) = 0.03, p = .86]. In the RS group, a paced breathing task was 
given for 5 min to create relaxation followed by a 5-min time-based mental calculation task to create stress. In the SR group, the order 
of the stress and relaxed tasks was reversed. A 15 min wash-out period was incorporated after the initial group intervention (relaxation 
or stress) to minimize the carry-over effect from the first group to the second group (stress or relaxation). During washout period 
participants remained in idle state without engaging in any activity. Further elaboration on the relaxation and stress interventions is 
provided below: 

Relaxation group (paced breathing): The participants followed an on-screen visual cue to maintain a breathing pace of 6 bpm for 
a duration of 5 min. The participants inhaled when the cue went up and exhaled when the cue went down, and were instructed to keep 
their focus on the visual cue at all times during the relaxation intervention. 

Stress group (using a mental arithmetic exam): Participants undertook a 5-min arithmetic task using PEBL ver. 2.1, as illustrated 
in the software’s GUI depicted in Fig. 1(c) [98,99]. The task was divided into three blocks, each lasting 100 s. The difficulty level of the 
questions increased with each consecutive block, and participants were required to answer time-constrained arithmetic questions. The 
results of each question were promptly displayed to the participant following their response. 

In each relaxation or stress group, the real-time heart rate of the participants was measured and recorded for offline analysis. In the 
feedback stage, participants were asked for 2 min to provide feedback regarding the intervention and any other relevant information 
they wanted to share. The feedback was open-ended and the participants were free to describe anything about the intervention. 

3.4. HRV parameters 

In total, 37 HRV parameters (including linear and non-linear) were computed using Kubios software. Table 1 briefly describes each 
HRV parameter that was separated into linear and non-linear parameters. For the linear parameters, we used PNS Index, SNS Index, SI, 
SDNN, MeanHR, SDHR, MinHR, MaxHR, DiffHR, RMSSD, NN50, pNN50, HTI, TINN, DC, DCmod, AC, ACmod, LFap, HFap, LFrp, HFrp, 
LF/HF, and RESP. The RESP was computed from the HRV data using the Kubios software [100]; therefore, we included it as an HRV 
parameter. The use of a respiration rate sensor may indicate a true value than that computed from the HRV. This limitation was 
partially overcome by asking participants to rigidly follow the respiration cue for inhalation and exhalation during relaxation tasks. 

For the non-linear parameters, we evaluated SD1, SD2, SD2/SD1, ApEn, SampEn, DFAα1, DFAα2, D2, MeanLL, MaxLL, REC, DET, 
and ShEn. 

3.5. Statistical analysis 

The statistical analysis was performed using JASP ver. 0.18 [106] and RStudio ver. 2023.06.1 [107]. Prior to the application of 
statistical tests, the Shapiro-Wilk test was utilized to assess the normality of differences in repeated HRV parameters observed during 
the two interventions, ensuring the accuracy of the analyses. Based on the outcomes of this test, either a one-sided paired t-test or 
Wilcoxon signed-rank test was employed to determine statistical significance. One-sided statistical tests were employed based on the 
findings from the literature, which describe the direction of the change in the HRV parameter under stress, as detailed in Section 2.1. A 
95 % confidence interval was established for all comparisons. The power (1-β) was set at 80 %, with a significance level (α) of 5 %. As 
part of the hypothesis testing process, mean values of the HRV parameters were compared between relaxed and stressed states. The 
stress groups were pooled across both RS and SR groups for the analyses. In addition, the relaxation groups were pooled across both the 
RS and SR groups for the analyses. 

For the correlation analysis, we used RStudio ver. 2023.06.1 [107]. To reduce the number of correlated pairs and isolate the highly 
correlated variable counterparts, a criterion of |r| ≥ 0.9 and p < 0.05 was chosen. Based on these criteria, the variables were either 
strongly positively correlated (r ≥ 0.9 and p < 0.05), strongly negatively correlated (r ≤ − 0.9 and p < 0.05), or uncorrelated (|r| ≤ 0.9 
or p > 0.05) 
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3.6. Artifact correction 

During the data acquisition process, it is common for the RR intervals to be affected by HF artifacts caused by participant 
movement. These artifacts can significantly impact HRV features, leading to inaccurate values. Short-term TD parameters, absolute 
power FD parameters, and SD1 are particularly sensitive to these artifacts. To address this issue, we employed artifact correction 
during pre-processing of RR peaks using Kubios software prior to calculating HRV features. The percentage mean RR beat correction 
applied in the pre-processing stage varied between interventions: Relax - 0.79 ± 1.87; Stress - 1.73 ± 1.65. The minimum and 
maximum percentage corrections of the RR beats for the relax intervention were 0 % and 2.96 %, respectively, and those for the stress 
intervention were 0 % and 5.31 %, respectively. Notably, a larger correction (t = 2.49, p = 0.008, dz = 0.38) was required for the stress 
group because participants made head movements triggered by their emotional responses to incorrect arithmetic test answers. 
However, the mean beat correction applied was well below the tolerance limits of 80 % from the literature [36,108]. 

Fig. 1. (a) Hardware of the emWave Pro Plus data acquisition system. The ear clip was connected to the earlobe of the participant and the hardware 
was connected to the computer’s USB port. (b) The emWave Pro Plus data acquisition system software shows the GUI of the visual cue and real-time 
HRV recording. (c) The GUI of the PEBL software was used to present the mathematical task to the participant. 

