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OPEN A novel mobile application to

examine impaired vigilance
through digital means

Purbanka Pahari*3*, Lisa Schmitz*®, Elena Richert*¢, Kamilla RUOn Jéhannsdéttir*$,
Hlin Kristbergsdoéttir®®, Henri Korkalainen?, Juha Téyras%’:8, Timo Leppanen®%8,
Sami Nikkonen'2, Erna Sif Arnardottir* & Anna Sigridur Islind®

The psychomotor vigilance task (PVT) is a three to thirty-minute test widely used to measure alertness
and vigilance. However, only a few comprehensively validated PVTs are currently available through
digital means, e.g., mobile devices. Thus, the present study aimed to investigate the usefulness of a
novel three-minute PVT (PVT,,) delivered through a touchscreen mobile device. The present study
comprised 41 healthy or undiagnosed with obstructive sleep apnea participants recruited through local
advertisement in Reykjavik, Iceland between 2021 and 2022. First, participants completed an in-lab
ten-minute standard PVT (PVT_,) on a computer with the Inquisit software at Reykjavik University
Sleep Institute. Later, the same participants completed a three-minute PVT in the Sleep Revolution
mobile application at home. With a paired sample t-test, differences between the PVT outputs, i.e.,
mean reaction time (RT) and median RT, were compared between PVT_, , and PVT.. In addition, effect
sizes and Pearson correlations between the PVT_, and PVT, outcomes were evaluated. The average
mean RT (PVT_: 350.2 ms; PVT: 424.1 ms) and median RT (PVT_, ;: 334.4 ms; PVT_.: 415.2 ms) were
significantly (p<0.001) shorter in PVT_, compared to PVT.. The effect sizes for mean RT and median
RT were 0.70 and 0.79, respectively. In addition, the correlations of mean RT (r=0.96, 95% confidence
interval (Cl): 0.92-0.98) and median RT (r=0.94, 95% Cl: 0.89-0.97) between PVT_, and PVT, were
high. Although median and mean reaction times were systematically higher when measured with the
mobile application, there was a strong correlation between the methods’ outcomes. After accounting
for this systematic increase, the novel PVTSR approach shows potential for evaluating impaired
vigilance. With future fine-tuning to adjust for the systematic delay, this readily available three-minute
test could enable long-term follow-up of impaired vigilance in participants’ homes.
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Adequate sleep is pivotal to remain vigilant during the day and sustain a healthy lifestyle. However, about 25%
of the general population are not satisfied with their sleep quality, 10-15% have a sleep disorder manifestation
causing adverse daytime symptoms, and 6-10% suffer from insomnia!. The consequences of inadequate sleep are
broad; the most common impacts of sleep deprivation are impaired vigilance, poor cognitive performance, and
inability to sustain attention®>. In addition, reduced vigilance and cognitive impairment have been associated
with increased morbidity and are risk factors for traffic and occupational accidents*=. Therefore, the detection of
impaired vigilance would be beneficial to improve work productivity and the overall quality of life.

Vigilance is defined as the ability to sustain attention during a certain task over a prolonged period’. The
psychomotor vigilance task (PVT) is the most widely used test to estimate impaired alertness or vigilance and
is considered a good indicator of fatigue and cognitive impairment®’. PVT is based on individuals’ reaction
time to a particular visual stimulus'® and the reaction time over 500 milliseconds is considered as a lapse.
Generally, the in-lab PVT takes ten to thirty minutes, however, the standard 10-minute PVT protocol is the
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most commonly utilized in clinical practice!!. However, the 10-minute in-lab PVT can be considered too long
and time-consuming, especially when completed multiple times over a follow-up period (e.g. daily or weekly).
Therefore, there is a need for a shorter PVT version, that is easily available to everyone without hospital visits2,
Although 5-minute and 3-minute PVTs exist, only a few of them are comprehensively validated®!®. Therefore,
the present study aimed to assess the usefulness of the novel 3-minute PVT (PVTg,) delivered through the Sleep
Revolution mobile application'* by comparing its outcomes to those of the standard 10-minute PVT (PVT,)).
We hypothesize that the easily accessible and mobile application-based PV T, can be used as an alternative for
longer in-lab PVT versions to estimate impaired vigilance.

