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There are a limited number of studies on heat stress dynamics during exercise using the 
photoplethysmogram (PPG). We investigate the PPG signal and its derivatives for heat stress 
assessment using Welch (non-parametric) and autoregressive (parametric) spectral estima
tion methods. The preliminary results of this study indicate that applying the first and 
second derivatives to PPG waveforms is useful for determining heat stress level using 20-s 
recordings. Interestingly, Welch's and Yule- Walker's methods in agreement that the second 

derivative is an improved detector for heat stress. In fact, both spectral estimation meth
ods showed a dear separation in the frequency domain between measurements before and 
after simulated heat-stress induction when the second derivative is applied. Moreover, the 
results demonstrate superior performance of the Welch's method over the Yule-Walker's 
method in separating before and after the three simulated heat-stress inductions. 
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temperature (BCT) is the gold standard criterion 
ent of an individual's heat stress response. The 

ture of core body temperature assessment and the 
 measurement render its application inappropriate 
lected settings. While ingestible temperature sen

astly improved the individual thermal assessment 
tings, the requirement to obtain measurements 
ly post consumption limit the application of this 
 to non-acute emergency responses. Non-invasive 
s to core body temperature assessment in such 
nts are warranted, with surrogate measures of core 
rature assessed in tropical field settings. In a pre
, heart rate (beats per minute), demonstrated a 
tionship to core body temperature than other com
ssed physiological variables, inclusive of mean 
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ssure and tympanic temperature (1]. The rela
tween body temperature and frequency of cardiac 
ll known (2,3]. Furthermore, analysis of the arterial 
 has been shown to provide valuable information 

blood and 
of the blood
that applyi
PPG signals
iffness and elasticity (4-6). It has been widely used 
 the vascular effects of aging, hypertension, and 
osis (7- 10). 
ctric plethysmography is the most commonly used 

 pulse-wave analysis, which has been referred to as 
ysmography (PTG/PPG), blood volume pulse (BVP), 
volume pulse (DVP) analysis; however, the acronym 
 used exclusively in this study, according to the 

dations in Elgendi et al. (11). Fingertip PPG is a 
e measurement that mainly reflects the pulsatile 
nges in the finger arterioles, as shown in Fig. l {a) 

alyzing the PPG wave contour is difficult; therefore, 
 have applied the derivative to emphasize and eas
 the delicate changes in the PPG contour (12], as 

ig. l {c)- (f). 
g derivatives to PPG signals detect faster physiolog
s (bigger gradient) in the PPG signal. For example, 
ivative of the PPG signal represents the velocity of 

the second derivative represents the acceleration 
 flow inside the fingertip. Therefore, it is expected 

ng derivatives will magnify the differences between 
 measured before and after heat stress induction, 
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Fig. 1 – An example of 4-s PPG segment and its derivatives measured before and after simulated heat-stress induction. (a)
PPG waveforms before simulated heat-stress induction; (b) PPG waveforms after simulated heat-stress induction (c) first
derivative of (a); (d) first derivative of (b); (e) second derivative of (a); (f) second derivative of (b).
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asurement Protocol. The duration of the whole experiment w
tely 30min while the PPG signals collected during the 30 mi

n the frequency domain. Throughout this paper, we 
 VPG (velocity of PPG) acronym to refer to the first 
f the PPG. The acronym of the second derivative of 

usually SDPPG or APG; however, APG will be used 
 within this study, according to the recommenda
endi et al. [11]. 
the application of PPG to cardiac variables and 
l significance of PPG measurement has been well 
d, there is still a lack of studies that focus on heat 
sment using PPG signals. Matsuyama [13] assessed 
uitable index for heat stress assessment in the 
, determining that the typical time-domain indi
PG analysis, however, Matsuyama's investigation 
t the time-domain indices are unsuitable for heat 

ssment. Therefore, our investigation is focused on 
 the frequency domain of PPG and its derivatives 
g subjects measured after simulated heat-stress 

terials and methods 

ta collection 

tress PPG data for this study were collected as 
ational Critical Care and Trauma Response Centre 
roject to assess the physiological and perceptual 

