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Physical inactivity is a major cause of deterioration in all forms of advanced liver
disease. It is especially important as a driver of the components of the metabolic
syndrome, with nonalcoholic fatty liver disease rapidly becoming the dominant cause
of liver-related death worldwide. Growing realization of the health beneﬁts of moderate-to-vigorous physical activity has captured the interest of persons who desire to
improve their health, including those at risk for chronic liver injury. They are
increasingly adopting wearable activity trackers to measure the activity that they
seek to improve. Improved physical activity is the key lifestyle behavior that can
improve cardiorespiratory ﬁtness, which is most accurately measured with cardiopulmonary exercise testing (CPET). CPET is showing promise to identify risk and predict
outcomes in transplant hepatology. Team effort among engaged patients, social
support networks, and clinicians supported by web-based connectivity is needed to
fully exploit the beneﬁts of physical activity tracking.

Physical activity is likely the least emphasized, least practiced, but most beneﬁcial intervention known for patients
with many forms of chronic liver disease. Inactivity is well
recognized as a central driver of all the elements of the
metabolic syndrome. With the rapid growth of nonalcoholic
fatty liver disease and nonalcoholic steatohepatitis (NASH)
as the most prevalent cause of serious liver disease worldwide, improved physical activity has become a central
component of therapy for this predominant liver disease
and the other elements of the metabolic syndrome.1
It seems clear that persons with a chronic illness driven by
lack of physical activity who appreciate its potential for
improvement would desire to increase their activity levels.

Indeed, patients with advanced liver cirrhosis preparing for
liver transplantation almost universally report that they
consider exercise to be an important element of their
care.2 While they recognize the concept, it is a challenge to
convert that recognition into action. For example, there is a
major gap between cirrhotic patients’ self-assessed physical
performance and their actual activity as measured by objective monitoring; in terms of steps per day they are among the
most sedentary of populations, comparable to persons with
end-stage cardiac, pulmonary, or renal disease.3
While the concept of inactivity as detrimental and, conversely, exercise as beneﬁcial in NASH and NASH cirrhosis is
a worthwhile area of study, it is new and relatively
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Wearable Activity Trackers
A personal activity tracker is a device designed to be worn on
the user’s body that uses accelerometers, altimeters, gyroscopes, thermal ﬂux, or other sensors to track the wearer’s
movements, heart rate, and biometric data, and uploads the
data to an online application that shows trends over time.4
Their use is consistent with and supports growing interest
in the “quantiﬁed self,” a concept that holds that any aspect of
human activity that must be improved has to be measured to
improve it.5 From tracking running pace and distances,
through the use of pocket or watch-based pedometers for
over 200 years, to the present-day consumer electronics
revolution, there has been an exponential growth in accuracy, functionality, and ease of wear of these devices, along
with their steadily increasing uptake. Annual global revenue
for ﬁtness trackers is $2.5 billion, with 65 million annual
shipments of wearable wristband devices.6 In the United
States according to a 2015 Centers for Disease Control (CDC)
study, one in four adults has used a personal activity tracker,
and one in eight reports current regular use, with a strong
bias for use by more active individuals: 17% of persons who
self-report activity that meets CDC’s recommended level of
 150 min/week of moderate-to-vigorous activity regularly
use a tracker, versus 4% of inactive individuals.7
The observation that active persons who place high value
on the beneﬁt of physical activity tend to use trackers on a
sustained basis was conﬁrmed by focus group insights
provided by older adults. They noted that ease of use, ability
to self-monitor performance, and most importantly, appreciation and enthusiasm for the social value of comparing
their activity with that of friends or family were their key
motivators for sustained use.8 On the other hand, an important unresolved issue that limits the value of activity tracker
information for improving health is lack of provider awareness of measured activity or lack of incorporation of the
information into a plan of care. Only a minority of regular
physical activity tracker users say that they have shared the
information with their providers.5 When performance data
are not incorporated into electronic records in a longitudinally displayed, actionable manner, the information is less
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likely to trigger appropriate responses by a care team.9 The
care of patients with advanced liver diseases is understandably driven by data, such as the results of laboratory testing,
vital signs, imaging, and endoscopic ﬁndings that elicit comments and actions. While we now appreciate the central
importance of physical activity in the management of NASH
and NASH cirrhosis, we lack a systematic way to appreciate
and respond to activity changes in the same way that we
react to other key data: for example, a review of a sample of
50 consecutive visit notes for patients with NASH in our
center showed that only six notes included a comment about
physical activity.

