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Abstract
Objective.Autonomicnervous system function and therebybodily stress and recovery reactionsmaybe
assessedbywearable devicesmeasuringheart rate (HR) and its variability (HRV). So far, the validity of
HRV-based stress assessments has beenmainly studied inhealthypopulations. In this study,we
determinedhowpsychosocial stress affects physiological andpsychological stress responses in both young
(18–30 years) andmiddle-aged (45–64years)healthy individuals aswell as in patientswith arterial
hypertension and/or either prior evidence of prediabetes or type 2diabetes.We also studiedhowanHRV-
based stress index (Relax-Stress Intensity, RSI) relates to perceived stress (PS) andcortisol (CRT) responses
duringpsychosocial stress.Approach.A total of 197participantsweredivided into three groups: (1)healthy
young (HY,N=63), (2)healthymiddle-aged (HM,N=61) and (3)patientswith cardiometabolic risk
factors (Pts,N=73, 32–65 years). Theparticipants underwent a groupversionof Trier Social StressTest
(TSST-G).HR,HRV (quantified as rootmean square of successive differences ofR–R intervals, RMSSD),
RSI, PS, and salivaryCRTweremeasured regularly duringTSST-Ganda subsequent recoveryperiod.
Main results.All groups showed significant stress reactionsduringTSST-Gas indicatedby significant
responses ofHR,RMSSD,RSI, PS, and salivaryCRT.Between-groupdifferenceswere also observed in all
measures.Correlation and regression analyses impliedRSIbeing the strongest predictor ofCRTresponse,
whileHRwasmore closely associatedwithPS.Significance.TheHRV-based stress indexmirrors responses
ofCRT,which is an independentmarker for physiological stress, aroundTSST-G.Thus, theHRV-based
stress indexmaybeused toquantify physiological responses topsychosocial stress across varioushealth
and age groups.

1. Introduction

Whether a certain environmental demand is perceived as psychologically stressful or not depends on individual’s
evaluationof thepotential threat and the availability of personal resources (Lazarus and Folkman 1984,Cohen et al
2016). Biologically, stress canbedefined as perturbations of physiological systems, such as autonomicnervous
(ANS) or endocrine systems,maintaining homeostasis (Cohen et al2016). The counterpart of stress is the ability to
recover from these perturbations. This ability is compromised in the case of chronically elevated stress, which is
associatedwith an increased risk of several diseases such as cardiovascular disease (Kivimäki andSteptoe 2018),
type 2 diabetes (Nyberg et al 2014), andmental health problems (Madsen et al2017). Prolonged exposure to
psychological stress is thought tomediate its negative effects by changing the reactivity of the stress systems,which
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might again serve as a potentialmarker in theprevention of various negative health outcomes (Cole et al 1999,
Chrousos 2009, deRooij 2013).

The activity of the sympathetic part of ANS increases under stressful circumstances. This is seen as increased
activity in the sympatho-adrenomedullary (SAM) system and hypothalamus-pituitary-adrenal (HPA) axis
(Padgett andGlaser 2003). The SAM system is responsible for ‘fight orflight’ responses regulating the activity of
cardiovascular and rapidmetabolic (adrenaline, noradrenaline) processes preparing the body for the immediate
threat (Padgett andGlaser 2003). TheHPA axis reacts to stress by synthesizing and secreting glucocorticoids like
cortisol (CRT) (Bozovic et al 2013). Phenomena related to both the SAMsystem and theHPA axis can be
quantified bymeasuring heart rate variability (HRV) and salivaryCRT levels, respectively. The return of
physiological responses to their basal state is often interpreted as a physiological system recovering to its pre-
stressor or ‘normal’ state inwhich the activity of the parasympathetic part of ANS plays a vital role (Cole et al
1999,Mezzacappa et al 2001). Aswith approaches used in sports (Buchheit 2014), the intensity and the recovery
of the psychosocial stress responses could offer valuable information about the state of the body and identify
health risks (Thayer et al 2009,Weber et al 2010).

Despite knownnegative health outcomes and economical burden of stress-related adverse effects costs to
organizations and society (Hassard et al 2018), the objective and cost-efficientmeans tomeasure stress and
recovery are lacking. Due to the complexity of the physiological phenomena, there are no unequivocalmethods
tomeasure stress in everyday life contexts.Measuring heart rate (HR) andHRV (e.g. rootmean square of
successive differences of R–R intervals, RMSSD) offers a practical tool to record physiological signals of stress
(Taelman et al 2009,Melillo et al 2011). However, there aremultiple challenges related to this approach sinceHR
andHRV responses to psychosocial stress are highly dependent on individual factors such as health status
(Koskinen et al 2009, Assoumou et al 2010), age (O’Brien et al 1986), sex (Umetani et al 1998),fitness level
(Rimmele et al 2007,Mücke et al 2018), psychological appraisal skills (Gaab et al 2005), genes (Boomsma et al
1990, Kupper et al 2004), respiration rate (Schipke et al 1999), and recovery status from earlier exercises (Mourot
et al 2004). Similar difficulties are facedwhen endocrine stress responses aremeasured (Kudielka and
Kirschbaum2003,Otte et al 2005). In addition, the relationship between perceived psychological and
physiological stress has not been consistent between studies (Campbell and Ehlert 2012).Wearable technology
used for self-monitoring of wellbeingmay offer cost-effective tools to quantify stress and help to prevent the
negative outcomes of excess stress and inefficient recovery. However, little is known about the validity of
wearable technologies tomeasure physiological responses to psychosocial stress in different health and age
populations.

The purpose of this studywas twofold: first, we aimed to determine howpsychosocial stress affects
physiological and psychological responses in individuals with different ages and clinically relevant health
conditions such as arterial hypertension and impaired glucosemetabolism. Second, we aimed to study how an
HRV-based stress index, provided by awearable technology, is relatedwith other commonly used stress
variables (HR, RMSSD), perceived stress (PS), andCRT responses during and around psychosocial stress. To
induce psychosocial stress, a group version (TSST-G; vonDawans et al 2011) of a commonly used Trier Social
Stress Test (TSST; Kirschbaum et al 1992)was used since previous studies have shown these protocols to reliably
induce cardiovascular, endocrine, and psychological stress responses in various participant populations
(Rimmele et al 2007, vonDawans et al 2011, Klaperski et al 2014).