of emergency responders to a simulated chem
ical, and radiological (CBR) incidents in tropical 
ntal conditions, to compare the efficacy of various 
thods. The background of the NCCTRC's thermal 
n be found in Brearley [14]. Forty healthy, heat 
d emergency responders (30 males and 10 females) 
an ± SD age of 34.7 ± 6.6 volunteered and pro
en informed consent to participate in this study, 
 approved by the Human Research Ethics Com
he Northern Territory Department of Health and 
hool of Health Research. Participants undertook 30 
ing and resuscitating, transporting and decontam
ighted manikins while wearing Level 3 personal 
equipment, which comprised a fully enclosed, 
le suit including boots, gloves, hood, face mask 
tor (SE400i, S.E.A. Group, Warriewood, Australia) 
 30 min of rest and cooling. This protocol was 
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2.2.1. 
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ree times with PPG data collected during each rest 
own in Fig. 2. Here, PPG data were measured by a 

ysmography-equipped device (Salus APG, Japan) at 
 rate of 367 Hz, with the sensor located at the cuticle 

more rapid
per minute
reduction i
the heart) e
approximately 4h, each exercise consumed 
ak of each exercise. 

d digit of the left hand. Measurements were taken 
ile participants were undertaking seated rest. An 
 physician annotated the systolic peaks as controls 
ion. The participants were normotensive (mean 
od of 129.3mmHg, range 110-165 mmHg), and had 
ardiovascular, neurological or respiratory disease. 
 experiment, the participants provided informa
heir physical condition. Physical information such 
nd weight were also measured for reference and 
d in Elgendi et al. [15]. Alcohol consumption and 
ere prohibited during 24h and 2h before exper
, respectively. For signal analysis, MATLAB 2010b 

orks, Inc., Natick, MA, USA) was used. An Omron 
as used for blood pressure measurement. 

e body temperature 
le telemetric temperature sensor (CorTemp 100, 
logies, Florida, MI, USA) was used to measure core 
erature by transmitting a signal proportional to 
ature of the gastrointestinal tract to a handheld 
nce located in the gastrointestinal tract, the ther
e pill is a valid index of core temperature when 
to rectal or oesophageal temperature [16,17]. 
ants ingested a core temperature pill with fluid 
akfast that preceded the commencement of data 
y approximately 4 h. This timeframe was adopted 
 pill to empty from the stomach and enter the small 
hile minimizing the risk of the pill being emptied 
dy prior to the completion of the study [16]. To con
possibility of local cooling of the telemetry pill via 
f fluids and/or crushed ice, subjects were excluded 
udy if gastrointestinal temperature was less than 
/or decreased by 2°c in any 5 minute period during 
se. 

thodology 

, our goal is to find out whether differentiating the 
can improve the heat stress assessment. 

at-stress induction 
ate (HR) increase is due to both the direct (heated 
sing the sine-atrial node of the heart, triggering a 

 depolarization and therefore, more contractions 
) and indirect (increased cutaneous blood flow, 
n total peripheral resistance, less blood returning to 
ffects of heat stress on HR - thus extra heart beats 
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Fig. 3 – Boxplot of PPG signals measured before and after
simulated  heat-stress induction (a) body core temperature
(b)  beat-to-beat duration. Here, BCT stands for body core
temperature, p value is calculated using the paired
506  c o m p u t e r m e t h o d s a n d p r o g r a m

are required to maintain blood flow. The HR is also increased
by  the previous physical exertion. Heat stress occurs during
physical  exertion in the heat, e.g. heat stroke is an acute syn-
drome  caused by an excessive rise of core body temperature
as  a result of overloading or failure of the thermoregulatory
system during exposure to heat stress.

2.2.2.  Feature  extraction
To confirm the heat stress occurrence in our data, in addition
to  the BCT validation, we  calculated the low/high frequency
(LF/HF)  ratio by applying the autoregressive PSD estimate –
Yule–Walker method – with model order (O = 12) based on the
recommendation in Kim et al. [18]. The LF and HF powers of
the  heart rate variability were calculated as the area under
the  PSD curve corresponding to 0.04–0.15 Hz and 0.15–0.4 Hz,
respectively  [19].