Fig. 2. Experimental design of the study.  
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4. Results 

4.1. Comparison of HRV parameters under relax and stress intervention 

The data in Table 2 displays the linear and non-linear HRV parameters assessed during the relaxation and stress interventions. 
Statistical tests revealed that significantly higher mean values were obtained during stress for the SNS Index, Stress Index, MinHR, AC, 
HFrp, RESP, ApEn, SampEn, and DFAα2. 

Similarly, significantly lower mean values were obtained during the stress intervention for SDNN, SDHR, MaxHR, DiffHR, RMSSD, 
HTI, TINN, DC, LFap, HFap, LFrp, LF/HF ratio, SD1, SD2, SD2/SD1 ratio, DFAα1, D2, MeanLL, MaxLL, REC, DET, and ShEn. 

However, no significant differences were observed for the PNS Index, MeanHR, NN50, pNN50, DCmod, and ACmod. 

4.2. Correlation analysis of HRV parameters under relax and stress intervention 

Fig. 3(a) and (b) show the heatmap of the correlation between the 37 HRV parameters evaluated in this study during the relaxation 
and stress interventions, respectively. All levels of correlation from − 1 to 1 are shown as color-coded squares. 

When comparing these 3 cases over the relaxation and stress intervention, we have 9 different comparison sets; for example, two of 
these conditions are variables strongly positively correlated in relaxation and strongly positively correlated in stress, and variables 
strongly positively correlated in relaxation and uncorrelated in stress. The above criteria yielded 31 highly correlated pairs, as follows: 

Table 1 
HRV parameters evaluated in the study.  

SN HRV 
Parameter 

Units Description 

Linear parameters 
1 PNS Index Unitless 

(UL) 
Indicates an increase in PNS activity or resting HRV [38] 

2 SNS Index UL Indicates a decrease in SNS activity or resting HRV [38] 
3 SI UL Stress Index (SI) is the square root of Baevsky’s stress index [58] 
4 SDNN ms SD of all NN intervals 
5 MeanHR bpm Mean heart rate 
6 SDHR bpm SD of heart rate 
7 MinHR bpm Minimum HR calculated using moving average of 5 beats 
8 MaxHR bpm Maximum HR calculated using moving average of 5 beats 
9 DiffHR bpm Difference between the highest and lowest heart rate. 
10 RMSSD ms Root mean square of successive RR interval differences 
11 NN50 UL Count of consecutive RR interval pairs with a difference exceeding 50 ms 
12 pNN50 % Proportion of consecutive RR intervals with a difference exceeding 50 ms 
13 HTI UL HRV triangular index (HTI) is derived by dividing the integral of the density of the RR interval histogram by its height 
14 TINN ms Triangular interpolation of NN (TINN) measures interval histogram’s baseline width [34] 
15 DC ms Deceleration capacity (DC) is an indicator of cardiac parasympathetic regulation which detects the elongation of the RR 

interval over 4 consecutive beats [44,45] 
16 DCmod ms Modified Deceleration capacity is same as DC but takes into account the prolongation of RR interval between 2 consecutive 

beats [44,45] 
17 AC ms Acceleration capacity (AC) is an indicator of cardiac sympathetic modulation which elongation of the RR interval over 4 

consecutive beats [44,45]. 
18 ACmod ms Modified Deceleration capacity is same as AC but takes into account the prolongation of RR interval between 2 consecutive 

beats [44,45] 
19 LFap ms2 LF band (0.04–0.15 Hz) absolute power 
20 HFap ms2 HF band (0.15–0.4 Hz) absolute power 
21 LFrp % LF band relative power 
22 HFrp % HF band relative power 
23 LF/HF % LF and HF band power ratio in terms of their relative powers. 
24 RESP Hz Respiration rate 
Non-linear parameters 
1 SD1 ms SD of Poincaré plot perpendicular (transverse) to the line-of-identity [61,101] 
2 SD2 ms SD of the Poincaré plot along (longitudinal) the line-of-identity [61,101] 
3 SD2/SD1 % Ratio of SD2 and SD1 [61,101] 
4 ApEn UL Approximate entropy (ApEn), measuring the regularity and complexity [63] 
5 SampEn UL Sample entropy (SampEn), measuring the regularity and complexity [63] 
6 DFAα1 UL Short-term fluctuations in Detrended fluctuation analysis (DFA) [52,102] 
7 DFAα2 UL Long-term fluctuations in DFA [52,102] 
8 D2 UL Correlation dimension (D2), evaluating minimum quantity of variables needed to establish a model of system dynamics 

[103] 
9 MeanLL beats Mean line length from the Recurrence plot analysis (RPA) [104,105] 
10 MaxLL beats Maximum line length from the RPA [104,105] 
11 REC % Recurrence (REC) rate from the RPA [104,105] 
12 DET % Determinism (DET) from the RPA [104,105] 
13 ShEn – Shannon entropy (ShEn) from the RPA [104,105]  
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since there are two Pearson’s r values, we have reported the lowest |r| value from comparing variables under relaxation and stress. The 
p values were <0.05, for all the reported results. 

