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Purpose: The COVID-19 pandemic resulted in a shift to working and learning from home and a concomitant rise in the use of virtual
communication technology, such as videoconferencing. The current study prospectively examined the association between videocon-
ferencing and sleep in a sample of young adults attending a university during the pandemic. The effects of videoconferencing on health
and wellness outcomes and academic performance were also evaluated.

Patients and Methods: Participants completed the core Consensus Sleep Diary and reported engagement in videoconferencing, the
use of electronic devices, and physical activity daily for 8 consecutive days. They also completed baseline measures of sleep,
communication technology use, physical activity, and mental distress, as well as released their end-of-term GPA. Results were
evaluated via multilevel modeling and path analysis.

Results: Participants with a heavier videocall volume lost 17 m of sleep and suffered nearly a 1% reduction in sleep efficiency for
each additional hour of videoconferencing compared to those with a lower call volume. They also tended to spend more time awake
during the night, have earlier sleep midpoints, and report worse sleep, although those trends did not reach statistical significance. For
everyone, including individuals with lower videocall volume, earlier sleep midpoints, lower sleep quality, somewhat shorter sleep, and
higher fatigue were reported on days with a relatively high videocall load compared to days with a low videocall load. Increased
academic engagement with videoconferencing predicted lower academic performance and higher psychological distress: Both
relationships were mediated by sleep. Use of videoconferencing for personal reasons, however, was directly associated with
a reduction in distress.

Conclusion: Videoconferencing is an important determinant of sleep and may impact health and wellness as well as academic
outcomes in young adults. The effects of virtual communication on sleep and human behavior warrant further study in this and other
populations.
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Introduction

On March 11, 2020, the World Health Organization declared the outbreak of the novel coronavirus disease (COVID-19)
a pandemic. By the end of the month, educational institutions in the United States and around the world switched to
remote learning to mitigate the spread of COVID-19 just as millions of adults switched to working from home. In the fall
of 2020, two thirds of colleges and universities in the US continued to offer courses either fully online or in hybrid form,
and 96% reported at least some online instruction.' During the same period, almost 60% of workers in the US reported
working remotely either sometimes or always.” While the majority of students and workers have returned to brick-and-
mortar spaces as countries around the world gained control over the pandemic, according to a Gallup poll, in May of
2023, 29% of office workers continued to work exclusively remotely and 51% worked in hybrid settings.® It is likely that
remote work will remain common in the future: According to a survey of over a thousand businesses, as much as 22% of
the workforce is anticipated to be fully remote by 2025.*
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During the COVID-19 pandemic, the shift to remote work and remote learning ushered an upsurge in remote
meetings via the virtual communication platforms, such as Zoom, Microsoft Teams, WebEx, Google Meet, and dozens
of others. As a result of this shift, it became much easier for work-related communication to spill outside of the
traditional 9-to-5 workweek. A 2020 report by a Microsoft workgroup suggests that during the pandemic-imposed social
gathering restrictions, individuals were more likely to utilize virtual meetings for work-related purpose earlier in the
morning, later in the evenings, and on weekends.” The consequences of these changes, such as “Zoom fatigue”, the
colloquial expression to denote the feelings of exhaustion following a virtual meeting, are only now emerging as a topic
of research.®’ To date, however, little published work has considered the relationship between the use of virtual
communication platforms and sleep, which is the main goal of the current study.

Sleep is essential for health and well-being,®’ including mood regulation'® and stress management.'' However,
virtual communication has the potential to disrupt sleep because it necessitates the use of electronic devices to access the
relevant videoconferencing platform, as well as because of its interactive nature. It is well established that screen time,
particularly when it occurs close to bedtime, can interfere with mechanisms that govern sleep timing and duration.'*'?
Evidence suggests that 9 out of 10 people in the United States use technology devices within an hour of bedtime.'* The
use of interactive devices in particular — such as cell phones, laptops, game consoles — is a robust predictor of sleep
disturbances.'*'® Numerous studies have shown that nighttime use of electronic devices is associated with difficulty
falling asleep, reduced sleep duration, and poor sleep quality.'>'*'” For instance, in a study of nearly 10,000 adolescents
16-19 years of age, both prolonged daytime use of electronic devices and screen time in the hour before bedtime
predicted an increased likelihood of sleep onset latencies greater than 60 minutes and a sleep deficit of 2 hours of more.'”
Furthermore, evidence reveals a dose-response relationship between technology use and sleep disruption, with greater
use increasing the odds of poor sleep.!”:'®

There are several reasons why screen time is associated with disturbed sleep. Exposure to light emitted by devices such as
cell phones and computers, particularly in the blue spectrum, disrupts the production of melatonin and increases alertness.'* '
For example, evening exposure to a computer emitting short-wavelength light (blue light) reduced subjective sleepiness and
suppressed melatonin secretion in a sample of young adult volunteers.”® Additionally, in a randomized crossover trial,
individuals with insomnia who wore lenses that blocked blue light for 2 hours prior to bedtime reported later rise times,
longer total sleep time, and higher sleep quality.'® Technology use can also displace sleep by delaying bedtimes.'**! Given the
relative inflexibility of working or academic weekday schedules that often necessitate early rise times, such shift would result
in truncated sleep. Finally, exposure to mentally stimulating interactive technology close to bedtime may also result in
psychological or physiological arousal that disrupts the circadian mechanism of sleep regulation, leading to delayed bedtimes,
longer sleep onset latencies, reduced sleep duration, and feeling unrefreshed upon awakening.?'** For these reasons, the use of
videoconferencing would be expected to disrupt sleep.

It is also possible that the effects of videoconferencing on sleep extend beyond those associated with bedtime or daytime
exposure to electronic technology. Virtual meetings pose unique challenges to social interaction because of a brief delay
between movement of the lips in the video and audio, inability to maintain eye contact (especially in a conference call with
more than one person), and difficulty in detecting and responding to nonverbal cues.” These factors increase cognitive load’
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and videoconferencing fatigue.® Evidence suggests that both cognitive loa and videoconferencing fatigue
associated with disturbed sleep, including difficulties falling asleep, waking up in the morning, or feeling refreshed.

