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Abstract: Recent studies have shown a close relationship between the mental effort and the photoplethysmograms 
(PPG), but lack an index which can analyze the invested mental effort quantitatively during the cognitive 
tasks, which is notable for evaluating user experience in ubiquitous scenarios. In this study, we propose the 
stress-induced vascular response index (sVRI) to quantify the mental effort invested in cognitive tasks, and 
verify it via the experiments on aritehmatic tasks with different difficulty levels. The results show an 
outstanding correlation between the sVRI and the task difficulties, which suggests a dose-response of the 
sVRI when users perform different cognitive tasks with different difficulties. This is useful for evaluating 
the user experience in performing cognitive tasks to guide the task or the interaction designs. 

1 INTRODUCTION 

Peripheral vasoconstriction has a methodological 
advantage over other general arousal measures: it 
reflects uniquely the activity of the sympathetic 
nervous system (Iani et al., 2004). Changes in pulse 
amplitude reflect predominantly sympathetic 
influences: a decrease in pulse amplitude is caused 
almost exclusively by the activation of this system 
(Iani et al., 2004; Harris, 2001; Collins et al., 2005).  

It has also been accepted that sympathetic tone is 
the dominant influence of systolic amplitude. The 
waveform amplitude of Photoplethysmography 
(PPG) signals changes in association with 
sympathetic tone (Award, 2001) (Shelley and 
Shelley, 2001). However, the absolute amplitude of 
the PPG signal is not comparable because there are 
no calibrating procedures currently available to 
standardize the PPG amplitudes for comparing the 
waveform of one subject to another. The main 
difficulty to realize that lies in the uncertainty due to 
the hardware and subject factors; even the variations 
in sensor placement may also influence the analysis 
much (Nilsson et al., 2010). The relative measure 
without a unit designation is necessary, particularly 
serving repeated measurements in ubiquitous 
scenarios.  

Photoplethysmogram (PPG) is an optical 
measurement technique that can be used to detect 
blood volume changes in the microvascular bed of 
tissue (Allen, 2007; Alneab et al., 2007). The pulse 
wave analysis (PWA) of photoplethysmogram 
provides lots of circulatory information including 
but not limited to the pulse amplitude (Schmitz et al., 
2006). Goor et al. (Goor et al., 2004) has 
demonstrated that the mental-stress induced 
peripheral arterial vasoconstriction predicts mental-
stress-induced myocardial ischemia. Luo et al (Luo 
et al., 2011) also assessed the changes of 
photoplethysmogram appearance and investigated 
the morphological components of normalized PPG 
waveform associated with sympathetic activities in 
past years (Xiao et al., 2011; Luo et al., 2012). 

In the quantitative studies of stress-related 
changes in pulse shape characteristics extracted from 
the PPG waveform reported previously, a modular 
system named Detecting Blood Flow Parameters 
Based on Pulse Wave Measurement and Analysis 
was employed in the post processing and data 
mining of PPG signals to search indices 
representatively fit the stress induced vascular 
responses (Xiao et al., 2011; Luo et al., 2012). 
However, it was proven in association with the 
magnitude of stress tested by the traidtional standard 
psychological materials, rather than cognitive tasks. 
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This study proposes the stress-induced vascular 
response index (sVRI) with an online statistical 
noise-filting technique embeded in the PPG sensor. 
The index is also tested over the arithematic 
calculation based cognitive tasks to verifiy its dose-
response between different difficulties of tasks. In 
the experimental design, we hypothesized that the 
association between photoplethysmogram 
appearance and mental effort investment could be 
quantitatively measured. We aim to explore the 
impact of increasing mental effort on its value and 
quantify its effects on trend of varying mental effort 
invested throughout experiment. As an extended 
study of stress-induced vascular response 
represented by PPG derived features, this study 
firstly proposes the index of it and verify its dose-
response during cognitive tasks. 

2 MATERIALS AND METHODS 

2.1 Subjects 

Twenty-three undergraduate students (12 females, 
11 males) were paid to participate in this 
experiment. Two participants were excluded from 
the analysis because of failing to comply with the 
instructions, therefore, the final sample consisted of 
21 participants (age range of 21–26 years; M=23.43, 
SD=2.56 years). All participants were healthy and 
did not use any medications. None of them was 
familiar with the experimental task. 

