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Abstract

Background and Aims: Covert HE (CHE) is a common early stage of HE

associated with poor outcomes. Available neuropsychiatric diagnostic

testing is underutilized and has significant clinical limitations. Sleep

deterioration is consistently associated with CHE and HE; however,

objective data is sparse and it has not been studied longitudinally. We

longitudinally study and describe an association of sleep metrics with CHE

as detected by a commercial wearable technology.

Methods: We monitored sleep for 6 months using a commercial fitness

tracker in 25 participants with cirrhosis, hypothesizing that CHE as diag-

nosed by psychometric testing would be associated with significant reduc-

tions in sleep quality, especially restorative sleep (deep sleep + rapid eye

movement). Mixed-effects modeling was performed to evaluate sleep factors

associated with CHE and developed and internally validated a score based

on these sleep metrics for associated CHE.

Results: Across 2862 nights with 66.3% study adherence, we found that

those with CHE had consistently worse sleep, including an average of 1 hour

less of nightly restorative sleep, driven primarily by reductions in rapid eye

movement. A model including albumin, bilirubin, rapid eye movement, sleep

disturbances, and sleep consistency showed good discrimination (area

under the receiver operating curve= 0.79) for CHE status with a sensitivity of

76% and specificity of 69%.

Abbreviations: AUROC, area under the receiver operating curve; BMI, body mass index; CTP, Child-Turcotte-Pugh; CLDQ, Chronic Liver Disease Questionnaire;
CHE, covert HE; MELD, model for end-stage liver disease; OHE, overt HE; PSQI, Pittsburgh Sleep Quality Index; PSG, polysomnography; PHES, Psychomotor
Hepatic Encephalopathy Score; QoL, quality of life; RAPA, Rapid Assessment of Physical Activity; REM, rapid eye movement; WATCHES, WearAble Technology to
evaluate the association of Covert Hepatic Encephalopathy with Sleep Study.

Supplemental Digital Content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article
on the journal's website, www.hepcommjournal.com.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article distributed under the terms of the Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it
is permissible to download and share the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the
journal.
Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Association for the Study of Liver Diseases.

1Division of Gastroenterology and Hepatology,
NewYork-Presbyterian/Weill Cornell Medical
Center, New York City, New York, USA

2Department of Internal Medicine, NewYork-
Presbyterian/Weill Cornell Medical Center,
New York City, New York, USA

3Department of Medicine, Division of Sleep
Medicine, NewYork-Presbyterian/Weill Cornell
Medical Center, New York City, New York,
USA

Correspondence
Robert S. Brown, Jr, 1305 York Avenue 4th
Floor, New York, NY 10065, USA.
E-mail: Rsb2005@med.cornell.edu

Funding information:

This research was funded in part by an NIH
T32 Training Grant (Recipient Dr Adam
Buckholz). This is an investigator-initiated
study with all funding for study materials
provided by internal sources at Weill Cornell
Medical College.

Received: 29 June 2022 | Accepted: 31 October 2022

DOI: 10.1097/HC9.0000000000000028

Hepatology Communications. 2023;7:e0002. www.hepcommjournal.com | 1

https://orcid.org/0000-0002-0068-353X
https://orcid.org/0000-0002-0068-353X
https://orcid.org/0000-0002-0068-353X
https://orcid.org/0000-0002-0068-353X
https://orcid.org/0000-0002-0068-353X
https://orcid.org/0000-0002-6744-084X
https://orcid.org/0000-0002-6744-084X
https://orcid.org/0000-0002-6744-084X
https://orcid.org/0000-0002-6744-084X
https://orcid.org/0000-0002-9464-3984
https://orcid.org/0000-0002-9464-3984
https://orcid.org/0000-0002-9464-3984
https://orcid.org/0000-0002-9464-3984
https://orcid.org/0000-0002-8562-3375
https://orcid.org/0000-0002-8562-3375
https://orcid.org/0000-0002-8562-3375
https://orcid.org/0000-0002-8562-3375
https://orcid.org/0000-0002-8562-3375
https://orcid.org/0000-0002-5417-5995
https://orcid.org/0000-0002-5417-5995
https://orcid.org/0000-0002-5417-5995
https://orcid.org/0000-0002-5417-5995
https://orcid.org/0000-0001-9458-0111
https://orcid.org/0000-0001-9458-0111
https://orcid.org/0000-0001-9458-0111
https://orcid.org/0000-0001-9458-0111
https://orcid.org/0000-0003-3981-7053
https://orcid.org/0000-0003-3981-7053
https://orcid.org/0000-0003-3981-7053
https://orcid.org/0000-0003-3981-7053
https://orcid.org/0000-0003-3981-7053
https://orcid.org/0000-0002-8220-065X
https://orcid.org/0000-0002-8220-065X
https://orcid.org/0000-0002-8220-065X
http://www.hepcommjournal.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Rsb2005@med.cornell.edu
http://www.hepcommjournal.com


Conclusions: Our large longitudinal study of sleep in cirrhosis suggests that

sleep derangements in CHE can be detected using wearable technology.