While the use of various technological devices prior to bedtime occurs in all age groups, it is particularly prevalent in
adolescents and young adults, who already get less than the recommended amount of sleep,”’ commonly report being tired
upon awakening along with daytime sleepiness,” and are also at a high risk for sleep disorders, such as insomnia.” It is
therefore of particular interest to determine how virtual communication may impact sleep in these demographics. Furthermore,
examining the effects of virtual communication both during the day and in the evening is important because the impacts of
technology on sleep are not limited to nighttime use: In at least one study, greater screen use during the day independent of any
evening use also resulted in reductions in sleep duration and quality, as well as longer sleep onset latencies.'’

Videoconferencing may also impact sleep indirectly, by increasing the time spent indoors or encouraging sedentary
behavior. Spending time indoors during the day is associated with decreased exposure to sunlight, which reduces

nighttime melatonin secretion and makes it harder to fall asleep.>” Because acute, as well as regular, physical activity
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is associated with longer sleep duration and reduced sleep disturbances,®' an increase in sedentary behavior may reduce

both sleep quality and sleep drive.’%

Current Study

In the current study, students attending a private residential university in the United States during the social gathering restrictions
associated with the COVID-19 pandemic provided baseline measures of sleep, videoconferencing, physical activity level,
technology use, and mental well-being, followed by completion of daily diaries that included sleep measures from the Consensus
Sleep Diary (CSD)** and surveys on technology use before and after bedtime, videoconferencing engagement, and physical
activity. Two main questions were of interest: How do individual differences in the overall amount of videoconferencing affect
key indices of sleep as measured by CSD? And how are daily fluctuations in virtual communication technology use related to
sleep within individuals? Additionally, baseline questionnaire responses were used to model the relationship between video-
conferencing, sleep, and measures of academic performance and well-being, two important behavioral outcomes in this
demographic. The connection between sleep and psychological distress is of particular interest, because young college-aged

835 and high incidence of anxiety and depression,** and because the COVID-19

adults are vulnerable to both poor sleep
pandemic has contributed to a significant rise in both.**~*® Furthermore, excessive technology use is associated with both sleep
disturbances and negative wellness outcomes,'” with problematic smartphone and social media use particularly relevant not only
as predictors of increased anxiety and depression but also academic performance.*’*® Evidence suggests that smartphone and
social media use increased during the COVID-19 pandemic, with a concomitant increase in increased anxiety and

39,40

depression, as well as an increase in feeling burdened by the pandemic.*' Therefore, if videoconferencing does affect

sleep, these effects may extend beyond sleep to psychological well-being and academic outcomes.

Methods

Participants

One hundred forty-four university students met criteria for study participation. Participants were excluded if they reported
experiencing or being diagnosed in the previous year with a sleep, psychiatric, or musculoskeletal/movement disorder, or
taking more than 3 prescription medications (other than birth control). Out of 144 participants, 96 completed the 8-day
longitudinal portion of the study (see Table 1 for participant demographics). Responses were collected in November 2020 and
February-March 2021. All participants were full-time students during the study, and 93% (100% of those who participated in
the longitudinal portion of the study) resided on campus. Nearly 85% of participants reported that on one or more days, they
attended class in person, whereas 98% indicated having a day with at least one online class.

Materials

Baseline Measures

All participants provided demographic information and completed several questionnaires, including the Pittsburgh Sleep Quality
Index (PSQI),** which generates a global score made up of seven component scores to describe sleep quality, latency, duration,
efficiency, disturbances, use of sleep medication, and daytime dysfunction. This self-report measure of sleep is widely used and
has good reliability, as measured by Cronbach’s alpha (o= 0.83). Values of 0.70 and higher typically indicate satisfactory internal
consistency.* Participants also completed the Owl-Lark scale,** in which preferred schedules of daily activities are identified (a
= 0.81). Higher scores indicate greater morning preference. Physical activity was assessed with the International Physical
Activity Questionnaire (IPAQ — short form), which asks for a self-report of the amount of time, in the last 7 days, that the
individuals engaged in physical activity and sedentary behaviors (test—retest reliability, as measured by Spearman rho, was good,
p=0.76).*> Mood was assessed with the short version of the Depression, Anxiety, and Stress Scale (DASS-21).*® The reliability
of the subscales ranges from o= 0.83 to 0.93.*” Brief health and substance use questionnaire, which asked about missed classes,
health center or doctor’s Visits, and frequency of consuming substances such as alcohol and caffeine, was also administered.**
Respondents also provided a detailed weekly schedule of classes and their typical format (such as in person, online, or hybrid).
Finally, they completed the Maladaptive Technology Use scale,* which assessed problematic Internet and social media use (o=
0.74), and reported use of various technologies in the previous 2 weeks, including typical use of videoconferencing software
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Table | Descriptive Statistics for the Full Sample of Participants and for Those Who Completed the

Longitudinal Portion of the Study

Characteristic Full Sample (n = 144) | Longitudinal Sample (n = 96)
M (SD) or percentage M (SD) or percentage
Female 70% 76%
On-campus residence 93% 100%
First-year student 58% 57%
White/Caucasian 81% 80%
Domestic student 93% 92%
Age 19.3 (1.4) 19.2 (1.1)
Videoconferencing: Hours per day - 1.3 (1.1)
In-person classes: Days per week 2.7 (1.7) 2.8 (1.6)
Online classes: Days per week 37 (1.2) 39(1.2)
Days with Zoom/Teams calls (diary) - 51%
Days with FaceTime/Social Media calls (diary) - 30%
Days with video calls within 2 hrs of BT (diary) | - 2%
TST: Days with < 6 hrs of sleep (diary) - 11%
TST: Days with 6 to < 7 hrs of sleep (diary) - 16%
TST: Days with 10 to || hrs of sleep (diary) - 6%
TST: Days with > 11 hrs of sleep (diary) - 3%
PSQI: Global score 6.5 (2.9) 6.5 (3.0
PSQI: TST hours 74 (1.1) 74 (1.0
DASS-21 13.3 (9.8) 12.7 (9.6)
IPAQ: METs 3340.6 (2665.5) 3161.0 (2658.9)
IPAQ: Sedentary hours per day 7.40 (3.1) 7.6 (2.9)
Owl-Lark: Morningness index 48.5 (7.8) 49.1 (7.6)
Semester GPA 3.5(0.5) 3.5(0.5)
Alcohol use: Once a month or less 48% 52%
Energy drinks: Once a month or less 93% 93%
Sleep aids: Once a month or less 88% 88%
Daily caffeine use 28% 27%
Self-reported health: Scale (1-6) 4.8 (0.9) 4.7 (0.8)
BMI 24.4 (4.7)