Activity Measurements
►Fig. 1 shows the categories of wearable activity monitors
that may be useful for patients with liver disease. Beginning
in 1780 with the capability to record daily step counts and
distances walked using watch-based pedometers,4 devices
progressed in recent years to electronic monitors using
wearable accelerometers, ﬁrst single-axis and later triaxial.
The trackers subsequently added sensors to detect thermal
ﬂux, light-dependent plethysmographic heart rate, and global positioning. Multisensor trackers were developed as research devices that required chest or upper arm placement.
Over the past one to two decades, over 400 commercial
activity trackers, many of which are worn on the wrist or
embedded into a watch, have been marketed by over 100
vendors. User features have included improved wearability,
an extended battery life, and Bluetooth connectivity to
visually appealing smartphone displays.10 Some of these
compact devices have also included multisensors that integrate multiple inputs to calculate derivative outputs including movement displayed as steps and distance, exercise
intensity in metabolic equivalents (METs), energy expenditure in kilocalories, and sleep duration and quality. Additional devices (Polar, Zephyr harness, Whoop strap) now
provide the capability to record variability in heart rate with
accuracy similar to that of Holter monitoring.
Recently, smart textiles have been introduced with a capability for physiologic signal monitoring owing to the development of sensing electrodes that can be woven, knitted, or
embroidered into clothing. Athletic shirts or other clothing
items made with such conductive textiles can now reliably
acquire signals to track physical activity by monitoring electromyography in addition to textile-based embedded monitoring of neurologic function using electroencephalography,
and cardiac function using electrocardiography (ECG).11
The algorithms used for commercially available multisensor activity tracking devices are typically proprietary,
closely guarded as trade secrets. This may be problematic for
longitudinal health care and research because they can be
modiﬁed or upgraded without notice to users, which may
result in information changing solely based on modiﬁcations
to these algorithms. Moreover, their development and testing in persons in good general health may limit their applicability to patients with chronic conditions such as liver
disease.
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unexplored compared with exercise in heart disease: from
1980 to now, there have been 15,345 PubMed citations for
“exercise and heart failure” compared with 677 for “exercise
and liver cirrhosis.” There were 2,696 citations for “exercise
and heart transplant” compared with 496 for “exercise and
liver transplant.”
Objective monitoring of physical activity with wearable
technology has intrinsic appeal as a way to incorporate selfregulation in this important lifestyle behavior that will raise
self-awareness, empower self-improvement, and, with
shared information, partner with caregivers and social support networks. In this review, we will report the current
knowledge and assess potential opportunities for using
wearable technology and objective exercise testing to guide
management to improve the health of patients with chronic
liver disease and cirrhosis.
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Fig. 1 Physical activity trackers. The development, appearance, and functionality of various classes of physical activity trackers are illustrated.
Details and references are provided in the Activity Measurements section of the accompanying text.

Daily Steps
As shown in ►Fig. 1, for nearly 250 years, there have been
attempts to measure steps and distance traveled per day. The
common concept that 10,000 steps/day is useful to sustain
health in normal adults is supported by some studies7;
however, a recent review has reported that adding 2,000
steps per day is associated with health beneﬁts.12 Patients
with liver cirrhosis are well known to have lower physical
activity levels than healthy persons, with considerable variability depending on the extent of liver dysfunction.13 A
count of 5,000 steps/day was proposed as an indicator of
clinical stability and low likelihood for occurrence of decompensating complications in a cohort of cirrhotic patients
from Japan.14 Lower daily step counts were associated
with a greater risk of death or decompensation. As noted
above,3 we found that patients with more advanced liver
disease, such as those waitlisted for liver transplantation,
had lower daily step counts, 3,200  2800, similar to those of
patients with advanced cardiac or pulmonary failure or
dialysis-dependent renal failure. Self-awareness by cirrhotic
Seminars in Liver Disease
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patients of their extent of inactivity is often limited; in spite
of severe inactivity they subjectively rate their physical
capacity as relatively robust when using the Karnofsky
Performance and Rosow–Breslau scales.