Methods

Study design

This study was part of a larger three-month pilot sleep study at Reykjavik University. In the current study,
participants (n = 59) were recruited through a local advertisement in Reykjavik between November 2021 and
May 2022 (Fig. 1). Before participating in the main sleep study, participants completed a screening questionnaire
including an in-depth introduction to the study and then followed by the signing of an informed consent
form. After which the researchers contacted and asked them to complete an online questionnaire including
information about the participants’ background, demographic information, lifestyle, and sleep quality. All
questionnaires and the digital informed consent form were collected and managed using REDCap (Research
Electronic Data Capture); ergo online'”. In the next phase, participants arrived at Reykjavik University, where
their height and weight were measured, and the participants completed the 10-minute in-lab PVT test (PVT, )
on a computer. After the PVT_,, a three-night sleep study (Nox Al, Nox Medical, Reykjavik, Iceland) w1th
self-applied polysomnography (SAS) was conducted at participants’ homes'¢. During this visit, the participants
got access to the Sleep Revolution mobile application to perform the 3-minute PVT test (PVTg,) at home.
The participants were instructed to take the PVT, at mobile application once every week during the three-
month follow-up period and thus, they completed multiple PVT,s during the follow-up. Participants were also
instructed to answer the sleep diary twice a day, in the morning and evening every day for the three months. The
automated reminders were sent twice per day as a digital nudge through the mobile application (i.e., notification
through SR application) to participants to motivate them to complete the diary regularly'”. The participants were
only allowed to answer on the current day to ensure they reported their real-time experience. At the end of the
three-month follow-up, 45 participants re-visited the lab at Reykjavik University and completed the second in-
lab PVT,_ ;. In addition, a few participants were removed ( = 4) due to missing mobile application information
and therefore, the final study population consisted of data from the first set of both PVT tests (PVT_, and
PVT,,) of 41 participants.

The average apnea-hypopnea index (AHI), average oxygen desaturation index (ODI), average arousal index
(ArI), and average oxygen saturation (SpO,) were determined from three-night sleep measurements using
Noxturnal version 6.2.2 software (Nox Medical, Reykjavik, Iceland). The participants were divided into three
groups based on the obstructive sleep apnea (OSA) severity (healthy: AHI <5, mild: 5< AHI <15, moderate-to-
severe: AHI > 15), and PVT outcomes were separately evaluated within each OSA severity group (Fig. 1). The
study protocol was approved by the Icelandic National Bioethics Committee (ref. no. 21-070), and participants
read and signed an informed consent before their participation. All methods were performed in accordance with
relevant guidelines and regulations.

Psychomotor vigilance task (PVT)

Standard in-laboratory PVT (PVT, )

During the first visit to Reykjavik University, participants (n=59) completed a 10-minute PVT test (PVT_,) on
a computer using Inquisit software (Millisecond, Seattle, USA). The visits’ Start times were fixed to 10:00 am or
12:00 pm to control the effects of circadian rhythm. The lab conditions were standardized, and a researcher was
always present to supervise the participants during the test. Up to two participants took the test simultaneously;
participants were shielded from possible visual distractions and wore noise-canceling headphones during the
test, and the background of the computer screen was light gray. All participants had similar screen sizes and
keyboards, and all the instructions were presented on the screen during the PVT, ;. The PVT,, was set for
an 11-minute, however, the first minute was considered a habituation phase for the participants and therefore
removed from the calculations. As the PVTSt 4 time was fixed to an exact 10-minute test, it included varied
number of visual stimuli, about 100-120 (i.e., red stopwatch) occurring at 2-10 s intervals during which the
participants were instructed to keep their index finger on the spacebar and tap it as soon as the red stopwatch
appeared (Fig. 2). The participants got feedback that lasted for 1000 ms after each response indicating their
reaction time or a short error message as ‘pressed too early’ lasting for 300 ms if they tapped the spacebar before
the stimulus appeared.

Sleep revolution mobile application PVT (PVTy,)

During the three-month follow-up, participants were asked to complete a 3-minute version of the PVT in the
Sleep Revolution mobile application (PVT,) at home anytime during the day. As there were no restrictions,
participants took multiple tests during the follow-up period, however, only the first test was considered for this
study. The PVT, started with a completely black screen, and participants were instructed to tap the touchscreen
of their mobile device as fast as possible when the pattern appeared on the screen. Although the PV T, visual
stimuli and the response mode (i.e., spacebar vs. touchscreen) are different than those in PVT, ; the foundatlon
of both PVTs is similar. The screen size also varied for each participant based on their mobile dev1ce (Fig. 3).
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Participants were recruited at Reykjavik University
between November 2021 and May 2022 (n=59)

