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Abstract—Heart rate variability (HRV) analysis is commonly
used as a quantitative marker depicting the activity of
autonomous nervous system (ANS) that may be related to mental
stress. For mobile applications, short term ECG measurement
may be used for HRV analysis since the conventional five minute
long recordings might be inadequately long. Short term analysis
of HRY features has been investigated mostly in ECG data from
normal and cardiac patients. Thus, short term HRYV features
may not have any relevance on the assessment of acute mental
stress. In this study, we obtained ultra short term HRYV features
from 24 subjects during baseline stage and Stroop color word
test. We validated these HRV features by showing significant
differences in HRYV features existed between the two stages. Our
results indicated that ultra short term analysis of heart rate and
RR intervals within 10 s, RMSSD and PNN50 within 30 s, HF
within 40 s, LF/HF, normalized LF, and normalized HF within
50 s could be reliably performed for monitoring mental stress in
mobile settings.

I. INTRODUCTION
I I EART Rate Variability (HRV) has been traditionally
calculated from five minute or 24 hour ECG recordings
for the analysis of cardiac diseases [1]. Several investigations
were reported to estimate the reliability of HRV analysis from

less than five minute ECG recordings for the clinical purposes.

Previous studies reported that features that effectively high
pass filter the RR interval series were more reliable and could
be more accurately estimated from very short segments [2, 3].
HRYV features sensitive to low frequency components of HRV
had poor repeatability and cannot be estimated accurately
from ECG segments shorter than 10 min [4]. The mean heart
rate was more reproducible and could be more accurately
estimated from very short segments (less than 1 min) than any
of other HRYV features [3]. In our previous study, ultra short
term HRYV features obtained from a mobile ECG sensor were
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validated to estimate five minute measurement reliably. Ultra
short term HRV features also showed significant differences
in the normal and abnormal cardiac ECG data [5]. Although
short term HRV analysis has been investigated by several
authors, it was mostly for applications in clinical settings.
These studies do not provide a direct guideline how short
ECG recordings can be reliably used for mental stress
monitoring.

In response to stress, the brain activates the secretion of

numerous hormones, including corticosterone/cortisol,
catecholamine, prolactin, oxytocin, and renin, as a part of the
survival mechanism [6]. The concept of allostasis has been
introduced to explain how adaptive processes maintain
stability or homeostasis through the production of mediators
such as stress hormone, neurotransmitter, and cytokines [7].
The sympathetic and parasympathetic branches of the
autonomic nervous system (ANS) are components associated
with mental stress. Sympathetic nervous system (SNS) is a
flight or fight branch of ANS that is essential during
emergency situations. Mental stress increased sympathetic
activity (low frequency HRV) and blood pressure [8] but
decreased parasympathetic activity (high frequency HRV) [9,
10].
The Stroop test has been widely used to study human
psychophysiology responses to mental stress. During the
Stroop test, subjects have to identify the color in which the
word is displayed, rather than the color that the word names.
However, the subjects strongly tend to identify the color that
the word names instead of identifying the color of the word
[11]. Stroop test activated the anterior cingulated cortex
(ACC) [11-13] and elicited autonomic responses in
sympathetic as well as in parasympathetic nervous system
which are related to psychophysiological measures such as
changes in HRV [14, 15]. Stroop test exhibited significantly
predominant sympathetic activity over parasympathetic
activity (increased in the LF/HF ratio) [9]. Thus, the Stroop
test has been utilized as a psychological or cognitive stressor
that induced emotional responses, heightened autonomic
reactivity [16], and increased heart rate and natural killer cell
numbers [17]. In addition, it was also widely used in various
neurological studies [11-15, 25].

The availability of mobile ECG sensors offers a great
opportunity for innovative personal health care applications.
Wireless and portable ECG sensors provide personalized
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heart monitoring system for high risk cardiac patients [18-20].
However, it is relatively not well known about how to reliably
and accurately analyze HRV for mental stress monitoring,
especially in mobile situations. We have reported that a
prototype mobile ECG sensor may be used for monitoring
mental stress based on HRV analysis [21]. In the present
study, we first re-evaluated ultra short term criteria for HRV
analysis from mobile ECG records of normal subjects. Then,
we evaluated ultra short term criteria for monitoring mental
stress caused by our computer version of Stroop test [21].
HRYV features measured during baseline stage were compared
to those measured during Stroop test to find the shortest
duration that produced significantly different HRV features
between the two stages.