Two pilot studies of home-based exercise in cirrhotic
patients involved activity tracker monitoring. Williams
et al showed improvement in average daily steps from a
mean of 4,000 at baseline to 6,700 after a 12-week intervention in 18 transplant candidates.15 Chen et al reported a
randomized pilot trial of 17 cirrhotic patients, with 9 completing a 12-week home exercise program and 8 usual care
subjects; the intervention patients increased their mean
daily step count from 4,500 to 5,600/day, while the step
count for control patients decreased from 4,400 to 2,900/day,
a signiﬁcant difference favoring the intervention group.16

Activity Intensity
We measured activity intensity with a multifunctional BodyMedia SenseWear armband (Jawbone Inc.) in our cohort
study of 53 transplant waitlisted patients cited above. Their
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Heart Rate Variability
Healthy persons with normal cardiac rhythm show heart rate
variability (HRV) that reﬂects a balance of sympathetic and
parasympathetic autonomic inﬂuences.17 Autonomic dysfunction commonly suppresses HRV; decreased HRV is a
feature of decompensated cirrhosis and states of systemic
inﬂammation, such as cardiac ischemia, sepsis, and diabetes.
A common measurement of HRV is the standard deviation of
all normal RR intervals between consecutive sinus beats,
SDNN, measured by analysis of Holter monitor records.
Normal SDNN values, on the order of 50 milliseconds,
decrease with age. As shown in ►Fig. 1, some activity
monitoring devices can report HRV as SDNN values. Four
reports show that lower HRV measured by wearable monitoring or ECG was associated with liver transplant waitlist
mortality,17 mortality in advanced cirrhosis,18 degree of
hepatic encephalopathy,19 and risk for acute-on-chronic
liver failure and death.20 A limitation of the clinical utility
of HRV is that β blockers, often administered to patients with
cirrhosis, suppress HRV.
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Cadence
Step count, the oldest measurement of daily physical activity,
continues to have merit as an activity index as noted above, is
independent of proprietary algorithms, and remains valid in
the presence of autonomic medications such as β blockers or
rhythm disturbances. We explored whether per-minute
steps, or cadence, could have value as a simple, reliable
activity intensity metric as described earlier.21 We evaluated
cadence in our 17-patient pilot exercise intensity study
described above16 in which we asked the nine patients
performing home-based exercise to walk at a cadence of
100 steps/min for 30 min/day, versus usual activity in
eight.22 We evaluated cadence by analyzing over 2.25 million
tracker-monitored minutes, and compared the changes in
intensity shown by cadence with two other measurements:
(1) intensity in METs using the proprietary Fitbit algorithm
(Fitbit, San Francisco, CA) and (2) heart rate reserve (HRR)
calculated according to the American College of Sports
Medicine’s exercise testing guideline.23 We found that cadence paralleled changes in maximum and minimum activity in steps/day more accurately and consistently than did
either Fitbit-reported intensity or HRR.22 We illustrate a
further analysis of these reported data in ►Fig. 2. It shows
that considering the differences in measuring scales, patients
were sedentary 88 to 95% of study time and performed
moderate-to-vigorous activity for 8 to 42 min/day, which
represented < 1% of the day for cadence, 2% for Fitbit METs,
and 3% for HRR. Interestingly, in 39% of the minutes classiﬁed
as ranging from moderate to maximal intensity based on

Fig. 2 Number of daily minutes spent at each activity category according to three measuring methods. The minutes spent at the lowest
intensity (i.e., sedentary) are shown as percentage of 1,440 minutes/day. Cadence categories: sedentary 0–19 steps/min, very light 20–39, light
40–79, moderate 80–130, and vigorous > 130. Heart rate reserve (HRR) categories: very light activity < 30%, light 30–39, moderate 40–59,
vigorous 60–89, and maximal  90. Fitbit metabolic equivalent (MET) categories: sedentary < 1.5 METs, lightly active 1.5–3, fairly active 3–6 for
 10 minutes, and very active  6 for  10 minutes. Comparison was performed combining very light plus light activities in the same category for
cadence, and vigorous plus maximal for HRR.
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average waking time spent in sedentary activity (< 1.5 METs)
was 76% compared with 62% for an elderly reference population, and their percentage of moderate-to-vigorous activity
( 3 METs) was 5% compared with 16% for the reference
population, both highly signiﬁcant. There was a positive
association of sedentary activity and a negative association
of moderate-to-vigorous activity with the nine waitlist
deaths in the cohort.3
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HRR, the accelerometer registered 0 steps, showing either an
elevated baseline heart rate without accompanying physical
activity or perhaps activity without translational movement,
such as stationary cycling. Measurements relying on heart
rate alone as a biomarker of exercise in cirrhosis may
overestimate activity if not linked to another physiological
or activity measurement. We conclude based on these data
that the potential value of cadence as an alternative activity
measurement merits further exploration.