Given the known importance of sleep to overall health and CHE/HE to

prognosis in cirrhosis, the ability to associate dynamic sleep metrics with

CHE may in the future help with the detection and passive monitoring as

factors that precipitate decompensation of cirrhosis become better under-

stood and mobile health data validation and integration improves.

INTRODUCTION

Cirrhosis is a leading cause of morbidity and mortality
worldwide. HE is a late-stage manifestation of hepatic
cirrhosis defined as alterations in neuropsychiatric
functioning, and has a broad range of symptoms and
severity.[1] Covert HE (CHE) is the earliest and most
common manifestation of HE with a prevalence of ~50%
in cirrhosis, characterized by changes in motor coordi-
nation, concentration, and visuospatial abilities.[2] It is
associated with an increased risk of hospitalization and
death, as well as reduced quality of life (QoL) and a
20% annual risk of progression to overt HE (OHE).[3]

Current options for CHE diagnosis assess neurocogni-
tion and include paper-pencil tests such as the
Psychomotor Hepatic Encephalopathy Score (PHES),
computerized tests such as critical flicker frequency, or
validated smartphone-based apps such as Encepha-
lApp (Richmond, VA), which utilizes the Stroop score.[4]

While PHES is often considered the gold standard “pen
and paper” test,[5] all assessments of CHE are subject
to significant confounding, and guidelines recommend
combinations of assessments to improve reliability.
Despite widespread availability, these assessments
are too cumbersome for regular use, with some studies
estimating <10% utilization in practice.[6] Limitations to
utilization and adherence include the need for speci-
alized training or equipment, time constraints, and lack
of definitive management after diagnosis.[1] Similarly,
these tools have been rarely evaluated for longitudinal
monitoring, rather than initial diagnosis, of CHE. In one
study, researchers asked patients to download and use
EncephalApp daily to evaluate possible utility in remote
monitoring, but adherence was low with <30% of
patients demonstrating regular use at even 2 weeks
despite training.[7] Additional diagnostic and monitoring
tools are needed.

Sleep changes in HE are described most commonly
as disturbances in the sleep-wake cycle.[8] The
pathophysiology is likely multifactorial, including adeno-
sine-mediated hyperammonemic effects on arousal,[9]

reduced ghrelin level,[10] and alterations in endogenous
melatonin metabolism in cirrhosis with resultant circa-
dian rhythm dysfunction.[11] Prior research confirms that

patients with CHE likewise suffer from suboptimal sleep
with associated QoL reduction.[12] Objective sleep data
in CHE are sparse but suggest that patients with CHE
experience increased sleep latency and fragmentation
as well as a reduction in restorative sleep, which
consists of time spent in rapid eye movement (REM)
and stage 3 (deep) sleep.[13] Despite the known
importance of sleep for the maintenance of overall
health and the recognition of sleep impairment as a
manifestation of HE, there is a paucity of research on
dynamic sleep changes in cirrhosis, while small studies
evaluating therapeutics such as melatonin or golex-
anolone rely on subjective measurements of sleep
improvement.[14,15]

The gold standard of sleep measurement is moni-
tored polysomnography (PSG), which requires the
application of electroencephalography electrodes to
the scalp, electromyography electrodes to the limbs,
electrooculography, electrocardiography, and pulse
oximetry under observation by a trained physician at
considerable expense.[16,17] Research-grade actigraphy
is more affordable, utilizing accelerometer-based move-
ment detection, but relies on user reporting of sleep time
and cannot discriminate sleep stages.[18] These limi-
tations render established methods incapable of real-
world sleep tracking, especially in a nonresearch
setting. Wrist-worn consumer activity and sleep trackers
(hereafter “wearables”) leverage accelerometry and
photoplethysmography (heart rate detection, heart rate
variability) to categorize “2-stage” (sleep vs. awake) and
“4-stage” (awake, light, deep, and REM) sleep.[19]

Wearables improve on existing monitoring methods in
that they do not require the user to input bed and rising
times, as integrated photoplethysmography automati-
cally detects changes in autonomic nervous system
activity.[20] Likewise, automatic detection capability
addresses some of the previously described adherence
issues and biases noted in other studies.[21] The
WHOOP 3.0 fitness tracker (Whoop Inc.) is a multi-
sensor device incorporating a triaxial accelerometer,
optical sensor, capacitive touch sensor, and ambient
temperature sensor. It has been validated for 4-stage
sleep detection against PSG, and for REM sleep, in
particular, it demonstrated adequate accuracy for
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identification compared with PSG.[22] Wearables have
increased in popularity in the last decade with more
than 350 million units shipped in the last calendar
year.[23] Their ease of use, affordability, and promising
sensor performance make them an attractive target for
research.[24] The WearAble Technology to evaluate the
association of Covert Hepatic Encephalopathy with
Sleep (WATCHES) Study was performed to evaluate
the feasibility of noninvasive sleep monitoring to
discriminate patients with CHE, and in doing so to
assess differences in sleep quality among those
with CHE.