2.2 Methods 

2.2.1 Setting 

The experiments were done in a quiet, temperature-
controlled room at 24±2°C. Participants one by one 
sat in a comfortable chair throughout the experiment. 
All participants were asked to rest for no less than 
20 minutes before each task performance.  

2.2.2 The Tasks 

The arithmetic calculation is a validated and widely 
used test able to induce a considerable degree of 
perceived stress (Dedovic et al., 2005; Rimmele et 
al., 2007). In the study, a 3-minute mental arithmetic 
task was performed continuously during which the 
participants were asked to calculate the arithmetic 
operations of two 2-digit numbers as quickly and 
accurately as possible. Their final scores were 
recorded and correlated to their pays. The tests with 

bad scores may be reevaluated to be withdrawn from 
the testing results to be analyzed. The easy level of 
the task difficulty is defined as that there are only 
additions and subtractions; while the hard level is 
defined as that there appears multiplications 
frequently. None of the operands were greater than 
20. Answers spending more than 15 seconds were 
automatically judged wrong. Only a tablet PC is 
used in calculation and its position lies always in the 
horizontal plane throughout the experiment. 
Participants were all right-handed and asked to place 
the tips of their index finger and thumb of their right 
hand only on touch screen during performance of 
tasks, which we believed helpful to lower down 
some uncontrolled noise. The software interface as 
shown in the following Figure 1 was employed for 
the participants to complete the arithematic 
calculation tasks. 

 

Figure 1: The arithmetic calculating software. There is a 
timing-count prompt as the progress bar, the calculation 
inputs and the results panels on the graphic user interface 
of the software. 

2.2.3 Measuring sVRI, Blood Pressure and 
Heart Rate during the Taks 

Blood pressure and heart rate were ever believed 
correlated to user experience in processing tasks in 
the acedemic field. So they were also measured 
together with the sVRI right before, during and after 
the tasks performed. The blood pressure and the 
heart rate were all measured with the digital 
sphygmomanometer, OMRON HEM-7112 
(OMRON China Co., Ltd.). The sVRIs were 
recorded at one fingerflip of the left hand of the 
participant in sitting position with the left hand 
placed natually on the table surface. The sVRI was 
noninvasively measured by a prototype finger-clip 
sensor developed by us at a sampling rate of 500Hz. 
Figure 2 illustrates the differences in pulse pattern 
and quantitative features against different task 
difficulties.  
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(a) Pulse pattern associated with task of lower difficulty. 

 
(b) Pulse pattern associated with task of higher difficulty. 

Figure 2: The waveform morphology comparison. 

This study proposes a time window-based 
evaluation algorithm to evaluate the sVRI based on 
the PPG patterns. For example, the time window 
from t0 to t1 in Figure 3, there may be couple of 
patterns found in the window, and each pattern can 
be quantified to a normalized number. However, 
some of the patterns are without sanity or subject to 
noise. So, a statistical data filtering is needed to 
normalize the index in order to resolve the effects of 
the noise and outlying data.  As Figure 3 shows, the 
sVRI model in this study realizes the window based 
extraction and indexing together with the statistical 
filtering to give the stable and good-quality sVRI. 

 

Figure 3: The sVRI calculation model: the original PPG 
waveforms are extracted as stress patterns, based on which 
a time window-based index evaluation algorithm is 
employed to give the sVRI in the target window. 

In previous works, the stress-induced vascular 
response was evaluated from the normalized PPG 
signals and had been repeatedly proven to be stress-
dependent (Luo et al., 2013; Luo et al., 2012). In this 
study, it is further studied with the statistical filtering 
technique that helps it become more stable. 
Furthermore, it becomes a quantitative index which 
is verfied to capture the dose-response of the user 
when performing cognitive tasks. 

2.3 Experimental Design 

In the experiment, all participants were asked to 
perform the arithmetic test of leveled difficulties to 
induce a perceived mental effort. Two difficulties 
were tested in different days with randomized 
sequence of the participants. The sVRI, blood 
pressure and heart rate were collected right before, 
during and after the tasks. At the same time, all 
participants were asked to finish a survey to verify 
the task difficulties literally in order to check the 
experiment design had guaranteed the consistency of 
the mental efforts and the task diffculties. The 
results of the sVRI, blood pressure and heart rate 
measurements of all the participants were analyzed 
against the task difficulties to examine the dose-
response. 

