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ABSTRACT

All people cope with mental stress from time to time. Stress can
affect our emotional and physical health, which can lead to physical
and/or mental health issues. Our experiment aimed to derive the
stress levels of 57 older adults from the electrocardiogram (ECG)
signal during a lab study that involved a hang-grip strength task.
This experiment bridges the gap between previous studies by clas-
sifying the mental stress state of older adults while performing a
motor task before and after the stressor was induced. In this study
heart rate and heart rate variability multi-dimensional features in
the time-, and frequency-domain are extracted and an optimized
Artificial Neural Network (ANN) created to identify two states —
stress, or no-stress. We achieved accuracy of 90.83%.
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1 INTRODUCTION

The world’s population is aging rapidly. According to the World
Health Organization !, between 2015 and 2050, the proportion of
the world’s older adults is estimated to almost double from about
12% to 22%. In the United States older adults often continue to work
after retirement [7]. It has been noticed the labor force participation
for this age group has been increased in recent years [13]. However,
the prevalence of stress among elderly people is increasing, and
the physical and cognitive changes some people experience as they
age can make this issue even more challenging [18]. Therefore, the
need to monitor mental stress especially under work conditions is
crucial to avoid health issues.

The electrical activity of the heart has been widely used to predict
stress. The most common stress predictors from the ECG signal is
heart rate (HR) and heart rate variability (HRV) [16]. Heart activity
reflects the Autonomous Nervous System (ANS) balance or the
imbalance in our body. Stress plays a major role in the balance of
our ANS [10]. HRV is based on the variations between heartbeats
(RR intervals) and it has been proven to be a reliable indicator of
the autonomic nervous system’s activity [11].

In recent years, several studies have been conducted on the
detection of stress. HR and HRV features were utilized to train
machine learning algorithms to classify stress levels. In the work of
Fan et al. (2019), ECG data were collected from 15 participants under
a mentally relaxed and stress state. HRV features were extracted
using 2.5 minutes ECG segments and they achieved an accuracy
of 80.56% using a k-nearest neighbor classifier [5]. Castaldo et al.
(2016) achieved an accuracy of 79% from HRV features extracted
from 3 minutes ECG excerpts using the C4.5 tree algorithm. The
ECG signal was recorded from 42 university students during an
oral exam for the stress state and during vacation for the non-stress
state [3]. In the work of Kashan et al. (2015) ECG data was collected
from 17 participant drivers, where the authors used a random tree
classifier and achieved an accuracy of 88.24% for three levels of
stress: low (initial and rest state), medium (highway), high (inside
the city) [9].

The focus of this study was to classify the mental stress state
(stress, no stress) of the participants while performing a hand-grip
strength task. HR and HRV features were used to classify these
states. The analysis of HR and HRV during a motor task has inherent

!www.who.int/news-room/fact-sheets/detail/aging-and-health
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challenges but we were able to successfully use these features to
classify “social stress” — a stressor that is more prevalent in older
adults. In all the previously mentioned studies the stress state was
classified while the stress elicited, in this study we classified the
stress state of the participant after the stressor was induced, which
increases model classification utility post stressor event.

In this study, HR and HRV features extracted from 1-minutes
ECG signal segments and an Artificial Neural Network (ANN) was
developed to predict different levels of stress on elderly people.
Previous research has shown that HRV time domain and frequency
domain features can be extracted using an ultra-short HRV window.
According to Li et al. (2009) HRV features can be extracted using
a window of size 30 seconds [14]. Also, the work of Salahuddin et
al. (2007) indicates that both time domain and frequency domain
features can be extracted in a 60 seconds window [22]. Our results
indicate that stress levels on the elderly can be successfully detected
from ECG signals using ultra short windows.

2 DATA COLLECTION

This study recruited a total of 57 participants, all of whom were
residents of the local Bryan-College Station community. All par-
ticipants were right-hand dominant, over 65 years in age (mean =
72.76£5.69), and self-reported sedentary lifestyles with occasional
recreational activity. None of the participants reported any known
musculoskeletal injuries or disorders within the past year. Partic-
ipants were designated as non — obese if their body mass index
(BMI) was in the range of 18.5 - 25 kg/m2 while those with BMI >
30 kg/m2 were considered obese. The participants were placed into
four experimental groups — non-obese males (n = 15), non-obese
females (n=15), obese males (n=14), and obese females (n = 15). All
participants were subject to the experiment protocols approved by
Texas A&M University’s Institutional Review Board on providing
written informed consent prior to data collection.