The variable pairs that were strongly positively correlated during both relaxation and stress are SNS Index and meanHR, r(35) =
0.95, p < 0.001; SNS Index and minHR, r(35) = 0.95, p < 0.001; SDNN and TINN, r(35) = 0.94, p < 0.001; SDNN and SD2, r(35) = 0.97, 
p < 0.001; meanHR and minHR, r(35) = 0.93, p < 0.001; RMSSD and pNN50, r(35) = 0.96, p < 0.001; RMSSD and DCmod, r(35) =
0.95, p < 0.001; RMSSD and SD1, r(35) = 1, p < 0.001; pNN50 and DCmod, r(35) = 0.90, p < 0.001; pNN50 and SD1, r(35) = 0.96, p <
0.001; TINN and SD2, r(35) = 0.92, p < 0.001; DCmod and SD1, r(35) = 0.96, p < 0.001; 

The variable pairs that were strongly negatively correlated during both relaxation and stress were the PNS Index and SNS Index (r 
(35) = − 0.90), RMSSD and ACmod (r(35) = − 0.95), pNN50 and ACmod, r(35) = − 0.96, p < 0.001; DC and AC, r(35) = − 0.94, p <
0.001; ACmod and SD1, r(35) = − 0.95, p < 0.001; and LFrp and HFrp, r(35) = − 0.94, p < 0.001. 

The variable pairs that were strongly positively correlated during relaxation and uncorrelated during stress were DC and DCmod 
(stress: r(35) = 0.75), AC and ACmod (stress: r(35) = 0.71), and LFap and SD2 (stress: r(35) = 0.84). The variable pairs that were 
strongly negatively correlated during relaxation and uncorrelated during stress were RMSSD and AC(stress: r(35) = − 0.57), pNN50 
and AC (stress: r(35) = − 0.65), DCmod and AC(stress: r(35) = − 0.67), and AC and SD1(stress: r(35) = − 0.57). 

The variable pairs that were uncorrelated during relaxation and strongly positively correlated during stress were MeanHR and 
MaxHR (relax: r(35) = 0.88), SD2/SD1 and DFAα1 (relax: r(35) = 0.86), MeanLL and ShEn (relax: r(35) = 0.77), REC and DET (relax: r 
(35) = 0.77), and DET and ShEn (relax: r(35) = 0.77).The variable pairs that were uncorrelated during relaxation and strongly 
negatively correlated during stress were SI and TINN (relaxation: r(35) = − 0.90) and DCmod and ACmod (relaxation: r(35) = − 0.89). 

Table 2 
Mean and SD values of HRV parameters in the relaxation and stress groups.  

SN HRV Parameter Relax (Mean ± SD) Stress (Mean ± SD) t or W statistic p value effect size (dz) 

Linear parameters 
1 PNS Index ↓ − 1.18 ± 0.68 − 1.18 ± 0.58 − 0.10 0.46 − 0.01 ○ 

2 SNS Index ↑a 1.70 ± 1.18 2.27 ± 1.39 3.90 <0.001 0.67 ●● 
3 SI ↑ 9.35 ± 2.95 13.09 ± 3.25 8.22 <0.001 1.24 ●● 
4 SDNN ↓a 62.52 ± 22.16 37.03 ± 10.05 − 5.50 <0.001 − 0.95 ●● 
5 MeanHR ↑ 90.85 ± 11.08 92.21 ± 13.10 0.75 0.23 0.13 ○○ 

6 SDHR ↓a 8.65 ± 2.53 5.33 ± 1.81 − 5.52 <0.001 − 0.96 ●● 
7 MinHR ↑ 74.69 ± 9.05 79.91 ± 9.48 5.44 <0.001 0.82 ●● 
8 MaxHR ↓a 110.83 ± 12.50 108.53 ± 15.51 − 2.18 0.01 − 0.38 ● 
9 DiffHR ↓ 36.14 ± 8.09 28.62 ± 10.30 − 5.43 <0.001 − 0.82 ●● 
10 RMSSD ↓ 43.91 ± 14.24 40.23 ± 10.92 − 1.70 0.049 − 0.26 ○○ 

11 NN50 ↓ 83.14 ± 42.97 74.20 ± 33.56 − 1.41 0.08 − 0.21 ○○ 

12 pNN50 ↓ 21.15 ± 12.32 18.81 ± 9.78 − 1.33 0.09 − 0.20 ○○ 

13 HTI ↓a 15.21 ± 3.70 9.68 ± 2.40 − 5.32 <0.001 − 0.92 ●● 
14 TINN ↓ 294.25 ± 93.86 191.98 ± 47.13 − 7.87 <0.001 − 1.19 ●● 
15 DC ↓a 35.25 ± 30.66 21.54 ± 10.01 − 2.31 0.01 − 0.40 ● 
16 DCmod ↓a 47.43 ± 21.89 41.21 ± 11.65 − 0.57 0.29 − 0.10 ○○ 