METHODS

Study design and participation

Over a 12-month period from 2020 to 2021, patients of
the Weill Cornell Medicine Center for Liver Disease and
Transplantation were screened and prospectively
enrolled. Eligible individuals were adults with a history
of Child-Turcotte-Pugh (CTP) Class A or B cirrhosis as
diagnosed by a combination of laboratory values,
imaging, clinical assessment, and/or pathology. Exclusion
criteria included a history of liver transplantation, TIPS
procedure, a history of OHE, current/prior use of lactulose
or rifaximin, and inability to comprehend and read
English, as all study material was in English. To reduce
confounding, participants were also excluded if they had
active alcohol use >7 drinks weekly, or use of neuro-
modulatory medications including opioids, prescription
sleep aides, and antipsychotics. To avoid confounding
with other sleep disorders, those with chronic neuro-
psychiatric disease, severe chronic obstructive pulmo-
nary disease, obstructive sleep apnea, or body mass
index (BMI) >35 were excluded. Eligibility was evaluated
using chart review and confirmed by the participant’s
primary hepatologist in combination with an enrollment
interview. Baseline PHES and Stroop testing (with
EncephalApp) were performed as well as an assessment
by a hepatologist. Those with West Haven grade 0 or 1[25]

and PHES ≤−4 were considered to have CHE, and
those with West Haven 0 and PHES>−4 were consid-
ered to have no CHE.[26] In cases of disagreement
between US-based norms for CHE by EncephalApp and
PHES, CHE status was adjudicated by PHES. Other data
collected included baseline standard of care laboratory
values and a questionnaire including validated subjective
assessments of sleep (the Pittsburgh Sleep Quality
Index, PSQI), exercise (Rapid Assessment of Physical
Activity, RAPA), and liver disease QoL (Chronic Liver
Disease Questionnaire, CLDQ), repeated at 3 and
6 months. The study was performed in accordance with
Helsinki ethics guidelines and approved by the IRB at
Weill Cornell Medical College protocol 20-03021707-05
with informed consent from participants.

Sleep measurement

Participants were managed medically according to the
standard of care. Objective sleep data were collected
using the WHOOP 3.0 wearable, leased directly from
WHOOP Inc. using institutional funds. Participants were
provided the tracker free of charge for the duration of
6 months of the study and received a printed and in-
application usage tutorial. Anonymity was maintained
by generating a dummy name, user ID, and email in the
tracker app. Participants were encouraged to wear the
tracker continuously and maintain charge (every 5–7 d).
Participants wore the tracker on whichever wrist was
most comfortable and personal use the application if
desired. Anonymous technical support was available.
Scheduled follow-up clinic visits were conducted at 3
and 6 months with assessment of HE by West Haven
Criteria. At 6 months, repeat laboratory testing was
performed and study equipment was returned. As this
study took place entirely during the ongoing COVID-19
pandemic, a failure to return in person at 3 or 6 months
was not considered study nonadherence; participants
could complete follow-up surveys and laboratory testing
remotely. As per protocol a maximum of 6 months (first
190 d) of data was analyzed.

Data analysis

The primary outcome of interest in this study was
average nightly restorative sleep by CHE status, as
defined by REM sleep plus slow wave (or stage 3,
“deep”) sleep. Data from all participants were analyzed
regardless of completion of the full 6-month (190 d)
collection. Therefore, data from partial participation was
analyzed for the primary outcome as long as it was
collected while a participant was eligible and enrolled.
Adherence was assessed by the number of days with
sleep data available/total days in the study. Missing
data from participant voluntary withdrawal was consid-
ered a nonadherent night until the full 180-day study
period, given that one study aim was to evaluate
feasibility of longitudinal monitoring. Missing data from
patient withdrawal due to an excluding medical event
was not considered nonadherence, nor was withdraw-
ing before data collection.

Analysis of baseline characteristics and individual
level sleep data were performed using χ2 or Wilcoxon
rank-sum test for nonparametric means, as appropriate.
Factors that were considered possible confounders for
sleep alteration were chosen and collected a priori,
including age, sex, BMI, presence of ascites, and widely
accepted scores for liver disease severity (MELD-Na
and CTP). Subjective and objective measures of sleep
were compared on the individual level and evaluated for
concordance using the F test of equality for means and
variances. Sleep data collected and reported by the
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WHOOP 3.0 include time in bed, sleep duration,
4-stage sleep discrimination (awake, light, deep, and
REM), sleep consistency, sleep efficiency, heart rate
variability, resting heart rate, mean respiratory rate, and
number of disturbances. Sleep consistency is a
calculated variable which is a rolling 4-day measure-
ment of intraindividual variability in sleep habits meas-
ured by bed and wake times and reported on a scale of
0–100%, where 100% means identical sleep and wake
times each day. Sleep efficiency refers to the percent-
age of “in bed” time spent sleeping rather than awake.