As  our goal in this study is to determine the heat stress
impact in the frequency representation of the PPG signal and
its  derivatives, we  bandpass filtered (0.5–8 Hz) the PPG sig-
nals  to remove the baseline and high frequency noise [20,21],
resulting in x. We then calculated the power spectral den-
sity  (PSD) of the x signal using Welch (non-parametric) and
autoregressive (parametric) spectral estimation methods with
a  coherence length equals half of the sampling frequency. We
then integrated the power spectrum provided by both meth-
ods  to compare between PPG data measured before and after
simulated  heat-stress induction.

2.2.3.  Statistical  analysis
We  calculated the PSD for each PPG signal recording. As we
had  40 subjects, each feature set contained 80 values. Each
feature  set consisted of 40 values calculated from subjects
measured before the simulated heat-stress induction and 40
values  calculated from subjects measured after the simu-
lated  heat-stress induction. As we  have a small sample size,
we  compared the values within each feature set by apply-
ing  the paired Mann–Whitney test (p < 0.05 was considered
significant). Because we  considered all these features simul-
taneously,  it is likely that a few p values are small merely
to  stochastic fluctuations rather than due to systematic dif-
ferences  between subjects measured before and after the
simulated  heat-stress induction. As a consequence, the p val-
ues  need to be appropriately corrected. One may try to control
the  probability that a false positive occurs by applying a Bon-
ferroni  post-correction [22]. As we are dealing with many
different simultaneous tests (180 tests in total), it is more  nat-
ural  to try to control the false discovery (false positive) rate.
Therefore,  we  used the Holm–Bonferroni method because it
controls the false positive rate and is a simple test that is
uniformly more  powerful than the Bonferroni correction [23].

3.  Results  and  discussion

The core temperature data confirms that overall, candidates
had  experienced substantial body heat storage. We  would have

seen a different HR response if we heated the candidates with-
out  the use of exercise (sitting still in a sauna), however that
model  has limited application to the assessment of heat stress
in  real world settings. Fitness plays a role in HR recovery;
Mann–Whitney test (p ≤ 0.05 was considered significant).

fitter candidates have finer regulation of blood flow and
require  fewer cardiac cycles per minute to restore the body
to  normal following exertion. Fitness was a constant in this
study  due to the same candidates being assessed during each
recovery  period.

As  shown in Fig. 3, the box plots of BCT and beat-to-
beat durations demonstrate a significant difference between
subjects  measured before and after simulated heat-stress
induction. It is clear that the HRs are increased after simulated
heat-stress induction and, therefore, the beat-to-beat dura-
tions  were significantly decreased. Interestingly, we  found a
significant increase in the LF/HF ratio in the stress condition
when  compared to the rest condition (Fig. 4), which has been

reported  previously as in [24] but with PPG signals. The sig-
nificant  increase in BCT and heart rate for subjects measured
after  simulated heat-stress induction suggests an increase in
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Table 1 - Demographic data for the participants in this 
study. 

Characteristic Mean Standard 
deviation 

Age (yrs) 34.7 6.6 
Body Mass (kg) 81.8 12.8 
Height(cm) 176.0 6.5 
Body Mass Index 26.3 3.6 

(kgm-2) 

Resting systolic 129.3 13.3 
Blood Pressure 
(mmHg) 

Resting Heart Rate 76.0 14.7 
(bpm) 

Resting Core 37.4 0.4 
Temperature (°C) 

After Exercise 1 144.4 22.4 
systolic Blood 

ssure (mmHg) 
 Exercise 1 133.1 29.9 
art Rate (bpm) 
 Exercise 1 Core 38.4 0.5 

perature (0 C) 

 Exercise 2 144.6 20.6 
tolic Blood 
ssure (mmHg) 
 Exercise 2 143.9 23.6 
art Rate (bpm) 
 Exercise 2 core 38.0 0.9 

perature (°C) 

 Exercise 3 132.7 13.5 
tolic Blood 
ssure (mmHg) 
 Exercise 3 138.2 25.7 
art Rate (bpm) 
 Exercise 3 Core 37.8 0.8 

perature (0 C) 
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thetic component with respect to the parasympa
ponent (25). In other words, the significant increase 
 LF/HF confirms that the subjects with no doubt are 
at stressed (Table 1). 