First, participants completed a 10-minute PVTsq test in
sleep lab on a computer with Inquisit software (n=59)

Next, the same participants completed a 3-minute PVTsg test
at home on the Sleep Revolution mobile application (n=41)

Computation of mean and median RTs from both
PVTsq4 and PVTsg outputs (n=41)

Computation of SpO,-based and conventional OSA metrics (i.e.,
AHI, ODI, Arl) for all participants from the sleep study (n=41)

Divided all participants based on OSA severity (n=41)
Healthy (n=11) Mild OSA (n=11) Moderate to Severe OSA (n=11)

Investigation of statistical significance between PVTq and PVTsg methods

|
[ l !

Evaluated the differences Evaluated the correlation Evaluated the agreement
between two outcomes between two outcomes between two methods
using a paired t-test using a Pearson correlation using a Bland-Altman plot
coefficient test

Fig. 1. Flowchart of the study, computed methods, and data division. RT: reaction time; SpO,: oxygen
saturation; OSA: obstructive sleep apnea; AHI: apnea-hypopnea index; ODI: oxygen desaturation index; Arl:
arousal index; Healthy: AHI <5; Mild OSA: 5< AHI <15; Moderate-to-Severe OSA: AHI > 15.

Statistical analysis

The mean and median reaction times (RTs) were calculated from both PVT versions and the statistical
significance of differences was evaluated with a paired t-test. The Pearson correlation was evaluated between
the two methods. The reaction times were used as continuous data during the statistical test. Finally, the Bland-
Altman plot'® was used to illustrate the agreement between the two methods. All calculations and statistical
comparisons were performed with MATLAB (R2022b, MathWorks, Natick, MA, USA).

Results
The final study population included 41 participants (56% females), with a mean BMI of 28.7 kg/m? (range:
20.0-38.2 kg/m?) and a mean age of 50.7 years (range: 23.0-74.0 years). 11 participants had no OSA (AHI<5),
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Fig. 2. Screenshot from PVT_, study.

REACTION GAME ( REACTION GAME

Instructions

When the pattern appears, tap the

screen as fast as you can!

I'm in a quiet place, have turned off
notifications and am ready to start

Fig. 3. Screenshot from PVTy, study.

15 participants had mild OSA (5<AHI<15), and the remaining 15 participants belonged to the moderate-to-
severe OSA group (AHI>15). The mean AHI, ODI, and Arl were 15.4 events/hr, 12.4 events/hr, and 13.6 events/
hr, respectively (Table 1).

Among all participants, the average mean RT was significantly shorter in PVT,; compared to PV T, (350.2
ms vs. 424.1 ms, p=0.02, effect size=0.70, Table 2). Similarly, the average median RT was significantly shorter
in PVT_, compared to PVT, (334.4 ms vs. 415.2 ms, p=0.01, effect size=0.79, Table 2). When participants
were divided into OSA severity groups, the mean and median RTs and the difference between PVT,; and PV Ty,
increased as a function of OSA severity (Table 2; Fig. 4). Nevertheless, the findings related to reaction times
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Parameters All (n=41, female=23)
Age (years) 50.7 [23.0-74.0]

Body mass index (BMI)

(kg/mz) 28.7 [20.0-38.2]

Apnea-hypopnea index

(AHI) (events/hr) 15.4 [0.4-59.2]

Oxygen desaturation index
(ODI) (events/hr)

Arousal index (Arl)
(events/hr)

12.4[0.0-50.9]

13.6 [0.0-31.8]

Table 1. Demographic and polysomnographic information presented as mean [minimum to maximum

