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Abstract 
 

Stress has emerged as a critical public health concern in modern society, resulting in a wide range of physical and psychological disorders 
through its detrimental effects on the autonomic nervous system (ANS), endocrine system, and cardiovascular function [1]. While qualitative 
assessments of physical or mental stress have been used in clinical settings, the quantification of stress through objective physiological 
measurements remains challenging as conventional methods rely on survey-based scores. Recent advances in wearable sensor technology have 
enabled continuous, real-time monitoring of key physiological parameters including heart rate (HR), heart rate variability (HRV), galvanic skin 
response (GSR), and blood pressure [2]. This study aims to establish a comprehensive framework for the quantitative assessment of stress levels 
by systematically reviewing and understanding published evidence through a PRISMA-guided meta-analysis [3]. A total of 27 peer-reviewed 
studies were selected from PubMed and Google Scholar following rigorous inclusion and exclusion criteria. The analysis focuses on identifying 
the most reliable physiological indices capable of distinguishing different stress intensities and types. Findings indicate that HR, HRV-derived 
indices (particularly RMSSD and LF/HF ratio), and GSR collectively provide robust, dose-dependent markers of stress severity that are suitable 
for integration into composite physiological stress quantification frameworks. 
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INTRODUCTION 

 
The Challenge of Stress Quantification 
 
The accurate quantification of stress remains a fundamental 
challenge in biomedical research and clinical practice. Human 
experienced a lot of stress in daily lives and its physiological 
manifestations are highly variable across individuals, contexts, 
and stress modalities, rendering a single universal metric 
insufficient for its precise measurement [4]. Stress is broadly 
defined as a disruption of homeostasis in response to perceived 
internal or external threats, and its physiological correlates 
span multiple organ systems including the nervous, endocrine, 
cardiovascular, and integumentary systems. The complexity of 
stress-related physiological changes arises from the interplay 
between the hypothalamic-pituitary-adrenal (HPA) axis and 
the autonomic nervous system (ANS), both of which 
contribute to the acute and chronic physiological responses 
observed during stress exposure [5]. To quantify the stress, we 
need the process for identification of reliable, sensitive, and 
specific biomarkers that reflect autonomic nervous system 
activity in a measurable and reproducible manner. 
Traditionally, cortisol levels measured from saliva or blood 
have served as a gold standard for stress assessment due to 
their direct relationship with HPA axis activation [6]. 
However, cortisol sampling is invasive, time-delayed, and 
impractical for continuous monitoring in daily lives. 
Consequently, non-invasive physiological signals captured by 
wearable sensors have gained considerable attention as 
promising indicator of stress. These signals offer the advantage 
of real-time acquisition, continuous monitoring capability, and 
non-invasive measurement, making them particularly suitable 
for both research applications and consumer health 
technologies. 
 
*Corresponding Author: Injun Yu 

 
Physiological Signals as Stress Indicators 
 
Among the physiological signals most widely studied in the 
context of stress quantification, cardiac signals that includes 
HR, HRV, and GSR have demonstrated robust associations 
with autonomic nervous system regulation. HR reflects the 
immediate cardiovascular response to sympathetic activation, 
with acute stress consistently producing elevations above 
resting baseline values of 60 to 100 beats per minute [7]. HRV, 
a relatively novel parameter in clinical settings, provides a 
dynamic index of autonomic balance by capturing the 
fluctuation patterns between consecutive heartbeats. Many 
previous works have demonstrated the analysis of HRV in time 
and frequency domain for stress or pain assessments. 
Specifically, the time-domain parameter RMSSD (root mean 
square of successive differences) is particularly sensitive to 
parasympathetic withdrawal during stress, while the 
frequency-domain LF/HF ratio quantifies the sympathovagal 
balance, with elevated ratios exceeding 1.5 associated with 
sympathetic predominance [8]. Galvanic skin response (GSR), 
or electrodermal activity, serves as a direct measure of 
sympathetic nervous system activation via eccrine sweat gland 
stimulation. Unlike cardiac parameters that are influenced by 
both branches of the ANS, GSR is exclusively governed by 
sympathetic innervation, making it particularly sensitive to 
physiopsychological stress with minimal confounding from 
parasympathetic modulation [9]. Additionally, blood pressure 
has been incorporated as supportive diagnostic signal in multi-
modal stress assessment frameworks, as it can be used as 
indicator of systematic changes during sympathetic arousal. 
The integration of multiple physiological signals into a 
composite stress index therefore represents a more 
comprehensive and robust approach to stress quantification 
than reliance on any single parameter. 
 