The stress data presented in this investigation derives from a
larger study that entailed a sequence of experiments that spanned
several days. Figure 1 shows the protocol we followed in this study.
Upon informed consent, participants perform a one-handed grip
stress experiment. This experiment protocol consisted of instru-
ment setup, baseline measurements for strength (maximal voluntary
contraction (MVC)), salivary cortisol samples, a Trier Social Stress
Test (TSST) [8], and pre/post-stressor hand-grip performance test.
During MVC and subsequent hand-grip experiment procedures,
participants sat upright with their dominant upper arm at their side,
elbows flexed at 90°, and lower arm supported by an armrest. Prior
to the motor task, ECG signal, using a 3-lead chest configuration,
was captured during a baseline period in which participants were
asked to relax without any movement for three minutes.

Following baseline tests, participants grasped a hand dynamome-
ter (BIOPAC, CA, United States) to perform isometric hand-grip
contractions. After a warm-up period of roughly two minutes, par-
ticipants performed three isometric MVCs with two-minute rest
intervals to measure their hand-grip strength. The maximum value
from the three MVC trials was used to determine a target force
level of 30% MVC for the subsequent motor tasks pre-/post-stressor.
Participants were provided familiarization of the hand-grip trials at
30% MVC and adequate rest before starting the next motor task. The
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Figure 1: Study Protocol

pre/post-stressor tests required participants to maintain hand-grip
force levels at 30% MVC for 15 s followed by 15 s rest repeatedly
for ten sessions [28]. During this time participants were instructed
to maintain their hand-grip force level as close to the target force
level as possible utilizing real-time visual feedback on a computer
screen.

After the pre-stressor hand grip sessions, salivary cortisol sam-
ples were taken from each participant. Following which partici-
pants were subject to a TSST protocol that entailed extemporaneous
speech, and arithmetic tasks in front of an unfamiliar group of pan-
elists (N=2). Following the TSST, another salivary cortisol sample
was collected from the participants. After this phase participants
were subject to the post-stressor experiment protocol that entailed
a repetition of the 30% MVC handgrip exercise for ten sessions.
Once they terminated the post-stressor task, they performed a post
MVC trial to gauge levels of fatigue associated with the complete
test protocol. In this protocol participant ECG data is acquired at
1000 Hz using a two lead ECG probe, and the BIOPAC ECG100C
(BIOPAC Systems Inc., Aero Camino Goleta, CA, USA) amplifier
interface. The salivary cortisol swabs serve as ground truth to con-
firm elevated stress-levels post-TSST, while the TSST serves as
an accepted, proven stress induction paradigm for human factors
studies.

3 METHODS

Figure 2 shows the steps we followed to accomplish stress classifi-
cation from ECG signals. Data segmentation, data preprocessing,
feature selection, feature extraction, model optimization, and model
evaluation are explained in detail in the following sections.

3.1 Data Segmentation

In this study, the pre stressor test serves as the no-stress state
and the post stressor test as the stress state. The total duration of
each state for each subject was approximately five minutes. The
next step was to segment each state in windows to extract the
HR and HRYV features for every participant. Each stress level was
segmented using a window size of 60,000 (one minute) data points
which corresponds to the amount of data copied from the ECG
signal to our window.

3.2 Data Preprocessing

R-R interval time series obtained from the continuous ECG signal
by detecting each QRS complex for every window we created at the
segmentation process. Also, the normal-to-normal (NN) intervals
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Figure 2: Stress Level Classification Procedure

that contained only R-R intervals computed from sinus node de-
polarizations was determined [17]. Furthermore, power spectrum
computation was performed using a nonparametric, signal repre-
sentation technique (wavelet transform). Wavelet Transform is a
time-frequency analysis method. In this study, we applied Wavelet
Transform to scale the decomposed ECG signal into different fre-
quency band signals. After we eliminate the noises the ECG signal is
reconstructed using only the useful parts of the original signal [1].