range].
PVT,, PVTg, T-test | Effectsize | Pearson correlation
Average Average r[95% CI]
Parameters [min-max] SD [min-max] SD p-value | d p-value
Mean RT (ms)
_ 350.2 424.1 0.96
All (n=41) [274.4-815.1] 92.98 [234.1-1504.7] 188.75 | 0.02 0.70 [0.92-0.98] <0.001
_ 3264 381.7 0.96
Healthy (n=11) | 15744 378.3] | 4092 | 13414705 | 7498 | 004 088 [0.85-0.99] | <0001
R _ 350.1 415.8 0.98
Mild OSA (1=15) | ace 4e15) | 5547 | [3013-5720) | 7545 | 001 | 096 [0.94-0.99] | <0.001
Moderate-to-Severe | 367.7 463.5 0.97
OSA (n=15) 1279.6-815.1] | 17075 | [201.7-1504.7) | 36°->1 |001 | 0.78 [0.87-0.99] | <0-001
Median RT (ms)
_ 3344 415.2 0.94
All (n=41) [2645-6910] | 79 | [234.1-15047] | 18973 | 0011 0.79 [0.89-0.97] | <0-001
_ 315.5 3729 0.96
Healthy (n=11) [645-3710] | 092 | (p3i1a614 | 7074 003|095 [0.85-099] | <0.001
. _ 335.2 405.4 0.98
Mild OSA (n=15) [271.0-423.0] 50.77 [301.3-572.1] 77.17 | 0.006 1.05 [0.95-0.99] <0.001
Moderate-to-Severe | 347.5 456.1 0.95
OSA (n=15) [269.0-691.0] | 13993 | [202.9-1504.7) | 367:18 | 001 1079 [0.79-0.99] | <0-001

Table 2. Results from standard PVT test (PVT, ;) and PVT test at sleep revolution mobile application (PVTg,)
and statistical significance of differences between them. RT: reaction time; OSA: obstructive sleep apnea; SD:
standard deviation; CI: confidence interval; healthy: AHI <5; Mild OSA: 5< AHI < 15; Moderate-to-Severe
OSA: AHI > 15; AHI: apnea-hypopnea index.

1600 1600
¢ ¢ ¢ RTs from PVTstd (healthy:AHI<5)
@ n
£ E
E 800 A4 E 800 o RTsfromPVT_ (moderate:15<AHI<30)
¢
§ 4 5 % RTs from PVT_,_ ( AHI>30)
909 = 34 L3 s from severe: >
= 400 000000009 o O 2000909090 4 std
000000000000 0116000 400 0000000000 606000
gronessgBeseres * = |geenenousaseret
¢ RTs from PVTg
0 0
0 15 30 0 15 30
Number of participants (n) Number of participants (n)
Fig. 4. The mean and median reaction times of each participant in both psychomotor vigilance tests (PVT_,
and PVT,) based on their obstructive sleep apnea severity groups. AHI: apnea-hypopnea index, RT: reaction

time.
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Fig. 5. Bland Altman plot for psychomotor vigilance tests (PVTs). Differences were calculated as PVT,, -
PVTj,. RT: reaction time, SD: standard deviation.

between the two PVTs were similar in all OSA severity groups; reaction times were systematically shorter in
PVT,, compared to PVT, (Table 2; Fig. 4).

Among all participants, the Pearson correlation coeflicient between the two methods was very high for both
mean RT (r=0.96, p<0.0001) and median RT (r=0.94, p<0.0001). In the Bland-Altman plot, the differences
in the RTs were rather close to the mean indicating a strong agreement between the two methods and further
supporting the correlation between the two methods (Fig. 5). However, systematic and proportional errors
were observed. The difference between two PVTs increased when the reaction time increased (Fig. 5). When
participants were grouped based on OSA severity, the correlation between the two methods remained high
(r=0.95-0.98) for both median and mean RTs (Table 2).

Discussion

In this study, we aimed to study the differences in median and mean reaction times between the 10-minute-
based standard PVT_, and the 3-minute-based mobile application-based PV T,. We observed that the median
and mean RTs were always 50-70 ms longer on average in the PVT, compared to the PVT, . The novel PVT,
method, despite showing significantly longer median and mean RTs compared to PVT_; demonstrated a
statistically significant correlation with PVT_,.

The systematically higher RTs in PVT, than PVT_, could be due to multiple reasons. First, participants
needed to tap the spacebar on the keyboard in the PVT_,. In contrast, participants were required to tap on the
touchscreen in the mobile application (PVTg,), and tapping on a mobile touchscreen might take longer than
tapping on a keyboard'?. Second, the PVT_, test was conducted in a calm, silent laboratory setting, whereas the
PVTSR was performed in a more comfortable and relaxed home environment, which, being rich in stimuli, may
have been more distracting and contributed to longer reaction times?’. In addition, there was no control for
what finger particiapnts use; previous study also showed that using the index finger to tap resulted in the fastest
task completion time compared to all other fingers'”. Third, another key difference between the standard PVT
and the SR app is that the PVT_, provides live feedback (e.g., a timer display), which the PVT, app lacks; this
absence may affect engagement and performance, potentially contributing to longer reaction times. Therefore,
other factors, such as device screen size and thumb or index finger use, feedback differences could account for
longer response time in PV T,

