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ABSTRACT

Heart rate variation (HR) being identified as depending on subjects’ stress state when submitted to
short term mental stress, this study aimed at analyzing whether or not it could be possible to find a
mathematical relationship between the average heart rate variation and the intensity S of a stress
indicator in case of short term mental stress, whatever the stress indicator is. The method
consisted in working the hypothesis by gathering data providing HR and ratio of frequency power
of HRV (Heart Rate Variability) for different level of stress, HRV being considered as a stress
indicator and presenting the advantage of being widely used in studies, therefore providing
numerous data in the literature. From this data, a mathematical model was designed and then
assessed by testing its reliability when applied to HR variation versus different types of stress
indicators (EMG, GSR, Work Load, questionnaires such as STAI-S, ALES). The correlation
obtained between the model and the data provided by the literature (24 points from 8 studies
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model were identified and discussed.

gathering 272 subjects) gave r=.95 (p<.0001) which allowed us to validate the model. Limits of the

Keywords: Heart rate; mental stress; stress factor; stress indicator.

1. INTRODUCTION

Many research domains have identified and
studied mental stress as a crucial factor of
influence or consequence: for example mental
stress may affect performance [1] or social
interaction [2-4], may cause or be a
consequence of pathologies [5-11]; it is also
studied when combined with tiredness [12] or
related to sleepiness [13,14]. Different kinds of
mental stress were identified, mainly chronic
stress [15,16] and short term stress (or acute
stress) [16-19].

Two ways have been developed for stress state
assessment: subjective (through questionnaire;
e.g. [20-25] or objective through physiological
measurements; e.g. [16,18,26-30]. The former
provides an “image” of the stress perceived by
the subjects afterwards (subjective state) and the
latter gives access to an instant state which is
the subjects’ physiological response to stress
(physiological state). Both subjective and
physiological states are subjects’ responses to
one or several stress factors (or stressors). We
can therefore conclude that the subjects’ stress
response doubles in intensity from one context to
another if the questionnaire score shows an
increase from 20 to 40 or when the subjects’
heart rate (HR) increases from 60 to 120bpm. In
parallel, it is not always easy to rate how a
stressor might double in intensity. For example, if
we imagine a subject working in a noisy
environment and find out that this subject is
stressed due to the noise (see for example the
analysis of job environment for nurses in [8] or
for naval personals in [25]), what must be done
to increase the intensity of the stressor? Must we
increase the intensity of the noise (measured in
dB), or must we increase the average frequency
of the noise (measured in Hz) or both? The
answer to this question is particularly difficult and
is not available in the scientific literature.
However, it is trivial to assume that one context is
more stressful than another: a noisy environment
with 100 dB is probably more stressful than an
environment with 50 dB.

Nevertheless, in spite of many studies available
about the effect of stress, none addresses the
continuous variation of subjects’ responses with

guantified stress increase. Studies often
compare two conditions of stress through stress
indicators such as subjective or objective
measurements.

Yet, considering studies available in the literature,
we found that healthy subjects’ response in
terms of average heart rate could present a
typical shape and varied with increasing level of
stress, stress being objectified by an indicator
such as the difficulty of the context [31-33] or an
indicator such as the workload [34] or the
assessment of perceived stress [35]; the shape
of the curve between the average heart rate HR
and the stressor indicator S could be seen as HR
0 S* where a was a positive number smaller
than 1 (see examples Fig. 1) in the case of
healthy subjects under short term mental
stress.

As the conditions of stress were different from
one study to another, this finding let us think that,
in case of healthy adult subjects submitted to
short term mental stress, there could be a
generalized relationship between the average
heart rate considered as a physiological
response to the stress, and this relationship
being independent from the kind of stressor but
depending on its intensity (Fig. 2).

The aim of the present article was to
test/determine the hypothesis of pattern HR O S*
(O<a<l1) where S is a stress indicator linked to
the stress intensity. Such a correlation was
already assumed by Levy et al. [36: 1237] but did
not give rise to a model.

When considering the available data in the
literature, no measurements were reported for
series of stressful contexts that might give
information about the variation of HR versus
stress intensity which was not surprising
according to what is reported above.