2.4 Statistical Analysis 

The statistical analysis was performed with the SPSS 
16.0. The measured values presented as mean ± 
standard deviation. The General Lineal Model 
Repeated Measures and the general paired-samples t 
tests were used to compare subjects’ states before, 
during and after the tasks. The statistical 
significance was defined as P<0.05.  

3 RESULTS 

Table 1 lists all the testing results of the sVRI, blood 
pressure (systolic: SBP and diastolic: DBP) and 
heart rate (HR). The data were organized according 
to different task levels (the upper part is the easy and 
the lower part is the hard). The corresponding 
measured values were recorded as mean ± standard 
deviation in the testing periods of pre-task (before 
the task), in-task (in performing the task) and post-
task (after the task) respectively. The DBP and SBP 
stand for the diastolic blood pressure and systolic 
blood pressure respectively.  

The first analysis was to test the effect of the 
difficulty manipulation. According to our survey 
after the experiments, all subjects thought the hard 
tasks were really harder no matter which level of the 
task the subjects did first. This is also consistent 
with the fact that all the participants finished fewer 
calculations in the hard task than in the easy task. 

The second analysis was to check the baselines 
of the signal levels of each vital sign (sVRI, SBP, 
DBP and HR) in order to guarantee there were no 
accidental outstanding noises introduced before and 
in  the tasks.  Table 2  listed the analysis results. The 
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Table 1: The values of stress-induced vascular response index (sVRI), heart rate (HR), blood pressure (BP) measured in the 
two levels of tasks. 

Task Difficulty  
Time Period 

Pre-task In-task Post-task 

Easy 

sVRI 0.827 0.0551 0.906 0.0479 0.825 0.0539 
HR 79.5 10.8 81.3 8.87  

DBP 64.3 8.33 63.9 7.84  
SBP 109.2 15.6 109.5 16.7  

Hard 

sVRI 0.832 0.0440 0.931 0.0528 0.844 0.0464 
HR 79.3 11.5 79.6 11.3  

DBP 64.5 10.6 65.7 8.10  
SBP 109.6 16.3 110.4 14.6  

Table 2: The paired-sample t tests on the vital signs in the same task stage with different difficulty levels. 

 Easy Hard T P 
Pre-task     

sVRI 0.827 0.0551 0.832 0.0440 0.116 0.735 
HR 79.5 10.8 79.3 11.5 0.002 0.967 

DBP 64.3 8.33 64.5 10.6 0.007 0.936 
SBP 109.2 15.6 109.6 16.3 0.006 0.939 

In-task     
sVRI 0.906 0.0479 0.931 0.0528 5.468 0.000 
HR 81.3 8.87 79.6 11.3 0.301 0.587 

DBP 63.9 7.84 65.7 8.10 0.513 0.478 
SBP 109.5 16.7 110.4 14.6 0.031 0.860 

Table 3: ANOVA tests of sVRI, HR, BP over the different stages of the tasks (before and in task). 

  Pre-task In-task F P 

Easy 

sVRI 0.827 0.0551 0.906 0.0479 9.427 0.001 
HR 79.5 10.8 81.3 8.87 0.353 0.556 

DBP 64.3 8.33 63.9 7.84 0.023 0.879 
SBP 109.2 15.6 109.5 16.7 0.003 0.955 

Hard 

sVRI 0.832 0.0440 0.931 0.0528 16.518 0.000 
HR 79.3 11.5 79.6 11.3 0.005 0.946 

DBP 64.5 10.6 65.7 8.10 0.154 0.697 
SBP 109.6 16.3 110.4 14.6 0.025 0.874 

Table 4: The results of Repeated Measurements ANOVA. 

 Pre-task In-task Post-task F P 
Easy 0.827 0.0551 0.906 0.0479 0.825 0.0539 8153 0.000 
Hard 0.832 0.0440 0.931 0.0528 0.844 0.0464 14934.13 0.000 

pre-task values of those three vital signs were firstly 
tested via the paired-sample t tests in order to verify 
the normal signal bases of the participants before the 
tasks. We can see that there are no significant 
differences found on the three vital signs between 
the easy and hard tasks (P > 0.05, also with little F 
values). That is, the base signal levels of the three 
vital signs were all kept normal and the participants 
were all in good status to enter the tasks. Secondly, 
the similar t-tests were done for the data of in-task to 

check the signal bases of the participants when 
performing the tasks. It can be seen that there were 
no significant difference found on the blood pressure 
and heart rate between the two levels of tasks. It 
should be noticed that there was a significant 
difference found on sVRI between the easy task and 
hard task (P=0 and T=5.468). Figure 4 also gives the 
bar charts of the sVRI values of the three stages 
(pre-task, in-task and post-task) in the easy and hard 
tasks.  
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Figure 4: The sVRI values of the three stages. 