3.3 Feature Extraction

After segmented and processing the data HR and HRV features
were extracted from the ECG signal for each window.

3.3.1 Heart Rate Features. Heart rate features. From Heart rate we
extracted two features in total:

(1) HR_mean: The mean heart rate.
(2) 2. HR_std: The standard deviation of heart rate.

3.3.2  Heart Rate Variability Features. HRV features were extracted
using two different methods: time-domain methods, frequency-
domain methods [15, 20, 24, 27, 29].

Time Domain Features. In total, we extracted 9 features:

(1) sdNN: The standard deviation of the time interval between
successive normal heartbeats.

(2) meanNN: The mean RR interval.

(3) RMSSD: The root mean square of the RR intervals during a
period of time.

(4) CVSD: The coefficient of variation of successive differences,
the RMSSD divided by meanNN.

(5) cvNN: The Coefficient of Variation, the ratio of sdNN divided
by meanNN.

(6) medianNN: The median of the Absolute values of the suc-
cessive Differences between the NN intervals.

(7) madNN: The median Absolute Deviation (MAD) of the RR
intervals.

(8) mcvNN: The median-based Coefficient of Variation, the ratio
of madNN divided by medianNN.

(9) pNN50: The proportion derived by dividing NN50 (The num-
ber of interval differences of successive NN intervals greater
than 50 ms) by the total number of NN intervals.

Frequency Domain Features. In total, we extracted 9 features:

(1) VLF: The variance in HRV in the very low frequency (.003
to .04 Hz).

(2) LF: The variance in HRV in the low frequency (.04 to .15 Hz).

(3) HF: The variance in HRV in the high frequency (.15 to .40
Hz).

(4) Total Power: The total power of the density spectra.

(5) LFHF: The LF/HF ratio.

(6) LFn:The normalized LF power LFn = LF/(LF+HF).

(7) HFn: The normalized HF power HFn = HF/(LF+HF).

(8) LFp: The ratio between LF and Total Power.

(9) HFp: The ratio between HF and Total Power.

3.4 Feature Selection

The next step is feature selection. It is very important to choose the
most informative features and at the same time features that elimi-
nate redundant data. This will contribute to reducing the dimen-
sionality and the complexity of the chosen predictive model [21].
Filter methods are very popular in determining the best subset of
uncorrelated features. They are usually very fast, and they are not
computationally intensive [21]. We applied Pearson’s correlation
to determine the highly correlated features. Pearson’s correlation
quantifies the linear dependence between two continuous variables
X and Y. The correlation values vary from -1 to 1. Coefficient values
close to -1 indicate a strong negative correlation. Values close to 1
indicate strong positive correlation and a value close to 0 implies
weak correlation and a value of exact 0 implies no correlation [2].
Figure 3 shows the correlation degree between the features.

Highly correlated features were removed, and the final subset
of features used to build our predictive model includes: HR_mean,
HR_std, RMSSD, meanNN, VFL, VHL, and LFn.

3.5 Optimized ANN for Mental Stress
Classification During a Motor Task.

Artificial Neural Networks can learn from data and generate models
that receive a number of inputs and optimally map them to the
desired outputs. ANNs learn and model non-linear and complex
relationships [19]. Many machine learning algorithms impose re-
strictions on the input features, ANN is not one of them and it
usually performs better with high volatility and non-constant vari-
ance data [4]. This is very important in our application because the
volatility of the ECG signal is very high. After selecting the less cor-
related HR and HRV features we created an ANN. To determine the
best hyperparameters for the neural network we applied the grid
search method with 10-fold cross validation for each combination
of the parameters [26]. Grid search is a brute-force approach where
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Figure 3: Correlation Between Features

every combination of a specified set of hyperparameter values is
tried to find the optimal values for the neural network. In total five
parameters were tuned: number of hidden neurons (range from 1
to 10), activation function for the hidden layer (identity, logistic,
tanh, relu), the solver for weight optimization ( Ibfgs , sgd, adam),
learning rate schedule for weight updates (constant, invscaling ,
adaptive ), alpha penalty parameter (0.1, 0.05, 0.02, 0.01), and maxi-
mum number of iterations (100,150,200,250). We concluded that the
optimal parameters for the neural network were achieved using a
one hidden layer network with 4 hidden neurons. The optimal acti-
vation function was tanh, and Adam is determined as the optimal
stochastic gradient optimizer. Also, according to the grid search
method adaptive learning, regularization rate of alpha=0.1, max-
imum iteration= 100 and batch size=16 were selected as the best
parameters for the neural network.