Associated sleep factors with CHE

To evaluate for association of sleep factors with CHE
status, we performed mixed effects modeling with
maximum likelihood estimation, utilizing baseline char-
acteristics (such as sex, albumin) as time invariant
factors and participant ID as a random effect independ-
ent variable across the model. In essence, this allows
that while some factors which impact sleep may be fixed
(eg, age and BMI), variation between individuals may be
random (due to unmeasured person-level factors) and
account for random night-to-night variation. In addition,
season-to-season variation was controlled for, as for
example the ambient light of a night in July may impact
sleep differently than the ambient night in January.
Similarly, the data was evaluated over time to note
whether the measured individual changes were consis-
tent, which also serves to evaluate a potential bias.
Participants are granted access to their sleep data in the
WHOOP application, so it is conceivable that noted
differences in sleep quality could converge due to the
change in participant behavior. Given high levels of noise
expected in night-to-night sleep data, a rolling
7-day average was utilized to measure over time
reliability of sleep in those with at least 14 days of data
collection.

To further evaluate future potential of wearable-
based sleep data for identifying CHE, putative discrim-
inatory factors were chosen based on previous studies
of sleep in encephalopathy and data from WATCHES.
These included age, sex, albumin, bilirubin, presence of
ascites, REM sleep duration, sleep disturbances, sleep
cycles, total sleep time, sleep efficiency, restorative
sleep, slow-wave sleep, and sleep consistency. The
association with each of these and presence of CHE
was evaluated with logistic calibration, and repetitive
iterations were performed to maximize simplicity and
discriminative ability as defined by area under the
receiver operating curve. The model that was deemed
to have the highest potential reproducibility in clinical
practice was evaluated for internal validity by boot-
strapping with 200 random samples and replacement,
with further analysis performed for possible result
clustering by individuals.

RESULTS

Participant characteristics

A total of 25 participants enrolled over the study period.
Most (68%) of the participants (17/25) were male, and
approximately half (12/25) had CHE by PHES. Before
initiation of data collection, 3 participants withdrew from the
study: one had a significant unrelated medical event,
another was lost to follow-up without initiating data
collection, and another found the wrist strap too uncomfort-
able to wear. Another 3 participants were unable to
complete the study due to worsening health conditions,
dropping out after initiating data collection: one had an OHE
episode requiring hospitalization and subsequent rifaximin
use after collecting 10 days of data, another received a
living donor liver transplantation after 67 days, and another
was diagnosed with severe pulmonary hypertension after
67 days requiring long-term neuromodulatory medications,
leading to study withdrawal (Figure 1). Besides the one
participant who dropped out due to discomfort of the strap,
no other participants reported any adverse events related to
the study tracker such as skin rash.

In addition to withdrawals due to excluding conditions,
one participant stated that he lost the charger and declined
a replacement after 5/180 days, and one other stopped
collecting data after 9/180 days and declined a trouble-
shooting study visit. Because these latter 2 patients
remained eligible despite lack of data collection, they were
included in adherence calculations. Overall adherence was
66.3%; excluding all study withdrawals, adherence in those
who completed the study was 71.3%. Considering the 17
participants who completed the study, the mean number of
recorded nights was 158 (minimum 11, maximum 190,
median 171, interquartile range 31). A total of 2862 nights
of data were analyzed from the 22 participants who
collected data, for a mean of 130 nights/participant.

Of those who initiated data collection (n=22), the
proportion of women was higher in the CHE group (45.5%)
as compared with the non-CHE group (10%). The average
MELD-Na and CTP scores were numerically higher
without reaching significance in those with CHE
(Table 1). Albumin was, on average, slightly lower in
those with CHE, and those with CHE were more likely to
have ascites or medication for ascites on enrollment.
Otherwise, there was no significant difference between
groups by baseline characteristics. The mean PHES score
among those with CHE was −5.63, while among those
without it was −1.27. There was only slight agreement
between the PHES test and EncephalApp (Cohen
κ=0.13) for diagnosing CHE. PHES and EncephalApp
agreed on CHE status for 14/25 participants.

Patient-reported outcomes

By the RAPA Physical Activity scale, those with CHE
were more likely to report being underactive (81.2% vs.
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36.7%, p=0.03). By this scale, “active” is defined by
answering affirmatively to either 3 days weekly of
vigorous exercise or 5 days weekly of moderate
exercise. There was a trend toward a lower average
health-related QoL as assessed by the global CLDQ
score in the CHE group as compared with the non-CHE
(Supplemental Table 1, http://links.lww.com/HC9/A86),
without reaching statistical significance (6.18 vs. 5.74,
p=0.17). The global PSQI was marginally elevated in
the CHE group as compared with the non-CHE, without
achieving statistical significance (5.2 vs. 6.2, p=0.46,
although a trend toward a higher rate of sleep
disturbances was noted in the CHE group (p= 0.09).
The global PSQI is consistent with “poor sleep” at a
score > 5, and more than half (67%) of the participants
across the full cohort reported subjectively poor sleep.
Subjective participant estimate of average sleep dura-
tion was longer than the actual measured duration by
0.89 hours (Supplemental Figure 1, http://links.lww.
com/HC9/A86). This discordance was statistically sig-
nificant (p= 0.01) and similar across the CHE and non-
CHE groups.