Abbreviations: n, number of participants; M, mean; SD, standard deviation; TST, total sleep time; PSQI, Pittsburgh Sleep Quality
Inventory; DASS-21, Depression, Anxiety, Stress Scale (short version); IPAQ: International Physical Activity Questionnaire; METS,
Multiples of the resting metabolic rate; GPA, grade point average; BMI, body mass index.

(such as Zoom, Microsoft Teams, Skype, FaceTime, and other platforms or apps that allow video calls) for academic or work-
related purposes, as well as for personal or leisure use.

Daily Diary

Participants tracked their sleep using the core CSD,** which is validated for use in clinical and non-clinical populations.
They were trained to complete the diary for previous night’s sleep during an initial face-to-face session and then
completed it daily for 7 additional days, which is sufficient for diagnostic or screening purposes.’’ Data collection took
place on a university campus during the COVID-19 pandemic. The CSD allows to estimate the length and timing of the
sleep cycle and calculate the following indices: Bedtime (BT: the time when one begins trying to fall asleep); SOL: time
to fall asleep); rise time (RT: the time of the final awakening in the morning); wakefulness after initial sleep onset
(WASQO: duration of all nighttime awakenings prior to final awakening); time spent in bed after final awakening
(TWASO, or terminal WASO); total time in bed (TIB: the time difference between getting out of bed and getting into
bed, which may be different from the time of final awakening and the time when one started trying to fall asleep); total
wake time (TWT: SOL + WASO + TWASO); total sleep time (TST, equal to TIB minus TWT); sleep efficiency (SE:
ratio of TST to TIB expressed as a percentage); and sleep quality (from 1 = very poor to 5 = very good). The following
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additional questions were included: Total duration of naps, whether over-the-counter or prescription aids were used to
facilitate sleep, whether the participants checked their phone or computer after they started trying to fall asleep, the
location of their phone while they slept, and whether the calls/notifications were silenced for the night.

Several questions asked about the use of videoconferencing platforms for academic or work-related calls on the previous day.
If such calls were made, participants were asked to estimate the frequency of the webcam use (as percent of total call time);
engagement during calls (as percent of total call time talking, interacting with others, or paying attention to the speaker); number of
breaks taken during calls; fatigue at the end of the last call; and the time when the last call of the day ended. Questions also queried
the use of various electronic devices within 1 hour of bedtime. Participants indicated the amount of time they spent engaging in
vigorous and moderate physical activity using two questions from the International Physical Activity Questionnaire (IPAQ).*’

Procedure

All procedures were approved by the St. Lawrence University’s Institutional Review Board and accorded with the Declaration of
Helsinki. Informed consent was obtained from all participants prior to data collection. Individuals who took part in the
longitudinal portion of the study completed two in-person sessions one week apart. During the first session participants were
guided through the completion of the sleep diary for the previous night’s sleep as well as the baseline questionnaire. They were
also outfitted with a consumer-grade activity tracker (Xiaomi Mi Band 5) for an unrelated validation study and were asked to
wear it continuously for the next week. They were told to expect a daily email with a brief questionnaire on previous night’s sleep
and prior day’s technology use and physical activity and kept a hard copy of the sleep diary that explained each question.
Participants were asked to complete the diaries ideally within 1 hour of getting out of bed over the next 7 days: 62% of diaries
were completed within 1 hour (and 93% within 4 hours) of RT. The overall completion rate was 99%. The link to the electronic
response form was emailed to participants at 06:00 daily, and a reminder was sent at noon to those who have not responded by
that time. One week after the initial session, a second in-person session was conducted, during which participants completed the
final daily diary, estimated their grade point average (GPA) and/or provided consent to retrieve GPA from the registrar’s office at
the end of the current semester, returned the activity tracker, and were debriefed. Students who completed the cross-sectional
portion of the study only responded to the baseline questionnaires online and provided consent to allow retrieval of their GPA
from the registrar’s office at the end of the semester.

Data Analysis

The effects of videoconferencing on sleep and ratings of fatigue were analyzed via multilevel modeling using the
longitudinal sleep diary data. The daily videoconferencing duration was the key predictor of the following night’s sleep.
The relationship between videoconferencing, sleep, mental well-being, and academic performance was modeled via path
analysis using the data from the cross-sectional sample. The alpha level was set at 0.05.

Multilevel Regression

Multilevel models allow one to examine the relationship among variables in clustered data structures, where data points
may be correlated at one level of measurement but independent at another.’” In the present study, participants self-
reported sleep and technology use, including videoconferencing, over 8 days. These observations are expected to be
correlated within persons (at Level 1) but uncorrelated between participants (at Level 2). Thus, Level-1 longitudinal
observations (daily diary reports) were nested within the Level-2 persons.