17 AC ↑a − 33.40 ± 22.81 − 22.33 ± 9.72 3.17 <0.001 0.55 ● 
18 ACmod ↑ − 44.77 ± 15.32 − 42.05 ± 11.22 1.24 0.11 0.19 ○○ 

19 LFap ↓a 3322.61 ± 2889.84 629.77 ± 508.38 − 5.51 <0.001 − 0.95 ●● 
20 HFap ↓a 753.75 ± 1105.20 455.26 ± 368.10 − 2.26 0.01 − 0.34 ● 
21 LFrp ↓ 81.05 ± 14.89 53.59 ± 12.97 − 10.34 <0.001 − 1.56 ●● 
22 HFrp ↑ 16.39 ± 15.24 39.90 ± 14.36 8.58 <0.001 1.29 ●● 
23 LF/HF ↓a 8.85 ± 6.46 1.83 ± 1.84 − 5.45 <0.001 − 0.94 ●● 
24 RESP ↑ 0.26 ± 0.09 0.35 ± 0.07 5.63 <0.001 0.85 ●● 
Non-linear parameters 
1 SD1 ↓ 31.09 ± 10.09 28.49 ± 7.76 − 1.69 0.049 − 0.25 ○○ 

2 SD2 ↓a 82.65 ± 30.21 43.52 ± 13.42 − 5.52 <0.001 − 0.96 ●● 
3 SD2/SD1 ↓a 2.66 ± 0.48 1.56 ± 0.43 − 5.40 <0.001 − 0.94 ●● 
4 ApEn ↑a 1.17 ± 0.18 1.24 ± 0.16 2.81 0.002 0.49 ● 
5 SampEn ↑ 1.51 ± 0.27 1.99 ± 0.15 10.44 <0.001 1.57 ●● 
6 DFAα1 ↓ 1.47 ± 0.16 0.95 ± 0.22 − 12.99 <0.001 − 1.96 ●● 
7 DFAα2 ↑ 0.25 ± 0.11 0.45 ± 0.13 9.69 <0.001 1.46 ●● 
8 D2 ↓ 3.02 ± 0.84 2.29 ± 1.36 − 3.64 <0.001 − 0.55 ●● 
9 MeanLL ↓ 11.97 ± 2.72 7.23 ± 1.44 − 9.64 <0.001 − 1.45 ●● 
10 MaxLL ↓a 253.82 ± 121.97 69.39 ± 63.81 − 5.37 <0.001 − 0.93 ●● 
11 REC ↓ 28.23 ± 3.79 20.54 ± 4.80 − 8.45 <0.001 − 1.27 ●● 
12 DET ↓ 98.17 ± 0.82 94.98 ± 1.66 − 10.73 <0.001 − 1.62 ●● 
13 ShEn ↓ 3.15 ± 0.22 2.68 ± 0.22 − 9.15 <0.001 − 1.38 ●● 

Note. 
↓ Alternative hypothesis specifies that the stress measure is less than the relax measure. 
↑ Alternative hypothesis specifies that the stress measure is greater than the relax measure. 
●● Large Effect; ● Moderate Effect; ○○ Small Effect; ○ Trivial Effect. 

a Shapiro-Wilk test shows deviation from normality in the difference in HRV parameters taken during the relaxation and stress intervention. A one- 
sided paired t-test (t) or the Wilcoxon test (W) was applied for was applied for normal and non-normal data respectively. 
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Fig. 3. Correlation plot of HRV parameters during (a) relaxation and (b) stress. Only significant correlations (p < 0.05) are shown in the figure. The 
variables are arranged as shown in Table 1. Each square’s color signifies the correlation between each pair of variables, ranging from red (− 1) to 
blue (+1). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Data from one of the participants showing the TD (left) and FD (right) representation of the RR tachogram taken during 5 min of relaxation 
(top) and stress (bottom). In TD plots (left), RR intervals are shown with a mean (dotted blue line) and SD (gray band). In the FD plots (right), four 
frequency bands are shown in the spectrum of the RR tachogram: Very Low Frequency (VLF), Low Frequency (LF), High Frequency (HF), and Very 
High Frequency (VHF). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4.3. RSA under relaxation and stress 

The RSA or cardiac coherence is characterized by a shortening of the R–R interval during inspiration and a prolongation during 
expiration. The dominance of the RSA during the relaxation interventions can be visualized as shown in Fig. 4(a–d), which displays the 
TD and FD of the RR tachogram of one of the participants under relaxation and stress. In the TD, the variations in the beat-to-beat RR 
during relaxation (Fig. 4(a)) were more pronounced compared to the stress (Fig. 4(c)). For the participant, the mean and SD values of 
the RR interval was 0.75 ± 0.12 ms in relaxation and 0.72 ± 0.04 ms in stress. The SD of the RR intervals is larger during relaxation 
which is an indicator of the heightened amplitude of RSA at paced breathing of 0.1 Hz. This SD diminishes during stress due to un
controlled breathing in several frequency bands. This effect can also be noted from the frequency plot. The absolute power in the LF 
band was 13066 ms2 in relaxation and 349 ms2 in stress. The absolute power in the HF band was 917 ms2 in relaxation and 211 ms2 in 
stress. The larger peak near 0.1 Hz in the LF band during relaxation (Fig. 4(b)) as compared to that during stress (Fig. 4(d)) is due to 0.1 
Hz rhythm in the RR tachogram, which is caused by the synchrony of heartbeats with a respiration rate of 0.1 Hz. Similarly, the LF band 
relative power was 93.27 % for relaxation and 54.16 % for stress. The HF band relative power was 6.54 % for relaxation and 32.75 % 
for stress. 

