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Abstract-Thermal imaging is one of the most promising methods
for probing the psychological status of human beings because of
its non-invasiveness. In this study, we developed a method for
assessing the stress status in real time. The thermal signal was
obtained to amplify and extract stress-induced thermal imprints.
The thermal imprint was then validated against the clinical
standard in a controlled lab experiment, in which
neurophysiologic responses were invoked from subjects via Trier
Social Stress Test. The correlation between the extracted thermal
imprints and established stress markers, such as heart rate (HR)
and cortisol level, was significant. Furthermore, the methodology
for pulsation measurement with a new region of interest was
developed to obtain HR in real world applications. Disregarding
personal factors, the high correlation between thermal signal and
stress marker suggested the feasibility of real-time stress
assessment.
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I INTRODUCTION

Stress is having increasingly strong effects on human health.

Cortisol concentration has been widely accepted as the
biomarker for activation of the hypothalamic—pituitary—
adrenal (HPA) axis, which is directly linked to stress[1][2].
Cortisol release from the adrenal cortex is modulated by the
adrenocortico-tropic-hormone (ACTH) from the pituitary
gland[3].  Regardless of age, gender, and individual
differences, a 10-15 min lag occurs between the maximum
secretions of these two hormones[4]-9], which leads to
difficulty in achieving real-time stress assessment. Stress
assessment has been actively conducted using various
methods. Previous research have contributed to the progress
of using contact physiological sensors, such as
electroencephalograph and galvanic skin response, to detect
changes in human stress levels [10]-12]. However, these
methods are essentially theoretical, and seldom connect with
stress assessment in real world application.

Studies on the remote sensing of stress are continuously
increasing in number. For instance, Pavlidis first observed the
thermal signature of startle and reported that instantaneous
blood demand increases in the periorbital region [13]-16].
Distinctive heat pattern involving metabolic activity, skin
tissue and local vasculature, significantly change in the
presence of emotional stimulus[17]-25]. A recent work in the
field attempted to extract action units to describe the affective
response in the facial area [31][32].

In addition to analyzing of facial imprint, measuring
physiological vital signs through imaging sensor has become
the focus of research. An interesting project led by the
Massachusetts Institute of Technology focused on subtle
signal magnification algorithm, namely, the Eulerian
magnification [27]. Unlike direct thermal signal extraction,
the Eulerian video magnification algorithm expands the
variation in a given temporal frequency within the band of
interest, thereby enhancing subtle changes in the
psychological signal. Although stress has been extensively
studied, challenges persist because the methods involved in
studying stress require substantial cooperation from the
participants.

To address the aforementioned challenges, we developed a
new psychological signal extraction method. The algorithm is
based on signal magnification. The method suppresses noise
and expands the thermal imprint invoked by psychological
change in the facial area. The correlation between the
extracted psychological thermal imprint and established stress
markers was explored and quantified. In this study, 20 healthy
males and females underwent Trier Social Stress Test (TSST)
in a controlled lab. Facial thermal images with established
stress markers, such as HR and cortisol level, were collected
during the experiment. Correlation analysis explored the
correlation between thermal imprints and established stress
markers to characterize the different phases of the stress cycle.
The new ROI, together with denoising method, was also
designed for pulse extraction through thermal imaging.

In summary, the correlation between the extracted thermal
imprints and established stress markers (HR and cortisol level)
was significant.

1. EXPERIMENTAL SETUP

The participants were mainly recruited by posting ads on a
newspaper. A total of 20 healthy volunteers with different
skin colors (Caucasians, Indians, Chinese, Malaysians, and
South Africans) and representing both genders participated in
the experimental trials. The participants were in the age group
of 20-69 years old, with a mean age of 34 years old and a
standard deviation of 13. The experimental protocols were in
the order of TSST.

A FLIR SC7600 thermal IR imager with noise-equivalent
temperature difference of 17mK working in usable spectral
ranges of 3-5um was utilized. The sensor of the imager had a
large format (640x480) of mercury cadmium telluride
semiconductor focal plane array. The sampling rate was set to
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30 frames. Given that the correlation between the proposed
method and established stress markers was the focus of this
study, an automatic thermal imprint tracking should be
developed in future studies. The participants were requested to
wear a chest strap heart monitor (Garmin) and a finger probe
(Miroxi) for HR measurement. Saliva samples were collected
in a 5 min interval using a salivette. The participants were also
asked to insert saliva collection swabs in their mouths. The
samples were stored in a freezer until analysis through time-
resolved fluorescence immunoassay.