2.Methods

Data for this studywere collected as part of a research collaboration entitled ‘Heart rate variability analytics to
support behavioural interventions for chronic disease prevention andmanagement’ (HealthBeat) in Jyväskylä,
Finland. The study protocol conformed to theDeclaration ofHelsinki andwas approved by the ethics
committee of Central FinlandHospital District, Jyväskylä, Finland (Dnro 23U/2018). Each participant gave
written informed consent before participation in the study.

2.1. Participants
TheHealthBeat study consisted of two separate populations: healthy participants and patients with
cardiometabolic risk factors. The healthy participants were recruited via online advertisements and email lists.
The patients were recruited via online advertisements, public advertisements on local noticeboards, and by
contacting the local health care providers who informed their patients about the research collaboration. The
recruitment process and theworkflowof this study are described infigure S2 (available online at stacks.iop.org/
PMEA/43/055002/mmedia) in supplementarymaterials and the participant characteristics are presented in
tables 2–3. After completing the study protocol the participants received amovie ticket andwere offered an
optional Firstbeat lifestyle assessment report with a 30min feedback session.
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2.1.1. Healthy participants
Recruitment and preparticipation screening of the healthy participants was conducted by the researchers of the
University of Jyväskylä. The inclusion criterionwas age between 18–30 and 45–64 years. The exclusion criteria
included the criteria common for all participants in theHealthBeat study (table 1) and any chronic neurological
disease. After recruitment process a total of 148 healthy individuals aged between 18–30 and 45–64 years
participated in the study. After concerning additional self-reported information (especiallymedication)
obtained fromparticipants, a total of 24 participants reporting disease ormedicationwere excluded from the
population of the healthy participants (See figure S2 for details). As a result, 124 healthy participants (88 females)
were included in thefinal analysis.Metabolic syndrome risk factor (0–5) indicating the number of risk factors for
the individual participant was determined according to the criteria of International Diabetes Federation (Alberti
et al 2006). For healthy participants, the risk factorwas set as 0 unless the participant had bodymass index
(BMI)�30 kgm−2, after which the risk factor was set as 1.

2.1.2. Patients with cardiometabolic risk factors
Regarding the patient participants of this study, the inclusion criteria were (1) age between 18 and 64 years, (2)
BMI<40 kgm−2, (3) either previous evidence of prediabetes (i.e. impaired fasting glucose and/or impaired
glucose tolerance) or type 2 diabetes diagnosed nomore than five years ago, and/or diagnosed arterial
hypertension, and (4) overall physical function not preventing the participant from safely performing the
experiments including cardiopulmonary exercise testing (CPET). The exclusion criteria of the patients included
the criteria common for all participants in theHealthBeat study (table 1) aswell as anemia, breastfeeding, cancer,
chronic obstructive pulmonary disease, cerebrovascular disease, clinically significant hypertension-mediated
organ damage, diagnosed diabetes-relatedmicrovascular disease (i.e. nephropathy, neuropathy, retinopathy),
obstructive sleep apnoea requiring continuous positive airway pressure treatment, secondary hypertension, a
significant deficit in overall physical function, and symptomatic/unstable asthma. Patients potentially eligible
for participating in the studywent through preparticipation health screening conducted by a physician and a
nurse fromCentral FinlandHealthCareDistrict. The preparticipation health screening consisted of a
interpretation of individual’smedical history, clinical status, resting blood pressure, resting 12-lead
electrocardiography (ECG), andweight and heightmeasurements. The antecubital venous blood samples were
drawn after an overnight fast in an accredited laboratory (FimLab Laboratoriot Ltd, Jyväskylä, Finland)
complemented the health screening, and included assessment of blood count, lipid profile, glycemic control,
electrolyte balance, and renal function. Overall, the preparticipation health screening of the patients focused on
evaluating individual’s signs or symptoms and/or known cardiovascular,metabolic, or renal disease, and the
current level and type of physical activity. Amount ofmetabolic syndrome risk factors was determined based on
the preparticipation health screening according to the International Diabetes Federation criteria (Alberti et al
2006).

According to the preparticipation health screening, 87 patientsmet the inclusion criteria andwere invited to
CPET.Of those, 73 participants (56 females)participated in the psychosocial stress test (See figure S2 for details).

2.2. Psychosocial stress test: procedure
Three to four participants at a time participated in a two-hour experimental session starting at either 2 p.m. or 4
p.m. These fixed afternoon onset timeswere selected to control for the effects of the circadian rhythmon the
measured physiological variables.

2.2.1. Before the test
Participants were instructed to start theHRVmeasurement on the day preceding the stress test. Participants
were advised to avoid physical stress and alcohol for 24 h and smoking for two hours before the experimental

Table 1.Common exclusion criteria concerning both healthy and patient participants.

Chronic cardiac condition (e.g. chronic atrialfibrillation, heart failure, ischaemic heart disease, pacemaker, significant or non-specified

valvular disease)
Left bundle branch block

Pregnancy

Psychotic disorder or some other unstable psychiatric disorder

Specificmedications:β-blockers, insulin, serotonin and noradrenaline reuptake inhibitors, tricyclic antidepressants

Substance abuse

Symptomatic/unstable disorder of thyroid gland
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Table 2.Characteristics of the participants included infinal analysis.

Group N Sex (F/M) Age (years) BMI (kgm−2)
Estimated/measuredV&O2peak

(ml min−1 kg−1)

Healthy young (HY) 63 45/18 26±3 26 (23−27) 23.3±2.8 23.0 (21.7−25.0) 45.0±5.7 44.4 (41.2−49.1)
Healthymiddle-aged (HM) 61 32/29 52±5 51 (48−56) 26.3±4.2 25.0 (23.4−28.3) 35.4±7.5 34.7 (29.0−41.0)
Patients (Pts) 73 56/17 53±8 55 (50−59) 28.5±4.6 27.4 (24.8−31.4) 30.8±6.3 30.1 (26.3−34.2)

Values for Age, BMI, and Estimated/measuredV&O2peak are presented asmean values±SD andmedian (IQR). Estimation of peak pulmonaryO2 oxygen uptake (V&O2peak) for the healthy participants was produced by a commercial

technology based onHR and body acceleration data collected during a self-pacedwalk. Patients’V&O2peak wasmeasured directly duringCPET.
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session. The participants were informed that theywould participate in a stress test but no specific details about
the upcoming test were revealed beforehand.

