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33
34 Abstract: 

35 Acute mental stress activates the autonomic nervous system (ANS), modulating 
36 physiological parameters. To assess the ANS response, we collected multimodal 
37 physiological signals, including electrocardiogram (ECG), electrodermal activity (EDA), 
38 and respiratory activity from healthy participants. The experimental protocol was 
39 designed to induce a high stress level in one group (STRESS) and low stress in the other 
40 (CONTROL), undergoing the same cognitive tasks. Heart rate variability (HRV) indices, 
41 parameters from respiratory activity and EDA were computed and analyzed. First, the 
42 effect of the proposed stress manipulation on the ANS was assessed, showing that linear 
43 HRV and respiratory parameters significantly changed during cognitive tasks with respect 
44 to rest in both the groups, mainly when respiration activity was integrated in the analysis. 
45 Nonlinear HRV parameters and EDA-based indices presented more task-specific 
46 modulations. Significant differences among groups were found only for the mean RR 
47 interval and the EDA-derived parameters. Additionally, Random Forest models were 
48 trained, and feature importance was assessed through Shapley values. Results identified 
49 the amplitude of the phasic EDA component, respiratory sinus arrhythmia (RSA), HRV 
50 sample entropy, and mean breathing period as the features most clearly differentiating 
51 cognitive tasks from rest, highlighting the importance of a multimodal assessment of 
52 acute stress.  

53
54 1. Introduction

55 In its negative connotation, psychological stress (i.e., distress) is caused by the disruption 
56 of balance between perceived cognitive and emotional load induced by external stimuli, 
57 and the individual’s ability to cope with them1,2. This condition can be transitory (acute 
58 phase) or can persist for longer periods (chronic condition), impacting the subject’s 
59 quality of life. Specifically, acute stress episodes may temporarily affect human mood, 
60 attention, and engagement; potentially reducing work- and study-related efficiency. A 
61 sustained exposure to stress can also be a trigger for cardiovascular events3. The 
62 production of cortisol and other biological mediators is the result of an active process 
63 aimed at maintaining stability, referred to as ‘Allostasis’, but when the stability is altered, 
64 the body is forced to a new equilibrium causing an ‘Allostatic load’ that can be harmful4.
65 Thus, from a physiological point of view, events perceived as stressful induce a complex 
66 sequence of responses, comprising an interplay between the central and autonomic 
67 nervous systems (ANS) and endocrine regulation5,6, often measured through cortisol 
68 concentration7. This mechanism has been shown, by many laboratory-based studies, to 
69 modulate measurable ANS-related parameters2,8–11, principally in terms of heart rate 
70 variability (HRV). HRV is a recognized marker of cardiovascular health12, which can be 
71 derived from the electrocardiogram (ECG) and other related signals such as 
72 photoplethysmography (PPG). Specifically, the ANS works with other physiological 
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73 systems to regulate the heart rhythm, increasing and decreasing the heart rate (HR) 
74 through the activation of the parasympathetic and sympathetic branches of the nervous 
75 system. In stressful conditions, it has been demonstrated that a predominance of 
76 sympathetic activity is reflected in an increase of HR and a decrease of the variability, in 
77 both acute and chronic conditions2,13–15. Other studies also evaluated responses to 
78 stressors and emotional stimuli using respiratory parameters16–18, or pointed out the 
79 usefulness of integrating the respiratory information to refine the HRV analysis8,19. In the 
80 latter case, the possibility to disentangle the respiratory contribution from the HRV signal 
81 has been shown to improve the estimation of frequency-domain HRV parameters, 
82 particularly of the respiratory sinus arrhythmia (RSA)20, also recently named Respiratory 
83 Heart Rate Variability (RespHRV) to reduce the potential pathological connotation21. RSA 
84 quantifies the influence of respiration on oscillations of the HRV signal, which is 
85 associated with vagal control and expected to decrease under stress.
86 Another set of parameters widely used in the affective research field is derived from the 
87 electrodermal activity (EDA) signal (i.e., Skin Conductance response), which has been 
88 demonstrated to respond to emotional stimuli22,23, mental load24,25, and stress 
89 manipulation protocols in multimodal frameworks9,26,27.

90 In recent years, the possibility to monitor vital signs, using wearable and smart 
91 technologies, has increased research interest in understanding which physiological 
92 parameters better detect acute stress events, to potentially prevent chronic conditions28–

93 30. Even so, how the ANS responds to stress has still not been fully characterized, and 
94 research findings are often conflicting. In fact, psychological stress is a very complex 
95 condition composed of several factors belonging to social, cognitive, physical, and 
96 psychological domains31. In this context, the first objective of the study was to evaluate 
97 the effectiveness of different physiological parameters in characterizing ANS responses 
98 to acute mental stress. A second aim was to assess the effects of varying degrees of acute 
99 mental stress by comparing the ANS responses to subsequent cognitive tasks in two 

100 groups of individuals after different exposure to stress (i.e., a Stress and a Control group). 
101 To this aim, short-term (< 5 min) linear and nonlinear HRV indices from the ECG signal, 
102 time-domain parameters from respiratory activity, and features from EDA were analyzed. 
103 Finally, we investigated the relationship between physiological responses, psychometric 
104 variables, and biochemical parameters (i.e., cortisol concentration).

105 Specifically, our study was based on a randomized acute stress manipulation protocol in 
106 which the Montreal imaging stress task (MIST)32 was used to induce acute stress in half 
107 of the study population (31 participants), while the other half (31 participants) performed 
108 a modified, less-challenging MIST version as a control condition. After this stress-inducing 
109 task, two cognitive assignments were also performed: the mixed gambling task (MGT) and 
110 a spatial attention task based on visual search (VS), which were administered equally to 
111 all participants. Physiological signals (i.e., ECG, respiration, and EDA) were continuously 
112 acquired, while psychometric assessment and biochemical samples to measure cortisol 
113 release were collected at specific time points during the procedure. By taking advantage 
114 of a multidisciplinary approach, the results of our study yield comprehensive insights into 
115 characterizing the effects of acute stress on physiological responses in healthy adults.
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116 2. Materials and methods
117 2.1. Participants

118 The described study was compliant with the Declaration of Helsinki and approved by the 
119 Ethics Committee of Politecnico di Milano (opinion n°12/2024), where the data collection 
120 took place.
121 A total of 62 participants (30 male, 32 female) with an age between 18 and 40 years (mean 
122 age 30.2, SD 6.9 years) were recruited for the experiment. Inclusion criteria comprise the 
123 absence of any cardiovascular, neurological, or psychiatric pathologies. Participants were 
124 recruited through an online advertisement of a specialized recruiting agency, and 
125 monetary compensation was agreed upon acceptance. Volunteers received instructions 
126 about the experiment and all the documentation by email and were asked to refrain from 
127 caffeine consumption and intense physical activities for 24 hours preceding the 
128 experiment. All subjects were Italian speakers.

129 2.2. Experimental Procedure

130 On arrival, participants were asked to read and sign the informed consent form before the 
131 biomedical signal recording equipment was set up. They sat in a comfortable chair in front 
132 of a 27” computer screen at a distance of approximately 80 cm, and an Italian keyboard 
133 was given to perform the assignments. Participants collected the first salivary sample. 
134 Subsequently, a general description of the experiment was shown on the computer screen 
135 before the procedure started. To estimate the initial stress level, two self-assessment 
136 questionnaires (Italian versions) were digitally filled out, namely the Profile of Mood 
137 States (POMS) scale and Perceived Stress Scale (PSS) answering to each question with a 
138 value between 1 and 5. Finally, participants were asked to identify their level of stress 
139 from 0 to 100 using the Subjective Units of Distress Scale (SUDS), which measures the 
140 level of perceived stress at a specific time. 