II. ANALYSIS OF ULTRA SHORT TERM HRV MEASUREMENT
USING MOBILE ECG SENSOR

A patch type ECG sensor was used to obtain ECG data in
mobile settings. Seven long term ECG records ranged from
22 hours to 24 hours were obtained from six healthy subjects,
aged from 22 to 31. ECG signals were recorded in a memory
card for every 30 min interval. During the long term ECG
recording, the subjects were free to do the daily routines such
as moving, working, studying, and sleeping.

To perform a short term analysis, each 30 min record was
divided into three adjacent 10 min segments. Detection of R
peaks was performed in each 10 min segment to generate RR
interval records using our previously developed algorithm
[21]. Then, sets of shorter RR segments were sampled
randomly from each RR interval record, whose time lengths
ranged from 10 s to 150 s in steps of 10 s increment [5].

In each segment, the following HRV features were
calculated: mean heart rate (Mean HR), mean RR intervals
(Mean RR), standard deviation of NN interval (SDNN),
coefficient of variance (CV), root mean square of standard
deviation (RMSSD), % NN intervals with difference in
successive NN intervals greater than 50 ms (PNN50) as time
domain features; HRV index (HRV Index, bin width of 8.0
ms), triangular interpolation of NN interval histogram (TINN),
and Stress Index (SI) [22] as geometrical analysis features;
very low frequency (VLF), low frequency (LF), high
frequency (HF), the ratio of LF to HF (LF/HF), normalized LF
(LFnu), and normalized HF (HFnu) as frequency domain
features [1]. Frequency domain features were calculated by
Welch’s averaging method [23]. All segments used the same
Welch’s window that consisted of 40 RR intervals with 50%
overlap.

The reliability of short term HRV analysis to estimate 150 s
HRYV measurements was evaluated using Kruskal-Wallis test.
We assumed that short term analysis was not significantly
different to the 150 s analysis if the p-value was greater than
0.05.

III. ANALYSIS OF ULTRA SHORT TERM HRV MEASUREMENT
FOR MONITORING STRESS

A. Data Acquisition

In the previous report, we reported that a prototype mobile
sensor combined with our HRV analysis software could detect
HRYV changes during acute stress caused by Stroop test [21].
In the present study, we obtained 24 sets of RR interval
records during baseline and Stroop test stage. Ten female and
14 male undergraduate and graduate students from
Information and Communications University, who were
between 19 and 36 years of age (26 + 4.6) volunteered in the
experiment. Participation forms were filled up before the
experiment. No one had any known cardiovascular disease or
problems in recognizing color. No one consumed alcohol or
caffeine containing beverages or engaged in vigorous exercise
at least 12 hours prior to the experiment. After signing the
consent form, subjects completed a patient health
questionnaire (PHQ-9) to assess depression severity [24].
Subjects were then seated in the comfortable chair for 10
minute during baseline stage (control state) without any
mental activity. Five minute long heartbeats were recorded
using a chest belt type sensor (HeartSense, Alive System Llc,
Kemerovo, Russia) during the baseline stage. The computer
version of Stroop test was then performed [21]. During the
Stroop test, subjects were instructed to identify the color in
which the stimuli were displayed as quickly and as accurately
as possible using the response keyboard. The test was lasted
between 2.5 to 5 minutes.

B. Data Processing and Feature Calculation

Each RR record obtained during baseline and Stroop test
stage was sampled randomly into shorter segments, whose
time lengths ranged from 10 s to 150 s in steps of 10 s
increment. We assumed that ultra short term HRV features
were not useful if the shortest duration turned out to be longer
than 150 s. Random selection for shorter segments was
repeated for 30 times. RR interval records longer than 150 s
were discarded from the analysis because the minimum
duration of RR interval record during the Stroop test was 150
s. We also considered durations more than 150 s are
inadequately long for mobile application. In each segment,
HRYV features were calculated as described in the previous
section.

The short term criteria obtained from the section II
provided minimum durations for the analysis. The reliability
of short term HRV features during Stroop test was also
examined using Kruskal-Wallis test to estimate 150 s HRV
measurements. This analysis would provide reference short
term criteria for the further analysis between two sets of data.
Then, HRV features during baseline and Stroop test were
compared by Wilcoxon sign-ranked test to find the shortest
duration that distinguished the two states. We assumed that
the short term analysis was significantly different between the
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two stages if the p-value was less than 0.05.