Rese
 
The 
gap 
phys
analy
findi
wear
assoc
stres
moda
inclu
has n
 
This 
regar
signa
infor
mark
comp
sever
for s
scien
next-
syste
ment
to p
Ultim
quan
ident
 
MET
 
Rese
 
This 
Syste
meth
syste
objec
betw
param
as th
 
Sour
 
A sy
using
publi
were
AND
(n=6
"Aut
queri
(n=4
(n=5
studi
or cl
this 
quan
comp
cond

1180 

earch Motiva

primary motiv
in the sys

siological sign
ytic review o
ings through 
rable system
ciations betw
s states, a com
al physiolog

uding their re
not been comp

study therefo
rding the qua
al parameters 
rmative and 
kers for stress
posite physiol
rity assessmen
stress quantif
ntific foundati
-generation w
ems hold pro
tal health mo
personalized 
mately, the d
ntification too
tification and 

THOD 

earch Method

study used 
ematic Review
hodological 
ematic review
ctive was to

ween stress i
meters, with a

he core measur

rces and Sear

ystematic liter
g Google Sch
ished in Engl

e employed 
D physiologica
67), "Wearable
tonomic stres
ies included 

41) and "Elect
53). After init
ies were ident
lear stress-lev
refined datas

ntification thr
prising 18 fo

ductance. 

                           

ation 

vation of this 
stematic quan
nal analysis b
of published 
preliminary 

m. While pri
ween individu
mprehensive c
gical approac
lative reliabil
prehensively p

ore aims to sy
antitative relat

and stress int
reliable co

s quantificatio
logical indices
nt. By establi

fication, this 
ion and pract
wearable stre
mise for app
nitoring and 
wellness ma

development 
ls represents 
prevention of

d 

PRISMA (P
ws and Meta-
rigor and 

w and meta-an
o evaluate 
intensity lev
a specific foc
rable paramet

rch Strategy 

rature search w
holar and Pub
lish (Figure 1)
on Google S
al signals" (n=
e stress moni
ss biomarker
"Stress severi
trodermal acti
tial screening
tified. Studies
vel differentia
set, 27 studies
rough physio
ocused on ca

             Internat

study is to ad
ntification o

by conducting
evidence an

real-time me
ior research 
ual physiolog
comparative ev
ches to stre
lity, sensitivit
performed.  

ynthesize the a
tionships betw
tensity levels,
ombinations 
on, and explor
s as standardiz
ishing a data-
study seeks t

tical guidance
ess monitorin
plications rang
occupational 
anagement i
of validated
a critical step

f stress-related

Preferred Rep
-Analyses) gu
transparency 

nalysis process
the quantitat

vels and phy
us on HR, HR
ers. 

was conducted
bMed, restrict
). The follow
Scholar: "Str
=85), "Stress i
toring AND G

rs" (n=98). O
ity AND hear
vity AND stre

g for relevanc
s lacking quan
ation were ex
s specifically
logical signa
ardiac activity

tional Journal of

ddress the exi
of stress thr
g a rigorous m
nd validating 
easurements u

has establi
gical signals 
valuation of m
ss quantifica

ty, and specif

available evid
ween physiolo
, identify the 
of physiolo

re the potenti
zed tools for s
-driven frame
to provide bo

e for the desig
ng systems. 
ging from cli
health assess

in everyday 
d, objective s
p toward the 
d disease [10].