The effects of videoconferencing duration (in hours per day) on sleep-relevant variables were examined in separate
linear mixed models for TST, TWT, sleep midpoint (the midpoint between BT and RT), SE, and sleep quality. These
outcomes were selected because they are meaningful descriptors of sleep and because they represent a parsimonious way
to combine multiple sleep diary measures into relatively few metrics, thus minimizing multiple comparisons.
Videoconferencing was modeled both as a Level-2 predictor (differences between person-means) and a Level-1 predictor
(daily variation around each person’s mean score) to examine its influence on sleep at both levels.’*>* The Benjamini-
Hochberg approach was used to control the false discovery rate (FDR) associated with multiple comparisons.>

Multilevel regression models were adjusted by covariates: Time-varying (Level-1) covariates included screen time
prior to bedtime, one’s course load for a given day, and whether sleep occurred on a weeknight or weekend night. Time-
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invariant (Level-2) covariates included gender, age, chronotype, as well as health-related visits (such as visiting a doctor,
a hospital, or a campus health and counseling center) to control for the pandemic-related health impacts. Previous day’s
value of the outcome variable was entered to account for autocorrelation. Level-2 covariates were group-mean-centered,
whereas Level-1 covariates were person-mean-centered. Since no predictions were specified for any of the covariates and
they were not of substantive interest to the study, they are not discussed further (supplemental materials include analysis
summaries that report estimates for all covariates as well as details of model fitting).

Path Analysis

Path analysis is a statistical technique that allows one to construct and test statistical causal models based on observed
variables in correlational datasets.’® Baseline session data were used to predict two key student outcomes — mental
distress (DASS global score) and semester GPA — from estimates of videoconferencing for academic purposes and for
personal use/leisure to gauge whether videoconferencing affects these outcomes indirectly via sleep. It is also reasonable
to predict that videoconferencing is associated with increased sedentary behavior and decreased exercise, which might in
turn influence mental wellness and academic performance.”’ Therefore, sleep problems (PSQI global score) and
prevalence of physical activity and sedentary behaviors (from IPAQ) were added as potential mediators. The following
control variables were also included: gender (female or not), ethnicity (white or not), and a score on the maladaptive use
of technology scale.*’ The analyses were limited to respondents for whom GPA was available (n = 133).

Results
Multilevel Regression on the Daily Sleep Diaries: How Duration of Videoconferencing
Calls Affects Sleep and Fatigue

The analysis of sleep and videocall data from the 8 daily diaries allows us to prospectively examine the effects of previous day’s
videoconferencing (duration, in hours) on various indices of sleep captured by the CSD. Three observations were excluded from
analyses of daily sleep diaries because the participants did not sleep that night, which precludes calculation of the majority of
sleep indices; in addition, for some outcome variables, one or more observations were missing. The analyses reported below
therefore included 662 to 665 observations from 96 participants. In interpreting the daily diary results, refer to Table 2 and
Figure 1. Table 2 reports the coefficients for the between-person (Level 2) effect of videoconferencing (in hours per day) on each
of 5 indices of sleep and the within-person effect that captures the influence of daily fluctuations in videoconferencing (Level 1
effect). Figure 1 helps to visualize these effects by plotting estimated slopes for the high-videoconferencing individuals (1 SD
above the group mean, corresponding to 2.4 h of calls per day) versus low-videoconferencing individuals (1 SD below the group
mean, corresponding to 0.3 h of calls per day), in addition to the mean effect (1.3 h of calls per day).

Between-Person (Level 2) Effects
The Level 2 effect of videoconferencing for each outcome variable is captured by the variability of the y-inter-
cepts at the person-mean in Figure 1. The effects on TST and SE reached statistical significance. A robust
difference between the high- and low-videoconferencing individuals can be observed in the TST plot of
Figure 1 (top-left), with a nightly loss of about two thirds of an hour of TST by those with average videoconfer-
encing amount of 1 SD above the mean compared to those 1 SD below the mean. The unstandardized coefficient
(b = —0.29) indicates that 17 m of sleep was lost for each hour of videoconferencing in those with a higher volume
of calls (see Table 2, between-person effects). The coefficient for SE (b = —0.88) corresponds to a loss of slightly
less than 1% in sleep efficiency with each additional hour of videoconferencing (middle-right plot in Figure 1).
The plots for TWT, sleep midpoint, and sleep quality indicate that individuals with higher-than-average videoconfer-
encing spent more time awake, had earlier sleep midpoints, and reported lower sleep quality compared to those with
lower-than-average videoconferencing, although these trends were modest and not statistically significant.

Within-Person (Level 1) Effects
Participants could have made several videoconferencing calls on some days and none on others. Independently of any
individual differences in the weekly call load, do daily fluctuations in videoconferencing affect sleep? Figure 1 slopes capture
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Table 2 Multilevel Regression Examining Hours of Videoconferencing as a Predictor of

Sleep
Outcome Predictor b B 95% CI
Sleep duration | Between-person effect | —0.286** —0.164 | (—0.458 to —0.113)
(TST, hours) Within-person effect —0.068 —0.050 (-0.158 to 0.021)
ICC =0.161 RZ conditional / Rmarginal’ 0.211 /0.060
Wake time Between-person effect 0.042 0.058 (—0.028 to 0.111)
(TWT, hours) | Within-person effect —0.013 —0.023 (-0.042 to 0.017)
ICC = 0.257 R conditional / RZmarginal: 0.294 / 0.049
Midpoint Between-person effect —0.094 —0.071 (—0.242 to 0.058)
Of sleep Within-person effect —0.070** | —0.067 | (—0.124 to —0.016)
(Hours) ICC = 0.378 R conditional / RZmarginal’ 0.590 / 0.341
Sleep Between-person effect | —0.877* —0.102 | (—1.677 to —0.095)
Efficiency Within-person effect —0.007 —0.001 (-0.343 to 0.338)
(Percent) ICC =0.253 chonditional / RZmarginaI: 0.294 / 0.055
Sleep Between-person effect —0.090 —0.098 (—0.202 to 0.019)
Quality Within-person effect —0.072%¢ | —0.097 (—0.12 to —0.024)
(5-point scale) | ICC = 0.233 R conditionat / RZmargina’ 0.258 / 0.033