3.6 ANN Evaluation

The dataset that was created from the segmentation and the pre-
process phase was used to test the performance of the developed
ANN. The data set was split in two parts where 80% was used as the
training set and the rest 20% as the test set [12]. The training and
the testing set did not contain data from the same participant. We
calculated the overall accuracy, the precision, recall and F1-Score
of the developed model for the 80/20 training/testing split of the
dataset.

Accuracy = (TP+TN)/(TP+FP+FN +TN) (1)
Precision = (TP)/(TP + FP) (2)
Recall = (TP)/(TP + FN) 3)

F1 — Score = weight average of Precision and Recall ~ (4)
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Table 1: The Precision, Recall, F1-Score of the ANN Model.

Classes Precision ‘ Recall ‘ F1-Score
No-stress 88% 95% 91%

stress 95% 87 % 90%
macro avg 91% 91 % 91%

Where TP: True positive, TN: True negative, FP: False positive,
and FN: False negative [25]. Also, a confusion matrix was created
to provide information about the performance of the classification
model and to give an insight on what the neural network mis-
classified [23]. Finally, we performed leave-one-subject-out cross
validation [6] where, one participant was randomly selected for the
testing purposes while the other participants were used for training
the model. This procedure was repeated until all the participants
had been used as test dataset.

4 RESULTS
The overall test accuracy for the 80/20 training/testing split is 90.83%

for predicting two levels of mental stress (“stress”, “no stress”).
Table 1 shows the classification results of the developed ANN. The
precision, recall, and f1-score for the no-stress state are 88%, 98%,
91% respectively. For the stress, the the precision, recall, and f1-score
are 95%, 87%, 90% respectively. The unweighted mean precision,
recall, and f1-score for the two classes is 91%.

Figure 4 demonstrates the performance of the developed ANN us-
ing a confusion matrix for the two levels of stress. The diagonal line
shows the percentage of the correct data our model predicted while
the off- diagonal boxes represent the percentage of the misclassified

labels by the ANN.

confusion matrix

09
08
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+05

True label

04
03
0.2

rol
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Figure 4: Confusion Matrix for the Two Levels of Stress

The mean accuracy of the leave-one-subject-out cross validation
is 84.38%. The developed model performed well for the majority of
the participants. The accuracy of thirty-four participants was lying
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between 90% and 100%. The developed model achieved accuracy
from 80% to 89% for nine participants and accuracy from 70% to
79% for six participants. Finally, the accuracy of 5 participants was
lying between 60% and 69% and an accuracy from 50% to 59% was
achieved for three participants.

5 DISCUSSION

In this experiment we developed a laboratory model with known
context labels and tests in the same environment. In order to classify
the mental stress state only the ECG signal was used and only
one machine learning algorithm was tried. Our future work will
include the demographic information (age, body mass index) and
several machine learning algorithms will be used to classify the
mental stress state of an older adult while performing a motor
task. Also, from the leave-one-subject-out cross validation results
we noticed variations in the accuracy across the participants. The
model performed very well for the majority of the participants.
For a small percentage of the participants the accuracy was low,
we assume that the stress induction was less effective to these
participants.

6 CONCLUSION

Mental Stress can negatively affect our health and especially the
health of older adults. Automated stress detection can be proven
very helpful in combating the negative implications of stress, it can
lead to better stress management and can have beneficial effects
in the quality of their life. In this study we developed an ANN to
predict two levels of mental stress in older adults while performing
a motor task. The results demonstrate that our optimized model
can accurately predict stress levels from ECG signals. We achieved
overall test accuracy of 90.83%.
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