Association of clinical factors with sleep

In univariable analysis on the individual average level
(n= 22), participants with CHE had significantly lower
average % of nightly REM (20.8% vs. 15.4%, p=0.045)
(Supplemental Table 2, http://links.lww.com/HC9/A86).
No baseline characteristic (including age, sex, BMI,
cirrhosis etiology, current ascites, MELD, CTP score or
years of education) was independently associated with
any measured characteristic in univariable analysis,
although sex approached significance (p= 0.06).

In the mixed effects model, night level data was
controlled for the fixed effects of all factors significantly
different between the 2 cohorts (sex, albumin, ascites)
as well as those with known impacts on sleep (BMI,
age, season that sleep night was collected) plus
random within effects of individuals. In this model,
several of the associations with sleep markers and CHE
were attenuated, but multiple factors remained signifi-
cantly worse in those with CHE (Table 2). This includes
our primary outcome of interest, nightly restorative
sleep, where those with CHE had 0.95 less hours on
average nightly (95% CI: −1.54, −0.36, p= 0.002). In
addition, those with CHE had less REM sleep (1.42 vs.
1.01 h, p< 0.001) and fewer sleep cycles (3.9 vs. 3.1,
p< 0.001). The reduction in sleep consistency in CHE
approached significance (−6.9%, p=0.053).

In separate sensitivity analyses replacing 2 of the
components of CTP score (albumin and ascites) with
the CTP score, all of these variables remained
significant and no additional variables became signifi-
cant. Similarly in sensitivity analysis controlling only for
variables found to be significantly associated in
univariable analysis (ascites, sex, albumin), no varia-
bles previously found to be significant in mixed effects
modeling were found to be insignificant, and no
previously insignificant associations became significant.
Likewise, in sensitivity analysis including only nights
from those who completed the study, all factors
remained significant at p<0.05.

Most of the difference in restorative sleep seen
between cohorts was a drastic reduction in nightly REM
sleep seen in CHE (Figure 2A), where those without
CHE had 41% more REM sleep nightly than those
without (1.42 vs. 1.01 h). As a function of total nightly
sleep in our mixed effects model, those with CHE spent

F IGURE 1 CONSORT graph demonstrating participant enrollment by cohort and dropout status with overall study adherence by number of
nights collected divided by the number of possible nights. Abbreviations: CHE, covert HE; OHE, overt HE; OLT, refers to orthotopic liver transplant.
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9.4% less of their total sleep time in REM than those
without (Figure 2B), and after controlling for con-
founders in the model, a sleep night with less than the
cohort median 18% was associated with an OR of 11.95
for CHE (95% CI: 8.10–17.62, p< 0.001).

Given that both cohorts spent similar time in bed
(~7 h nightly) with similar duration of nightly sleep,
further graphical analysis was performed to evaluate
this finding. A visual inspection of time spent in sleep
stages as a function of total time spent in bed
demonstrates that all participants increased light sleep
periods preferentially to deep or REM sleep when
spending more time in bed (Figure 3). The average yield
of increased time spent in bed for deep and light sleep
was similar in both cohorts, but those with CHE
averaged much less REM for each additional hour
spent in bed (8.7 vs. 12.6 min, p<0.001) compared with
those without.

To analyze whether the noted reduction in mean
nightly cycles among those with CHE was responsible
for the reduced REM experienced by those with CHE,

we examined the relationship between nightly sleep
cycles and percentage of sleep spent in REM by CHE
status. Across the full cohort, 95.1% of sleep nights
consisted of between 1 and 8 cycles (Figure 4), and at
each number of cycles the REM sleep achieved is lower
in the CHE cohort. When additionally controlling for the
number of sleep cycles in mixed effects modeling, those
with CHE on average still had a lower REM sleep
percentage (−6.05%, p=0.002).

Night-to-night variability in REM sleep was high, but
in mixed effects modeling there was moderate individual
level consistency (ICC= 0.214). Evaluating 7-day
smoothed REM over time graphically demonstrates
significant night-to-night variation in each participant
and certainly between participants, but when consider-
ing the CHE versus non-CHE cohort, REM sleep
duration was lower in the CHE cohort throughout the
study period (Figure 5).

Discriminating CHE with a sleep score

Secondary analysis was performed to evaluate the
performance of sleep metrics in discriminating between
those with and without CHE. Raw analysis of REM
sleep duration on the individual level demonstrated a
sensitivity of 64% (7/11) and specificity of 82% (9/11) for
identifying CHE at an average duration of 1.25 hour per
participant, with a positive predictive value of 78% (7/9).
If excluding those with <14 days to establish a baseline
within the device, sensitivity is 70% and specificity 75%.