Cardiopulmonary Exercise Testing in Liver
Disease
Wearable monitors are intended to assist users to measure
and help promote performance of physical activity over
time, with a goal of improving the user’s stamina, resilience,
and physical capacity to withstand stress. Measuring the
capacity for maximum physical performance is an important complementary ﬁtness metric that involves testing
users’ ability to generate maximum effort during cardiopulmonary exercise to show the intensity of activities a
patient can tolerate, to determine if a physical activity
program is sufﬁcient to improve cardiopulmonary capacity,
and to indicate health risk.
Cardiopulmonary exercise testing (CPET) is a noninvasive,
accurate method that represents the gold standard to quantitate exercise capacity and physical functional reserve.24 It
measures aerobic capacity, the body’s ability to consume and
use oxygen during exercise.25,26 Aerobic capacity reﬂects the
integration of pulmonary, cardiovascular, hematopoietic,
neuropsychological, and skeletal muscle performances beyond measurement of the capacity of any single organ
system. CPET is a useful tool for understanding responses
to stress in patients with cirrhosis, who frequently have
impaired maximal (VO2 max) or peak (VO2 peak) oxygen
utilization, indicating reduced aerobic capacity.
CPET has attracted clinical interest beyond its initial use as
a research tool in exercise physiology to engage a spectrum of
medical providers who seek to better understand the signiﬁcance of maximal or submaximal/peak exercise responses.
While initially explored for preoperative risk stratiﬁcation
for cardiopulmonary surgery, CPET is now increasingly used
as a stratiﬁcation tool in noncardiopulmonary surgery. A
systematic review showed that CPET variables outperformed
alternative methods of preoperative risk stratiﬁcation for
noncardiopulmonary major procedures.27
In liver disease, CPET was reported to be a strong predictor
of major postoperative morbidity for 104 patients undergoing elective hepatic resection.28 In 27 patients with cirrhosis,
VO2 max was inversely correlated with the Model for EndStage Liver Disease (MELD) score (r ¼  0.91). Those with a
VO 2 max < 14 mL/kg/min had a highly signiﬁcant increased
risk of 3-year mortality (odds ratio of 3.2).29 A single-center
study that evaluated aerobic capacity with CPET in 399
potential liver-transplant candidates showed that both VO2
peak and anaerobic threshold (AT), the point at which a shift
from aerobic to anaerobic metabolism occurs, were lower in
patients who did not survive to liver transplant.30
Seminars in Liver Disease
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CPET helps to predict survival after liver transplantation. In
patients who survived 90 days after transplant, the mean AT
was signiﬁcantly higher in survivors than in nonsurvivors.31 In
a 60-patient cohort who underwent pretransplant CPET testing, only ATwas retained as a signiﬁcant predictor of posttransplant mortality. Receiver operating characteristic curve
analysis showed sensitivity and speciﬁcity of 90.7 and 83.3%,
respectively, with good model accuracy (AUROC ¼ 0.92; 95%
conﬁdence interval [CI]: 0.82–0.97; p ¼ 0.001). Ney et al performed a systematic review of pre- and posttransplant mortality in seven published studies that included 1,107 patients at a
mean MELD of 14.2 and a mean baseline VO2 peak of 17.4 mL/kg/
min.32 CPETvariables were independent predictors of pretransplant mortality (three studies) and posttransplant mortality
(four studies). For perspective, a VO2 max of 17.4 mL/kg/min
corresponds to the cardiopulmonary ﬁtness of persons 3
decades older than observed and below the threshold for full
independent living.33
CPET also serves as a reference standard to measure the
beneﬁt of physical training regimens in patients with cirrhosis, in whom VO2 peak may improve by up to 4.5 mL/kg/min
after 8 to 16 weeks of an exercise intervention, which is a
clinically relevant effect expected to positively impact on
mortality.34–36 CPET allows a physiological determination of
maximum effort when the respiratory exchange ratio
is > 1.1, a relevant feature that other methods fail to show.
