Downloaded from https://academic.oup.com/sleep/article/46/7/zsad080/7092866 by guest on 18 July 2023



Downloaded from https://academic.oup.com/sleep/article/46/7/zsad080/7092866 by guest on 18 July 2023



Downloaded from https://academic.oup.com/sleep/article/46/7/zsad080/7092866 by guest on 18 July 2023



Downloaded from https://academic.oup.com/sleep/article/46/7/zsad080/7092866 by guest on 18 July 2023



Downloaded from https://academic.oup.com/sleep/article/46/7/zsad080/7092866 by guest on 18 July 2023



6 | SLEEP, 2023, Vol. 46, No. 7

Home phase

Learning period
13 days, habitual sleep, up to 6 PVTs per day at least 2 h apart

\ 4

A

T T ! T ! T

1 2 3 4 5 6 7 8 9 10 11 12
Day
Laborato hase
VP Caffeine
recommendation
) Learning period | Prediction period (26 h)
Peak
Sleep alertness
I I I
8h 6h
« 62 h Total sleep deprivation >
12 PVTs 12 PVTs 4 PVTs
(every 3 h) (every 1 h) (every 3 h)
| < | > < | > < >
13 14 15
Day
| | | | |
0 36 44 50 62

Hours awake

Figure 2. Schedule of the study to prospectively validate the 2B-Alert app. The study consisted of a 12-day home phase followed by an in-laboratory
phase. During the home phase, participants maintained their habitual sleep and caffeine-consumption schedules, and used the app to record these
data. Participants also used the app to perform ve or six 5-minute psychomotor vigilance tests (PVTs) per day, each at least 2 hours apart. On day
12, participants arrived at the sleep center to begin the laboratory phase, where they had an 8-hour sleep opportunity (from 23:00 to 07:00). Starting
at 07:00 on day 13, participants underwent 62 hours of total sleep deprivation (TSD). For the rst 36 hours, participants performed 5-minute PVTs
every 3 hours. At the end of the learning period (at 36 hours of TSD), we used the app to obtain a personalized caffeine recommendation so that each
participant would sustain the same maximum alertness-impairment level (270 milliseconds) during the 6-hour peak-alertness period (from 03:00
to 09:00 on day 15, red shade). Each participant consumed caffeine according to the app s personalized recommendation and continued to perform
5-minute PVTs. We used the personalized models obtained at the time of the caffeine recommendation (19:00 on day 14) to predict the alertness
impairment for the prediction period (yellow shade) and compared the models predictions with the subsequently collected PVT data, to assess the
ability of the 2B-Alert app to learn the trait-like response to sleep loss and provide personalized caffeine recommendations for each participant.

mark the start and end of each sleep episode by pressing a but-
ton in the watch. We used the Actiware 6.2.0 program to score
the actigraphy data according to standard procedures (wake
threshold set to medium) and obtained standard metrics of sleep,
including total sleep time, for each sleep episode.

On day 12, participants who completed the home phase
reported to the laboratory at 19:00 and had their sleep and caf-
feine dairies and PVT data inspected to assess compliance with
the protocol. Non-compliant participants were discharged, and
compliant participants continued with the in-laboratory phase.
They went to bed at 23:00, woke up at 07:00 the next morning,
and underwent 62 hours of TSD followed by one night of recovery
sleep (12 hours). Participants performed a 5-minute PVT (ISI: 1 4
s) every 3 hours for the rst 36 hours of TSD (12 PVT sessions),
every 1 hour for the following 12 hours and every 3 hours for the
rest of the study (16 PVT sessions), for a total of 28 PVTs during
the in-laboratory phase.

The 2B-Alertapp used PVT data collected during the home phase
and the rst 36 hours of the TSD challenge ( the learning period )
to personalize the model (Figure 2). At the end of this period, the

app provided a caffeine recommendation for each participant
to sustain performance at a maximum alertness-impairment
threshold (mean RT of 270 milliseconds) for 6 hours beginning
after 44 hours of TSD (i.e. a peak alertness period between 03:00
and 09:00 on day 15). We selected the same threshold for all par-
ticipants, rather than a participant-speci c threshold based on
their baseline performance, because computer simulations dur-
ing the design phase of this study indicated that a xed thresh-
old would result in a wider range of caffeine recommendations
than a relative threshold. Moreover, the selected target thresh-
old of 270 milliseconds is equivalent to the alertness impairment
level of a blood alcohol concentration of ~0.06% [38 40], which is
associated with a twofold increase in the risk of causing a traf ¢
accident as compared with control drivers [41, 42].