We found that age, sex, and baseline albumin and
bilirubin had the largest impact on discrimination of
CHE, while measured REM, sleep disturbances, and
sleep consistency also improved discrimination. Age,
sleep efficiency, number of sleep cycles, slow-wave
sleep, total restorative sleep, and total sleep time did
not significantly alter the model performance. While
ascites and sex did improve model performance, the
subjectivity of ascites and the large sex disparity in our
study (only 1 female did not have CHE by PHES) led us
to question their potential validity and exclude them
from the model. A model consisting of baseline albumin
and bilirubin, and average sleep consistency, REM
sleep percentage of total sleep and sleep disturbances
within an individual had an area under the receiver
operating curve for diagnosed CHE by PHES of 0.91
(Figure 6A). The relatively simple model is:

CHE sleep score

12
9.8 albumin % REM

7
sleep disturbances 2 bilirubin 0.5 sleep consistency

5
.

=

− × +

+ + × + ×

Internal validation with bootstrapping on a single
night level was performed, which demonstrated

TABLE 1 Baseline participant characteristics by CHE status

No
CHE

(n=11)
CHE

(n=11) Total pa

Sex, male,
n (%)

10
(90.9)

5 (45.5) 15 (68.2) 0.02

Age (y) 58.4 57.6 58.0 0.51

BMI (kg/m2) 28.1 27.1 27.6 0.67

Education
(total y)

17.2 15.7 16.5 0.21

Cirrhosis
etiology

0.69

Alcohol 3 2 5

Hepatitis B/C 3 5 8

NAFLD 5 3 8

other 0 1 1

MELD-Na 8.7 11.9 10.3 0.25

CTP score 5.8 7.0 6.4 0.09

Sodium (mEq/L) 139.4 138.4 138.9 0.48

Creatinine
(mg/dL)

0.89 1.08 0.98 0.17

Total bilirubin
(mg/dL)

1.35 2.47 1.91 0.69

Albumin (g/dL) 4.2 3.7 3.9 0.04

Platelet count
(u/μL)

90.8 104.9 97.9 0.43

Any ascites,
n (%)

2
(18.2%)

9
(81.8%)

11 (50%) <0.01

ap Value determined by Wilcoxon rank-sum test.
Abbreviations: BMI, body mass index; CHE, covert HE; CTP, Child-Turcotte-
Pugh; MELD, model for end-stage liver disease.
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persistent good discriminatory ability (area under the
receiver operating curve= 0.79, 95% CI: 0.77–0.81) and
a sensitivity of 76% and specificity of 69% for discrim-
inating baseline CHE at a value >0 (Figure 6B).
Positive (70%) and negative (75%) predictive values
were also excellent. Internal validity of this model was
estimated via bootstrapping (200 iterations) of individual
nights split into 2 random samples. Bias was found to be
low (0.002) even when including a cluster-robust
provision for individual participants (bias=0.06). In our
cohort, those with CHE had a median 68.6% of sleep
nights with CHE sleep score > 0, while those without

CHE had a median 15.7% of sleep nights with CHE
sleep score > 0.

DISCUSSION

In the longest, most comprehensive study of sleep in
cirrhosis, we found consistent and potentially clinically
meaningful alterations in sleep physiology among those
with CHE. Despite similar demographics and baseline
laboratory characteristics, participants with CHE had
large reductions in objectively measured nightly

TABLE 2 Association of sleep factors with CHE in mixed effects modeling

No CHE (n= 1459) CHE (n=1397) MEa,b [95% CI] p

Time in bed (h) 6.96 7.02 −0.23 [−1.20, 0.73] 0.64

Nightly sleep (h) 5.86 5.61 −0.56 [−1.58, 0.45] 0.28

Wake time (h) 1.11 1.42 0.33 [−0.16, 0.81] 0.19

Nightly disturbances 8.03 9.38 1.34 [−0.62, 3.39] 0.18

Sleep efficiency (%) 84.4 80.2 −4.75 [−11.5, 1.98] 0.17

Nightly sleep cycles 3.9 3.1 −1.61 [−2.35, −0.86] <0.001

Resting heart rate (bpm) 59.7 67.8 1.71 [−8.33, 11.75] 0.74

Heart rate variability 39.3 30.5 −3.71 [−19.62, 12.20] 0.65

Nightly REM sleep % 20.5 14.3 −9.4 [−13.8, 5.0] <0.001

Nightly restorative sleep % 36.9 30.3 −12.2 [−19.3, −5.1] 0.001

Sleep consistency % 66.0 57.9 −6.9 [−13.8, 0.10] 0.053

Average REM (h) 1.42 1.01 −0.75 [−1.09, −0.42] <0.001

Average deep sleep (h) 1.14 1.16 −0.20 [−0.54 , 0.14] 0.26

Average restorative sleep (h) 2.56 2.16 −0.95 [−1.54, −0.36] 0.002

aMixed effects model controls for fixed effects of age, sex, body mass index, presence of ascites, albumin, season, and participant level random effects.
bA coefficient referring to the average change associated with CHE relative to non-CHE.
Abbreviations: CHE, covert HE; ME mixed effects; REM random eye movement sleep.