2.2.2. Arrival
The test procedure started in a lobby of a university building, where the experiment leadermet the participants
one by one and instructed them to avoid any unnecessary talking to other participants and to follow the
upcoming instructions. During this short briefing, the participants reported their education and occupation.
This informationwas later utilized in determining thework assignment the participant was applying for in a
mock job interview. After personal instructions, the participants were guided to an experimental room,where
everyonewas seated and the actual experimental procedure started. The experimental roomwas equippedwith a
fake video camera.

2.2.3. Psychosocial stress test
Agroup version (TSST-G) (vonDawans et al 2011) of the commonly used Trier Social Stress Test (TSST;
Kirschbaum et al 1992)was used to study psychobiological responses to stress. The experimental procedure
(figure 1)went as follows:

(i) An initiation period, during which the participants sat down for 20–25 min, listened to instructions for the
upcoming experimental session, and answered questionnaires on their background information and
physical activity habits. Participants sat next to each other separated by removable walls so that they could
not see each other. Participants were facing in the same direction inwhich a fake two-person committee
panel, consisting of research teammembers, would later be seated.

Table 3.Cardiometabolic and -vascular risk profile of the patient
participants (N=73).

Blood samples

Total cholesterol (mmol l−1) 4.9±0.9
LDL cholesterol (mmol l−1) 3.0±0.9
HDL cholesterol (mmol l−1) 1.5 (1.25–1.80)
Triglycerides (mmol l−1) 1.1 (0.80–1.85)
Fasting glucose (mmol l−1) 5.8 (5.30–6.30)
HbA1c (mmolmol−1) 38.0 (35.0–41.5)
Blood pressure

Resting systolic blood pressure (mmHg) 134±13
Resting diastolic blood pressure (mmHg) 83±7
Cardiometabolic and—vascular conditions

Arterial hypertension 62 (85%)
Prediabetesa 16 (22%)
Type 2 diabetes 16 (22%)
Metabolic syndromeb 51 (70%)
Cardiometabolic and—vascularmedications

ACEor ARB 53 (73%)
Calcium channel blockers 17 (23%)
Diuretics 10 (14%)
Statins 12 (16%)
Tablet treatment for diabetes 14 (19%)
Smoking

Yes 5 (7%)
No 68 (93%)

Values are presented asmean values±SD for normally distributed

continuous variables,median (IQR) for nonnormally distributed

continuous variables, andN (%) for categorical variables.
ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin

receptor blocker.
a Evidence of impaired fasting glucose (6.1–6.9mmol l−1) pre-
viously and/or in this study, and/or previous evidence of impaired

glucose tolerance, but no type 2 diabetes.
b As defined by the International Diabetes Federation.
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(ii) A 10 min anticipation period during which the participants prepared to give a 2 min speech in a mock job
interview and answer possible questionsmade by the committee panel. To increase engagement to the task,
the jobs appliedwere individuallymatched based on the short interviewmade at arrival.

(iii) Job interview speeches in front of the committee panel from all the participants in a pseudorandomized
order (10 min). The committee panel did not provide any feedback or encouragement during the speeches.
If the participant finished the speech too early or kept quiet, the panel reacted to it in a standardizedway and
advised the participant to continue.

(iv) Two 1min arithmetic tasks, where the participants were, in an unpredictable pseudorandom order, told to
start counting backwards from a random three-digit number at the steps of e.g. 23. Participants were
instructed to count out loud as fast and accurately as possible and to start over from the beginning if they
made amistake.

(v) A 60min resting period that started with a defusing talk held by the experiment leader during which it was
made clear that no further tasks were involved. The participants were allowed to talk, use themobile phones,
excluding calls or work email, and use the restroom if needed. The experiment leader was the onewho
controlled and gave all the instructions related to the procedure, except for the protocol parts ii and iii that
were led by the panel. In the case of fewer participants than the appropriate four, the committee panel was
instructed to stall during the stress tasks tomaintain a similar schedule and stress exposure for every session.

2.3. Psychosocial stress test:measurements
HRVdataweremeasured continuously, and PS and salivaryCRTweremeasured regularly during the
experimental protocol. The timetable for differentmeasurements is illustrated infigure 1.

2.3.1. HRV-based stress
Beat-to-beat R–R intervals of the heart and 3-axis acceleration signal weremeasuredwith awearable one-lead
ECGdevice (Firstbeat Bodyguard 2, Firstbeat Technologies Ltd, Jyväskylä, Finland)with an ECG sampling
frequency of 1000Hz andR–R interval accuracy of 1ms, andmovement sampling frequency of 12.5Hz. The
participants wore the device day andnight (during sleeping) for three consecutive days, starting one day before
psychosocial stress test and ending one day after the stress test. These data were also utilitized in other parts of the
HealthBeat project. The participants provided their height, bodymass, age, sex, self-reported physical activity
level and additional background information needed for accurate calculation ofHRV-based stress index.

The R–R interval andmovement datawere analyzedwith the Firstbeat Life service (Firstbeat Technologies
Ltd) to provideHRV-based stress and recovery information (Relax-Stress Intensity, RSI) and traditional
parameters of cardiac autonomic activity includingHR and an indicator ofHRV (RMSSD). Themethod
includes artefact detection and correction for falsely detected,missed, or premature heartbeats andmovement
artefacts.

Figure 1.Design and timeline (h:min) of the stress test protocol. CRT1-CRT7 refer to salivary cortisol samples and PS1–PS8 refer to
perceived stress questionnaires.
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RSIwas analyzed by first detecting physiological state of the body by distinguishing stress and recovery
reactions fromphysical activity and other states by utilizing R–R interval and bodymovement data for
evaluating physiological phenomena such as respiration rate, oxygen consumption, excess post-exercise oxygen
consumption, andANS balance. Thereafter, when stress, i.e. sympathetic dominance of the body, or recovery,
i.e. parasympathetic dominance of the body, were detected, also the intensity of such phenomenawere analyzed
with values ranging from−100 to+100. The closer the RSI values are to zero, the lower the intensity of reaction
is and, accordingly,−100means very highmomentary stress and+100 extremely relaxed state in the body.
Value of+100 (=maximum recovery) is reachedwhen the parasympathetic activity of theANS is high, the
person’sHR level is close to individual resting state, andHRV is large. On the contrary, RSI of−100
(=maximum stress) is reachedwhen the sympathetic activity of the ANS is high,HR ismarkedly elevated from
resting levels, andHRV is reducedwithout any physical activity-related reason. Formore information about the
method, the reader is referred to the supplementarymaterials (section 1.1) andwhitepapers describing the
methodology (for example Firstbeat technologies Ltd 2005, 2014a, 2014b).