porting Items
uidelines to en

throughout 
s [3]. The pri
tive relation
ysiological s
RV, GSR, an

d in October 
ted to manusc

wing search qu
ress quantific
index AND H
GSR" (n=74)
On PubMed,
rt rate variab
ess quantifica
ce, a total of
ntitative outco

xcluded. Base
y addressing s
als were sele
y and 9 on 

f Science Academ

isting 
rough 
meta-

key 
using 
ished 

and 
multi-
ation, 
ficity, 

dence 
ogical 

most 
ogical 
ial of 
stress 
work 
oth a 
gn of 
Such 
inical 
sment 

life. 
stress 
early 
. 

s for 
nsure 

the 
mary 
ships 

signal 
d BP 

2025 
cripts 
ueries 
cation 
HRV" 
, and 
, the 
ility" 

ation" 
f 126 
omes 

ed on 
stress 
ected, 

skin 

Figu
 
RES
 
Phy
 
The 
requ
estab
fram
base
phys
stres
mod
asse
 
Hea
with
cond
to 1
stres
grea
prog
path
catec
nora
[16]
base
repo
relia
Simi
benc
elev
indu
prov
discr
 

mic Research, Vo

ure 1. PRISMA

SULTS AND 

ysiological Ind

quantificatio
uires not mere
blishment o

meworks that
eline states. A
siological par
ss intensity, c
dal physiolo
ssment. 

art Rate (HR
h stress load 
ditions consist
15 bpm abov
ss conditions 
ater [15]. Thes
gressive recr
hways as str
cholamine re

adrenaline. Co
 confirmed in

ed stress stud
orted physiol
able elevation 
ilarly, the 
chmark by Sch

vations during 
uction relativ
viding robust
rimination.  

ol. 07, Issue 07, pp

A guideline to 

DISCUSSIO

dices for Stre

on of stress 
ely the identifi
of meaningf
t differentiate
Across the 27
rameters demo
collectively co
ogical monit

R): HR show
across the r

tently produce
ve resting bas

generated in
se graded card
ruitment of 
ress intensity
elease casca

onsistent with 
n a compreh

dies that HR 
ogical indica
in both menta
WESAD m

hmidt et al. [1
standardized 
e to baselin
t empirical 

pp.1179-1184, Ju

 

systemically fi

N 

ess Quantifica

through phy
ication of sign
ful threshold
e stress sev
7 reviewed st
onstrated con
orroborating t
toring for 

wed a robust 
reviewed liter
ed elevations 
seline, while 
ncreases of 
diovascular re

sympathetic 
y escalates, 
ade involving

these finding
hensive review

is among th
ators of stre
al and physica
multimodal 
17] demonstra
Trier Social S

ne and amus
support for 

ly 2026 

ilter out the ar

ation 

ysiological si
nal changes bu
ds and sc
erity levels 
tudies, severa

nsistent trends
the value of m

objective 

linear relatio
rature. Mild 
of approximat
moderate to 

15 to 30 bp
esponses refle

nervous sy
mediated by

g adrenaline 
gs, Gedam and
w of 40 wear
he most frequ
ess, demonstr
al stress parad
wearable da

ated significan
Stress Test (T
sement condi

HR-based 

 

ticles 

ignals 
ut the 

coring 
from 

al key 
s with 
multi-
stress 

onship 
stress 
tely 5 
high 

pm or 
ct the 
ystem 
y the 

and 
d Paul 
rable-
uently 
rating 

digms. 
ataset 
nt HR 
TSST) 
itions, 
stress 



Notably, the acute mental stress literature demonstrates that 
sympathetic adrenal-medullary (SAM) axis activation during 
psychosocial stressors produces HR elevations that are 
proportional to the perceived intensity of the stressor, with 
individuals exhibiting higher trait anxiety consistently 
demonstrating greater HR reactivity [18]. A systematic review 
of HRV and cardiovascular stress reactivity by Kim et al. [19] 
further demonstrated that mean HR during acute mental stress 
tasks was significantly elevated compared to resting baselines, 
with the stress group exhibiting a broader interquartile range 
reflecting heightened inter-individual variability in 
sympathetic reactivity. These converging findings underscore 
the utility of HR as a robust, continuously measurable 
physiological index of stress severity. 
 