IV. RESULTS

PHQ-9 scores showed the subjects were mildly depressed
(6.4 £ 4.2). Seventeen subjects (70.8%) were minimally or
mildly depressed (PHQ scores < 9), six (25.0%) were
moderately depressed (PHQ scores between 10 and 14), and
one (4.2%) was severely depressed (PHQ score = 17). Table I
summarizes HRV features and their shortest durations in mobile
ECG data and pairwise comparison data of baseline versus
Stroop test. The results showed that mean HR, mean RR, and
RMSSD of mobile ECG required 10 s to estimate 150 s long
measurement. PNN50, HF, LF/HF, LFnu, and HFnu required
20 s, LF and VLF required 30 s and 50 s long measurement,
respectively, to estimate 150 s measurement. SDNN and CV
required 60 s, HRV Index and TINN required 90 s, and SI
required 100 s to estimate 150 s long measurement (p > 0.05).
Our results also showed mean HR and mean RR from 10 s
whereas RMSSD and PNNS50 from 30 s long measurements
were significantly different in baseline and Stroop test (p <
0.001). HF calculated from 40 s whereas LF/HF, LFnu, and
HFnu from 50 s long measurements were significantly different
in the two stages (p < 0.001). SDNN, CV, HRV Index, TINN,
SI, VLF, and LF required longer than 60 s to show the
differences in the two stages as shown in Table 1.

Figure 1 illustrates the changes of HRV features to the
duration during baseline and Stroop test for the HRV features
whose minimum durations were less than 60 s. Each square box
represents the median; the top of the upper bar indicates 75
percentile; the bottom of the bar indicates 25 percentile.

TABLE I
HRYV FEATURES AND THEIR SHORTEST DURATIONS IN MOBILE ECG AND
COMPARING PAIR-WISE DATA OF BASELINE VS. STROOP TEST

Mobile ECG Baseline vs. Stroop test

HRV . Min* Median Median Min*
Features Median s) (Base (Stroop )

line) Test)

Mean HR 73.00 10 71 75 10
Mean RR 0.827 10 0.839 0.797 10
SDNN 0.046 60 0.041 0.044 100
(&% 5.851 60 4.859 5.475 110
RMSSD 0.028 10 0.034 0.029 30
PNN50 6.897 20 13.51 7.692 30
HRYV Index 11.02 90 11.27 11.53 120
TINN 0.170 90 0.176 0.199 110
SI 29.08 100 29.83 27.29 140
VLF 102.2 50 83.84 79.38 70
LF 438.6 30 530 4924 130
HF 638.1 20 991.3 673.1 40
LF/HF 0.787 20 0.552 0.805 50
LFnu 43.98 20 35.48 4431 50
HFnu 55.66 20 64.18 55.09 50

*Shortest duration
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Fig. 1. HRYV features during baseline and Stroop test. The square box
represents the median; the top of the upper bar indicates 75 percentile; the
bottom of the bar indicates 25 percentile. (a) Mean HR (b) Mean RR (c)
RMSSD (d) PNN50, (e) HF, (f) LF/HF (g) LFnu (h) HFnu
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V. CONCLUSIONS AND DISCUSSION

The aim of the present study was to validate ultra short term
HRYV analysis for the monitoring of mental stress. The
ultra-short term criteria obtained from normal subjects using
mobile ECG recordings were re-evaluated to compare with
the previous reports. These criteria were unique in a sense
that short term HRV features had been obtained from normal
subjects in mobile settings and provided reference data for
mental stress applications. Ultra short term analysis of time
domain and frequency domain features such as mean HR,
mean RR, RMSSD, PNN50, HF, LF/HF, LFnu and HFnu
were found to be possible within 50 s for monitoring acute
mental stress using mobile sensors. These short term criteria
for monitoring acute stress resulted in longer measurement
than normal situations in the majority of the HRV features
mentioned above. To our knowledge, the present study is the
first attempt to use data from Stroop test to validate ultra short
term HRV features.

More reliable algorithm for frequency domain analysis has
involved sophisticated procedures [5S]. Thus, the algorithmic
standardization will become important among independently
developed future applications. Further investigation is
required to assess the accuracy of our frequency domain
feature analysis using the synthetic data.
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