5. Discussion 

The primary objective of this research was to assess the hypothesis that, by examining a range of linear and non-linear HRV pa
rameters, there would be more notable enhancements in HRV during mentally relaxed tasks compared to stressful ones. Various HRV 
parameters were found to significantly improve during relaxation intervention. Improvement was assessed based on whether an HRV 
parameter was expected to increase or decrease during paced breathing compared with the mental arithmetic task. Here, HRV 
parameter changes due to paced breathing may be influenced by either the vagal or sympathetic system. 

5.1. Linear HRV parameters 

Linear HRV parameters, including SNS Index, SI, MinHR, AC, HFrp, and RESP, exhibited significantly higher mean values in the 
stress group. 

The SNS Index was determined using the mean RR interval, SI, and SD2 in normalized units [38]. The significant decrease in the 
SD2 parameter with a large effect size may have contributed to the significant difference obtained with the computed SNS Index. SI 
represents sympathetic or central regulatory activity [58]. The higher mean SI values in the stress group indicated sympathetic 
activation. It should be noted that similar geometric parameters (HTI) also exhibited a significant change among the interventions. 

The mean of MinHR values were significantly higher in the stress group. This may be due to the RSA (or cardiac coherence), which 
is pronounced during paced breathing and exhibits larger fluctuations in HR than during stressful tasks [35]. Therefore, MinHR during 
stress was higher because the fluctuation around the mean HR value was likely minimal during stress [35]. Moreover, serving as a 
comprehensive gauge of all periodic acceleration-related oscillations, the elevated average value of the AC indicates cardiac sym
pathetic modulation, as it encompasses the reduction of the RR interval over 4 consecutive beats [44,45]. The significant increase in 
HFrp may be related to the LF band power (see further discussion below). 

The mean values of the respiration rate during stress were also higher than those during relaxation, with a large obtained effect size. 
This phenomenon might be attributed to the participants engaging in paced breathing, resulting in mean respiration rates closely 
aligned with the resonating frequency of 0.1 Hz. It is worth noting that the choice of 0.1 Hz as the respiration rate is motivated by prior 
literature, where similar assumptions have been made for paced breathing [4,109–113]. Furthermore, literature demonstrates that 
cardiac coherence can be maximized via vagal predominance to reduce stress [109]. However, it may also be true that at 0.1 Hz 
respiration rate, it may be difficult to discern vagal and sympathetic regulations as reasons for increased cardiac coherence. Thus, it is 
likely that the cardiac coherence could be a result of either vagal or sympathetic regulations. Furthermore, the average RESP values are 
not closely approaching 0.1 Hz for the paced breathing group. Although the visual cue was set to oscillate at a rate of 0.1 Hz during the 
paced breathing experiment, the deviation of the RESP values from this rate may be attributed to the fact that the respiration rate is 
derived from the HRV signal and may not always be exact [100]. However, this can be addressed in the future studies by using a 
respiration rate sensor. It is noteworthy that the participants in the paced breathing group were able to maintain lower average RESP 
values than those in the stress group, indicating their adherence to the paced breathing protocol. The use of HRV to derive respiration 
rate may be seen as a limitation in this work, and in the future, we will use an external breathing rate sensor. 

The linear HRV parameters found to have significantly lower mean values in the stress group were SDNN, SDHR, MaxHR, DiffHR, 
RMSSD, HTI, TINN, DC, LFap, HFap, LFrp, and LF/HF ratio. 

The lower mean value of SDNN appears to be an indicator of sympathetic dominance and reduced vagal tone. Moreover, the 
obtained range (20.02 ms–113.86 ms) of the computed SDNN is comparable to the nominal values of 32 ms–93 ms, as reported in the 
literature [70]. Furthermore, SDNN is derived from a brief 5-min recording, where the predominant source of variation arises from 
parasympathetically mediated RSA, especially in the context of slow-paced breathing protocols [39]. 

The lower values obtained with the SDHR also indicate the diminishing effects of the RSA in the stress group than in the paced 
breathing group, with relatively minimal fluctuations and thus a lower SD in the HR than in the MeanHR [35]. Similar to MinHR, 
MaxHR was found to be greater during paced breathing because of the larger RSA amplitude and hence larger fluctuations around the 
mean HR value [35], which is evident from the lower mean value obtained for maxHR in the stress group than in the paced breathing 
group. 
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The lower mean values of the DiffHR obtained in the stress group may be due to the higher respiration rates exhibited in the stress 
group, which produces lower RSA amplitudes [6]. The average variation between the maximum and minimum HR within each res
piratory cycle is especially sensitive to changes in breathing rate, independent of vagus nerve activity, and reflects the RSA rather than 
directly indicating vagal tone [6]. 

The RMSSD was also lower in the stress group. The obtained range (25.10 ms–85.41 ms) of RMSSD computed is comparable to the 
nominal values of 19 ms–75 ms, as reported in the literature [70]. RMSSD is known to correlate with HF in the FD parameters of HRV 
(see also Fig. 3(a) and (b)) [40]. This is also evident from the statistical significance of HF. However, the effect size obtained with the 
RMSSD was small compared with the moderate effect size obtained with the HF parameter. This finding may be because RMSSD is 
comparatively less influenced by respiration when compared to HF band parameters [114]. In the literature, a decrease in RMSSD may 
indicate a decrease in vagally mediated changes reflected in HRV [39,40]. However, in our results, the enhancement in the RMSSD was 
primarily due to the heightened amplitude of the cardiac coherence (RSA) due to 0.1 Hz respiration rate, and it may not directly 
indicate the vagal dominance. 