Heart Rate Variability (HRV): HRV indices demonstrated 
particularly sensitive responses to stress across multiple 
studies, offering finer-grained quantitative resolution of 
autonomic state than HR alone. RMSSD values showed 
significant decreases under both mental and physical stress 
conditions, with reductions averaging 18 to 35 percent from 
baseline in mental stress paradigms and 25 to 45 percent in 
high-intensity physical stress tasks [20]. These reductions 
reflect the withdrawal of parasympathetic (vagal) tone that 
accompanies sympathetic activation, consistent with the 
established role of RMSSD as a sensitive marker of vagal 
modulation [8]. The systematic review by Shaffer and 
Ginsberg [21] confirmed that RMSSD is among the most 
reliable time-domain HRV parameters for detecting 
parasympathetic withdrawal, with its high sensitivity to rapid 
autonomic changes making it particularly suited for acute 
stress monitoring. In a comprehensive meta-analysis of HRV 
responses to stress, Kim et al. [22] reported that 
parasympathetic activity, indexed by RMSSD and high-
frequency (HF) power, was consistently reduced during 
laboratory stress induction tasks including the Stroop color-
word test [23] and the TSST [24], corroborating the utility of 
these parameters as quantitative stress biomarkers.  
 
The LF/HF ratio emerged as a robust indicator of 
sympathovagal imbalance across the reviewed studies, with 
values exceeding 2.0 consistently observed during moderate 
stress conditions and ratios above 3.5 reported under severe or 
prolonged stress exposure. These findings align with the 
standards established by the Task Force of the European 
Society of Cardiology [8], which identified the LF/HF ratio as 
a key index of sympathovagal balance. A systematic review of 
HRV in medical professionals by Jarczok et al. [25] further 
demonstrated that the LF/HF ratio reliably increased during 
acute stress conditions across diverse stress induction 
paradigms, including simulated emergencies and procedural 
stress, supporting the translational validity of this parameter 
for occupational stress monitoring.  
 
The study by Lee et al. [26] employing ultra-short-term HRV 
analysis in a cohort of 74 police officers further confirmed that 
HRV-derived indices including RMSSD and LF/HF 
significantly differentiated stress from resting states during 
TSST induction, with accuracy exceeding 80% in machine 
learning-based classification models. These findings 
collectively support the utility of HRV-derived indices as 
sensitive and graded quantitative markers of stress severity that 
can be meaningfully integrated into composite stress scoring 
algorithms. 
 

Galvanic Skin Response (GSR): GSR data across the 
reviewed studies showed a pronounced elevation in skin 
conductance levels (SCL) under stress conditions, with 
particularly strong responses observed during psychoemotional 
stress paradigms. Phasic GSR responses, characterized by 
rapid transient increases in skin conductance following discrete 
stressors, demonstrated high temporal resolution in tracking 
the onset and offset of stress exposure. Tonic SCL values 
showed a more gradual but sustained elevation during 
prolonged stress conditions, with average increases of 1.2 to 
2.8 microsiemens above resting baseline levels reported across 
studies [27]. The exclusive sympathetic innervation of eccrine 
sweat glands underlying GSR responses makes this parameter 
particularly valuable for mental stress quantification, as it is 
largely unconfounded by the parasympathetic influences that 
modulate cardiac parameters [9]. 
 