-Walker PSD is a parametric method, we sought to 
timal model order that provides maximal differen
ween before and after heat-stress inductions. We 
odel orders 0 = 1, 2, ... , 20 to estimate the PSD in 
nd APG signals, as shown in Table 2. It is clear that 
imal for differentiating between before and after 
 inductions in PPG signal. For VPG and APG signals, 
l model orders are 0 = 2 and 0 = 4, respectively. To 
e Yule-Walker's PSD with Welch's method, we used 
l 0 for each measurement, as shown in Fig. 5. 
g the second derivative of PPG is more prowful 
g heat stress compared to the first derivative. By 
ection, we can see in Fig. 5(a) and (d) that the 
cannot provide clear frequency separation between 
ements in the PSD calculated using two differ
l estimation methods. Applying the first derivative 
roved the frequency separation between all mea
 in the PSD calculated using Welch's method (cf. 

n the contrary, the Yule-Walker PSD with opti
l order (0 = 2) showed no clear separation when 
erivative applied to the PPG (cf. Fig. 5(e)), espe
een exercise 1 and exercise 2. Interestingly, Welch's 

alker's methods in agreement that the second 
is a better detector for heat stress. In fact, both 
imation methods showed a clear separation in the 
domain between measurements before and after 
heat-stress induction when the second derivative 
cf. Fig. 5(c) and (f)). 
pected that the PSD will significantly increase 
ise; however, it is not the case for all PPG signals 
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 difference between subjects measured at rest and 
 exercises, as shown in Fig. G(c) and (f). This effect 
een described in the literature. This new outcome 

t the derivative of PPG can be used to assess heat 
e frequency domain without the need for measur
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Table 2 - Analysis of different orders (0) of the autoregressive prediction model used in estimating the Yule-Walker power spectral density. We employed a two-sided 
Mann-Whitney test to determine the separability between the three classification comparisons: (Before exercise [BE] vs. after exercise 1 [El]), (BE vs. after exercise 2 
[£2]), and (BE vs. after exercise 3 [£3]). The paired Mann-Whitney test allowed us to investigate whether the statistics at hand (total power of the spectrum) take 
different values between two subject populations. Low p values indicate large differences in the medians of the two tested populations. Because we conducted multiple 
statistical tests simultaneously, we needed to apply statistical post-correction, so the listed p values after post-correction (Bonferroni-Holm, a< .05). The lowest p value 
in each classification is highlighted. Here, PPG stands for photoplethysmogram, VPG stands for velocity PPG, APG stands for acceleration PPG, and 'ji is the statistical 
mean of p values. 
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Fig. 5 - Power spectrum analysis of PPG signal and its derivatives two spectral estimation methods over all subjects.(a-c) 
Welch method; (d-f) Yule-Walker method. Here, PPG stands for photoplethysmogram, VPG stands for velocity PPG, APG 
stands for acceleration PPG, while 0 is the model order. Here, El, E2, and E3 refer to PPG measured after exercise 1, exercise 
2, and exercise 3, respectively. 



510  c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e 1 2 2 ( 2 0 1 5 ) 503–512

Fig. 6 – Boxplot of power spectrum density of PPG signal and its derivatives measured before and after simulated
heat-stress induction. Here, p value is calculated using the paired Mann–Whitney test (p ≤ 0.05 was considered significant).
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.  Conclusion

he findings of this preliminary study indicate that heat stress
an  be assessed using derivatives of PPG signals. Results of this
tudy indicate that PPG can be a potential modality for heat
tress  analysis and identification of individuals at risk. Our
reliminary  study demonstrates indicative results, and now
otivates  the need for a larger study that validates the deriva-

ive  analysis of PPG signals against traditional heat stress
olerance  indices.
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