2.3.2. Cortisol (CRT) and perceived stress (PS)
PS questionnaires were fulfilled and salivary samples for CRTwere collected regularly during the stress test
protocol (figure 1). Seven saliva samples were collected during the protocol as follows: after the habituation
period (baseline), after the speech, after the arithmetic task and at 10 min, 20 min, 30 min, and 60 min during the
recovery period. The samples were collected in Salivette Cortisol tubes (Sarstedt, Nürnbrecht, Germany). The
tubeswere later centrifuged for 3 min at 1000× g, the clear saliva was transferred tomicrocentrifuge tubes and
frozen at−20 °Cuntil analysis. Cortisol valueswere analyzed using electrochemiluminescence immunoassay on
an Immulite 2000 analyzer (Siemens, Llanberis, UK). Intra-assay and total coefficients of variationwere 6.0%
and 7.8%, respectively. Level of detectionwas 5.5 nmol l−1. The PSwasmeasuredwith 0–10 numeric rating
scale, and the participants were instructed to evaluate their stress from the preceding 10 min period. The PS
questionnaires werefilled in at 30 min, 40 min, 50 min, 60 min, 70 min, 80 min, 90 min, and 120 min from the
onset of the experiment.

2.4.Determination of cardiorespiratory fitness
2.4.1. Estimated V&O2peak of the healthy participants
V&O2peak of each healthy participant was estimated on a separate occasion by a self-pacedwalk: the participants
were instructed to conduct a self-paced 30minwalkwhile wearing the Firstbeat Bodyguard 2 ECGdevice
(Firstbeat Technologies Ltd, Jyväskylä, Finland) described in the previous section 2.3. The device includes
technology, which provides an estimate of V&O2peak based onHRVand triaxial body acceleration (Smolander
et al 2008, Smolander et al 2011, Robertson et al 2015). The participants were instructed to perform thewalk on a
separate occasionmost suitable for them after the experimental session and to choose a steady route forwalking
while avoiding talking and carrying any extra load.

2.4.2.Measured V&O2peak of the patients
V&O2peak of each patient wasmeasured duringCPET,whichwas performed on a treadmill until individual
volitional task failure according to theUSAFSAMprotocol (Wolthuis et al 1977). DuringCPET, V&O2was
directlymeasured bymeasuring pulmonary ventilation (a volume turbine; Triple V®, Erich Jaeger, Friedberg,
Germany) and gas concentrations (Oxycon Pro®Version 5.0, VIASYSHealthcareGmbH,Hoechberg,
Germany) breath by breath.MeasuredV&O2peak was determined as the highest 30 s V&O2 average detected during
the test (American Thoracic Society andAmericanCollege of Chest Physicians 2003).

2.5. Statistical analysis
Repeatedmeasures ANOVAwas used to compare the effect of time onmeasured stress variables for each group.
All variables except PSwere checked for outliers. Exclusion criteria for outliers were set to an absolute│Z-
score│�2.68. This was based on the definition of Tukey (1977) , according towhich values located 1.5
interquartile ranges outside lower and upper quartiles are regarded as outliers; thus, as the quartiles for normal
distribution are−0.67 and 0.67 standard deviations, the interquartile range thereby equals 1.34 standard
deviations, and 1.5 times 1.34 equals 2.01, Z-scores less than−2.68 or greater than 2.68 are regarded as outliers.
Ln-transformationwas applied in case of nonnormally distributed data. Post hoc tests were Bonferroni
corrected.

Mixedmodel ANOVAwas conducted to compare the effects of time between different groups. Post hoc tests
for significantmain effects were Bonferroni corrected. In case of a significant interaction, simplemain effects
were calculatedwith Bonferroni correction.
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Total stress responses forHRV-based datawere calculated to estimate the total stress load during the tasks.
The time frame used to calculate the total stress loadwas from the habituation to the end of the arithmetics
(00:20–01:00). This periodwas chosen because the observed responses during the habituation period signal the
presence of physiological and psychological stress. Total responses of RSI (RSITotal), RMSSD (RMSSDTotal), and
HR (HRTotal)were calculated as a sumof the average valuesmeasured in 10min periods, and in the case of PS
(PSTotal), as a sumof absolute PS values. RMSSD andHR valueswere referenced to valuesmeasured at the end of
the experimental session (01:50–02:00) that were thought to serve as baseline values. This baseline valuewas
chosen (1) tomeasure baseline values in a controlled situation, (2) to ensure a similar body posture, which affects
cardiac hemodynamics (Tulen et al 1999), and (3) because the amount of PSwas at its lowest during this time
window.

Total stress response for cortisol (CRTAUCg)was calculated using the area under the curve relative to the
ground (AUCg)method (Pruessner et al 2003). CRTAUCgwas calculated starting froman interpolated value
betweenCRT1 andCRT2 until CRT6 (CRT1/CRT2,CRT2.., CRT6). This was done because CRT responses are
measurable from the saliva with a delay of approximately 10–20 min (Schlotz et al 2008, vonDawans et al 2011),
and thus, this time framewas estimated to reflect the areamost related to theCRT responses accumulated during
the 00:20–01:00 time period.

Correlationswere calculated using Spearman’s correlation due to occasional violations in linearity
assumptions. Correlationswere calculated separately for every group after excluding outliers suspected as
erroneousmeasurement (CRTAUCg n= 1).Correlations between changes in perceived stress andHRV-based stress
were calculated for two occasions including change fromhabituation to actual stress tasks (habituation to stress)
and fromarithmetics to recovery period (stress to recovery). Changes in PSwere individually determined as the
largest change from the habituation period to stress tasks (habituation to stress) and from arithmetics to the
recovery period (stress to recovery). Absolute changes in RSI,HR, andRMSSDwere then calculated individually
from the same time intervals.