Yet many studies gave the ratio of power
frequencies for low vs high values of heart rate
variability (ratio LF/HF of HRV) as a relevant and
confident parameter to differentiate levels of
stress state. This is obtained by analyzing
fluctuations in beat-to-beat periods (HRV), then
applying spectral analysis of HRV highlighting
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Fig. 1. a) Cinaz et al. [34] for
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several frequency bands among which [37] a
low-frequency component reflecting sympathetic
activity (usually referred to as LF: 0.04-0.15Hz)
and a high-frequency component

reflecting

parasympathetic activity (usually referred to as
HF; 0.15-0.4Hz). The ratio of LF to HF power
illustrates the autonomic parasympathetic and
sympathetic balance and is used as an indicator
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of stress [38-40]. Despite the fact that studies
usually presented only two experimental
conditions for comparative analysis of one stress
state to another, by compiling data of different
studies, it was here found possible to cover a
large range of different stress states. We thus
introduced a hypothesis of representativeness
assuming that, in first approximation, the ratio
LF/HF was directly representative of the stress
intensity.

HR HR o §¢

stress indicator §

Fig. 2. Hypothesis regarding a model for HR
variation with stress indicator for healthy
adult subjects submitted to short term mental

stress

Therefore the research question changed in: “Is it
possible to find a mathematical relationship
between the average heart rate variation and the
intensity S of a stress indicator in case of short
term mental stress, whatever the stress indicator
is?” considering the indicator S as the ratio of
power frequencies for low vs high values of heart
rate variability (ratio LF/HF of HRV).

The present article aims at proposing an answer
to this question by seeking the relationship and
then verifying its consistency with various stress
indicators  within the restricted framework
mentioned in the research question: subjects are
healthy adults and stress is of mental and short
term type. These two considerations are thus at
the outset limits of the expected model.

2. MATERIALS AND METHODS
2.1 Design

The method consisted in working the hypothesis
of pattern by gathering data providing HR and
ratio of frequency power of HRV for different
conditions of stress. The resulting correlation
was then used to formulate a mathematical
expression of the hypothesis of pattern shaping
the model. The model was then assessed by
testing its reliability when applied to HR variation
versus different types of stress indicators. In

case of success, this would validate the
hypothesis of representativeness; if not, this
would lead to rejecting both hypothesis (that of
pattern and that of representativeness) and thus
the model.

2.2 Working the Hypothesis of Pattern for
the Model

The hypothesis of pattern was that a relationship
of type HR O S* (O<a<l) might be found in
specific conditions:

e With healthy subjects not to get any bias
due to the distortion induced by any
biological or mental disease,

e With adult subjects as it was shown that
children could react differently than adults
in certain conditions of stress [33],

e In case of mental stress only (not
combined with physical stress obviously
influencing the heart rate),

e In case of short term stress only (as
opposed to chronic stress which relates to
a different process).

These criteria were necessary to ensure the
homogeneity of data as done by others (see for
example [3]).

This first phase consisted in gathering articles of
the literature providing several conditions of short
term mental stress for samples of subjects with
quantified data regarding the average heart rate
and a stress indicator.

The choice of stress indicator was led by three
criteria: i) being a relevant indicator of stress and
thus being widely accepted by the scientific
community, ii) being widely used in order provide
data covering a large range of values through
several studies, iii) providing data in accordance
with the aforementioned specifications. This
resulted in choosing the power ratio of heart rate
variability as stress indicator (ratio LF/HF of HRV)
as suggested in 81.

Then a power trendline was calculated in
accordance with the assumption in 81 through a
least square method with a correlation coefficient
ry calculated in a logarithm space and the
associated significance py. We decided to reject
the correlation if ry <.8 or py >.001.

Although the period for the literature review was
not limited, the aforementioned criteria and, after
analysis of the papers available, the choice of
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HRV as the relevant stress indicator bounded
this period de facto.