141 Data collection started with a resting phase of four minutes (REST), during which a gray 
142 fixation cross was displayed in the center of the screen on a black background. To provide 
143 a baseline for physiological measurements, participants were asked to remain still, with 
144 eyes open, and were invited to relax. To study the influence of the previous task on the 
145 subsequent one, task order was fixed for all participants, with the sequence depicted in 
146 Fig. 1(a): after the REST phase, the Montreal Imaging Stress Task (MIST)32 was 
147 implemented to induce higher stress levels in half of the participants (STRESS group) and 
148 to be less stressful in the other half (Control group); then, the Mixed Gambling Task (MGT) 
149 was presented after three minutes of break and was followed by a spatial attention 
150 exercise, specifically the visual search (VS) task. All tasks were preceded by written 
151 instructions, MIST and VS also by a short training phase. Saliva samples and SUDS 
152 responses were re-collected after MIST and MGT. The protocol was implemented and 
153 managed using MATLAB and Psychtoolbox-3 (available at https://www.psychtoolbox.net/).
154 Participants were randomly assigned to the CONTROL group (31 participants, 18 
155 females), which underwent the less-challenging MIST task, and to the experimental one 
156 (STRESS, 31 participants, 14 females) that performed the demanding MIST task with 
157 additional stressing factors as described in 2.2.1. 
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158 2.2.1. Montreal Imaging Stress Task (MIST)
159 The MIST task is a digital protocol proposed by Dedovic32 designed to induce 
160 psychological stress in participants by asking them to solve arithmetic operations. In this 
161 study, two MIST protocols were implemented: an experimental one, assigned to the 
162 STRESS group, aimed at inducing sustained mental stress through demanding cognitive 
163 efforts; an easier one, administered to the CONTROL group. Specifically, in the 
164 experimental version, following the description and instructions provided by the original 
165 proposing study and subsequent implementations33, participants were asked to quickly 
166 solve several arithmetic operations, with 5 levels of difficulty (randomly mixed), under 
167 time pressure, and social pressure due to the presence of the experimenter next to the 
168 participant. Moreover, a bar showing their progress (i.e., increasing with correct answers 
169 and decreasing with each error) was constantly shown on the screen. Mistakes were 
170 underlined by unpleasant sounds. The easier version of the MIST, instead, proposed the 
171 same arithmetic operations, with mixed difficulty levels, but without any time constraint 
172 displayed on the screen or social pressure, and correct answers were accompanied by a 
173 pleasant sound. For both conditions, a short training phase was performed to calibrate 
174 the time given for answering MIST arithmetic operations and allow participants to 
175 practice before the actual task. Based on guidance from the literature 32,33, during the 
176 training phase, which was designed to last two minutes, participants performed 21 trials 
177 on average (SD=1.8), depending on their reaction times, sufficient to estimate their mean 
178 reaction times and to calibrate initial difficulty. The time constraint was set to minimize 
179 unnecessary task exposure prior to stress induction. The experimental MIST took six 
180 minutes during which the initial calibration parameters were adaptively updated to match 
181 participants’ performance and maintain the desired level of difficulty.  

182 2.2.2. Mixed Gambling Task (MGT)
183 During the MGT, task participants were asked to accept or refuse bet proposals, each 
184 involving a specific number of virtual points as potential gain or loss34,35. Participants 
185 were informed that, at the end of the protocol, among the accepted bets, five would be 
186 randomly selected and the outcome would have been determined by chance in order to 
187 calculate the final ‘bonus’ to be added to the agreed payment. MGT phase lasted between 
188 5 and 7 minutes, and the number of bet proposals to be evaluated was fixed.

189
190 2.2.3. Visual Search (VS)
191 The VS task was performed after a short practice phase. The stimuli consisted of one L 
192 and one T (1.8° × 1.8°), presented simultaneously and spaced 180° apart on an imaginary 
193 circle with a 6° radius, centered on the screen, and participants were instructed to detect 
194 the T (target). The two letters appeared randomly tilted to the left or to the right, and 
195 participants had to indicate the direction of the tilted T as quickly as possible using the 
196 left/right arrow keys on the keyboard. A fixation cross, inscribed in a circle with 0.5° 
197 diameter, was displayed at the center of the screen. A too slow or incorrect target 
198 identification was accompanied by an unpleasant sound for both the groups. For each 
199 stimulus, reaction time and accuracy were recorded. A fixed number of trials was 
200 presented to participants, and the VS task lasted between 4 and 6 minutes.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

6

201 2.3. Data recordings

202 Physiological data were collected at the B3 Lab, Politecnico di Milano, Italy. EDA, ECG, 
203 PPG, and respiratory signals were simultaneously recorded using the ProComp Infiniti 
204 (Thought Technology, Canada), an 8-channel polygraph. ECG and respiratory signals were 
205 sampled at 2048 Hz, while PPG and EDA at 256 Hz. The EDA sensors were attached to 
206 the palm side of the annular and middle finger on the left hand for all participants, since 
207 the PPG sensor was attached to the index finger. Participants were asked to use their 
208 right hand to solve the tasks using the keyboard. ECG was acquired using three disposable 
209 electrodes applied in lead-I configuration. The respiratory signal was measured using a 
210 chest strap equipped with a resistive sensor positioned at the level of the sternum. To 
211 minimize artifacts and improve signal quality, participants were asked to remain still 
212 throughout the experiment. In this study, the PPG signal was not analyzed, since we 
213 focused on the ECG signal to extract HR-related parameters. Salivary samples were 
214 collected using Salivette Cortisol® (Sarsted) and analyzed by an external laboratory.

215 2.4. Physiological Data Analysis
216 2.4.1. Signal pre-processing
217 The Pan-Tompkins algorithm36 was used to identify R peaks in the ECG to obtain the RR 
218 series (tachogram), and results were manually checked to correct misdetections and 
219 remove ectopic beats through an in-house MATLAB graphical interface. The identified 
220 peaks were used to compute the RR series, i.e., the series of the time distances between 
221 consecutive heartbeats12. The respiratory signal was low-pass filtered at 10 Hz with a 
222 zero-phase FIR filter using a Kaiser window with 7426 coefficients. A series synchronous 
223 with the RR signal, called respirogram, was extracted by sampling the amplitude of 
224 preprocessed respiratory signal in correspondence with each identified R peak12,37–40.

225 The low-pass filtered respiratory signal was also further processed to derive the series of 
226 respiratory period durations, that is the series of the time distances between consecutive 
227 breathing actions. Specifically, following and adapting the processing pipeline proposed 
228 in the literature41, it was downsampled to 64 Hz and further filtered between 0.05 Hz and 
229 1 Hz using a Butterworth filter (order 4, zero-phase implementation) before detecting the 
230 positive peaks of the waveforms using the MATLAB function ‘findpeaks’. A minimum 
231 distance of 1.5 seconds, corresponding to a maximum respiratory rate of 40 respirations 
232 per minute, and a prominence of 0.2 were imposed. Results of the procedure were visually 
233 checked to ensure the correct detection of breathing actions. 

234 The EDA signal was low-pass filtered at 2.5 Hz using a zero-phase FIR filter (Kaiser 
235 window, 586 coefficients), downsampled to 16 Hz, and normalized by applying the z-score 
236 transformation. The open-source Ledalab toolbox22 was used to decompose the signal into 
237 its tonic and phasic components. Specifically, the first reflects the slow-changing baseline 
238 level of skin conductance over time (i.e., Skin Conductance level – SCL), while the second 
239 contains rapid changes associated with transient activations, called Skin Conductance 
240 Responses (SCR), represented by the phasic component.

241 Data from two participants belonging to the control group were removed due to failed 
242 recording in one case and low-quality signal in the other, resulting in 29 subjects in the 
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243 CONTROL group and 31 in the STRESS group. An example of the analyzed signals is 
244 displayed in Fig. 1 (b) for one participant.

245
246 Fig. 1(a) Experimental protocol. (b) Example of the time series of interest from a participant. The 
247 first row shows the corrected tachogram (RR series), the second row displays the respirogram 
248 derived sampling the respiration signal using the RR series. The third row displays the respiratory 
249 period duration series derived from the respiration signal. Finally, the EDA signal in gray, its tonic 
250 component in green and the phasic component in red are displayed in the last row. Gray areas 
251 represent the time periods in which the cortisol and SUDS were collected, thus artifacts can be 
252 present in these phases, which were discharged. Blue lines indicate the start of each phase, green 
253 lines their end.

254 2.4.2.Linear time-domain and frequency-domain HRV parameters

255 Time-domain and frequency-domain short-term (<5 minutes) HRV parameters14 were 
256 extracted from the HRV signals (RR series and related respirogram), considering the 
257 central four minutes of recording for each protocol phase. In the time domain, the mean 
258 RR (meanRR [ms]), RR standard deviation (stdRR [ms]), and root mean square of 
259 successive R peak differences (RMSSD [ms]) were computed.
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260 Concerning the frequency domain, the power spectral density (PSD) was estimated using 
261 the Autoregressive (AR) modelling approach42,43, both in a univariate and in a bivariate 
262 fashion. Specifically, linear trend was removed from individuals’ HRV signals to reduce 
263 spectral contribution of the lowest frequencies and highlight faster oscillations. For each 
264 segment, first an AR model of order p based on the expression in Eq (1) 

y(n) = - ∑p
i=1 aiy(n - i) + u(n)  (Eq.1)

265 where y(n) is the HRV signal at sample n, y(n - i) indicates previous samples, aiare the 
266 coefficients of the AR model, and u(n) is the white noise having zero-mean and variance 
267 σ2. The optimal order p of the AR model was automatically selected between 7 and 15 
268 using the Akaike information criterion (AIC)12,20 for each processed segment and the 
269 model was estimated using the Yule–Walker formulation. Once the AR(p) model is 
270 estimated, the transfer function of the model is given by Eq.2 

H(z) = 1
(1+∑p

i=1 aiz-1)
= 1

A(z)  (Eq.2)

271 From which the representation in the frequency domain, the PSD(f), can be estimated as 
272 in Eq.3

 PSD(f) = Tσ2

A(z)A(z-1)|  z=e2πjfT
(Eq.3)

273 with T being the sampling period, corresponding to the average duration of the RR 
274 intervals in the considered segment20,39.
275 From the obtained PSD, powers in LF (0.04–0.15 Hz) and HF (0.15–0.4 Hz) bands were 
276 estimated as the sum of the individual contributions of the poles that fall in the frequency 
277 range of each band. Moreover, the LF/HF ratio and the normalized LF and HF (normalized 
278 units, n.u.) powers were also extracted as relative values to the total power minus the 
279 very low frequency component12.