HTI also decreased under stress. Moreover, the reported HTI values corroborate with the normal values reported in the literature, 
where HTI ≤20.42 and RMSSD ≤0.068 predicted normal heart rhythm [43,115], and the inclusion criteria for the study were that 
participants did not have any reported health condition. Together with RMSSD, HTI can distinguish between normal heart rhythms and 
arrhythmias [115] and access relaxed mental states after intervention, such as listening to classical music (ragas) [3]. Likewise, lower 
mean values of TINN obtained in the stress group indicated sympathetic activation during stress [43]. 

The DC also exhibited lower mean values than the stress group. This result signifies a reduced vagal modulation under stress [44, 
45]. Both LFap and LFrp exhibited lower mean values in the stress group in comparison to the paced breathing group. The LF range 
primarily mirrors baroreceptor activity on the time of resting phases [1] and is expected to increase under stress [6]. However, during 
instances of reduced respiration rates, vagal activity can easily generate oscillations in heart rhythms that extend into the LF band 
[72–74]. This reasoning explains the increase in LFap and LFrp during paced breathing. The HF power on the other hand is relatively 
less affected by the intervention. HFap also decreased in the stress group, but with a moderate effect compared to the large effect of 
LFap. Slow and deep breathing, within the 9–24 bpm, can change HF power without affecting vagal tone [6,47]. In our study, par
ticipants breathed at exactly 0.1 Hz with the help of a visual cue. This likely increased the LF power but the HF band starting from 0.15 
Hz saw a reduced share of the power. 

The LF and HF power distributions can be explained by the percentage shares (LFrp and HFrp) of the power in the respective bands. 
The obtained LFrp was approximately 5 times higher than HFrp during paced breathing. This supports the premise that paced 
breathing at 0.1 Hz caused the dominance of the RSA to fall in the LF spectrum and eventually enhances the LF power. However, during 
the stressful task, the obtained LFrp was almost the same (1.5 times) as the HFrp. This was perhaps due to breathing at wider rates 
during stress tasks and, thus, distributed RSA frequency power occurring over the wider spectrum that encompasses both the LF and HF 
bands. 

Although there was a significant but moderate increase in HFrp during stressful tasks compared to paced breathing, it should be 
contextually evaluated along with LFrp. HFrp decreased during paced breathing, likely due to the added share of LFrp, which occurs 
due to paced breathing. This apparently made HFrp significantly higher during the stressful tasks. The interplay between the relative 
proportions of LFrp and HFrp skewed the LF/HF ratio. The mean value of the LF/HF ratio was significantly lower during stress, which 
is contrary to the increase in the LF/HF ratio during sympathetic dominance in stressful tasks [6,34,59]. Most likely, the larger share of 
band power in the LF range during paced breathing decreased the LF/HF ratio during stressful tasks compared to paced breathing. It 
should be noted that the absolute and relative power comparison of the spectral bands largely indicates the contrast between paced 
breathing and stress tasks, and is heavily influenced by the elevated cardiac coherence. It is less likely due to the sole influence of vagal 
modulation. 

Furthermore, no significant differences were observed for the PNS Index, MeanHR, NN50, pNN50, DCmod, and Acmod. 
The equivalent mean values obtained with the PNS Index during the interventions may be the result of an insignificant change in 

the HR and the small effect size obtained with the RMSSD and SD1, which are some of the parameters used to compute the PNS Index. 
Similarly, the mean HR showed no difference among the groups, which corroborates with the findings in the literature that with slow, 
deep breathing (6 bpm in this study), increased fluctuations in the HR could be observed without a significant change in the mean HR 
value [6]. 

Similarly, the potential contributors to the equivalence of the mean values of NN50 across groups can be slow and deep breathing, 
which can change the HRV parameters without affecting vagal tone [6,47]. The explanation for the similar average pNN50 values 
across the groups is that slow and deep breathing at the resonating frequency may contribute to the small effect size obtained with the 
pNN50. This is because changes in respiratory rate and volume can significantly impact HRV parameters without necessarily affecting 
vagal tone [6,47]. 

The equivalence of the mean values of DCmod and ACmod obtained for the groups may be attributed to the reduced window length 
used to compute DCmod as well as ACmod, which may not effectively capture the deceleration over a wider time range [44,45]. 

5.2. Non-linear HRV parameters 

Non-linear parameters, including entropy, are utilized to quantify the degree of regularity and unpredictability of fluctuations over 
a time series. Although non-linear measures may differentiate between paced breathing and stress tasks, they may not directly point 
towards vagal dominance. As a result, the increase in non-linear measures may not be the result of sole vagal dominance. Rather, it 
could be due to either the vagal or the sympathetic system. 
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The non-linear HRV parameters that were found to have significantly higher mean values in the stress group were ApEn, SampEn, 
and DFAα2. 