2.3 Shaping the Model

Two hypotheses were combined. A first
hypothesis of pattern consisted in assuming a
general power variation of HR with a stress
indicator S. A second hypothesis  of
representativeness assumed the ratio LF/HF to
represent S, the equation of the power trendline
obtained in the previous step being used to fix
the power coefficient a of the expected model of
type: HR = kS® +c¢ with O<a<l. Then,
mathematical developments helped us to
formulate an expression for the coefficient k of
the model. For this aim, we used the properties
of power functions when values tending to zero,
and we combined the result with the fact that,
when tending to zero, the power model could be
approximated by a linear function as shown by
some of the collected data. This helped us to
provide an expression of the expected model and
its adjustment key.

2.4 Subjects

Assessment of the model was done by
considering studies in the literature providing
each at least 3 pairs of values (HR; S) where HR
was the value of the average heart rate for a
sample of subjects submitted to a given stress
condition characterized by S, a quantified stress
indicator. This stress indicator was chosen as
various as possible from one study to another.
Hence S could be the score obtained with
workload assessment or through stress
guestionnaires, or could be measurements of
stress of muscles or skin conductivity for
instance. For each study, the model was
adjusted according to the protocol defined in the
previous step. Finally, the set of calculated HR,
HRmode, Was compared to the measured HR
provided by the studies, HReas- The model was
rejected if the resulting correlation provided a
correlation coefficient r, <.8 or a related
significance p,, >.001. Rejecting the model would
show that one of the hypothesis (pattern or
representativeness) was false.

3. RESULTS

3.1 Working the Hypothesis of Pattern
for the Model

The choice of stress indicator that respected
three criteria listed in 8§2.2 led to select the power

ratio of heart rate variability as indicator. This
guantity was a more widely used indicator and
permitted to collect a large amount of data
respecting the conditions specified for the data in
§2.1.

Fig. 3 summarizes the data collected from the
literature. Ten studies were used, involving 202
subjects and providing N=32 points. Among
these studies, only those regarding healthy
subjects were considered, implying sometimes
to select only data of the control group of the
study.

The trendline obtained confirmed a relationship
between HR and the stress indicator of power
type. The correlation obtained gave ry(N=32)=.88
(pw<.0001) which allowed us to accept it as a
starting formulation of the model sought. The
correlation given by the HR variation vs the
power ration LF/HF of the HR variability helped
us to suggest the expected model could be
written as:

HR = kS*+¢ Q)
where:
e a=.2
« k is a coefficient to be calculated,

depending on S
e cis aconstant depending on S

3.2 Shaping the Model

We then considered two values of the heart rate,
HR; and HR;, which we expressed according to

2):

HR,

kS¢ +c (2)
HR, = kS +¢ (3)
(2) - (3) gave:

SHR = k{s¢ -S4} (4)
k{(s; +065)" - s}

kaII 1+55/51 —1l (5)
k )

where the symbol 0 designated the infinitesimal
difference of a quantity.
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Applying the Taylor expansion of the function
(1 +x)"at the first order when x tends to 0:

(1 +x)m= 1+ mx (6)

Equation (5) became:

( |
SHR =ksf{| 1+a55/51 —1J¥
\

SHR = kabsSs“™ @)

Besides, for S; small, we considered that HR;
varied as a linear function of S;:

HR; = aS;, +p (8)

giving for HR; and HR;:

HR, = a$; +p 9)

HR, = aS, +p (10)
(10) — (9) gave:

SHR = a(S, =S, )= ads (11)

r ration LF/HF

Making (7) and (11) equal, we obtained:

kassSe™ = ass (12)
giving the expression for k:
k=9
/a 5@ (13)
where:

e ais the slope of (8)

e a = .2 is the coefficient obtained through
the correlation and used in (1)

e S, to be adjusted regarding the range of
experimental data covered by the linear
function  (8). Further  tests  with
experimental data led to consider that S;
was to be adjusted to 15% of the range of
experimental data covered by the linear
function (8).

3.3 Assessing the Model

Eight studies were found in the literature
respecting the criteria described in § 2.3 and
providing 24 points spread into 8 samples of
subjects (one per study) and gathering altogether
272 healthy adult subjects; when studies
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considered two cohorts of subjects, one made up
of healthy subjects and the other made up of
subjects with pathologies or psychological
problems, only the healthy cohort was
considered. Fig. 4 shows the measured values of
HR provided by the studies vs the calculated
values of HR applying the model obtained in §3.2.
For each study, the legend on Fig. 4 shows
information regarding the article from which was
obtained the data, the number of subjects
involved in the study and the stress indicator the
researchers used to characterize the stress state
of the subjects.