F IGURE 2 Differences in sleep cycle times by CHE status. (A) In mixed effects modeling, those with CHE spent a similar amount of time in
bed and had similar total sleep to those without CHE, but with significant (***p <0.001) reductions in restorative sleep, driven by reduction in REM.
(B) Violin plot with interquartile range (box) demonstrating significantly lower REM sleep percentage among those with CHE. Abbreviations: CHE,
covert HE; REM, rapid eye movement.
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restorative sleep, driven primarily by reductions in REM
sleep, as measured by a wearable fitness tracker.
Likewise, CHE patients showed numerically more sleep
disturbances, fewer nightly sleep cycles, and lower
night-
to-night sleep consistency. Likewise, we internally
validated a sleep model with good discrimination for
an association with CHE, even on a single night level.
While WATCHES was designed as a preliminary study
to evaluate the feasibility of remote sleep monitoring in
cirrhosis, there are multiple important takeaways from
these data.

First, we demonstrated that wearable devices can be
used to monitor sleep and detect changes on a nightly
level. Since it is known that CHE is characterized by
sleep disturbances, the use of wearable technology to
detect these subtle changes in sleep in individual
patients demonstrates enormous potential. Cirrhosis
and HE follow a chronic undulating course punctuated
by significant life-threatening events such as progres-
sion to OHE. Previously validated diagnostic tools offer
only single data points, which have obvious limitations.

F IGURE 3 Scatter plots of sleep cycle duration over time in bed by cycle and CHE status. Participants with CHE demonstrated similar
increases in light (A) and deep (B) sleep with increases in time in bed, while those with CHE did not have the same rate of increase in REM sleep
duration, as compared with non-CHE participants (C). In general, all participants increased more light than restorative sleep when spending more
time in bed (D). Abbreviations: CHE, covert HE; REM, rapid eye movement.

F IGURE 4 Violin plots of percentage of total sleep time spent in
REM by the number of sleep cycles and CHE status. Participants with
CHE had fewer nightly sleep cycles on average. As the number of
measured sleep cycles increased across the study cohort, the per-
centage of time in REM also increased. However, those with CHE still
averaged less REM at each number of nightly cycles. Abbreviations:
CHE, covert HE; PHES, Psychomotor Hepatic Encephalopathy Score;
REM, rapid eye movement.
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For one, the lack of concordance found in our study for
identifying CHE by established methods such as PHES
and EncephalApp has been previously noted, and this
discordance is exacerbated by a single point of
contact.[27] In addition, most OHE events occur in the
setting of a specific stressor such as infection, so
remote monitoring is an attractive potential tool for real-

time event detection and early intervention. Likewise,
the relatively high ~70% adherence rate and modest
dropout rate exceed that found in the limited prior
research with other tools. One potential factor contrib-
uting to the improved adherence in WATCHES is that
the data (sleep) had obvious real-world relevance to
patients, boosting engagement and interest. In addition,

F IGURE 5 Seven day end-to-end rolling average REM over the study period. (A) On the individual level there is considerable variability but
those with (red) and without (blue) CHE cluster to the lower and upper REM durations. (B) Over the full study period the difference in average
nightly REM for the CHE (red) and non-CHE (blue) cohorts remained significant. Abbreviations: CHE, covert HE; REM, rapid eye movement.

F IGURE 6 Discrimination performance of CHE sleep score as AUROC. (A) The model was derived on the individual participant level (n=22)
using bilirubin, albumin, sleep consistency, sleep disturbances, and rapid eye movement duration. (B) The model was internally validated on the
individual night level using bootstrapping with random samples, maintaining good reliability. Abbreviation: AUROC, area under receiver operating
curve; CHE, covert HE.
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the user interface of consumer wearables, being
designed to increase customer engagement with a
commercial product, may improve participant under-
standing, engagement, and retention. While only in the
pilot phase, this technology and others like it may
become more and more common in clinical medicine,
and the early results for retention and feasibility for data
collection are promising.

Second, the sleep findings in WATCHES support
and expand the findings in smaller studies utilizing
PSG, suggesting that previously described single night
sleep derangements in CHE are persistent and con-
sistent over long periods of time. While our study was
not powered to detect a difference in subjective sleep
assessment, the PSQI was insufficient to differentiate
the CHE state using qualitative measurement, as noted
by the lack of a statistical difference in qualitative sleep
quality. Yet, our study was consistent with prior
literature evaluating PSQI in cirrhosis in demonstrating
that most patients with cirrhosis report subjectively
disturbed sleep.[28] In another study evaluating QoL in
cirrhosis, researchers found reduced sleep quality, as
measured by PSQI, in the majority of participants, and
that this reduced subjective quality was associated with
decreased health-related QoL.[29] There is a strong
pathophysiologic basis to suggest that the differences
detected by remote monitoring are clinically relevant in
the disease course of HE. Progressive hyperammone-
mia has been noted to cause sleep architecture
changes like those found in our study, including loss
of REM sleep.[9,30] Similarly, hyperammonemia alters
brainstem dopamine receptors, which are important for
transitions into REM sleep.[31] Finally, reduced hepatic
melatonin clearance leads to circadian rhythm disrup-
tion in cirrhosis, potentially contributing to sleep
fragmentation as seen in our study.[32] Fracturing of
sleep with fewer nightly cycles may lead to less time
spent in REM, which is generally the final sleep stage in
a cycle. REM sleep is crucial for memory formation and
concentration; progressive loss of REM sleep due to
multiple physiologic factors may in fact be causative in
addition to emblematic of progressive HE.