280 Secondly, the bivariate-AR analysis was also applied to the same RR signal segments and 
281 the corresponding segments of the detrended respirogram. This approach is commonly 
282 used to highlight linear frequency relationships between the two considered signals and 
283 offers the possibility to disentangle the contribution of the respiratory activity in the total 
284 heart rate variability 20,44,45. Specifically, the HRV signal can be modeled as the sum of 
285 two contributions: the RSA (deterministic), caused by the respiratory activity, which can 
286 be seen as a contribution in the HRV frequency content coherent with respiration, and 
287 the not-coherent component, an intrinsic stochastic activity of the system. The usefulness 
288 of this approach is shown in Fig.2, where the contribution of the respiratory activity is 
289 completely overlapped with the traditional LF component of the HRV and may be 
290 erroneously attributed to non-vagal contributions.

291 The bivariate-AR was modeled for each signal segment using the formulation38,46 in Eq. 4

Y(n) = - ∑p
i=1 A(i)Y(n - i) + U(n) (4)
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Y(n) = [y1(n)
y2(n)] ,         A(i) = [ a11(i)

a12(i))
a21(i)
a22(i))] ,         U(n) = [u1(n)

u2(n)]
292
293 In this case, the processed series are in the form of vector Y(n), the matrix A(i) of order p 
294 contains the model coefficients (2*2*p), and U(n) is the vector of the residual terms. The 
295 model was estimated using the Yule–Walker equations solved through the Levinson–
296 Wiggins–Robinson algorithm, and the model order p was again estimated between 7 and 
297 15 by applying the AIC criterion and verifying the whiteness of the residuals. 
298 Transforming the estimated model into the frequency domain, the PSD matrix can be 
299 obtained. The bivariate model disentangles the contribution of the respiratory activity (y2
300 (n)= respirogram) from the HRV series (y1(n)= RR series). Using this approach, three 
301 parameters were extracted in each phase, specifically the power of the coherent 
302 component (PCOH), representing the RSA index20, and the power of the not-coherent 
303 component (PNCOH).

304
305 Fig. 2 (a) The HRV signal at REST and (b) the associated respirogram signal for a participant. 
306 (c) The auto spectrum of the RR signal is represented with the portion of the spectrum that 
307 is due to the contribution of the respiration activity (black area) overlapped. (d) Auto 
308 spectrum of the respirogam.

309 2.4.3.Nonlinear HRV parameters

310 Additionally, the following nonlinear analysis methods were also applied to the HRV signal 
311 in each protocol phase and previously defined time windows: Sample Entropy (SamEn), 
312 Detrended Fluctuation Analysis (DFA), and Poincarè plot (or recurrence plot)14,47,48. The 
313 nonlinear analysis was conducted using scripts adapted from open-source codes 
314 [https://github.com/jramshur/HRVAS]49 and custom implementations. Entropy analysis 
315 quantifies the irregularity and complexity of the HRV signal and of its fluctuations. 
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316 Specifically, the SamEn, which can be robustly estimated from short signals (at least 1 
317 minute of RR signal is required, according to14), was determined using an embedding 
318 dimension m = 2 and a tolerance threshold r = 0.2 of the standard deviation of the signal. 
319 From the DFA, which characterizes the long-range fluctuation of the HRV signal, two 
320 slope parameters were extracted: a1 from 4 to 12 heartbeats and a2 from 12 to 64 
321 heartbeats13. The second slope requires at least 2 minutes of RR intervals to be correctly 
322 estimated14.
323 From the Poincarè plot, comparing the variation between consecutive RR intervals, we 
324 extracted the standard deviation of the short-term RR series variability (SD1), the 
325 standard deviation of the long-term RR series variability (SD2), and their ratio SD1/SD248.

326 2.4.4.Respiration parameters
327 Two parameters in the time domain were extracted from the series of respiratory period 
328 duration estimated as described in section [2.4.1]. Also in this case, a 4-minute segment 
329 centered in each protocol phase was used to compute the mean interval between 
330 consecutive breaths (meanBB) and their standard deviation (stdBB).
331 2.4.5.EDA parameters

332 Finally, from the EDA signal, processed through the Ledalab toolbox22, three phasic 
333 indexes of the EDA were computed considering a 4-minute window at the center of each 
334 protocol phase. Specifically, in each segment, the number of phasic peaks (nSCR), the 
335 mean amplitude of the phasic driver (SCR), and the sum of the phasic response amplitudes 
336 (AmpSum) were extracted. Parameters based on the tonic component were not considered 
337 in this analysis, since an influence of wearing time was observed for most participants 
338 (i.e., a constantly increasing tonic level).

339 2.5. Statistical analysis

340 First, to analyze the modulation of physiological indexes due to different intensities of 
341 mental engaging and stress levels, we compared the entire sample’s (N = 60) parameter 
342 distributions among the four conditions (‘REST’, ‘MIST’, ‘MGT’, and ‘VS’) with the 
343 hypothesis that the MIST, MGT, and VS tasks elicit a physiological activation with respect 
344 to REST. The statistical analysis was carried out using the non-parametric Friedman’s 
345 test, since most parameters were not normally distributed, according to the Kolmogorov-
346 Smirnov test and quartile-quartile plot exploration. A post-hoc analysis was also 
347 conducted to identify specific differences between conditions at a significance level of 
348 0.05, after p-value correction using Bonferroni’s method. The same approach was 
349 repeated within each group (i.e., CONTROL, STRESS), in order to observe possible 
350 different patterns induced by the introduction of time and social pressure in the MIST 
351 task. To further investigate the role of such additional stressors in MIST and highlight 
352 possible differences between the two experimental groups, the variation with respect to 
353 the REST condition was computed (MIST–REST, MGT–REST, and VS–REST) for each 
354 parameter and compared between the two groups using a Mann-Whitney U-test within 
355 each task. 
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356 To strengthen the interpretation of the results, Cohen’s non-parametric effect size (r) was 
357 computed50. The suggested interpretation (> 0.1 small, > 0.3 medium, > 0.5 large) was 
358 adopted.

359 To explore the relationship between physiological parameters and perceived stress due 
360 to MIST manipulations, Spearman's correlation (rho) was estimated between changes in 
361 physiological parameters (MIST–REST) and SUDS levels (post–pre MIST) measured 
362 before and during or after MIST. Furthermore, Spearman's correlation was also estimated 
363 between the variation of physiological parameters during MIST and MGT with respect to 
364 REST and the corresponding variation of cortisol levels in terms of percentage variation 
365 from baseline computed as 100* t0 - t1,2

t0
 .

366 Additionally, with the aim of understanding whether a combination of the analyzed 
367 parameters can provide a clear distinction between REST and the three cognitive tasks, 
368 we applied a multivariable analysis considering the parameters showing significant 
369 variations across tasks. Specifically, we first evaluated Pearson’s correlation between 
370 indices to exclude highly correlated pairs of features (|Pearson’s r| > 0.75) and normalized 
371 (z-score) the remaining ones. The features from all participants were used to train three 
372 binary Random Forest (RF) models with 100 estimators and leave-one-subject-out cross-
373 validation. The procedure was repeated 100 times, using different random seeds. Models 
374 were trained to distinguish the following condition pairs: REST vs MIST, REST vs MGT, 
375 and REST vs VS. We preferred this approach to a multinomial classification because our 
376 goal was not obtaining a model able to separate the specific experimental conditions we 
377 examined but, rather, to determine which set of features better allows to distinguish each 
378 kind of task from the resting state and explain possible reasons behind that. To evaluate 
379 model performance, classification accuracy was computed and averaged across procedure 
380 repetitions. 

381 Since the aim of this analysis was to identify a set of features that, combined, may better 
382 characterize the observed physiological responses, we applied the Shapley (SHAP)41 

383 approach to analyze feature importance for the three described models, thereby 
384 explaining the contribution of the most relevant features.