As seen on Fig. 4, the model shows a good
consistency whilst being applying to six different
stress indicators over eight different studies.
These indicators were:

e The Work Load for Cinaz et al. [34] and
Nahlinder [41], self-assessed by subjects
through the NASA Task Load Index (TLX)
[42],

e The stress of muscles measured through
EMG for Fallali et al. [40] and for Lundberg
et al. [43],

e The skin resistivity measured through GSR
for Sun et al. [44],

e The stress state self-assessed through a
multiquestionnaire  developed by the
authors for Lundberg et al. [43],

e The stress state self-assessed through the
STAI-S of Spielberger [21] for Berger et al.
[4] (the authors referred to [45] for this test),

* The Appraisal Life Event Scale for Berton
et al. [35].

The correlation obtained on Fig. 4 for values of
HR provided by the literature vs the calculated
values of HR gave r, (N =24)=.95 (p,,<.0001)
which allowed us to validate the model and the
hypothesis of representativeness.

4. DISCUSSION

It must first be noticed that it was rather difficult
to gather data from the literature respecting all
criteria listed in 8§2.

It is remarkable that, in this attempt to elaborate
a model for heart rate variation for subjects under
stress, this variation actually follows a power
trendline which is generalized through a unique
power coefficient a found here equal to .2
(validation of the hypothesis of pattern).

Yet this model has limits which reduce its domain
of application. The first limits are given by the
conditions for which it was set up; they are listed
in section 2. Some of the limits were confirmed
during the validation phase of the model: actually,
the model applies for healthy adults; when
subjects with disease are taken into account (for
example mental pathologies like social anxiety
disorder [3], panic disorder [32] or pathological
disease like diabetes [46]), the model does not
apply: data shows another trend to that of the
curve. The model does not also apply when the
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stress process is disturbed: for example, Goodie
et al. [47] presented subjects under stressful
conditions, some of the subjects having a lower
level of stress due to an instant feedback of their
stress state; data related to these latter subjects
with feedback did not match the model. Then
come the limits due to the range over which the
model was tested: It does not cover values of HR
exceeding 101 bpm. Yet, we might assume that
the model follows an asymptotic trend for higher
values.

Another limit appeared during the assessment
phase. It concerned the post-stress relaxation
phase: Data related to this phase did not match
the model [14,32,33,40,41,47]. Therefore, the
present model is clearly exclusively devoted to
the short term mental stress experienced without
feedback of stress state for the subjects.

5. CONCLUSION

Our study validated a model describing short
mental stress of healthy adult subjects through
the expression of heart rate versus a stress
indicator of the following form:

HR = kS*+c (14)
with:
k=@
(a-1) 15
/a 51‘1 (15)
where:

e ais the slope of the linear function linking
HR and S; in the neighborhood of 0,

e a=.2

e S, adjusted to 15% of the range of
experimental data covered by the linear
function.

In practice, short term mental stress situations
may be encountered in daily or professional life
for example when experiencing a difficult
interpersonal interaction, taking an exam,
performing an unusual and/or difficult work
activity (from the mental standpoint), dealing with
an unexpected and surprising situation, being

trained on simulator to manage a critical situation.

The model has shown a good reliability for short
term mental stress of healthy adult subjects
(pm<.0001) when the situation did not involve
subjects in physical efforts.

Further experiments are needed to investigate
the limits of the model. It was said at the

beginning of 84 that the model did not apply for
subjects with diseases. However we may
assume that a modified model (with another
value of the power a for example) could fit data
of patients concerned by a given disease or a
family of diseases. Similarly, we might assume
the same for patients experiencing two
consecutive episodes of short term mental stress:
in this study we noticed that our model only fitted
data for the first episode of stress; we may
assume that a modified model could describe the
second one. Data available in the literature is not
numerous enough to permit the elaboration of
these models. This thus offers the perspective of
several series of experiments to explore these
assumptions. If modified forms of this model for
HR response under mental stress could describe
these particular cases, this might contribute to
improving their understanding.
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