Regression analysis for determinants of RSI score.Outliers were checked for CRTAUCg,HRTotal,
RMSSDTotal, andRSITotal responses. Exclusion criteria were set to an absolute |Z-score|�2.68 (Tukey 1977).
The regressionmodel was created by excluding non-significant variables one by one.

3. Results

Average results and repeatedmeasures ANOVA scores are presented in table 4 separately for each group and all
groups combined (all). Additional data grouped by age and sex alongwithmeasures in theHRV frequency
domain (LF,HF, LF/HF and total power) can be found in the supplementarymaterials.

3.1. Effects of the stress protocol
3.1.1. Relax-stress intensity
RSI decreased in every group (Post hoc p<0.001) fromhabituation to preparation, speeches and arithmetic
tasks (figure 2). RSI increased (Post hoc p<0.001) in every group fromarithmetics to the start of recovery
(recovery 0–10 min). A significantmain effect for groupwas observed (F=16.15, p<0.001). Post hoc tests
showed thatPts had a significantly lower RSI thanHM andHY (p<0.001)when averaged across all points
of time.

3.1.2. Heart rate
HR (figure 3) increased in every group (Post hoc p<0.001) fromhabituation to preparation, speeches and
arithmetics and decreased in every group (Post hoc p<0.001) from arithmetics to the start of recovery
(recovery 0–10 min). A statistically significant interaction between time and groupwas found F[7.5,
670.7]=2.2, p=0.032. Simplemain effects showed thatPts group had higherHR thanHM in every point of
time (p<0.05).HY group differed significantly fromHM in speeches (p=0.049) and fromPts in recovery
0–10 min (p=0.01) and recovery 20–30 min (p=0.030).

3.1.3. RMSSD
Every group showed lower RMSSD values for stress tasks when compared to habituation (figure 4, table 4). A
significantmain effect for group (F=41.80, p<0.001)was found. Post hoc tests showed a significant between-
group difference (p<0.001).HY having the highest andPts having the lowest RMSSD values.

3.1.4. Cortisol
A significant increase in salivary CRTwas seen inPts andHM (figure 5, table 4)when compared to habituation.
Salivary CRTdecreased in every group frompeak values (Recovery 0–10 min) to Recovery 80–90 min. A
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Table 4.Results for eachmeasured variable during the stress test protocol. RSI,HR, andRMSSD results are presented as 10 min averages. Sleep best values describe the highest RSI, RMSSD and the lowestHRmeasured 10 min average
during sleep. Sleep avg. valueswere calculated as the highest RSI, RMSSD, and the lowestHR average from thewhole sleep period during theHRV-collection. CRTmeasures were collected after each reported 10 min time period.

N
Habituation
20–30 min

Preparation
30–40 min

Speeches
40–50 min

Arithmetics
50–60 min

Recovery
60–70 min

Recovery
70–80 min

Recovery
80–90 min

Recovery
110–120 min Sleep best Sleep avg.

HEALTHYYOUNG
RSI 45 −15±21 −33±24*** −42±23*** −35±24*** −8±22### −5±20 1±22 4±23 88±11 54±17
HR (bpm) 57 74±11 81±13*** 86±16*** 82±15*** 72±11### 71±9 70±10 68±10 42±6 54±7
RMSSD

(ms)
57 46±23 39±19 36±18** 40±19 48±22### 49±22 50±23 54±24 130±54 86±40

PS (0–10) 63 2.0±1.6 3.7±1.9*** 5.8±1.9 *** 5.0±2.1*** 1.8±1.4### 1.1±1.1 0.7±0.8 0.6±0.8
CRT (nmol
l−1)

56 16.6±7.9 15.6±6.8 17.8±8.7 18.9±9.4 17.1±7.8 15.7±7.2### 12.0±5.0

HEALTHYMIDDLE-AGED
RSI 44 −16±25 −36±25*** −36±24*** −32±22*** −4±23### 0±19 1±20 9±25 86±9 45±14
HR (bpm) 56 72±11 78±12*** 80±13*** 78±11*** 69±9### 68±9 67±9 65±8 46±6 57±7
RMSSD

(ms)
54 28±13 25±12*** 26±13 27±13 33±13### 32±13 33±13 34±14 73±33 44±19

PS (0–10) 61 1.4±1.2 3.0±1.8*** 4.6±2.3*** 5.0±2.1*** 1.9±1.6### 1.1±1.2 0.8±0.9 0.5±0.7
CRT (nmol
l−1)

55 12.2±5.3 11.7±6.0 13.9±7.6 16.4±9.4** 15.1±8.0 13.1±6.4### 9.8±4.5

PATIENTS
RSI 53 −33±24 −49±26 *** −54±23 *** −51±25 *** −31±24### −21±22 −18±23 −13±24 78±20 35±20
HR (bpm) 69 78±11 84±13*** 88±14*** 86±13*** 78±11### 75±10 74±10 72±10 49±7 60±8
RMSSD

(ms)
64 20±11 17±9** 17±10* 18±10 24±13### 24±12 24±12 25±12 64±36 37±20

PS (0–10) 72 1.7±1.5 3.0±1.7*** 4.9±2.2*** 5.6±2.3*** 2.0±1.7### 1.3±1.3 0.9±1.1 0.6±1.0
CRT (nmol
l−1)

67 14.9±7.0 13.6±6.1 16.7±8.7 18.5±9.4* 17.8±8.8* 15.5±7.6### 12.7±6.8

ALL
RSI 142 −22±25 −40±26 −44±25 −40±25 −15±26 −9±22 −6±23 −1±26 84±15 44±19
HR (bpm) 182 75±11 81±13 85±15 82±14 73±11 72±10 70±10 69±10 46±7 57±8
RMSSD
(ms)

175 31±20 27±17 26±16 28±17 35±19 35±19 35±20 37±21 88±51 55±35

PS (0–10) 196 1.7±1.5 3.2±1.8 5.1±2.2 5.2±2.2 1.9±1.5 1.2±1.2 0.8±0.9 0.5±0.8
CRT(nmol

l−1)
178 14.6±7.0 13.7±6.4 16.2±8.5 18±9.4 16.7±8.3 14.8±7.2 11.6±5.7

Values are presented asmean values±SD. ***p<0.001, ** p<.01, * p<.05 different fromhabituation period.###p<0.001,##p<0.01,#p<0.05first point of time to significantly differ from arithmetics period or frompeak value

in cortisol. Ln transformationwas done forHR, RMSSD andCRT variables. Statistical analysis was not performed for ALL. Specific reasons for excludingmissing participants are detailed in the supplementaryfigures S3–S6.
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significantmain effect for groupwas observed (F=3.62, p=0.029).HM group had lowerCRT thanHY (Post
hoc p=0.039).