For each participant, the app constrained its recommenda-
tion to no more than a total of 800 mg of caffeine distributed in
multiple doses, with a maximum single dose of 300 mg. At each
recommended time, participants consumed the corresponding
dose by chewing caffeinated gum (Military Energy chewing gum,
MarketRight, Inc., Plano, IL; 100 mg caffeine per piece) for 10
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minutes. Chewing this caffeinated gum formulation for 5 min-
utes yields a normalized caffeine bioavailability of 90% [43], and
chewing it for 10 minutes yields 96% of caffeine extraction [44].
Moreover, multiple studies have shown the effectiveness of this
gum product in reducing alertness impairment caused by sleep
loss [19, 23, 45].

The app collected PVT data and provided personalized pre-
dictions and caffeine recommendations in real time during the
study, which were stored in the app and retrieved after the end
of the study, as reported herein. However, to prevent participants
from becoming predisposed to their alertness predictions and
caffeine recommendations, we blinded them from the 2B-Alert
outputs.

Metrics to assess the 2B-Alert personalized
predictions and caffeine recommendations

We used two metrics to quantify 2B-Alerts ability to learn and
predict the trait-like response to sleep loss of each participant. We
computed the root mean square error (RMSE) between the model
predictions P_in equation 1 for the n-th PVT session, where n =1,
2,...,N=16, and the mean RT PVT measurement A during the
prediction period (i.e. the last 26 hours of the challenge; Figure 2):

(©)
We also computed the percentage of the mean RT data that fell
within the model s prediction intervals (PI):

4)
where  denotes the variance of the mean RT measurements
upon repeated trials by the same participant under the same
condition (i.e. a measure of within-subject variability), which we
conservatively assumed to be 30 milliseconds, based on analysis
of baseline PVT sessions of sleep-satiated participants [26, 46].

To quantify 2B-Alerts ability to provide personalized caffeine
recommendations to sustain alertness impairment around the
270-milliseconds threshold during the 6-hour peak alertness
period starting at 44 hours of the TSD challenge, we computed
the percentage of the mean RT data that fell within the alertness
interval Q around this threshold:

©)
where Q represents the interval in which we expect ~95% of the
measurements to fall if the alertness-impairment level of the
participant is 270 milliseconds and the variance of the mean RT
data, corresponding to the within-subject variability, is conserv-
atively estimated as = 30 milliseconds. When the app recom-
mended no caffeine, we counted all data that fell below the upper
bound of Q (i.e. 270 +2 ).

Results

Sleep, caffeine consumption, and PVT data
during the home phase

Thirty participants enrolled in the study, however, only 21 (nine
women) completed the TSD challenge. Based on the sleep diaries
recorded in the app, participants slept an average of 7.5 hours
(SD = 0.5 hours) per night during the home phase vs. 8.0 hours
(SD = 0.6 hours) per night based on the actigraphy data. Also,
based on the entries recorded in the app, participants consumed
an average of 57 mg (SD = 58 mgq) of caffeine per day, where three
participants did not consume any caffeine and ve participants
consumed more than 100 mg per day. On average, participants
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performed 5.6 (SD = 0.3) PVT sessions per day during the 12-day
home phase. Supplementary Figure S1 in Supplementary Material
shows the PVT data, sleep schedule, and caffeine consumption
recorded in the app for each participant who completed the
62-hour TSD challenge.

2B-Alert personalized predictions

First, we validated 2B-Alerts ability to learn each participants
response to sleep loss and predict alertness for the last 26 hours
of the TSD challenge. To this end, we compared 2B-Alert s predic-
tions of alertness impairment, obtained in real time using the
models personalized with data collected during the home phase
and the rst 36 hours of the TSD challenge, with the PVT data col-
lected during the prediction period (Figure 2). Figure 3 shows the
personalized simulations (blue solid lines) for the entire 62-hour
TSD challenge and the PVT data used by the app to learn each
participant (blue symbols + ) and for prediction assessment (blue
circles). We observed a wide range of responses to sleep loss, with
the measured impairment of participant #1 remaining below the
maximum alertness-impairment threshold (dotted black line)
throughout the challenge and the measured impairment of par-
ticipant #21 markedly exceeding the threshold, even during the
rst day of the challenge.