385
386 3. RESULTS

387 The assessment of the initial stress level as measured by the PSS, POMS, and SUDS 
388 showed homogeneous starting levels for the two groups. Specifically, the CONTROL 
389 group reported a mean response (between 1 to 5) to PSS of 3.11 (SD=0.35) and a mean 
390 response (between 1 to 5) to POMS of 2.17 (SD=0.44), while the STRESS group reported 
391 a mean PSS of 3.05 (SD=0.33) and a mean POMS of 2.08 (SD=0.46). As for the initial 
392 SUDS levels on a scale from 0 to 100, CONTROL group indicated a mean of 33.6 (SD = 
393 20.5), the STRESS group indicated a mean level of 28.9 (SD = 19.1).

394 The non-parametric Wilcoxon signed rank test was applied to test whether the Cortisol 
395 concentrations collected at t1 and t2 varied significantly with respect to t0. Cortisol 
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396 concentrations collected at t1 (ALL : median =0.26 µg/dL, IQR =0.20 µg/dL; CONTROLS: 
397 median =0.27 µg/dL, IQR =0.14 µg/dL; STRESS: median =0.25 µg/dL, IQR =0.22 µg/dL) 
398 and t2 (ALL : median =0.25 µg/dL, IQR =0.20 µg/dL; CONTROLS: median =0.24 µg/dL, 
399 IQR =0.16 µg/dL; STRESS: median =0.28 µg/dL, IQR =0.28 µg/dL) did not show any 
400 significant variation with respect to baseline values at t0 (ALL : median =0.26 µg/dL, IQR 
401 =0.16 µg/dL; CONTROLS: median =0.26 µg/dL, IQR =0.14 µg/dL; STRESS: median =0.26 
402 µg/dL, IQR =0.21 µg/dL), neither considering the whole population (t1-t0: p= 0.349, r 
403 <0.001; t2-t0: p=0.123, r =0.004), neither considering the STRESS (t1-t0: p= 0.202, 
404 r=0.008; t2-t0: p=0.147, r=0.014) and the CONTROL group (t1-t0: p=0.886, r =0.014; t2-
405 t0: p=0.523, r=0.006) separately.

406 3.1. Heart Rate Variability parameters 

407 Table I reports median, 25th, and 75th percentile values of all the HRV indexes, for the 
408 entire sample and the two groups separately. While a general decreasing trend from REST 
409 to all the other conditions is observable for the three time domain parameters, Friedman’s 
410 test identified significant differences only for meanRR and stdRR when the complete 
411 sample was considered (meanRR p<0.001; stdRR p=0.004; RMSSD p=0.121). Concerning 
412 the mean RR interval duration, post-hoc analysis with Bonferroni’s correction showed a 
413 significantly decreased value from REST to MIST (p=0.009↓, r=0.468) and to MGT 
414 (p=0.011↓, r=0.473), and an increase from MIST to VS (p=0.043↑, r=0.435). A 
415 significant decrease with moderate effect size was also observed for the stdRR from REST 
416 to all the other protocol phases (Rest to MIST, p<0.001↓, r=0.498; Rest to MGT, 
417 p=0.023↓, r=0.455, and Rest to VS, p=0.023↓, r=0.415).

418 Interestingly, repeating the analysis for the two groups separately revealed different 
419 modulations shown in Fig.3 (a) and (b). Specifically, in the CONTROL group, Friedman’s 
420 test detected statistically significant differences for the meanRR (p=0.033) and stdRR 
421 (p=0.008) parameters, not for RMSSD (p =0.121). In the STRESS group, only meanRR 
422 showed significant variations (p=0.002). Pairwise corrected comparisons for the 
423 CONTROL group identified a significant increase in meanRR from MGT to VS phases (p 
424 = 0.036↑, r=0.620) and significant decreases in stdRR from REST to both MIST 
425 (p=0.007↓, r=0.576) and MGT (p=0.049↓, r=0.560). In the STRESS group, instead, the 
426 mean RR interval significantly decreased from REST to MIST (p=0.002↓, r=0.672) and to 
427 MGT (p=0.019↓, r=0.616) phases. This different behavior is also confirmed by the 
428 significant difference (with small effect size) between the two groups in terms of ∆meanRR 
429 observed in the MIST task (MIST–REST, p=0.03, r=0.273), as depicted in Fig.3 (c).

430 The frequency-domain analysis based on the univariate AR model to estimate LF and HF 
431 powers and the corresponding normalized values showed a decreasing, yet not significant, 
432 trend for LF, HF and LF/HF, mostly due to a decrease in total power of the HRV signal 
433 during the three tasks with respect to REST, while we observed unchanged normalized 
434 powers. 

435 Table I:Linear HRV parameters in time and frequency domain (median and 
436 25th-75th percentiles values). Symbols identify statistical differences: * 
437 different from REST; # different from MIST; § different from MGT.
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ALL CONTROL STRESS

REST MIST MGT VS REST MIST MGT VS REST MIST MGT VS
meanR

R
(ms)

me
d 726.28 693.8

7*
696.4

4*
724.4
9 # 738.35 714.97 731.03 764.6

2 § 711.92 685.8
9*

672.8
3* 714.95

25t
h-

75t
h

673.11
-

807.61

631.08
-

803.87

645.76
-

805.84

652.74
-

817.28

686.55
-

851.06

658.78
-

850.87

664.29
-

839.33

690.88
-

869.64

664.28
-

789.21

614.31
-

761.16

635.24
-

770.59

634.92
-

786.91

StdRR
(ms)

me
d 47.88 41.58

*
40.62

*
43.65

* 55.67 42.60
*

40.77
* 48.60 46.64 39.71 40.46 41.24

25t
h-

75t
h

37.25-
65.03

31.10-
52.41

32.51-
55.99

32.62-
57.60

39.14-
68.11

32.66-
58.54

32.15-
58.97

33.97-
61.14

33.12-
61.64

30.05-
51.56

32.74-
53.93

31.59-
53.15

RMSSD
(ms)

me
d 24.64 25.46 23.31 714.95 29.42 26.24 23.74 30.83 22.57 21.27 22.50 26.08

25t
h-

75t
h

17.78-
41.45

14.11-
40.94

16.07-
39.52

634.92
-

786.91
19.81-
43.84

17.30-
39.55

16.08-
41.07

20.33-
43.01

15.41-
32.84

12.97-
40.86

14.49-
37.30

15.44-
34.39

HF
(ms^2)

me
d 260.87 247.51 198.54 238.34 272.76 265.23 196.47 258.45 172.07 157.56 200.60 233.11

25t
h-

75t
h

106.31
-

546.71
89.32-
451.22

89.23-
449.53

99.00-
467.03

201.71
-

812.33

102.78
-

580.24

104.47
-

505.33
99.62-
589.72

62.86-
501.81

84.40-
384.41

55.71-
412.07

68.35-
367.86

LF
(ms^2)

me
d 680.32 626.87 589.70 616.36 1006.8

5 716.00 664.31 695.08 568.09 615.88 453.40 532.34

25t
h-

75t
h

425.49
-

1488.2
9

308.76
-

1121.9
0

260.58
-

1123.5
0

285.18
-

1288.9
0

513.39
-

1736.0
9

357.66
-

1319.1
6

281.97
-

1251.8
0

316.26
-

1682.9
2

259.51
-

1204.1
1

263.86
-

1086.4
9

250.30
-

911.81

237.35
-

1053.4
3

LF/HF me
d 3.23 3.08 3.63 2.28 2.85 2.85 3.25 1.75 3.64 3.39 3.91 2.69

25t
h-

75t
h

1.70-
6.28

1.63-
5.60

1.24-
6.42

1.43-
6.32

1.59-
5.79

1.88-
4.76

1.31-
4.91

1.34-
7.04

1.97-
7.66

1.54-
5.79

0.98-
7.51

1.43-
5.31

HF 
norm
(%)

me
d 23.80 24.54 21.61 30.53 25.98 25.96 23.55 36.32 21.53 22.76 20.38 27.09

25t
h-

75t
h

13.75-
37.03

15.16-
38.00

13.47-
44.61

13.68-
41.19

14.76-
38.73

17.45-
34.79

16.94-
43.25

12.56-
43.07

11.69-
33.64

14.72-
39.45

11.75-
50.53

15.91-
41.14

LF 
norm
(%)

me
d 76.20 75.46 78.39 69.47 74.02 74.04 76.45 63.68 78.47 77.24 79.62 72.91

25t
h-

75t
h

62.97-
86.25

62.00-
84.84

55.39-
86.53

58.81-
86.32

61.27-
85.24

65.21-
82.55

56.75-
83.06

56.93-
87.44

66.36-
88.31

60.55-
85.28

49.47-
88.25

58.86-
84.09

PCOH 
(RSA 

index)
(ms^2)