All the experiments performed in this study were conducted
by approximately following three main steps. First, the
participants were asked to wear a heart monitor (Garmin and
Miroxi type). Second, they were led to a well-illuminated
room where they sat down comfortably. A rest time of
approximately 5 min was given to allow the participants to
settle in their new environment. Finally, a series of emotional
stressors (TSST) were given to the participants, followed by a
45 min recovery period until the baseline.

1. MODEL AND METRICS

A. Thermal signal magnification

During the stress experiment, the demand for blood
dramatically increased, and a substantial increase in heart rate
was recorded. The perinasal area have been proven as
sensitive ROIs for quantifying physiological stress. Therefore,
the perinasal area, where the immediate response to the stress
status was highly sensitive, was chosen as the ROI.

The direct correlation between thermal imprint and
established stress markers was not significant according to a
previous study [28]. In the present study, the Eulerian
magnification algorithm was applied in the thermal imprint to
magnify the psychological signal change caused by stress.
However, the contour of the ROI had a small shape, and the
access to genuine data was difficult. Therefore, an alternative
method based on vessel extraction was used to replace the
ROI measurement. This method primarily relied on the fact
that the vessel within the perinasal contains the principal
thermal component.

The scheme step primarily consisted of a two-stage process, in
which anisotropic diffusion[29] is initially combined with the
thermal imprint.

Given that Q€R? denotes a subset of the plane and I(., t):
Q—R is a family of gray-scale images, anisotropic diffusion
is defined as

% = div(c(m, t)VI) = Vc.VI +
c(m, t)Al (1)

where A denotes the Laplacian, V is the gradient, div(...) is the
divergence operator, and c(m,t) is the diffusion coefficient.
c(m,t) controls the diffusion rate and is typically chosen as a
function of the image gradient to preserve edges (vessel) in
the image. Eulerian magnification was then applied to
different spatial frequencies using Taylor expansion. Thus:

% = div(c(m, t)VI) ~ Vc. VI + (I(m, 0) +

1
where 6(t) denotes the displacement function; the signal is
amplified by a. Frequencies within 0.4-4Hz were then
selected for further magnification. In the last stage of the
scheme, the perinasal area thermal signals were magnified and
reconstructed. The amplified thermal was accordingly
correlated with stress marker.

This method highlights subtle change in the psychological
status, in terms of not only the thermal imprints but also the
established stress markers. The correlation between the
established stress markers and captured thermal imprints was
explored through Pearson correlation and critical p values.

B. Non-invasive HR measurement model

Previous studies [16][26] typically used carotid vessel as
ROI to extract HR, in which subjects are asked to sit still and
show their carotid vessel to the camera. In order to avoid this
inconvenience, the temperature signal around the periorbital
region was used in the present study, where in a subject can
directly show his face to the thermal imaging system.
Therefore, this ROl is more useful in the real-world
application.
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Fig. 1 The flowchart of ROI signal extraction in the (a) periorbital region (b)
the ROI after four-level k-means cluster (c) the mean temperature profile of
the highest cluster (d) an example of pulse signal after FFT.

To extract the ROI from the facial area, the algorithm in [16]
was used to first achieve the periorbital region. The highest
temperature area around the periorbital region is normally
located in the upper corner of the eye; therefore, the ROI
signal can be achieved using cluster method (Fig.1). K-means
method was used to perform the cluster (four levels) for ROI
location. After achieving the ROI position, the thermal signal
was analyzed accordingly. The fast Fourier transform (FFT)
was employed to achieve the pulse signal. However, the
thermal signal is often associated with eye blinking, which
leads to the wide fluctuation of the power spectrum despite
convolving the current averaged power spectrum with a
weighted average of the power spectra computed during the
previous time steps. To solve this problem, the noisy spectrum
was selected for further analysis.
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The pulse spectrum normally moves to the second large
spectrum energy because of eye blinking as shown in Fig. 2
(b). Moreover, this fluctuated spectrum always exists between
two normal spectrum energies. Therefore, a gateway function
was set up to avoid the noise from eye blinking. During the
spectrum analysis, the second large spectrum energy was
considered the pulse energy when the power spectrum
suddenly fluctuated because of eye blinking. An example of
how eye blinking affects the power spectrum is shown in Fig.
2. The HR of the participant was around 73 (achieved by
Garmin), with the pulse frequency of 1.22. The maximum
power spectrum arrived at 1.66 with 1.2Hz frequency before
eye blinking, whereas the maximum power spectrum suddenly
jumped to 1.89 with 2.4 Hz frequency during eye blinking.
However, the real pulse frequency was supposed to be at
around 1.26. Thus, the gateway used the second power
spectrum as the pulse frequency when the maximum power
spectrum suddenly jumped to high frequency area because of
eye blinking.
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Fig. 2 The power spectrum (a) before eye blinking and (b) during eye
blinking. The HR of the participant was around 73. The normal frequency is
in the range 0.8 Hz to 2.5 Hz corresponding to the HR of 50bmp to 150 bmp.