3.1.5. Perceived stress
PS increased fromhabituation to preparation, speeches and arithmetics (figure 6) in every group (Post hoc
p<0.001). PS decreased fromarithmetics to recovery 0–10 min in all groups (Post hoc p<0.001). A
statistically significant interaction between time and groupwas observed: F[6.37, 614.89]=4.43, p<0.001.

Figure 2.RSI (10min averages) of different groups during the stress protocol. Pts had significantly lower RSI scores compared toHM
andHY. ***p<0.001. All ANOVA results areGreenhouse–Geisser corrected.

Figure 3.HR responses (10min averages) during TSST-G stress protocol for different groups. A significant interaction between time
and groupwas found. Tests for simplemain effects showed that Pts group had higherHR thanHM in every time point (#Post hoc
p<0.05). HY group differed significantly fromHM in Speeches (*p=0.049) and fromPts in Recovery 0–10 min (**p=0.01) and in
Recovery 20–30 min (* p=0.030). Statistical analysis was donewith Ln transformed values and all ANOVA results areGreenhouse–
Geisser corrected.
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Simplemain effects showedHY group having greater PS thanHM during the habituation period (p=0.035)
and speeches (p=0.006).

3.2. Correlations ofHR, RMSSDandRSI to PS and cortisol
3.2.1. Perceived stress
Change in PS fromhabituation to stress task (table 5) correlated negatively with RSI and positively withHR.
Changes in PS fromarithmetics to recovery period correlated negatively with RSI andRMSSD and positively
withHR.

Figure 4.RMSSD responses (10min averages) during TSST-G stress protocol for different groups. A significantmain effect for group
was found and post hoc tests showed between-group differences in RMSSD (***p<0.001). Statistical analysis was donewith Ln
transformed values and all ANOVA results areGreenhouse–Geisser corrected.

Figure 5. Salivary CRT responses weremeasured during TSST-G stress protocol for different groups. A significantmain effect for
groupwas observed (F=3.62, p=0.029). HMgroup had a lower CRT thanHY group (Post hoc p=0.039). *p<0.05. Statistical
analysis was donewith Ln transformed values and all ANOVA results are Greenhouse–Geisser corrected.
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3.2.2. Total cortisol
CRTAUCg correlated negatively with RSITotal in every group (table 6).HM groups’CRTAUCg responses showed a
statistically significant correlationwith every stress variable. In thePts groupCRTAUCg correlatedwith RSITotal,
RMSSDTotal, andHRTotal.HY groups’CRTAUCg correlated with RSITotal and PSTotal.

3.3.Multiple linear regression to determine factors affecting RSI
Multiple linear regressionwas calculated to predict the total stress load estimated by the commercial stressmeter
(RSITotal). The predictionwas done using RMSSDTotal, HRTotal, CRTAUCg, andmetabolic syndrome risk factor
status (MetS risk factors) as predicting variables. Before this age, sex, PSTotal, V&O2peak, and BMIwere excluded
from themodel. A significant regression equationwas found (F[4 141]=25.32, p<0.001), withR2 of 0.418
(table 7,figure 7).

4.Discussion

4.1. Responses to psychosocial stress
The results of this study demonstrate thatwhile TSST-G induced similar psychological responses in all groups,
the physiological stress responses to the induced psychosocial stress differed alongwith health status and age. In
addition, the results suggest that if stress in general is defined as PS orCRT responses, RSI, which is an
individually adaptive variable, is a better predictor of stress than the commonly usedRMSSD alone.

Figure 6.PS (0–10 scale)wasmeasured during TSST-G stress protocol for different groups. A statistically significant interaction
between time and group (F=4.4, p<0.001)was found.HY group reported significantly greater PS during the habituation period
(*p=0.035) and speeches (**p=0.006) thanHM.All ANOVA results are Greenhouse–Geisser corrected.

Table 5.Correlations ofHR, RMSSD andRSI to perceived stress.

Group ΔRSI ΔRMSSD ΔHR

Change in perceived stress (habituation to stress tasks) All −0.157a −0.085 0.165a

Sig. (2-tailed) 0.045 0.246 0.025

N= 163 186 186

Change in perceived stress (arithmetics to recovery) All −0.245b −0.213b 0.268b

Sig. (2-tailed) 0.001 0.004 <0.001

N= 172 185 185

All correlations were determinedwith Spearman’s rho.
a Correlation is significant at the .05 level (2-tailed). Change in perceived stress refers to the largest observed change in PS.
b Correlation is significant at the .01 level (2-tailed).
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The overall responses observed in PSwere similar in every group. Besides higher PS reported byHYduring
the early parts of the stress protocol, no further between-group differences were found. These results suggest that
TSST-Gprotocol produced similar levels of psychological stress in the examined groups. Based on the reported
PS values and physiologicalmeasures, it seems evident that the participants were experiencing stress already
during the habituation period. Therefore themeasures during habituationmay not reflect a completely stress-
free or neutral state in the body, and amore reliable baseline or a reference level of themeasured stress responses
may reside at the end of the recovery period.

The observedHR,HRV, andCRT responses to TSST-G can be regarded as normal physiological stress
responses in all groups. Between-group differences occurred inHR,HRV, andCRT responses. Differences seen
inHRbetween healthy groups (HYandHM) support previous findings of an age-related decrease inHR
reactivity (Kudielka et al 2004a,Wrzus et al 2014). Our results also show a trend of higherHR inHY compared to
HM,which could again relate to higher stress reported byHY in the early parts of the protocol; however, this
trendmay also be partly due to a between-group difference in sex distribution as the proportion of females was
slightly higher inHY (71%) compared toHM (53%). Because differences inHR andHRV also occurred between
HMand the patients with similar age profiles, the differences do not seem to relate only to the effects of age but
also to the effect of health status. These trends can also be observed in the ECGdatameasured during nocturnal
sleep (table 4). Indeed, cardiometabolic risk factors have been reported to affect autonomic balance by shifting it
to the direction of sympathetic dominance (Liao et al 1998, Koskinen et al 2009).