We observed that ApEn during stress had significantly higher mean values than during relaxation. Lower ApEn values indicate a 
more regular and predictable signal, whereas higher ApEn values suggest increased unpredictability in successive RR interval fluc
tuations [63–65]. The regularity and predictability in the HRV during relaxation tasks were likely due to the enhanced RSA, which can 
be seen as sinusoidal variations with increased peak-to-peak values compared to the jittery HRV under stress. 

SampEn also increased significantly in the stress group. Its interpretation can be similar to that of ApEn, where it is expected to 
increase in low predictable and chaotic signals such as HRV during stress [63,66]. DFAα2 also exhibited a higher mean value in the 
stress group than that in the relaxation group. According to literature, DFAα2 shows higher values during the mentally active state 
[102], in high-risk cardiac patients [52], and during exercise [53]. 

The non-linear HRV parameters that were found to have significantly lower mean values in the stress group were SD1, SD2, SD2/ 
SD1 ratio, DFAα1, D2, MeanLL, MaxLL, REC, DET, and ShEn, respectively. 

All the Poincaré plot indices showed lower mean values in the stress group, but with a small effect size with SD1 and a large effect 
size with SD2 and SD2/SD1 ratio, and also correlated with the TD and FD parameters (See Fig. 3(a) and (b)). The SD1 is similar to 
baroreflex sensitivity (BRS), RMSSD, DiffHR, pNN50, SDNN, and power in the LF and HF bands [6,25]. SD2 is similar to LF power and 
BRS [24,61]. Finally, the SD2/SD1 ratio is similar to the LF/HF ratio [6,116]. SD1 had a lower mean value in the stress group, which 
corroborates the findings in the literature that SD1 decreases during stress [50] and is considered a pure measure of parasympathetic 
activity [51]. 

Similar to its TD and FD counterparts, RMSSD and HF power, SD1 achieved statistically small effect sizes. Similarly, SD2 showed a 
significantly lower mean value in the stress group. Although SD2 length reflects the sympathetic modulation [24], the decrease in the 
SD2 during stress could be attributed to the paced breathing at 0.1 Hz that covered the LF spectrum. Due to paced breathing, the 
relative length of SD2 during the relaxation task was more (1.8 times) than during stress. With the SD2/SD1 ratio, we observed a 
significant decrease in the stress group. This finding is contrary to the literature, where SD2/SD1 decrease represents a decrease in 
sympathetic activity [61,62], which primarily occurs during relaxation. The skewed SD2/SD1 ratio is likely the result of the relative 
balance between the SD2 and SD1 values, which is also seen with the LF/HF ratio in the linear parameters. Although geometric pa
rameters are more robust to artifacts, we have seen the correlation of the geometric parameters with the FD parameters, which 
corroborates with earlier literature [50]. 

DFAα1 showed lower mean values in the stress group, which was likely due to parasympathetic withdrawal during stress [53]. 
The D2 shows significantly lower mean values in the stress group. It exhibits a positive correlation with the RMSSD and power in 

the HF band, and its values are observed to decline during stress, as depicted in Fig. 3(b) [53,54]. 
All HRV parameters derived from RPA (MeanLL, MaxLL, REC, DET, and ShEn) also showed a significant decrease under stress. High 

RPA values imply low complexity in the dynamics of the system [105]. The lower values of the RPA measures during stress corroborate 
with the literature [55,56]. 

5.3. Correlation of HRV parameters 

It is evident from the correlation results that a significant number of HRV parameters were correlated during both relaxation and 
stress interventions. A general visual trend of a decrease in correlation values was observed during stress compared to the relaxation 
intervention. The correlation results can be summarized by grouping HRV parameters according to their increase or decrease during 
stress intervention. These two groups were previously discussed in the background section, where they were derived as per earlier 
studies. Most of the grouped parameters showed a high intragroup positive correlation and a high intergroup negative correlation. For 
example, the RMSSD was positively correlated with the PNS Index, SDNN, SDHR, NN50, HTI, TINN, DC, DCmod, HFap, HFrp, SD1, 
SD2, and D2. All these parameters form intra-group parameter comparisons, which are expected to decrease under stress. Similarly, 
RMSSD was negatively correlated with the SNS Index, SI, AC, ACmod, LFrp, RESP, SD1, and APEn. These all form intergroup parameter 
comparisons. 

The correlation analysis results indicated a strong correlation among the TD, GD, and non-linear parameters, which remained 
consistent during both relaxation and stress. These correlating pairs can be used in multivariate analysis to classify relaxation and 
stress interventions. From the results, the strongly correlating parameters that decrease under stress were the PNS Index, SDNN, 
RMSSD, pNN50, TINN, SD2, DCmod, SD1, SD2, LFrp, and DC. Likewise, the strongly correlated parameters that increased under stress 
were the SNS Index, Mean HR, Min. HR, AC, ACmod, and HFrp. Interestingly, the DC and AC parameters become less correlated with 
others compared to their derived parameters DCmod and ACmod. However, DCmod and ACmod were insignificant when compared 
separately in the relaxing and stress interventions. In addition, DC and AC become uncorrelated with their derived parameters DCmod 
and ACmod, respectively, under stress. The results showed that DC and AC were better suited for comparing relaxation and stress 
interventions than their modified parameters DCmod and ACmod. 