Our results align with an earlier study, which reported that the response times are longer in a 3-minute
PVT than in a 10-minute PVT!2. However, when they corrected the systematic error by a scaling factor of
0.75, the response times became similar to the standard 10-minute PVT test!2, Although we did not include
scaling factors in our results, we also investigated with adjusted scaling factors to observe whether that makes
any difference in PV T, response time. We adjusted our results with a scaling factor of 0.70, which makes the
difference between the response time of PVT,, and PV T, small. For instance, the mean reaction time for all
participants in PVT, ; was 350.2 ms, and after adding a scaling factor of 0.70, the mean reaction time for all
participants in PVTSR decreased to 349.1 ms. The response time for PV, for the OSA severity groups became
+ 10 ms less than in PVT,_ . Thus, systematic delays or device errors in sleep revolution applications can also be a
reason for longer PVT, response times in our analysis. We also observed that the agreement between the PV'Ts
deteriorated along worsening OSA severity. The difference between the two PVTs in median RTs was 57.4 ms
in healthy participants, while the difference increased to 70.2 ms in mild and further to 108.6 ms in participants
with moderate to severe OSA (Table 2). The Bland-Altman plot (Fig. 5) shows that the discrepancy between
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the two methods increasesfor participants with higher reaction times. This pattern suggests that the methods
diverge more as reaction times get longer, which could be important when interpreting results or choosing a
measurement method for participants who tend to have lower vigilance. However, despite these increases in
differences in RTs the correlation between the two PVTs for all groups was high and the pattern of increased RTs
with increased OSA severity was captured well with both PVT tests.

In general, the present results indicate that our PVTg, method is adequate for measuring vigilance and
capturing the pattern of increased response time due to the progression of OSA severity similar to the standard
PVT. Moreover, the test is available through any smartphone, which makes its usage easy and cost-effective,
allowing, e.g., measurements among larger patient groups, estimation of changes in vigilance over time, and
following how OSA treatment affects vigilance. Importantly, the PV T, is not intended to replace the standard
in-lab PVT but rather to expand its applicability and enable long-term follow-up monitoring of vigilance. It can
also guide individuals to keep track of their habitual sleep behaviors on their path to optimal sleep health?.

Our study had a few limitations to acknowledge. First, the PVT_, was performed at the lab, while PV T,
was performed in a home environment. For instance, while the in- lab PVT was more controlled, the PVT test
was not restricted to any specific time, space, or environment®’. Participants could have taken the test anyt1me
during the week and multiple times during the study period. Secondly, the PVT methods differed; PVT,_,
involved keyboard tapping, while PVT, used mobile screen tapping, and only PVT_, provided live feedback
to the participants. These factors can impact the reaction times determined by using the two different methods
for PVTs. In addition, we had limited information on whether there was a delay due to the test administration
hardware and software platforms in the Sleep Revolution application, and thus, we did not assess any system
delay in the PVT,. System delays or device errors can affect reaction times'?, and this fact might have also
impacted the present analysis. Lastly, the errors and systematic discrepancies between the two methods warrant
further investigation. Consequently, it is premature to confidently assert that the proposed method can fully
replace the structured laboratory test. Nevertheless, our objective was not to replace the standard method, but
the proposed approach appears promising and enables conducting the PVT multiple time over longer period
which would be infeasible with the laboratory test. However, the test warrants further exploration, ideally with a
larger sample size and more comprehensive statistical analyses beyond mean and median evaluations. Moreover,
despite the differences, our objective was to study the participants’ performance in both PVT_; and PVT; and
investigate if the novel mobile application-based method can detect deterioration of vigilance.

Conclusions

Despite observed systematic and proportional errors, the novel PV T, method demonstrated a strong correlation
with the standard PVT. Future studies could mitigate these errors by estimating systematic delays. As a quick,
three-minute mobile application-based test accessible for home use, PV Ty, effectively captured the decline in
daytime vigilance related to OSA severity, underscoring its potential for long-term monitoring of impaired
vigilance.

Data availability

The data include participants’ personal information and medical records; therefore, the data can only be shared
within the confinements of the Iceland legislation and ethical conventions. Dr. Anna Sigridur Islind should
be contacted for the data-sharing request. Reasonable requests concerning data sharing will be individually
assessed.
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