Notes: Between-person (Level 2) effects convey the change in the outcome across individuals for each hour of
average daily videoconferencing. Within-person (Level 1) effects convey the change in the outcome within
individuals for each hour of videoconferencing relative to the person-mean. robust 95% Cl were generated
using bootstrapping; conditional R? indicates the proportion of variance explained by fixed and random effects,
whereas marginal R? indicates the proportion of variance explained by fixed effects only. The following covariates
were entered in each model: Age, sex, morningness score, day’s class load, weekday/weekend status, technology
use prior to bedtime, health provider visits, and previous day’s value of the dependent variable. Covariates that
varied between persons only were grand-mean-centered. Covariates that varied within-persons were person-
mean centered. *p < 0.05; **p < 0.01 (2-tailed). Bold = significant after the false discovery correction.
Abbreviations: B, standardized regression coefficients; ICC, adjusted Intraclass Correlation Coefficient; TST,
total sleep time; TWT, Total Wake Time; b, robust unstandardized regression coefficients; Cl, confidence
interval.

these effects, with corresponding coefficients shown in Table 2 (refer to within-person effects). On days with longer
videoconference duration participants reported significantly earlier sleep midpoints (> 4 m for each hour of video calls):
The advanced sleep midpoints point to increased sleep pressure/fatigue on days with a relatively high call load.>® At the same
time, a significant decrease in sleep quality was observed following days with a greater number of videoconference calls, and
TST decreased by approximately 4 m with each additional hour of videoconference calls, although that effect failed to reach
statistical significance. Neither TWT nor SE changed perceptibly as a result of variation in daily call volume.

Videoconference Call Fatigue

Fatigue at the end of the last call of the day (on a scale from 1, very low, to 6, very high) was modeled as a function of duration of
videocalls, as well as the following call characteristics: Number of academic/work-related calls on that day (one or
greater); percent camera use during calls; percent engagement during a call; and proximity (hours) of the last call to bedtime.
Videoconferencing duration was disaggregated into between- and within-person effects; the remaining predictors were grand-
mean-centered to capture the overall variability and reduce model complexity (the data for this analysis came from 70
participants who provided 228 observations). The results are summarized in Table 3. An increase in 1 h of videoconferencing
over one’s typical daily average was associated with more than a third of a point increase in fatigue (b= 0.39, p <0.001, f =0.28).
Furthermore, lower engagement during calls predicted increased fatigue (b =—0.01, p = 0.02, p = —0.15). The proximity of the
last video call to bedtime, the extent of the webcam use, and the number of calls were all associated with increased fatigue,
although none reached statistical significance.
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Figure | Between-person and within-person effects of videoconferencing on sleep.

Notes: The y-intercept at the dotted vertical line identifies model-generated outcome values at the person-mean for participants with high (2.4 h of video calls per day; long-
dash line), average (1.3 h of calls per day; solid line), and low (0.3 h of calls per day; short-dash line) typical daily video call load. Line slopes reflect the rate of change in the
outcome variable as a function of within-person deviation from the typical call duration.

Abbreviations: TST, Total Sleep Time; TWT, Total Wake Time; SE, Sleep Efficiency.

PSQI and Videoconferencing

Examination of PSQI scores offers a more global means to scrutinize the relationship between videoconferencing and sleep.
The 96 longitudinal participants were divided into two groups by the typical daily videoconferencing load based on a median
split, resulting in a high-load group, M = 2.0 hrs of videoconferencing per day (SD = 1.1), and a low-load group, M = 0.7 hrs
per day (SD = 0.3). Among high users, 71% had a global PSQI score > 5, a commonly used cutoft for clinically relevant poor
sleep,*>°*%% whereas only 46% of the low users had a score of > 5, ¥*(1) = 6.17, p = 0.013. Furthermore, those with a high
video call load reported somewhat higher PSQI scores (M = 7.0, SD =2.9) than those with a low load (M =5.9, SD =3.0), #(94)
=1.82, p =0.072. These analyses are consistent with a conjecture that videoconferencing effects accumulate over time when
comparing individuals with high versus low daily video call load. Notably, high-volume callers also reported higher sedentary
behaviors, #(94) = 2.15, p = 0.034, but no significant differences were found between high- and low-volume callers in other key
metrics that might suggest differences in pandemic-related factors other than videoconferencing between these two groups
(Morningness, DASS, IPAQ, GPA, technology use, alcohol use, and overall health).

Path Analysis

A path analysis was performed to map the relationship between baseline measures of videoconferencing, disaggregated into
academic/work-related and personal videocalls, sleep, and physical activity/sedentary behavior with two outcomes of interest:
Psychological distress measured by DASS and end-of-term student GPA. The variables of the final model shown in Figure 2
explained 13% of variability in GPA and 44% of variability in DASS scores. The direct effects of predictors on each
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Table 3 Multilevel Regression Predicting Fatigue at the End of the Last Video Call of the Day

Predictor b B 95% CI
Videoconferencing hours (between-person effect) 0.082 0.053 (—0.191 to 0.352)
Videoconferencing hours (within-person effect) 0.383 %% 0.278 (0.172 to 0.592)
Proximity of the last video call to bedtime —0.034 —0.088 (—0.085 to 0.019)
Number of video calls 0.100 0.061 (—0.200 to 0.404)
Percentage of webcam use during calls 0.004 0.094 (—0.002 to 0.010)
Engagement during calls —0.009* —0.153 | (-0.017 to —0.002)
ICC 0.235

R conditional / RZmargina 0416 /0.237

Notes: All predictors were grand-mean centered. Covariates (not shown) were also grand-mean centered and included
course load, morningness, gender, age, weekday/weekend status, technology use prior to bedtime, and health provider visits.
Observations from 70 participants who provided the detailed call characteristics data were used in the analysis. b = robust
unstandardized regression coefficients; B = standardized regression coefficients; Cl = confidence interval; robust 95% CI were
generated using bootstrapping; ICC = adjusted Intraclass Correlation Coefficient; conditional R? indicates the proportion of
variance explained by fixed and random effects, whereas marginal R? indicates the proportion of variance explained by fixed
effects only. *p < 0.05; ***p < 0.001 (2-tailed). Bold = significant after the false discovery correction.

endogenous variable are shown in Table 4. See Table S1 for the correlation matrix of the variables included in the final path
model and Tables S2 and S3 for indirect and total effects, respectively.