me
d 522.38 276.2

4*
250.2

6*
272.5

5* 688.05 294.0
7*

322.8
5*

361.9
1* 432.51 197.8

2*
149.5

6*
244.2

5*

25t
h-

75t
h

252.37
-

1194.7
6

80.53-
778.80

121.80
-

482.76

100.91
-

531.01

276.11
-

1382.4
0

112.23
-

826.34

166.35
-

855.83

141.31
-

645.02

222.22
-

983.63
66.87-
734.05

89.90-
425.82

98.95-
433.86

PNCOH 
(ms^2)

me
d

2110.2
2

1317.
51*

1468.
02*

1495.
98*

2268.1
6

1365.1
6

1489.0
7

1805.
94*

2047.0
4

1242.
03*

1436.5
4

1319.
50*

25t
h-

75t
h

1188.1
6-

3102.4
7

758.11
-

2287.3

781.79
-

2442.4
4

830.12
-

2519.7
1

1310.4
4-

3292.1
1

878.20
-

2647.9
2

782.46
-

2397.3
6

812.16
-

2657.2
5

955.16
-

2939.5
0

747.41
-

2078.1
2

815.66
-

2464.9
6

885.07
-

2460.7
1

PNCOH/
PCOH

me
d 3.15 4.99* 5.76* 6.52* 3.12 4.24 5.03 5.39* 3.19 5.95* 7.35* 7.42*

25t
h-

75t
h

2.20-
5.96

3.18-
11.23

3.43-
11.58

3.50-
10.74

2.13-
5.79

3.03-
7.33

2.95-
7.67

3.18-
10.47

2.31-
6.37

3.21-
13.25

4.49-
13.94

3.94-
10.97

438
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439 Considering the bivariate analysis for the whole sample, PNCOH and PCOH showed a 
440 decreasing trend going from REST to task conditions, while the ratio PNCOH/PCOH 
441 increased. These trends were found significant according to the Friedman’s test (PNCOH 
442 p<0.001; PCOH p<0.001; PNCOH/PCOH p<0.001) and the post-hoc Bonferroni-corrected 
443 analysis was performed. Specifically, significant decreases in PNCOH were observed 
444 between REST and all the tasks with mainly moderate effect size (Rest to MIST, 
445 p<0.001↓, r=0.540; Rest to MGT, p=0.018↓, r=0.359, Rest to VS, p<0.001↓, r=0.453), 
446 while no differences were found among the three tasks. Similar results were obtained for 
447 PCOH (RSA index) with larger effect size (Rest to MIST, p<0.001↓, r=0.590; Rest to MGT, 
448 p<0.001↓, r=0.682, Rest to VS, p<0.001↓, r=0.668), while the ratio significantly 
449 increased in the same tasks reporting from moderate to large effect sizes (Rest to MIST, 
450 p=0.035↑, r=0.392; Rest to MGT, p<0.001↑, r=0.536; Rest to VS, p<0.001↑, r=0.562).

451
452 Fig. 3. HRV parameters showing significant modulations (Friedman’s Test p<0.05). 
453 Panels (a) and (b) show the median, 25th and 75th percentiles values of time domain 
454 parameters, respectively the mean RR and the std RR, for the two groups in each 
455 protocol phase. Panel (c) represents the variation of the mean RR during MIST with 
456 respect to Rest for STRESS in red and CONTROLS in blue. * Indicates a significant 
457 difference p = 0.03). Panels (d), (e) and (f) display the median, 25th and 75th 
458 percentiles values of frequency domain parameters estimated using the bivariate 
459 approach, respectively the power not coherent with respiration, the RSA estimation 
460 and their ratio.

461 These results are confirmed at the single-group level. For the CONTROL group, the 
462 Friedman’s test highlighted the presence of significant variations among tasks in PNCOH 
463 (p=0.012), PCOH (p<0.001), and PNCOH/PCOH (p=0.043). In particular, only the 
464 PNCOH decrease during VS with moderate effect size survived to Bonferroni’s correction 
465 (Rest to VS, p =0.0137↓, r=0.488), the PCOH significantly decreased in all the tasks with 
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466 respect to REST with large effect size (Rest to MIST, p=0.0033↓, r=0.612; Rest to MGT, 
467 p=0.0007↓, r=0.733, Rest to VS, p=0.0001↓, r=0.636), while their ratio significantly 
468 increased only in VS with respect to REST (p=0.0264↑, r=0.584). The same differences 
469 were more marked in the STRESS group, particularly for the PINCOH/PCOH parameter 
470 (Friedman’s test: PNCOH p=0.010; PCOH p<0.001; PNCOH/PCOH p<0.001). More in 
471 detail, after p-values corrections, significant decreases in PNCOH were observed during 
472 MIST (p=0.014↓, r=0.524) and VS with respect to REST (p=0.035↓, r=0.402) and for 
473 PCOH, again, from REST to MIST (p=0.002↓, r=0.591), MGT (p=0.002↓, r=0.679), and 
474 VS (p=0.002↓, r=0.707), while no differences were found among cognitive tasks. The 
475 STRESS group also showed an increase in PNCOH/PCOH for all the tasks with respect to 
476 REST (Rest to MIST, p = 0.047↑, r=0.461; Rest to MGT, p<0.001↑, r=0.598; Rest to VS, 
477 p =0.007↑, r=0.535). The distribution of these parameters are shown in Fig.3 (d), (e) 
478 and (f).
479 In the frequency domain, there were no significant differences among the groups.

480 Table II reports median, 25th, and 75th percentile values for the nonlinear HRV indexes 
481 for the whole population and the two groups separately. SamEn was found to be 
482 significantly affected by the protocol phase for the entire sample and for each group (All: 
483 p<0.0001, CONTROL: p<0.001, STRESS: p<0.001). On the entire sample, after p-values 
484 correction, we found a significant increase in SamEn during all tasks with respect to REST 
485 conditions with an effect size from moderate to large (Rest to MIST, p<0.001↑, r=0.539; 
486 Rest to MGT, p=0.022↑, r=0.359; Rest to VS, p<0.001↑, r=0.710) and during VS 
487 compared to MGT (p=0.028↑). Analyzing the groups separately, we notice a significant 
488 increase in SamEn in both cases, from REST to MIST and from REST to VS (CONTROL: 
489 Rest to MIST, p=0.013↑, r=0.572, Rest to VS, p<0.001↑, r=0.661; STRESS: Rest to 
490 MIST, p=0.009↑, r=0.514; REST to VS, p<0.001↑, r=0.750). No differences were 
491 observed between the two groups. 

492 Table II Nonlinear HRV parameters in time and frequency domain (median and 
493 25th-75th percentile values). Symbols identify statistical differences: * different 
494 from REST; # different from MIST; § different from MGT.

ALL CONTROL STRESS
REST MIST MGT VS REST MIST MGT VS REST MIST MGT VS

SD1 med 0.017 0.018 0.017 0.020 0.021 0.019 0.017 0.022 0.016 0.015 0.016 0.018
25th

-
75th

0.013-
0.029

0.010-
0.029

0.011-
0.028

0.012-
0.027

0.014-
0.031

0.012-
0.028

0.011-
0.029

0.014-
0.030

0.011-
0.023

0.009-
0.029

0.010-
0.026

0.011-
0.024

SD2 med 0.066 0.056
*

0.055
*

0.057
* 0.075 0.058

* 0.056 0.067 0.064 0.053
* 0.054 0.056

25th

-
75th

0.051-
0.086

0.043-
0.071

0.044-
0.072

0.045-
0.077

0.054-
0.091

0.044-
0.072

0.044-
0.076

0.046-
0.082

0.046-
0.083

0.040-
0.068

0.045-
0.071

0.042-
0.071

SD1
/SD
2

med 0.280 0.314
* 0.291 0.339

* 0.292 0.336 0.292 0.398
* 0.253 0.294 0.289 0.306

*
25th

-
75th

0.239-
0.341

0.253-
0.396

0.236-
0.403

0.265-
0.423

0.249-
0.351

0.274-
0.404

0.246-
0.366

0.266-
0.432

0.229-
0.307

0.220-
0.391

0.225-
0.430

0.262-
0.362

Sam
En med 1.239 1.409

*
1.325

*
1.504

*§ 1.286 1.407
* 1.402 1.542

* 1.208 1.411
* 1.226 1.487

*
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25th

-
75th

1.030-
1.398

1.239-
1.649

1.116-
1.528

1.257-
1.694

1.142-
1.525

1.316-
1.658

1.165-
1.525

1.303-
1.781

1.013-
1.347

1.045-
1.646

0.998-
1.534

1.144-
1.569

a1 med 1.392 1.295 1.340 1.222 1.385 1.276 1.330 1.190 1.457 1.407 1.351 1.320
25th