Third, our CHE sleep score suggests that measured
objective sleep markers may have the potential to serve
as an effective diagnostic tool for clinicians’ identifica-
tion of CHE. With the continued improvement of
wearable technology, these findings may offer a new
path forward for HE, a critically important manifestation
of cirrhosis at large. While further validation is needed,
utilizing easily measurable sleep metrics in combination
with basic patient characteristics diagnosed CHE with
high fidelity over > 2500 nights even when accounting
for individual level variability in mixed effects modeling.
Further studies can help elucidate the minimum sleep
monitoring time needed to establish a “baseline,” and
how quickly and consistently clinical deterioration
manifests as sleep alterations. Given that those without

CHE averaged only 1 in 7 sleep nights with a positive
CHE sleep score and those with CHE averaged 2 of 3
nights with a positive sleep score, CHE may be
associated with sleep with high fidelity even over a
short time.

There are several important limitations to this study.
Most notably, data was collected using a commercial
wearable, the WHOOP 3.0. Despite multiple validation
studies and meta-analyses suggesting that wearables
have good performance for sleep stage detection against
PSG, this is the first study evaluating this technology in
cirrhosis.[22,33] Future research should confirm that wear-
ables, and the WHOOP in particular, maintain similar
fidelity against PSG in this population. WHOOP was
chosen due to the fact that it has been studied and
validated for automatic-mode sleep detection. The use of
a single device, however, limits generalizability of these
findings, and broad replication in other wearables is
needed before any widespread clinical utilization. While
this does limit external validity, our study has the
advantage of isolating as closely as is feasible a patient
population without other potential confounders to sleep.
Furthermore, most validation studies for wearables in
sleep have been conducted in healthy volunteers. This
serves as a limitation in all studies utilizing wearables in a
disease state; one previously described paradox of
wearables is that those most likely to seek to use them
are those least likely to benefit from them.[34] The veracity
of these findings is helped, in no small part, by the fact that
they are quite consistent with sleep architecture findings
from smaller studies based on PSG.[35] As wearables
continue to improve, it is imperative to identify whether
and how measured sleep metrics from any one wearable
can be generalized to the diagnosis and management of
disease at large.

The use of commercial technology serves as both an
advantage and limitation in this study. While wearables
have widespread consumer acceptance, they have only
recently been started to gain FDA clearance for clinical
indications. This means that despite their availability, they
are unlikely to be reimbursed by commercial insurance in
the near future, making remote monitoring potentially
more costly to the patient than existing diagnostic tools.
Given the out-of-pocket cost needed for clinical use in the
short term, there are valid questions of equitable access
across the spectrum of disease; regardless, rapid
consumer uptake suggests that wearables are likely to
have persistent and deep penetration across all patient
groups. In addition, wearables raise questions of con-
fidentiality when utilized for clinical purposes. In our study,
utilizing dummy identifiers allowed for the maintenance of
patient privacy, but in the case of widespread clinical use
methods will need to be developed to secure identifiable
health information. Survey responses suggest partici-
pants largely enjoyed and were able to use the WHOOP
without significant technical difficulty, but technical savvi-
ness may be highly variable in cirrhosis.
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The study design also somewhat limits more general-
ized interpretations. One weakness was the use of
imperfect markers for CHE rather than “hard” end points
such as overt episodes, hospitalizations, or transplant. As
a pilot study, we utilized stringent exclusion criteria to
mitigate systematic bias, but further study will need to
confirm whether such findings are also seen in those with
a history of OHE, active alcohol use, or potentially sleep-
modifying medication use, which are common in the
cirrhosis population. In a broader population, use of such
“hard” clinical end points may be more feasible. This study
was designed to determine whether sleep can reasonably
discriminate within at-risk populations, and both PHES and
Stroop have already been validated for long-term risk of
clinical outcomes. Statistically, our study also has limita-
tions. Despite consistent reduction in sleep markers over
the duration of the study, night-to-night variability remains
high, and our conclusions are based on data collection
from only 22 individuals, increasing the opportunity for
bias. The use of a random-effects model minimizes this
impact, but the sex discrepancy is only one example of
how a small sample size may limit applicability. While both
PHES and Stroop have adjustments for gender when
diagnosing likely CHE, at least one previous study has
suggested that women with cirrhosis have worse sub-
jective sleep by PSQI, reinforcing that more broad patient
sampling is needed before any sleep data can be used for
clinical management of CHE.[12]

Despite these limitations, this study has clear strengths
in that it utilizes noninvasive, passive data collection to
evaluate a marker with practical importance to patients.
Unlike PHES or critical flicker frequency, it does not
require specialized training or medical equipment or take
substantial time during clinic visits. Unlike other smart-
phone-based testings, such as EncephalApp, it does not
rely on significant patient initiative. In the correct patient
and pending further research, sleep monitoring with
wearables may offer a substantial leap forward in the
pragmatic management of CHE and perhaps HE at large.
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