So, we can differentiate the task levels (hard v.s. 
easy) just via the sVRI values; it captures the dose-
response of the mental effort invested in the 
cognitive tasks with tiny different difficulties as set 
in this study.  

The third analysis was done to observe the 
sVRI’s changes with the different stages of the tasks: 
before and during the task. We employed ANOVA 
tests as Table 3 listed. For the easy and hard task 
respectively, the ANOVA results tested over the two 
testing stages: before (pre-task) and during (in-task) 
the task. From Table 3, we can see that the upper 
part shows the results of those of the easy task: only 
the sVRI had outstanding F and P values in this test, 
which means that the sVRI got significantly 
different when the participants performed from the 
pre-task stage to the in-task stage; others (BP and 
HR) failed to pass the test. We can also see the 
lower part of the table shows the similar results of 
the in-task: only the sVRI passed the test with 
F=16.518 and P=0. Therefore, it can be concluded 
that there was a clear dose-response on the 
participants when the cognitive loads of them were 
increased by an arithematic calculation task. The 
dose-response is even much clearer in the hard task 
than in the easy task (higher F and lower P).  

The sVRI values were also recorded after the 
tasks, so the repeated measurements of ANOVA was 
also used to test the continuous dose-response down 
through the entire tasks, i.e. from before the task to 
after the task. Table 4 gives the testing results, from 
which we can see that there were clear significance 
found in the sVRI values of three stages in both easy 
and hard tasks. It means that the sVRI can 
distinguish the situation how the mental effort 
invested in processing the cognitive tasks with the 
small task difficulties set in the experiment; it shows 
the continuous dose-response in processing the 
cognitive tasks. 

We also tested the correlation between the task 
difficulties and the sVRIs; we classified three 
difficulties: no task, easy task and hard task. We got 

the correlation coefficient r=0.566 with P=0 by 
Sperman testing, which means there is a moderate 
correlation between sVRI and task difficulties. 

4 DISCUSSION 

This study examined the relationship between the 
mental effort invested in the cognitive tasks and the 
changes of sVRI. The testing results on the different 
difficulties of cognitive tasks showed that the PPG-
based sVRI can be easily obtained from the real time 
PPG signals and can be used to distinguish the 
different extents to which the mental effort is 
invested during a cognitive task. This can help it 
adopted in more diverse ubiquitous applications of 
sVRI, particularly in ubiquitous healthcare service 
(Farooq et al., 2010; Shin, et al., 2010).  

As illustrated in the results, the significant 
differences of sVRI between different task 
difficulties indicated that the dose-response against 
easy task could be represented by a relatively lower 
increase of sVRI value above the baseline. 
Conversely, the dose-response against hard task 
could be represented by a relatively higher increase 
of sVRI value above the baseline, indicating more 
mental effort invested. This finding provides strong 
evidence for the sVRI to be potentially used as a 
linear classifier of mental effort investment.  

In comparison with sVRI, other vital signs such 
as the heart rate and blood pressure did not reach 
any convincing significance in task difficulties in 
this experiment. The similar conclusion has also 
been reported previously that the effect of mental 
stress on central pressures is more prominent 
compared with the effect on peripheral pressures 
(Vlachopoulos et al., 2006; Madelon et al., 1998), 
and can partly explain the results.  

The major limitation of this study is the 
relatively small sample size and the age range of 
participants involved in the experiment. A database 
of large sample size can be proposed in the future 
work to setup the baseline of rest state and impact of 
task difficulty on sVRI, which can evaluate 
quantitatively an individual against the age-matched 
normative data as a reference.  

5 CONCLUSIONS 

As an optical technique for the noninvasive 
measurement of blood volume changes, PPG is low 
cost and easy to use, especially suitable for rapid and 
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repeated measurements particularly in ubiquitous 
environments. In this experiment, PPG-based sVRI 
is found to be able to reflect the dose-response of the 
mental effort invested in cognitive tasks: the mental 
effort invested changes with the task difficulties can 
be shown efficiently via the sVRIs.  This could be 
used to evaluate the user experience in an interactive 
task or to evaluate the usability of a cognitive design. 
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