-
75th

1.186-
1.505

1.112-
1.495

1.091-
1.526

1.079-
1.442

1.133-
1.500

1.156-
1.481

1.091-
1.522

1.074-
1.350

1.239-
1.518

1.094-
1.538

1.072-
1.528

1.092-
1.443

a2 med 0.808 0.770 0.837 0.802 0.787 0.747 0.801 0.800 0.831 0.776 0.870 0.828
25th

-
75th

0.686-
0.929

0.634-
0.908

0.734-
0.936

0.645-
0.983

0.661-
0.892

0.638-
0.899

0.737-
0.949

0.677-
0.955

0.722-
1.011

0.619-
0.908

0.714-
0.930

0.637-
0.988

495
496 The extracted DFA indices did not show any significant differences. As for the recurrence 
497 plot analysis, the SD1 was not affected by the protocol phases for both the whole sample 
498 and the group-wise analysis. SD2 showed a general decrease from REST to all the other 
499 protocol phases, while the SD1/SD2 ratio increased. Specifically, considering the 
500 complete sample (Friedman’s test p<0.001), the SD2 decrease was significant for each 
501 protocol phase with respect to REST (Rest to MIST, p<0.001↓, r=0.539; Rest to MGT, 
502 p=0.04↓, r=0.460; Rest to VS, p=0.007↓, r=0.451), while in the CONTROL group, after 
503 correction for multiple comparisons, the difference was significant only between REST 
504 and MIST (p=0.013↓, r=0.604) as for the STRESS group (p=0.026, r=0.465). The ratio 
505 SD1/SD2, instead, increased during the tasks with respect to REST (Friedman test: ALL: 
506 p<0.001, CONTROL: p=0.035, STRESS: p=0.006). Specifically, for the entire sample, the 
507 increase was significant for both MIST (p=0.011↑, r=0.457) and VS with respect to REST 
508 (p<0.001↑, r=0.537), whereas separating the two groups, only VS showed a higher value 
509 than the REST condition for both groups (CONTROL: p=0.02, r=0.500, STRESS: p=0.003, 
510 r=0.598).

511
512 3.2. Respiration parameters

513 From the thoracic belt signal, we estimated the mean interval between consecutive 
514 breaths (meanBB) and their variability (stdBB) for each protocol phase, reported in Table 
515 III. Considering the overall sample, Friedman’s test identified statistically significant 
516 differences due to task effect for both the indexes (meanBB p<0.001, stdBB p<0.001). 
517 Specifically, both the parameters significantly decreased from REST to MIST, MGT, and 
518 VS (meanBB: Rest to MIST, p<0.001↓, r=0.703; Rest to MGT, p<0.001↓, r=0.688, Rest 
519 to VS, p<0.001↓, r=0.750; stdBB: Rest to MIST, p=0.001↓, r=0.540; Rest to MGT, 
520 p=0.002↓, r=0.538, Rest to VS, p<0.001↓, r=0.643), while no differences were observed 
521 among the three tasks after Bonferroni’s correction. 
522 Similar patterns were found in the two groups, where Friedman’s test reported significant 
523 variations (CONTROL: meanBB p<0.001, stdBB p<0.001; STRESS: meanBB p<0.001, 
524 stdBB p<0.001), which were confirmed by the post-hoc analysis with correction for 
525 multiple comparisons. The meanBB was significantly decreased during MIST, MGT, and 
526 VS with respect to REST for both the CONTROL (Rest to MIST, p<0.001↓, r=0.713; Rest 
527 to MGT, p=0.003↓, r=0.761; Rest to VS, p<0.001↓, r=0.833) and the STRESS group 
528 (Rest to MIST, p<0.001↓, r=0.700; Rest to MGT, p=0.035↓, r=0.613; Rest to VS, 
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529 p<0.001↓, r=0.676). As for the variability of the respiratory period, a significant decrease 
530 was observed from REST to MIST (p=0.036↓, r=0.516) and to VS (p<0.001↓, r=0.677) 
531 in the CONTROL group, while the decrease in the STRESS group was significant from 
532 REST to MGT (p=0.01↓, r=0.535) and to VS (p<0.001↓, r=0.623) only. For the 
533 respiratory parameters, no statistical differences were observed between experimental 
534 groups.

535 3.3. EDA parameters

536 The activation parameters of interest extracted from the phasic component of the EDA 
537 signal are reported in Table III as median values and 25th-75th percentiles and 
538 represented in Fig.4. Concerning the whole sample, Friedman’s test revealed a significant 
539 effect of the protocol phases for all three parameters (nSCR p<0.001; SCR p<0.001 and 
540 AmpSum p<0.001). Post-hoc Bonferroni-corrected analysis showed a significant 
541 difference between each of the three tasks and the REST condition. Specifically, a 
542 significant increase in nSCR was observed during MIST (p<0.001↑, r=0.566), MGT (p = 
543 0.042↑, r=0.393), and VS (p<0.001↑, r=0.589). As for SCR, significant increases were 
544 observed during all the tasks with respect to REST with mostly large effect size (REST to 
545 MIST, p<0.001↑, r=0.802; REST to MGT, p=0.002↑, r=0.527; and REST to VS, 
546 p<0.001↑, r=0.693) and in VS with respect to MGT (MGT to VS, p=0.001↑, r=0.562), 
547 suggesting decreased activation during MGT, even if non-significant when compared to 
548 MIST. Similar results were obtained analyzing the AmpSum index (REST to MIST, 
549 p<0.001↑, r=0.802; REST to VS, p<0.001↑, r=0.698; REST to MGT, p=0.005↑, r=0.540; 
550 MGT to VS, p<0.001↑, r=0.550).

551
552 Fig.4: Median, 25th and 75th percentiles values for the EDA derived parameters in 
553 each protocol phase for the STRESS and the CONTROL group. The nSCR is reported 
554 in number per minute (npm), the SCR and the AmpSum are represented in 
555 normalized units (N.U.).

556 Table III Respiration variability metrics and EDA derived phasic parameters (median 
557 and 25th-75th percentiles values). Symbols identify statistical differences: * different 
558 from REST; # different from MIST; § different from MGT
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meanBB 
(s) med 3.88 3.22* 3.4

6* 3.14* 3.67 3.19* 3.33* 3.04* 3.99 3.33* 3.50* 3.20*
25th

-
75th

3.29-
4.59

2.85-
3.66

3.00
-

3.90
2.83-
3.57

3.35-
4.58

2.83-
4.03

2.94-
3.91

2.83-
3.59

3.02-
4.57

2.87-
3.62

3.11-
3.86

2.83-
3.56

stdBB 
(s) med 0.99 0.75* 0.7

4* 0.54* 0.99 0.67* 0.77 0.62* 1.00 0.80 0.72* 0.52*
25th

-
75th

0.71-
1.60

0.43-
1.03

0.48
-

1.13
0.37-
0.94

0.72-
1.70

0.42-
1.05

0.50-
1.09

0.37-
0.84

0.70-
1.47

0.44-
1.00

0.48-
1.15

0.39-
1.03

EDA
nSCR med 70 88* 76* 87* 68 83 77 92* 74 93* 75 87*

25th

-
75th

53-86 73.5-
98.5

66-
92

75.5-
98

53-
100.2

5

70.75
-

97.25
68.5-

89
83-

100.2
5

49.25
-83

77.25
-

101.5
61-

95.75
66.25

-
94.75

SCR med 0.05 0.10* 0.0
7*

0.10*
§ 0.05 0.10* 0.09* 0.13

*#§ 0.04 0.10* 0.07 0.08*
25th

-
75th

0.03-
0.09

0.06-
0.16

0.05
-

0.11
0.07-
0.16

0.03-
0.09

0.06-
0.15

0.06-
0.11

0.09-
0.19

0.03-
0.09

0.06-
0.18

0.05-
0.10

0.06-
0.12

Amp
Sum med 3.19 6.97* 4.5

5*
6.40*

§ 3.58 7.60* 4.86 8.54
*#§ 2.97 6.53* 4.31 5.70*

25th

-
75th

1.93-
5.45

3.83-
10.27

2.96
-

7.31
4.07-
10.57

1.83-
5.64

3.85-
9.62

3.16-
7.55

5.72-
12.79

2.02-
5.37

3.81-
10.85

2.29-
6.67

3.66-
7.20

559
560 Regarding the single-group level analysis, the CONTROL group showed significant 
561 variations in all the analyzed parameters (nSCR p=0.001; SCR p<0.001 and AmpSum 
562 p<0.001). Interestingly, the number of SCR peaks increased significantly only during the 
563 VS task compared to the REST condition (p<0.001↑, r=0.655). Anyway, the mean SCR 
564 and AmpSum significantly increased from REST to MIST (SCR p=0.001↑, r=0.833; 
565 AmpSum p=0.002↑, r=0.829), from REST to VS (both with p<0.001, r=0.829 and 
566 r=0.813), but also from MIST to VS (SCR p=0.036↑, r=0.432, AmpSum p=0.049↑, 
567 r=0.431) and from MGT to VS (both with p<0.001, r=0.737 and r=0.729). Of note, the 
568 SCR also increases in MGT with respect to the REST phase (p=0.036↑, r=0.544).