It has been previously shown that age increases theCRT response to different challenges (Kudielka et al
2004b,Otte et al 2005). In this study,HY showed the highest total CRT response (AUCg) to the stress protocol.
This conflicts with the findings ofOtte et al (2005) andmight be due to higher PS reported byHY in the early
parts of the protocol. This difference in CRTbetweenHY andHMseems to occur because CRT values of young
females are clearly higher than those in themiddle-aged (supplementary figure S6), which is not due to unequal
sex distribution betweenHY andHM. Instead, it ismore likely caused by higher PS levels experienced by
younger females (supplementary tables S4–S5) and/or higher physiological reactivity to stress. Although not
statistically significant, the patients showed a trend for higher total CRT responses when compared toHM, again
supporting the hypothesis of sympathetic dominance related to chronic health conditions.

4.2.HRV-based stress index (RSI) inmeasuring stress
TheHRV-based stress index (RSI) examined in this study is calculated based on ECG, accelerometer, and
background datawith a potential advantage of providing amore overall view of physiological reactions than
using just a single variable likeHR, RMSSD, or some otherHR-based variable. The results of the present study
show that RSI reacts to physiological changes related to psychosocial stress and recovery. Also, the trends
observed in RSI are as expected in relation toHR, RMSSD, andPS. Responses seen in frequency domainHRV
parameters (See supplementarymaterials 2.3) are partly conflicting butHF and total power seem concordant
with bothRSI and previous literature, suggestingHF and total power to reflect activemodulation of vagal
activity (Shaffer andGinsberg 2017). Based on our results, LF/HF ratio does not seem to act as a proper indicator
of sympatho-vagal balance in a psychosocial stress situation. This is likely because LF power (figure S7),

Table 6.Correlations of PS,HR, RMSSD andRSI to total cortisol response.

Group RSITotal RMSSDTotal HRTotal PSTotal

Cortisol response (AUCg) Healthy young −0.349a 0.055 0.076 0.279a

Sig. (2-tailed) 0.019 0.692 0.587 0.034

N= 45 54 54 58

Healthymiddle-aged −0.456b −0.372b 0.496b 0.390b

Sig. (2-tailed) 0.001 0.005 <0.001 0.002

N= 49 56 56 60

Patients −0.365b −0.368b 0.476b 0.028

Sig. (2-tailed) 0.004 0.002 <0.001 0.816

N= 61 68 68 71

All −0.408b −0.230b 0.364b 0.233b

Sig. (2-tailed) <0.001 0.002 0.001 0.001

N= 155 178 178 189

All correlations were determinedwith Spearman’s rho.
a Correlation is significant at the .05 level (2-tailed). RSI, RMSSD,HR, PS present a total responsemeasured in a

certain variable during the stress protocol (Seemethods).
b Correlation is significant at the .01 level (2-tailed).
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Table 7.Results frommultiple linear regressions were calculated including all participants. Different stress variables were used to predict the total RSI response.HRTotal was calculated as beats perminute, RMSSDTotal was calculated as
milliseconds, CRTAUCgwas calculated in nmol l−1, andmetabolic syndrome risk factors as a number indicating the amount risk factors.

Model R2 AdjustedR2 ΔR2 ΔF ΔP Standardized β t P

DV=21.891−0.56911+0.46822−0.40933−14.1284 0.418 0.402 0.418 25.322 <0.001

Predictor variables:

Heart rate total1 −0.214 −2.711 0.008

RMSSD total2 0.337 4.425 <0.001

Cortisol AUCg3 −0.208 −3.022 0.003

MetS risk factors4 −0.274 −4.068 <0.001

*Model: F=25.322; df= 4 141; p< 0.001.
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especially in our experimental setup involving short-termmeasures and performed at seated rest, is not solely
presenting sympathetic activity but also parasympathetic activity (Shaffer et al 2014, Shaffer andGinsberg 2017).

Despite the small differences in the PS scores, the healthy groups seemed to experience similar amounts of
psychological stress. Even though considerable between-group differences were observed inHR and especially
RMSSD, theRSI results, which estimate the intensity of the stress response based on physiology, were very
similar in the healthy groups regardless of age. This is something onemight expect when evaluating the
capability of RSI from the perspective of psychological stress and implies that when quantifying stress, the RSI
calculation successfully takes into account the individual background information (e.g. age, sex, physical fitness)
that affect the physiological responses (for exampleO’Brien et al 1986,Umetani et al 1998). These notions are
also supported by the results ofmultiple linear regression analyses, indicating that age, sex, V&O2peak, and BMI
did not have predicting value in the RSImodel. Further, these notions are supported by somewhat similar RSI
levels during sleep in the groups, whereas nocturnal recordings revealed clear differences seen inHR and
especially RMSSD values.However, although similar levels of PSwere observed also in the patients, their RSI
scorewas significantlymore negative compared to the healthy groups. In other words, similar amounts of
reported PS led tomore negative stress level estimation in the patients. It should also be noted that patients’RSI
scores remained negative in the recovery period, although reported PSwasminimal.Whether this is the desired
outcome or not, depends onwhat components of stress (physiological or psychological) one is trying tomeasure
and put emphasis on.

4.3. RSI and alternativemethods in detecting stress
When trying to evaluate the potential of RSI in quantifying psychological stress and theHPA axis activity, RSI
and other commonly knownphysiologicalmeasures were comparedwith each other. A total stress response for
each stress variable including RSI,HR, RMSSD, PS, andCRTwas calculated. Total response for CRTwas
calculated using AUCg (Pruessner et al 2003). This approachwas applied also for other stress variables including
RSI,HR, RMSSD, andPS to calculate the total response detected by each stress variable. This approachwas
chosen because stress reactions are already seen in the habituation period and therefore it does not serve as a
good reference point of activity. Instead of studying peak responses occuring in various timeframes in
comparison to a certain reference point, studying total responses induced by the protocol would be less affected
by the chosen reference point. Also, reviewing the stressful situation as awholemight providemoremeaningful
results sincemeasuring stress in real life would probably focus on estimating stress in situations lasting longer
than 10 min.

When the association of the overall cortisol response (CRTAUCg)was compared to different stress variables,
RSITotal showed the highest correlations (small tomedium)withCRTAUCg.However, when evaluating the
association of PS to different physiological stress variablesHR showed the greatest correlations (small)with PS.
Thisfinding is logical when considering easily perceived bodily signals such as elevatedHR as an important
factor in stress perception (Schultz andVögele 2015).