The main process of HR detection is performed in the
following steps. Firstly, the extracted ROI was selected from
the periorbital region, and the pixel temperatures along the
ROI were averaged as follows:

P
T _ szoTCluster 3
average — Py ( )

where Teusier denotes the temperature in the lowest cluster, and
Px denotes the pixel number within the lowest cluster.
Secondly, FFT was applied on the temperature profile to
obtain the respective power spectrum. To avoid the noise from
eye blinking, the current power spectrum was calculated and
compared with the nearby power spectrum. The gateway
function (Fig.3) was then applied to avoid the signal noise.
Finally, all the power spectra computed in the previous step
were averaged into a composite power spectrum, and the
pulse frequency was achieved from the power spectrum.
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V. EXPERIMENTAL RESULTS

Consistent with the preceding discussion, the resulting data
distinctly illustrated a promising correlation. Significant
correlations [Fig.4] between the thermal imprints and
established stress markers were found during the TSST
experiment. The Pearson value distinctly illustrated the
promising correlation among HR, cortisol level, and
magnified thermal imprint, all of which had a p value of less
than 0.01. Nevertheless, comparatively low correlation factors
were achieved between thermal imprint and cortisol level,
which may be attributed to the time lag of cortisol level and
its sample rate (i.e., cortisol level was collected every 5 min).
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Fig. 4. Pearson correlation between magnified thermal imprint and stress
markers with p value of less than 0.01.

Beside the high correlation between magnified signal and
stress marker, table 1 shows the detailed profile of the
experimental result and the average pulse measurements
reported by the ground truth (GT) and thermal imaging (TI)
algorithm. The overall agreement between the two methods
was 96%. More importantly, the imaging system was able to
film the ROI and directly implement the algorithm without the
cooperation of the subject.
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Subject No. ROI GT(bmp) TI(bmp) % accuracy
Subject 1 Periorbital 75 75 100
Subject 2 Periorbital 74 73 98.64
Subject 3 Periorbital 73 75 97.26
Subject 4 Periorbital 75 75 100
Subject 5 Periorbital 76 73 96.05
Subject 6 Periorbital 77 79 97.40
Subject 7 Periorbital 76 82 92.10
Subject 8 Periorbital 77 82 93.50
Subject 9 Periorbital 80 83 96.25

Subject 10 Periorbital 84 87 96.42
Subject 11 Periorbital 72 73 98.61
Subject 12 Periorbital 89 84 94.38
Subject 13 Periorbital 83 85 97.59
Subject 14 Periorbital 88 85 96.59
Subject 15 Periorbital 90 87 96.66
Subject 16  Periorbital 82 85 96.34
Subject 17 Periorbital 76 81 93.42
Subject 18 Periorbital 73 76 95.89
Subject 19 Periorbital 88 84 95.45
Subject 20 Periorbital 73 75 97.26

Table. 1GT (from Garmin) and T| pulse measurements

V. DISCUSSION

This study explored a non-invasive method to assess stress in
real time. The direct temperature measurement of the results
was in line with that in previous studies [14][15][28]. The
correlation between the thermal imprint and established stress
marker was investigated in this study. Although direct
correlations between the thermal imprints and stress markers
have been reported to be insignificant [28], subtle
psychological information could be expanded through the
perinasal area thermal signal using the signal magnification
method. Unlike the baseline status, the thermal imprints
extracted by magnification method significantly changed
during TSST. Perinasal area thermal signal exhibited an
interesting correlation with stress marker. Correlation analysis
demonstrated the significant association between magnified
perinasal signal and the established stress markers (HR and
cortisol level). However, this significant correlation was
similar, but not identical to the theory because the cortisol
level of the saliva sample was not simultaneously
synchronized with the stress level. This discrepancy existed
because of the lack of straightforward association between the
stress markers, as different markers originate from various
physiological systems and have varied underlying
mechanisms[28][30].

HR detection result was promising based on a plausible ROI.
This new method works in real-world applications and can be
used to avoid the need to obtain the subject’s cooperation.
However, the ROI position is sensitive to eye blinking, which
makes the pulse signal quite noisy. Therefore, a gateway
function was designed to avoid this noise. With this gateway
function, we achieved 96% agreement between ground truth
and the proposed algorithm.

In summary, plausible solutions to real-time stress assessment
were demonstrated. For instance, a contact-free method to
assess stress was presented. In support of the idea that heat

exchange embodies a direct response of psychological
change[28], the proposed method shows a close and specific
parallelism between thermal imprint and stress markers. To
the author’s knowledge, this study is the first to assess stress
in real time.
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