569 The STRESS group showed a similar pattern, but with a more pronounced response to the 
570 MIST task, as expected. Friedman’s test again detected significant trends due to the 
571 different protocol phases (nSCR p=0.017; SCR p<0.001 and AmpSum p<0.001). A 
572 significant increase in terms of nSCR was observed only from REST to MIST (nSCR 
573 p=0.001↑, r=0.690) and to VS (p=0.025↑, r=0.495). Similarly, significantly increased 
574 SCR and AmpSum were observed from REST to MIST (p<0.001↑, r=0.771 both indices) 
575 and from REST to VS (p<0.001↑, r=0.532 and r=0.556 respectively). No differences were 
576 reported among the three cognitive tasks.
577 Comparing parameter changes with respect to the REST condition between groups, a 
578 significant difference with moderate effect size was found for both SCR (p=0.006, 
579 r=0.353) and AmpSum (p=0.008, r=0.340) indexes during the VS tasks. Specifically, a 
580 more pronounced increase in activation was observed in the CONTROL group.

581 3.4. Correlation analysis

582 Correlations were investigated among physiological parameters that were significantly 
583 modulated by the protocol phases and the perceived stress level (SUDS scale). Changes 
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584 in SUDS, from before to after the MIST task, were found negatively correlated with the 
585 modulation of the mean RR interval duration, both across the whole sample ( p=0.005, 
586 Spearman’s rho=-0.355) and in the STRESS group (p=0.009, Spearman’s rho=-0.464), 
587 but not in the control group. This suggests an increase in heart rate (i.e., decrease in mean 
588 RR interval) associated with an increased perceived stress. All the other parameters were 
589 not significantly correlated with SUDS changes.
590 As for the cortisol level, one subject was removed because it resulted in an outlier (larger 
591 than mean +3*std). However, no significant correlation was found between any of the 
592 physiological parameters and cortisol level variation in t1 and t2 with respect to t0. 

593 3.5. Multivariable analysis

594 Fig. 5 summarizes the main results for the multivariable analysis. Nine features were 
595 considered: nSCR, AmpSum, MeanRR, MeanBB, RSA index, PNCOH/PCOH, SamEn, and 
596 SD1/SD2. Fig.5.A shows the classification cross-validation accuracy of each binary model. 
597 In line with the univariate results, both the MIST and the VS task obtained moderate 
598 separation accuracy (MIST: 0.75±0.014, VS: 0.78±0.015), while the MGT was more 
599 difficult to separate from the REST condition, with an average accuracy of 0.68±0.018. 
600 Since moderate differences emerged in the behaviors observed in the two groups, these 
601 results were obtained by training the models on the whole sample to maximize the number 
602 of available observations. 
603 Fig.5.B shows the results of Shapley analysis, pointing out the averaged importance of 
604 individual features (absolute Shapley values were considered for comparison) in each 
605 model. It is interesting to note that, depending on the task to be distinguished from REST, 
606 the contribution of each physiological parameter may change. Specifically, the EDA phasic 
607 parameter AmpSum highly contributes to distinguishing each task from REST. 
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608
609 Fig. 5. Multivariable analysis results. A) Mean and standard deviation of accuracy values 
610 for the three binary models. B) Mean and standard deviation of feature importance 
611 obtained from SHAP analysis, represented in order of descending importance considering 
612 the mean of the three tasks.  C) Scatter plots showing data distribution for each pair of 
613 conditions (REST vs MIST, REST vs MGT, and REST vs VS) in the three-dimensional space 
614 represented by the three most important features for each model.

615 From the HRV domain, the RSA index contributed to both MIST and MGT classification 
616 against REST, while SamEn was crucial for both MIST and VS. In the case of MGT, the 
617 PNCOH/PCOH was indicated as the most important feature. Finally, the mean distance 
618 between consecutive breaths (meanBB) contributed to VS classification. Fig.5.C displays 
619 three-dimensional scatterplots built using the three most important features for each 
620 mental task as indicated by the SHAP evaluation.

621 4. Discussion 

622 In the current study, we investigated the ANS responses in a sample of healthy adults 
623 during an acute mental stress and cognitive stimulation protocol, analyzing a set of 
624 physiological parameters comprising cardiovascular, electrodermal, and respiratory 
625 activity. While the effect of acute mental stress and cognitive tasks has been largely 
626 investigated in recent literature2,8,11,13,14, results often appear conflicting depending on 
627 different factors, such as the study population, experimental protocol, and parameter 
628 estimation approach. Moreover, most of the previous literature has focused on HRV 
629 parameters, sometimes including EDA analysis, while respiratory activity is often 
630 overlooked. A second aim of the study was to understand if a different level of initially 
631 induced acute stress could affect the ANS responses throughout the experimental 
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632 protocol. Therefore, the sample was randomly divided into two groups, one undergoing 
633 the original MIST and the other performing the same task in a less challenging modality. 
634 We also explored possible relationships between physiological parameters and 
635 psychometric as well as biochemical results. Finally, to identify a possible combination of 
636 parameters that could better characterize the response to each protocol condition, an RF-
637 based multivariable analysis was also performed.

638 Our results confirmed that most of the physiological parameters included in the analysis 
639 were modulated by cognitive tasks, and depending on their characteristics and origins, 
640 their modulations possibly reflected different ANS response components. Regarding the 
641 HRV, in the whole group a decrease of the mean and the standard deviation of the RR 
642 intervals supported the hypothesis of a shift towards a sympathetic prevalence induced 
643 by mental stress, as previously reported8,9. It is worth noting that, considering the two 
644 groups separately, the meanRR was found significantly reduced during MIST only for the 
645 STRESS group, while in the CONTROL group, even if a decrease was observed, this was 
646 not significant, probably because of a larger variability. On the contrary, the stdRR 
647 significantly decreased only for the CONTROL group, but the decrease was not significant 
648 in the experimental group. Nevertheless, the two parameters, even if the significance 
649 resulted ‘group specific’, showed expected modulations, in line with the literature and the 
650 study hypothesis. 
651 Interestingly, the RMSSD parameter, which has been described as one of the most 
652 sensitive indicators of acute stress5, did not show any significant modulation in our 
653 experiment. Similarly, frequency-domain HRV features were not considerably affected by 
654 the proposed protocol when estimated without considering the contribution of respiration, 
655 as also reported in the literature20,47. When disentangling the contribution of respiratory 
656 activity from the HRV signal, the task effect was significant, with a decreased RSA index 
657 suggesting withdrawal or deactivation of the parasympathetic (vagal) nervous system 
658 (PNS), in preparation for a demanding situation20. Nevertheless, this result should be 
659 interpreted also considering the observed changes in the respiration period (meanBB), 
660 which also modulate HRV parameters. In fact, the RSA index, when directly derived from 
661 the HF of the HRV spectrum, may be misinterpreted as a direct measure of vagal tone51. 
662 In our case, the use of the bivariate AR analysis mitigates this caveat by identifying the 
663 contribution of the respiration to the HRV spectrum at frequencies outside the expected 
664 HF range20. These results underscore the importance of integrating respiratory activity 
665 in frequency-domain HRV analysis, since breathing modulates HR and HRV19. Besides the 
666 frequency domain approaches, to learn more about RSA possible interpretation, new 
667 advanced tools have been developed able to estimate RSA and its dynamic52.
668 Linear HRV parameters were found sensitive to mental activities compared to the REST 
669 condition, but their changes were similar across the three tasks (MIST, MGT, and VS). 
670 Concerning the analysis of the HRV, it is worth noting that we used a 4-minute segment 
671 of RR time series to estimate both linear and nonlinear parameters. Although the 
672 reliability of estimates using at least 3 minutes of signals has been demonstrated in the 
673 literature14, we acknowledge that results related to LF power should be carefully 
674 considered since only a few cycles of the lowest LF frequency were captured.
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675 Nonlinear HRV parameters, in particular SD2, SD1/SD2, and sample entropy, were also 
676 found sensitive to task manipulation. However, the interpretation of these parameters is 
677 not straightforward, and contrasting results have been reported in the literature. For 
678 example, while Pereira13 and Castaldo14 found a significant SD1 increase, other works 
679 reported decreases in short-term variability related to mental stress47, which resembles 
680 our results more closely, although such a decrease was not significant in our case 
681 (Friedman’s p=0.121). As for the SD2 parameter, the literature and our results 
682 consistently suggest a significant decrease in long-range variability under stress and 
683 mental load47 .
684 The SD1/SD2 ratio, which significantly increased primarily during VS tasks in our case, 
685 has rarely been investigated in relation to mental stress. However, an increase in its value 
686 has been associated with the activation of the sympathetic nervous system, which is 
687 consistent with our hypothesis and results48,53.  As for the SamEn index, in line with the 
688 results reported by Brugnera8 and Hao47, a significant increase in HRV complexity and 
689 irregularity under stress was identified. Although this index is widely used in literature, 
690 its interpretation in relation to ANS activity is still debated. To shed light on this, Lewis 
691 and Short54 measured the SamEn of the RR series during different levels of physical 
692 exercise. They reported an increase in signal complexity during exercise and a reduction 
693 during recovery. The authors concluded that changes in SamEn could be related to 
694 alterations in ANS control. In agreement with this interpretation, we speculate that an 
695 increase in SamEn, and therefore in signal irregularity, may also reflect a change in ANS 
696 control in the present study. Interestingly, the nonlinear parameters were differently 
697 modulated by the three tasks; specifically, a stronger change was observed during the 
698 MIST and VS phases compared to the REST, whereas the MGT was characterized by a 
699 lower variation. This pattern became particularly evident when analyzing the STRESS and 
700 CONTROL groups separately. 