Figure 7.Visualization of the RSITotal calculated andRSITotal predicted using themultiple linear regressionmodel determining the RSI
score. RSITotal was calculated as a sumof the average valuesmeasured in 10min periodsmeasured during habituation and stress tasks
(40 min).
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When evaluating the factors affecting RSI, amultiple regression analysis of the RSITotal score was calculated.
Age, sex, andV&O2peak did not have predicting value in themodel suggesting that RSI calculation accounts for
these parameters successfully. CRTAUCg and the amount ofmetabolic syndrome components predicted the
RSITotal score together withHRTotal andRMSSDTotal, suggesting the ability of RSI to observe physiological
adjustments on amore overall scale.

Thefinding thatmetabolic syndrome risk factors serve as a predictor of the RSITotal score, together with the
findings showingmore negative RSI results in the patients, indicate the RSI calculation to be sensitive to changes
occurring in one’s physiology. Thisfinding is logical sincemetabolic syndrome has been associatedwith changes
inHRVdynamics (Liao et al 1998, Koskinen et al 2009). However, amore negative ‘baseline’ is afinding that one
should be aware of when interpreting the results of the RSI stress index.On one hand, although not serving as a
clinical tool, thesefindings raise the question of whether RSI could differentiate ‘healthy’ persons frompersons
having cardiometabolic diseases or in risk developing such diseases. On the other hand, the results imply that
when interpreting theRSI results within a shorter time frame, such as within a single workday, individuals with
metabolic syndrome components will likely receivemore negative estimations of the intensity of stress
compared to healthy individuals. In otherwords, althoughRSI seems to be a reactivemeasure for changes
occurringwithin a short time frame even for individuals withmetabolic syndrome components, the feedback is
likely to bemore negative in individuals withmetabolic syndrome components compared to healthy
individuals, since theRSI baseline is interpreted asmore negative in the former group. This is a relevantfinding
since the prevalence of cardiometabolic risk factors is substantial in the adult population (Scuteri et al 2014) and
therefore affects the interpretation of the results of several potential users.

Problems in defining the correct baseline do not concern only RSI but also other stressmeters. In practice, all
HR-based stressmeters share similar problems inmaking the distinction between stress and recovery.
Measuring stress by interpreting bodily signals requires a lot of information since physiological responses like
HR andHRV are known to vary due to individual factors like age (O’Brien et al 1986), sex (Umetani et al 1998),
and health status (Koskinen et al 2009, Assoumou et al 2010) but also depend on body posture (Tulen et al 1999)
and recovery state (Mourot et al 2004). In this study, these differences were seen in all physiological responses
measured during the stress tasks but similar trends were also seen in the nocturnal data. For example, absolute
RMSSDvalues reported in the present studywere around 50%greater inHY than inHM.However, our results
suggest that the RSI calculation can take into account at least some of these factors when estimating stress
responses.

It has also been questionedwhether using linearmethods (e.g. HR andRMSSD) to analyzeHRV-based data
are sufficient to quantify complex changes in the state of the body (Schubert et al 2009). Indeed, based on
correlation and regression analyses (tables 6, S2–S3)with none tomoderate associations, the ability of any single
variable to explain stress responses seems limited and implies that amore overall approach, including
information synthesized frommultiplemeasures, would be preferable. For instance, taking the effects of
respiration (Hernando et al 2016) into account could provide furthermeaningful insights to define the
physiological state of an individual. Therefore, while it seems that stress responses can be quantifiedwith
relatively straightforward analysismethods used in this study, interpreting the results is likely challenging and
offers only rough estimates. Also, determining the origin of the stress response (i.e. physical versus psychological
stress) is a substantial challengewhenmeasuring stress in real life.When considering thesematters, compared to
HR andRMSSD, RSI offers an easier way tomeasure physiological stress responses in persons of different age
and sex.

5. Limitations of the study

This study has its limitations. Only linearmethodswere used to quantifyHRV responses; thus, the analysesmay
not optimally cover all aspects of ANS processes such as the unpredictability and complexity of a series of R–R
intervals (Shaffer andGinsberg 2017). In addition, the functioning of RSIwas evaluated by comparing it to other
physiological and psychologicalmeasures, while the exact RSI calculation process was out of the scope of this
study (See supplementarymaterials 1.1). Although each of the three groups includedmore females thanmales,
the sex distributions were not perfectly balanced in the groups (HY: 71% females,HM: 53% females, Pts: 77%
females), whichmay have affected some findings onHRV (Voss et al 2015) and/orCRT (Kudielka et al 2004b).
In the healthy groups (HYandHM), cardiorespiratory fitness was estimated indirectly with a commercial
V&O2peak estimation algorithm and health statuswas screenedwith a phone interview and questionnaires. In
addition, the habituation period in the present study does not reflect a relaxed baseline value for evaluating stress
responses; a controlled baselinemeasurewith no psychological stress, controlled body posture, and time of the
day should be considered in the future studies. Even though the PS responses were very similar in the groups, the
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timely amount of psychosocial stress experienced by a single participantmight have varied due to different
amount of participants in each session.

6. Conclusions

The present study used variousmethods, includingHR, RMSSD, PS, CRT, and anHRV-based stress index (RSI),
tomeasure physiological stress reactions during the standardized psychosocial stress test (TSST-G) in different
age and health groups. Psychosocial stress induced significant physiological and psychological responses in all
groups. Despite similar responses in PS, the groups showed different physiological responses. Of all the stress
variables studied, the examinedHRV-based stress indexwasmost consistently associatedwith physiological
stress responses.Meanwhile, HR followed the trends of PS, whichmight be due to its role as an important
internal bodily signal of stress.

Overall, several approachesmay be successfully used to quantify physiological responses to psychosocial
stress. However, to determine the status of stress versus recovery, theHRV-based stress index used in the present
study requires less prior information (e.g. baseline levels of differentmeasures) from the user than otherHR-
basedmeasurements. Therefore, theHRV-based stress index seems to be not only valid but also easy-to-apply
method tomeasure physiological stress responses. However, the presence of cardiometabolic risk factors affects
the stress estimation of the used commercial product and should therefore be acknowledgedwhen interpreting
the stress index scores.
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