The discriminative validity of GSR as a stress biomarker was 
further corroborated by the WESAD benchmark study [17], in 
which EDA features extracted from wrist-worn sensors 
exhibited the highest discriminative power between stress and 
non-stress conditions in binary classification tasks, achieving 
accuracy above 80% when combined with cardiac features. 
Greco et al. [28] demonstrated that acute stress state 
classification based on electrodermal activity modeling could 
reliably separate stress from baseline states using both tonic 
SCL elevation and phasic skin conductance response (SCR) 
amplitude features, with the combination of these two 
complementary components yielding superior classification 
performance compared to either alone. Consistent with these 
findings, a systematic review by Boucsein [9] established that 
tonic SCL reflects sustained sympathetic arousal during 
chronic or prolonged stress conditions, while phasic SCR 
amplitude and rate encode rapid sympathetic responses to 
discrete stressors, underscoring the complementary roles of 
tonic and phasic EDA components in comprehensive stress 
quantification frameworks. Importantly, the study by Salankar 
et al. [29] confirmed that EDA-derived features contribute 
significantly to multimodal stress classification models, with 
the inclusion of GSR alongside cardiac parameters consistently 
improving classification accuracy by 5 to 15 percent relative to 
single-modality approaches. These findings collectively 
underscore the importance of incorporating GSR into 
composite physiological stress indices. 
 
Data Analysis from Previous Reports 
 
The meta-analytic data presented in Figure 2illustrates the 
distribution of HR values extracted from reviewed studies 
across rest and stress conditions. A consistent elevation in 
mean HR is observed during stress, with the stress group 
demonstrating a broader interquartile range reflecting greater 
inter-individual variability in sympathetic reactivity [18]. The 
LF/HF ratio data shows a shift toward higher values under 
stress, consistent with sympathovagal imbalance, although 
substantial individual variation is evident, with certain outliers 
exhibiting particularly pronounced autonomic dysregulation. 
These cardiac parameters collectively confirm the reliability of 
HR and HRV-based indices as quantitative stress indicators 
when appropriately normalized to individual baselines. 
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varying stress intensities, providing a robust empirical 
foundation for the development of composite physiological 
stress quantification frameworks. The meta-analytic findings 
reveal that RMSSD reductions of 18 to 45 percent from 
baseline and GSR elevations of 1.2 to 2.8 microsiemens above 
resting levels are reliable quantitative indicators of stress 
severity, while LF/HF ratios exceeding 2.0 consistently signal 
moderate to high stress states. The real-time wearable 
measurements corroborated these findings, demonstrating 
concordant changes in HR, HRV, and GSR during a 
standardized mental stress induction task. The convergence 
between laboratory-derived meta-analytic benchmarks and 
real-time wearable sensor data supports the translational 
validity of the proposed stress quantification approach. Several 
limitations must, however, be acknowledged. The preliminary 
measurements were conducted in a small sample under 
controlled conditions, limiting the generalizability of the 
findings to diverse populations and naturalistic stress 
environments. Individual variability in autonomic reactivity, 
baseline physiological differences, and the influence of 
confounding factors such as physical activity, caffeine intake, 
and circadian rhythms on physiological signal parameters 
represent important sources of uncertainty that require 
systematic investigation in future work. Future research should 
focus on expanding participant samples, incorporating real-
time, and convenient monitoring designs, and integrating 
additional physiological signals such as cortisol, blood 
pressure, and respiratory rate to enhance the 
comprehensiveness and accuracy of stress quantification 
models. Machine learning approaches applied to multi-modal 
physiological data hold particular promise for developing 
personalized, adaptive stress quantification algorithms that can 
account for individual baseline variability and contextual 
factors [32]. Ultimately, this study contributes a foundational 
base and methodological framework for the design of 
validated, real-time wearable stress quantification systems with 
broad applicability in clinical mental health assessment, 
occupational health monitoring, and personalized wellness 
management. 
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