701 Concerning the analysis of EDA, we focused on its phasic component, as less affected by 
702 possible environmental factors and sensor wearing time. The three phasic indices were 
703 highly coherent and very sensitive to the different tasks; specifically, a strong sympathetic 
704 activation was evident during MIST and VS, as suggested by an increase in all the EDA 
705 parameters. Conversely, a return to almost initial levels was observed during MGT. In 
706 general, these results confirmed the close relationship between EDA and cognitive 
707 load23,55.

708 Additionally, a multivariable, RF-based analysis, followed by a feature importance 
709 evaluation, was performed on the entire sample to explore which combination of the 
710 considered parameters best characterizes the physiological response to each task relative 
711 to the resting condition. While the separation accuracy was only moderate in every case, 
712 ranging from an average of 0.68 for MGT to 0.78 for VS, some features clearly emerged 
713 as the most useful for classification. Specifically, AmpSum, RSA index, and SamEn were 
714 fundamental for separating the MIST condition from REST; AmpSum, PNCOH/PCOH, and 
715 RSA index were the most important features in the case of MGT; finally, AmpSum, SamEn, 
716 and MeanBB mostly contributed to the VS classification. Overall, the results of our 
717 multivariable analysis corroborate the physiological characterization of the responses to 
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718 the proposed tasks provided by the univariable non-parametric statistics discussed above. 
719 In particular, they emphasize the importance of specific parameter combinations that 
720 should be prioritized when evaluating acute stress or mental activity, which may vary 
721 depending on the specific task of interest. Moreover, they suggest that a multimodal 
722 approach can provide a more complete view of the physiological mechanisms underlying 
723 stress and attention, given that most of those combinations were found to include features 
724 extracted from different signals.

725 When the two groups were analyzed separately, similar modulations of the ANS 
726 parameters were found. In fact, only a few parameters exhibited significant differences 
727 between groups, specifically the mean RR interval and the EDA phasic parameters. Even 
728 so, we were able to confirm the different effects of the two MIST implementations based 
729 on the stronger mean RR decrease (heart rate increase) for the STRESS group during 
730 MIST and the stronger relationship between this parameter and the variation in the 
731 perceived stress (SUDS score), which was not significant for the CONTROL group. 
732 Interestingly, also the phasic EDA activity was differently modulated in the two groups. 
733 In fact, a stronger, but non-significant activation during MIST was observed in the 
734 STRESS group, while, surprisingly, the CONTROL group showed a significantly higher 
735 activation during the attention test (VS task), while the experimental group was less 
736 activated. This result may suggest a long-lasting effect of the acute mental stress induced 
737 by the MIST on the STRESS group, who seemed to perceive the VS task as ‘less 
738 demanding’ due to the initial stress manipulation, while for controls, VS could be 
739 considered the first truly demanding task. In addition, in line with previous studies 
740 suggesting that acute stress exposure improves general alertness and cognitive control56, 
741 our results might indicate that the increased alertness in the STRESS group also reflects 
742 a lower need for additional autonomic activation during the attention task.  

743 The current study has some limitations that need to be disclosed and properly discussed. 
744 First, since the participants receiving stress manipulation were led to believe they would 
745 be rewarded based on their performance, we could not implement a crossover protocol 
746 and randomize the order of the proposed tasks. Thus, it could be questioned whether our 
747 results were influenced by the time the sensors were worn. However, aside from the tonic 
748 level of the EDA, which was excluded from the analysed parameters for this very reason, 
749 the other parameters exhibited modulation patterns consistent with the manipulation of 
750 the ANS. In particular, parameters principally reflecting sympathetic activation (nSCR, 
751 SCR, and AmpSum) were differently modulated by the three tasks, indicating a higher 
752 activation for the MIST and VS, while a balanced response was observed for most of the 
753 HRV parameters, suggesting an interplay between sympathetic and parasympathetic 
754 activation. Still, we cannot entirely exclude the presence of a task sequence effect in our 
755 results, which may have influenced the effect size of the differences observed between 
756 protocol conditions.
757 Second, our experimental sample was highly heterogeneous in terms of professional 
758 background. Thus, the arithmetic exercises proposed in the MIST task were simpler for 
759 participants who were accustomed to working with numbers and more challenging for 
760 others, increasing the inter-subject variability in perceived stress, even within groups. 
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761 This variability may have reduced the possibility of identifying significant differences 
762 between the experimental groups. Indeed, some controls verbally reported a highly 
763 perceived frustration after the ‘control’ MIST, while some STRESS participants did not 
764 respond as expected, either in terms of ANS modulation or according to psychometric 
765 indicators. Future studies may include at least two stress-inducing tasks belonging to 
766 different psychological domains (e.g., social, cognitive), as proposed in5,8,9, to possibly 
767 observe more specific stress responses. However, while this limitation could be attributed 
768 to the MIST task, our study enabled different ANS responses to be identified, which could 
769 help to improve our understanding of the specific nature of stress induced by cognitive 
770 tasks. It is also worth mentioning that stress responses may be influenced by individual 
771 vulnerability or resilience to stressors, which cannot be estimated a priori without tracing 
772 the profile of each participants response at baseline4. Therefore, further research aimed 
773 at better understanding the effect of acute stress should include a pre-experiment 
774 assessment of the included participants to understand their vulnerability/resilience to 
775 stressors. 

776 Finally, a third important limitation concerns the collection of cortisol data using saliva 
777 samples, which led to a negative result, since no clear modulations in cortisol 
778 concentration were detected, in contrast with our hypothesis. A possible reason is related 
779 to the short time delay between the task execution and the collection of the cortisol 
780 samples, that we based on previous literature32, but that, in our case, may have been too 
781 short for complete cortisol release, preventing the detection of significant variations in 
782 the metabolic response. Therefore, future study designs, including metabolomic sample 
783 collection, should consider longer time intervals between tasks and between each task 
784 and the collection of the cortisol sample, to ensure that the metabolomic response has 
785 been completely activated. As an alternative, other faster biochemical mediators, such as 
786 amylase and chromogranin A57can be considered. To further interpret our negative results 
787 with cortisol data, the relation between salivary cortisol responses and other factors that 
788 were not controlled in our protocol but that have been associated with cortisol responses 
789 should also be mentioned. Among these, gender, social factors, personality, and personal 
790 habits, such as smoking, diet, and alcohol consumption, may influence the individual 
791 response to acute stress and the associated metabolic activity58. A direct influence is 
792 exerted by endogenous sex hormone levels, depending on the phase of the female 
793 menstrual cycle59, and the circadian rhythm60. Therefore, future studies should take into 
794 consideration all these factors as much as possible. Specifically, when female individuals 
795 of reproductive age are included, the hormonal phase should also be recorded to 
796 strengthen the interpretation of metabolic results.

797 5. Conclusion

798 This study presents a multimodal ANS analysis for characterizing physiological responses 
799 to a stimulation protocol based on randomized acute stress manipulation in two groups of 
800 healthy adults for a total of 60 participants. Specifically, linear (in both time and frequency 
801 domains) and nonlinear HRV indices from ECG, phasic activation features from EDA, and 
802 respiratory activity analysis provided an effective characterization of the physiological 
803 modulations in response to cognitive tasks under different stress manipulation. Our 
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804 findings further support the importance of integrating information from respiratory 
805 activity for a better interpretation of the frequency-domain analysis of the HRV.
806 Particularly, the current study illustrates how parameters from various biosignals and 
807 physiological domains are modulated by mental stress, supporting the need for 
808 multimodal approaches to improve understanding of acute mental stress in practical 
809 applications.
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