The results support three key observations. First, both academic videoconferencing (b = 0.15, p = 0.01,
B = 0.24) and personal videoconferencing (b = 0.12, p = 0.12, B = 0.15) were directly associated with sleep

16

Sleep problems
(PSQl)

.03

Personal
videoconferencing 13
N
y Semester
GPA
.06
Academic 44
videoconferencing
Mental distress
(DASS)

10

Maladaptive Use
of Technology

.e‘?

06

14
Sedentary

.33 :
White | behavior (PAQ)

Figure 2 The relationship between videoconferencing and sleep, mental distress, and academic performance.

Notes: Significant coefficients (p < 0.05) are denoted by black arrows and bold values; non-significant coefficients (p > 0.05) are denoted by gray arrows and values. The
coefficients shown are standardized beta weights. R?, the proportion of variance explained, is listed next to all endogenous variables, which are marked with a disturbance
term (e) to signify error variance.
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Table 4 Direct Effects on Endogenous Variables in the Final Path Model

Endogenous Variable Predictor b 95% Confidence Intervals P-Value B

Lower Bound | Upper Bound

Video calls (academic) <— | Female gender 2.552 1.449 3.708 | < 0.001 0.236
Video calls (personal) <— | Female gender 1.337 0.489 2.331 0.009 0.160
Sleep problems (PSQI) <— | Video calls (academic) 0.146 0.055 0.228 0.008 0.244
Maladaptive Technology Use 0.779 0.403 1.147 | < 0.001 0.261
Video calls (personal) 0.117 —0.007 0.268 0.117 0.151
Sedentary behavior <— | Video calls (academic) 0.112 0.019 0.227 0.048 0.174
White ethnicity —2.575 —3.755 —1.436 | <0.001 | —0.334
Semester GPA <— | Video calls (personal) —0.021 —0.048 —0.010 0.008 | —0.168
Sleep problems (PSQI) —0.031 —0.058 —0.006 0.004 | —0.192
Female gender 0.306 0.127 0.487 0.004 0.290
Mental distress (DASS) <— | White ethnicity 3.342 0.956 5.579 0.025 0.143
Sedentary behavior 0.697 0.355 1.048 0.001 0.231
Sleep problems (PSQI) 1.530 1.129 1.916 | <0.00l 0.474
Video calls (personal) —0.393 —0.722 —0.153 0.011 | —0.157
Maladaptive Technology Use 2.329 1.065 3.548 0.002 0.242
Female gender 2.636 0.322 5.072 0.062 0.126

Notes: b = unstandardized effects; B = standardized effects; p-value is reported for the unstandardized effects. Bootstrapped 95% confidence intervals are
presented.

difficulties as measured by PSQI, although the effect of personal videoconferencing did not reach statistical
significance.

Second, academic videoconferencing was also associated with both lower semester GPA and higher mental distress,
but the effects on these outcomes were indirect. The effect on GPA (b =-0.01, p = 0.018, p = —0.05), was mediated by an
increase in the PSQI global score. The indirect effect on DASS (b = 0.30, p < 0.001, B = 0.16) was both through the
increased PSQI scores as well as an increase in sedentary behavior. In other words, sleep is indirectly responsible for the
effects of academic videoconferencing on both end-of-term GPA and mental distress, whereas sedentary behavior is
directly associated with greater mental distress.

Third, higher levels of personal videoconferencing were indirectly associated with lower GPA (b =—0.004, p = 0.081,
B = —0.03) and higher mental distress, (b = 0.18, p = 0.105, B = 0.07), through increased sleep difficulties. This
observation parallels the indirect effects of academic videoconferencing, although the effects are considerably weaker
and neither one is statistically significant. Directly, however, personal video calls were significantly associated with both
lower GPA (b=-0.021, p =0.008, B =—0.17) and lower mental distress (b =—0.39, p=0.011, B = —0.16). This pattern or
results might suggest that students who are struggling, whether academically or socially, will have both lower grades and
heightened tendency to contact family and friends. The increased contact would, in turn, buffer psychological distress.

Discussion

The current study is among the first to prospectively examine the effects of videoconferencing on various aspects of sleep in
university students. To contextualize the study’s results, we can compare two hypothetical individuals whose behavioral
patterns align with the intercepts of the two dashed lines in each panel of Figure 1. The high-volume caller (1 SD above the
mean) will have spent over 16 hours per week in video calls compared to the 2 hours spent by the low-volume caller (1 SD
below the mean; daily M = 1.34, SD = 1.06). The first individual will have lost approximately 40 minutes of sleep per night —
a weekly loss of nearly 5 hours — and experienced a 2% reduction in sleep efficiency compared to the second individual, as
well as reported a modest decline in sleep quality, a 6-minute increase in the time spent awake on a typical night, and a 15-
minute advancement in the midpoint of the typical nightly sleep cycle. While no other studies to date have quantified the
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magnitude of sleep disruption as a result of videoconferencing, research that considered the broad impact of increased use of
screen-based media devices during the COVID-19 pandemic has consistently revealed sleep loss, daytime sleepiness, and

25,61 61,62 45 a result of that

increased symptoms of insomnia in college-aged adults as well as adults in the general population
use. Given that more than 80% of adults used one or more videoconferencing platforms during the pandemic,®® and that
videoconferencing as a means to connect professionally, for education, or for socialization is here to stay,** our findings
underscore the need to determine what effects videoconferencing — particularly is used extensively (eg, at least 2 hours
per day) — might have on sleep and daytime functioning,.

Our results also suggest that the impact of videoconferencing is not limited to high-volume callers: Examination of daily
fluctuations in the video call load, conveyed by Figure 1 slopes, reveals that on days with more calls, a typical individual would
have reported earlier sleep midpoints (4.2 m for each hour of videoconferencing) and a 4-minute decline in TST for each
additional hour of video calls relative to one’s daily average, as well as reduced sleep quality. On the one hand, this pattern is
indicative of at least some recovery in sleep duration and quality on days with fewer calls. On the other hand, the analysis of
global PSQI scores, which reflect the accumulating effect of sleep loss, suggests that any recovery that might occur is
incomplete. The mean score in those with a high average call volume (M = 7) was significantly greater than 5, a cut-off to
identify persons with clinically-relevant sleep disturbance like insomnia,’'->* with 71% of the high-volume users reporting
scores > 5. Strikingly, the global PSQI score of low-volume callers was also higher than 5, albeit marginally (M = 5.9), with
46% of these individuals falling within the clinically meaningful range of PSQI. Moreover, these differences do not appear to
be due to other pandemic-related or individual difference variables measured in the current study.