Another interesting finding was that the parameters become strongly correlated under relaxation and become uncorrelated under 
stress and vice versa. These correlations suggest the effects of interventions on the relationship between the parameters. For example, 
DC and DCmod, AC and ACmod, LFap, and SD2 are strongly positively correlated under relaxation and become uncorrelated under 
stress. Paced breathing may be the likely reason for this strong relationship during relaxation. LFap shows heightened power owing to 
RSA effects, which is also reflected in its non-linear counterpart. However, during stress, the LFap power decreased significantly more 
than SD2, as evident from their t statistic and effect size from Table 2; their relationship likely became less strong than our set threshold 
(|r| ≥ 0.9) and was shown to be uncorrelated. Similarly, the enhanced RSA, which causes smoothness during relaxation, and 
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diminished RSA, which causes increased jitteriness during stress, likely affected the computations of DC and AC with their modified 
parameters because the modified parameters use 2 beats instead of 4 beats in the original parameter. Similarly, AC was strongly 
negatively correlated and became uncorrelated under stress with RMSSD, pNN50, DCmod, and SD1. In contrast, the non-linear pa
rameters show a strong positive correlation under stress and become uncorrelated in relaxation. 

Another intriguing finding was the dominance of respiratory sinus arrhythmia (RSA), as indicated by the SD of RR peaks, during 
relaxation as opposed to stress. This observation potentially elucidates some of the correlations observed among the HRV parameters. 
As discussed previously, during the discussion of the linear HRV parameters, the FD HRV parameter values show different results, as 
expected from the literature. This was because of the larger value of RSA during relaxation (paced breathing at 0.1 Hz), which was 
absent during the stress intervention. Therefore, the respiration frequency spills over to the LF range and exhibits an elevated LF band 
power. Therefore, during relaxation, we observed a moderate to strong positive correlation between LFap and the PNS Index, SDNN, 
RMSSD, NN50, TINN, DC, DCmod, RESP, SD1, and DFAα1. This positive correlation between LFap and the other variables decreases 
during stress. The same RSA effect can be seen with the increase in the correlation of RESP with HFap during stress because of the 
increase in respiration rate and subsequent increases in overlapping respiration frequency band with HF band power compared to the 
relaxation group. This effect was also observed in the non-linear counterpart of the frequency bands. From the literature, LF and HF 
correlate with SD2 and SD1, respectively [24,25], and the correlation results also corroborate these findings. 

6. Conclusion and future work 

HRV parameters are valuable indicators of an individual’s physiological response to stress and relaxation. During a mentally 
stressful state, HRV parameters differ significantly from those during a mentally relaxed state. Under stress, a reduced vagal tone 
indicates an elevated sympathetic response. Conversely, enhanced vagal tone during relaxation points toward a healthier autonomic 
balance and increased parasympathetic response. However, the change in mean values of some HRV parameters during an intervention 
is not straightforward and may depend on the type of interventions. For example, the slow and deep breathing techniques commonly 
used for mental relaxation during baseline HRV measurements may also increase the RSA component and affect FD HRV parameters. In 
this study, we compared the effects of relaxation and stress interventions on the HRV parameters. Paced breathing at a resonating 0.1 
Hz frequency was used to induce relaxation, while time-based mental arithmetic tasks were used to induce stress. All the TD, geo
metric, and non-linear parameters showed an increase or decrease in their mean values across the two different interventions, as 
reported in the literature and prior studies. However, the FD parameters were affected by breathing at the resonant frequency during 
relaxation. The same is also observed in the correlation analysis of the HRV parameters during the relaxation and stress states, where 
the GD parameters are correlated with the TD parameters and are affected by paced breathing. The results indicated that the observed 
difference in the mean values of the LF and HF absolute powers and the LF/HF ratio were influenced by breathing at a resonant 
frequency, and the results should be interpreted accordingly. This study has a few limitations. One is the use of PPG instead of ECG for 
data acquisition. For this purpose, we presented our additional testing of the PPG device used for data acquisition with an ECG device, 
where we found a strong correlation between the metrics obtained by both devices. Another limitation is the extraction of the 
respiration rate from the HRV data, which can be mitigated in future studies using an additional respiration rate sensor and other 
intervention groups at specific breathing rates. Also, we did not use any subjective psychological measures to assess the mental state of 
the participants. In future studies, subjective measures may be correlated with HRV parameters. Further, a control group with an idle 
sitting position may be used in the future to compare it with the upper and lower bounds of HRV parameters. Since our aim was to 
contrast relaxation and stress, the comparison with idle sitting can be considered for future research. As most of the HRV parameters 
significantly differed with large effect sizes, the interventions used in the study may be employed as baseline measurement in
terventions for the upper and lower limits of HRV parameters. Thus, monitoring HRV can provide insights into an individual’s overall 
stress levels and well-being, enabling the adoption of appropriate strategies for managing stress and promoting relaxation. Future HRV 
research may also delve into other relaxation protocols such as pranayama and deep breathing and stress interventions such as n-back 
and memory recall tasks and social stress that may similarly influence HRV parameters. Additionally, investigating the effects of social 
interactions, environmental noise, and virtual reality interventions on HRV could lead to novel insights into stress management and 
relaxation strategies. 
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