To quantify the accuracy of the predictions, we computed the
RMSE between the model predictions and the mean RT data as
well as the percentage of the data that fell within the Pls around
the model predictions (equation 4). Table 1 shows these metrics
for the learning and prediction periods. Overall, the app s alert-
ness outputs accurately tted the PVT data during the learning
period, with an average RMSE of 24 milliseconds (SD =8 mil-
liseconds) and 97% (SD = 4%) of the data within falling the PIs.
Similarly, we observed accurate personalized predictions for the
last 26 hours of the challenge, which included the period after
caffeine consumption, with an average RMSE of 50 milliseconds
(SD =24 milliseconds) and 80% (SD =22%) of the data falling
within the Pls for the entire prediction period. Except for partic-
ipants #3 and #19, who had both a large RMSE (115 and 90 mil-
liseconds, respectively) and a low percentage of measurements
within the Pls (31% and 25%, respectively), and participant #4,
whose alertness impairment was consistently underestimated
during the peak alertness period, the 2B-Alert app was able to
learn the trait-like responses of 18 of the 21 participants (86%).
Note that we used all the data collected during the study, includ-
ing obvious outliers, for personalizing the model and assessing
the predictions, as it would be done in a real-life application.

Personalized caffeine recommendations

At 36 hours into the TSD challenge, using the personalized mod-
els up to this point, 2B-Alert provided, automatically and in real
time, a personalized caffeine recommendation for each partici-
pant. The goal of the recommendations was for each participant
to sustain performance at the same target alertness-impairment
threshold of 270 milliseconds during the 6-hour peak alert-
ness period beginning after 44 hours of the challenge (Figure 2),
regardless of the participants trait-like response to sleep loss. In
accordance with the observed wide range of responses to sleep
loss, the app provided recommendations that varied from no caf-
feine to a maximum of 800 mg. Examination of the mean RT data
collected during the peak alertness period (as well as the entire
prediction period) con rmed that, overall, the recommendations
correctly re ected the participants trait-like response to sleep
loss (Figure 3), prescribing no caffeine to the true most resilient
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Figure 3. Personalized 2B-Alert alertness-impairment predictions and caffeine recommendations. Using the personalized models obtained at

the end of the learning period (36 hours into the 62-hour total sleep deprivation challenge), the 2B-Alert app provided personalized caffeine
recommendations (green arrows) so that each participant could sustain alertness impairment at the selected maximum alertness-impairment
threshold of 270 milliseconds (dotted black lines) during the 6 hours of peak alertness (red shade). The blue + symbols correspond to the PVT data
used to train the personalized models, and the blue circles correspond to the PVT data used to assess the 2B-Alert predictions. The blue solid lines
correspond to the personalized predictions at the end of the learning period. The blue shaded regions correspond to the 95% Pls (equation 4) and the
horizontal black lines within the peak alertness period indicate the interval Q in which we expect ~95% of the measurements to fall if the alertness-
impairment level of the participant is 270 milliseconds (equation 5). Women are indicated with an asterisk (*).

participants (#1, #2, and #5) and 600 mg to the true most vul-
nerable participants (#18, #20, and #21), using on average 281
mg (SD =240 mg) of caffeine per participant (Table 1). Also, we
observed no association between the participants habitual caf-
feine consumption, recorded during the home phase of the study,
and the total amount of caffeine recommended by 2B-Alert. For
example, the app recommended substantially more caffeine to

participants #15 to #21 than to participants #1 to #7 [on average
557 mg (SD = 140 mg) vs. 29 mg (SD =49 mg)], even though both
groups consumed similar amounts of caffeine during the home
phase [on average 60 mg (SD =79 mg) vs. 54 mg (SD = 44 mg) per
day]. Note that during the home phase, participants did not have
much need to consume caffeine to improve performance as they
slept on average 7.5 hours per night.
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