The study’s results also revealed that the effects of videoconferencing may extend beyond sleep. First, virtual commu-
nication platform use for academic purposes was associated with an increase in sedentary habits. These results accord with
a recent finding that virtual platform use and videoconferencing fatigue were associated with irregular exercise in a sample of
university students.”> Given that technology use is strongly linked with sedentary behaviors and the trend for multiple
demographics in the US to be more sedentary is increasing,” videoconferencing as a sedentary activity may result in
important health consequences. Second, those who utilized videoconferencing to a greater extent in academic settings reported
greater psychological distress and earned lower end-of-term grades. Previous research indicated that online learning,
particularly when imposed by external circumstances such as the pandemic-related lockdowns, may contribute to declines
in mental health of adolescent® and young adult learners,®” although the findings on this topic are sparse and causal inferences
difficult to draw.®® Online learning during the pandemic has also led to a drop in academic performance in these
populations.®”® Possible reasons that could explain these effects include increased isolation from peers, reduced social
support and motivation to learn, and decreased access to mental health support services,”” and the effects seem greater in
individuals who are already at risk due to socioeconomic disparities.®” What our results add to this literature is an observation
that sleep disruptions mediate these effects. In fact, sleep problems, as measured by PSQI, were found to mediate the effects of
videoconferencing for academic purposes on both psychological distress and academic performance. This outcome highlights
the need to consider the factors that might impact the association between videoconferencing and academic settings broadly,
but specifically, it suggests that finding ways to minimize the impact of videoconferencing on sleep could also improve
variables susceptible to the effects of sleep disruption.

The direct and indirect negative effects of both academic and personal videoconferencing on academic achievement and
psychological health are noteworthy not only because these constructs represent outcomes critical to student success, but also
because they can generalize to non-academic contexts. Both prospective and experimental evidence has established that sleep
sustains positive mood and affects a variety of cognitive functions, such as long-term memory, sustained attention, and

70-73 If videoconfer-

executive functioning, which are required for optimal performance in academic and professional settings.
encing indeed impacts sleep, reducing videoconferencing in favor of in-person meetings may be worthwhile. Interestingly,
a moderating positive effect of personal videoconferencing on mental wellness was also identified in our findings. While
caution should be exercised when implying directionality in correlational findings, staying in touch with family or friends
often provides social support, which not only alleviates worry and lifts mood, but can buffer stress, improve coping skills, and
diminish the negative psychological effects of life events.”*”> It can also serve as a protective factor against depression and
anxiety, particularly during the trying times like the COVID-19 pandemic.’®”” The presence of a concomitant negative effect

of personal videoconferencing on academic performance might imply that the individuals who engage in more social contact
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are already not doing well academically and, while social support improves their perceptions of stress, it is not sufficient to
alter academic performance.

Why Might Videoconferencing Disrupt Sleep?

The observed sleep outcomes are characteristic of both a build-up of sleep pressure on days with a greater call volume
and of disrupted sleep and inability to easily fall/stay asleep that one might find in those suffering from insomnia.”® One
likely cause of the increased sleep pressure is videoconference fatigue, also referred to as Zoom fatigue.”® Fatigue is an
important factor to exert pressure on the sleep drive.*® Several recent studies explored the fatigue attributed to
participation in virtual meetings. For instance, a study of remote employees demonstrated that participation in virtual
meetings adds to the typical levels of fatigue experienced by workers throughout the day.® Research conducted by
a Microsoft workgroup found that during video calls, fatigue begins to set as early as 30 minutes into the meeting, with
markers of stress appearing earlier on days with a greater number of virtual meetings.” Indeed, in the current dataset, for
participants who made one or more videocalls on a given day, the length of these calls was by far the strongest predictor
of fatigue (Table 3).

Fatigue as a result of participation in virtual meetings can arise both due to the increased processing demands,’® but
also when there is a lack of engagement and interest.®’ Videoconferencing can be demanding for several reasons. One is
the need to pay continued attention to the screen® while faced with the difficulties videoconferencing poses to social
interaction, such as inconsistent eye contact, inability to detect and respond to nonverbal cues, audio failures, and
a mismatch between audio and the corresponding movement of the lips in the video — all factors that can exacerbate one’s
cognitive load.”®* Additional cognitive demands are posed by external distractions in the individual’s immediate
environment, as well as the readily available access to the Internet. Individuals may also feel “on display” because of
the expectations to contribute to a group discussion or keep the camera turned on.*>** It is notable that, in the current
study, greater ratings of fatigue were weakly associated with calls closer to bedtimes, a greater number of calls, and
increased webcam usage. While webcam use was only a weak predictor of fatigue (B = 0.09, ns), it showed a positive
association with videoconferencing, and further examination of its influence is warranted.

On the other hand, participating in a virtual meeting can result in increased alertness, particularly when one is deeply
engaged in virtual meetings. A recent study illustrated that optimal levels of arousal often found during active
engagement in the task can reduce virtual meeting fatigue.®' Indeed, our findings confirmed that the degree of
engagement predicted lower fatigue. It is also possible that if participants in a videocall are able reduce the attentional
demands of the task — for instance, by muting one’s audio and video inputs — the cognitive load will also decrease,

5,83,84 80

reducing fatigue and ameliorating the buildup of sleep pressure.

The current study’s results are also consistent with the claim that the use of electronic devices, particularly close to

bedtime, can disrupt sleep by exposing individuals to light, which can suppress melatonin release,'? '

and by stimulating
physiological and cognitive alertness.>'*** Evidence indicates that nighttime electronics use has increased during the
COVID-19 pandemic.®®> According to the diary data, however, only 2% of final videocalls of the day took place within
2 hours of bedtime (Table 1), but this estimate refers to academic calls only. It is possible that non-academic calls, which
were not tracked in daily diaries, occurred later in the evening and thus contributed to the observed effects. The PSQI
data suggest that personal video calls were indeed associated with increased sleep problems, albeit to a lesser extent than
academic calls (Figure 2).

Second, the amount of screen time during the day, rather than close to bedtime, may affect sleep.'>'”#3%¢ While
bedtime and nighttime use of technology has received a lot of research attention in adolescence'’*’
adulthood,”"**
instance, a study of adolescents in Australia demonstrated that daytime screen use over 2 hours in length was associated

with extended SOL, reduced TST, and increased sleep deficit.'” Other studies highlighted that only certain sleep
12,86

and young
emerging evidence suggests that unmoderated daytime use can also have consequences for sleep. For

outcomes, such as BT or TST, may be affected by daytime screen use, or that a particular population, such as
adolescents with an evening circadian preference, may be the ones who experience certain sleep deficits, such as delayed

SOL, as a result of screen use.®
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Third, Internet technology use is psychologically stimulating and can lead to sleep disturbances and daytime
sleepiness.'®%° Both physical and cognitive arousal prior to sleep predict lower sleep quality, reduced SE, and
a decreased likelihood to feel refreshed upon awakening.”® For instance, highly arousing activities, such as playing
videogames for more than 2 hours prior to bedtime, result in lower TST, SE, and increases SOL°’! — outcomes that
parallel the sleep deficits observed in the high-videoconferencing sample in the present study. Even 50 minutes of game
play can result in reduced sleepiness, longer SOL, as well as increased cognitive alertness.”

Finally, it may also take longer to accomplish tasks when meeting remotely,”® which could contribute to fatigue as
well as require additional time to meet one’s academic or professional demands — time that might otherwise be occupied
with non-work-related activities. Additionally, videoconferencing may displace time one would ordinarily use for

22,94

sleep, particularly in university students who are among the heaviest users of technology and whose bedrooms

during the pandemic have turned into places from which they joined classes and connected with peers.

Study Limitations

A key limitation of the current study is its reliance on a sample of students from a single university whose mobility and
socialization were restricted due to COVID-19 safety protocols during the period of data collection. Many were taking
multiple classes with synchronous virtual meeting requirements, which resulted in a heavy videoconferencing load unlike
any they experienced in the past. It remains to be ascertained whether other populations, such as remote workers that
engage in extensive videoconferencing outside of the pandemic restrictions, will experience similar sleep outcomes as the
students. Preliminary evidence suggests that students experience greater levels of fatigue as a result of virtual meeting
participation compared to individuals using videocalls for work.”> The COVID-19 pandemic is also associated with
a pronounced increase in reported stress, anxiety, and depression,”® which would have a substantial impact on the quality
of sleep both acutely and over time and may have contributed to the observed relationships. On the other hand, the
homogeneity of the participants’ residential setting and academic and extracurricular activities may increase the internal
validity of the findings.

The reverse causality is also a limitation of the current research design. While in the prospective portion of the study there
is clear temporal precedence between videoconferencing during the day and the following night’s sleep, the same precedence
cannot be demonstrated in the cross-sectional analysis of baseline questionnaires. Even though the directional flow established
in the path analysis (eg, from sleep to GPA and mental distress) is supported by the literature, it is certainly possible that
increased sleep difficulties could result from academic challenges or emotional turmoil. This concern is minimized somewhat
for GPA, which was obtained at the end of the semester and should thus reflect the cumulative effects of videoconferencing
and sleep, but it remains unaddressed for psychological distress, especially considering that disease outbreaks in particular can
cause anxiety to spike.*

The third limitation is reliance on self-report data for estimates of sleep and videoconferencing use. Whereas daily
diaries that are at least one week long provide a reliable estimate of such parameters as BT, RT, SOL, TST, and WASO,97
using more objective measures, such as actigraphy or polysomnography, may be desirable. Finally, while the majority of
statistical analyses controlled for multiple covariates, including the value of the outcome variable from the previous
night, the day’s course load, and pandemic impacts, other unaccounted influences on the dependent measures likely exist.
For instance, consumption of substances such as caffeine or alcohol may be an important factor to influence the sleep
regulatory processes. Furthermore, whereas videoconferencing for academic purposes is not likely to be under participant
control when it comes to its timing and duration, out-of-class work that requires virtual collaboration can be more easily
aligned with individual circadian rhythms and schedules.

Conclusion

The current study offers a glimpse of the relationship between videoconference calls and sleep in a sample of American
university students during the COVID-19 pandemic. The findings suggest that those who regularly engage in a high volume of
videocalls — 2 hours or more per day — are most at risk of increased fatigue and sleep disruption. Even individuals who make
infrequent video calls experienced sleep decrements on days with longer calls compared to days with shorter or no calls.
Lengthy video calls shift the sleep period to earlier in the night as well as decrease sleep duration, sleep efficiency, and sleep
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quality. Extensive videoconferencing in the context of online learning further comes at a cost to outcomes beyond sleep, such
as academic performance and mental well-being.

Replacing virtual meetings with in-person meetings may alleviate these effects. If virtual meetings cannot be avoided,
they should be brief and provide participants with an opportunity to actively engage in the discussion or activity that
takes place during the meeting. On the other hand, videoconferencing to socialize and connect with family and friends is
less disruptive to sleep and can have positive effects on one’s well-being. Those who schedule or participate in
videoconferencing for academic purposes should note that Zoom fatigue and cognitive overload may limit the effec-
tiveness of online learning. Therefore, research ought to identify strategies that can mitigate the negative effects of virtual
communication in educational settings or ways to protect sleep in students who must use videoconferencing in their
studies. Prioritizing sleep may also increase psychological well-being and academic achievement.

It is likely that videoconferencing will remain a key communication method in the workplace and academic settings
in the future. For this reason, the influence of virtual communication on sleep, health, and behavior is an important public
health arena that warrants further investigation.
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