This threshold is not reached by approximately 20% of
patients with decompensated cirrhosis.16 In patients who
do not achieve the threshold, the ventilatory efﬁciency slope
(VE/VCO2) can be used instead of VO2peak to assess improvement in cardiopulmonary ﬁtness as a response to exercise
training.37 In our experience, when considering either
VO2peak or VE/VCO2, over 60% of decompensated patients
have a high cardiovascular risk as determined by VO2 peak 
14 mL/kg/min or VE/VCO2 > 36, respectively.16
To conclude, CPET can identify impaired exercise capacity
as a biomarker of pre- and post-liver transplant mortality
risk and assess the beneﬁt of exercise interventions. CPET
performance merits exploration as an adjunctive parameter
for organ allocation or transplant listing decisions, as well as
for identiﬁcation of patients who would beneﬁt from intensiﬁed dietary, physical activity, or pharmacologic interventions. Disadvantages of CPET include its time and resource
costs and its requirement for expert performance and data
interpretation. CPET can, however, provide an objective
reference point to learn whether and to what extent aerobic
capacity will prove to be a modiﬁable risk in patients with
advanced liver disease.

Practical Challenges in Promoting Physical
Activity in Patients with Cirrhosis:
Perspective of a Physical Therapist
Encouraging monitoring of physical activity with wearable
trackers has been a valuable way to support home-based
exercise for our liver-transplant candidates since we began
their use in 2016. As we review the situation today, however,
the present COVID-19 pandemic has shifted our emphasis for
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prehabilitation from in-person clinic visits with hands-on
testing and coaching to telehealth encounters with greater
reliance on information from trackers. The shift is a challenge
because it is at odds with therapists’ traditional training that
emphasizes hands-on experience and in-person functional
testing to assess patients’ success in reaching and adjusting
performance goals.
Compliance with tracker use has never been ideal, but it has
now become especially important because patients conﬁned to
their homes lack access to the usual resources—ﬁtness facilities,
pools, malls, and physical therapy clinics—that normally support activity. Physical therapists and clinical exercise physiologists who can remotely monitor tracker data can see gaps
caused by nonuse, user error, or technology breakdowns. In fact,
experience treating other health conditions such as obesity
shows the effectiveness of combining activity tracking with
health coaching from an appropriately trained professional.38,39
When gaps occur that arise from nonuse or decreased use over
time,40 health professionals can engage patients to assess
barriers to use and use voice or video technology to help
them generate solutions to improve compliance.
Patients with cirrhosis who are older and have never used
an activity tracker are more likely to be successful if they can
rely on a robust infrastructure of both human and technical
support. They need their own or a caregiver’s ability to use
key features of a smartphone, as well as clear, simple written
guidance on keeping the device charged, clean and functional, and ensuring it maintains internet connectivity. Patients
need an easily accessible, responsive contact in the clinic
who can resolve technical issues. The best assurance that a
patient will be able to use a tracker to sustain improved
activity is their having an interested, supportive family
member or friend who understands tracker use and has
the commitment to help the patient.
Given the growing proliferation of many trackers with
multiple features, a one-size-ﬁts-all tracker prescription
seems unlikely to beneﬁt all patients. We recommend that
patients, guided by a physical therapist or other exercise
professional, begin with a tracker that best seems to ﬁt their
needs and level of interest in its speciﬁc features, and base
their continued use versus opting to change to a different
device on their personal satisfaction and their level of
performance.
In our anecdotal experience, COVID-19–mandated social
distancing appears to intensify patients’ intrinsic predisposition for use or nonuse of trackers: patients who do not want to
wear the tracker may feel that they cannot be as mobile or as
active as they were before and therefore see no beneﬁt in
wearing it. However, after a check-in call to reinforce and
explain the importance of wearing the tracker and the value of
staying active during this time more than ever to remain
strong, they will frequently agree and see the tracker in the
same light as the physical therapist. There will be an increase in
compliance, at least temporarily, until the cycle begins again
necessitating another call. If a data gap is due to a true
technology issue, we attempt to walk the patient through
the steps of reconnection via phone or video. Motivation again
is the key driver: reconnection is much easier in more active
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versus more sedentary users, so that we have conﬁrmed from
this experience that patients who are more active at baseline
are far more likely to use, beneﬁt from, and improve their
activity with trackers under social distancing constraints than
those with sedentary activity at baseline. Conversely, patients
who are not as active often lack the desire to reconnect and ﬁx
technical problems, rendering the tracker ineffective.
We believe that an unexpected decrease in physical
activity level may be the ﬁrst signal that heralds an unexpected major complication of cirrhosis, such as a bout of
encephalopathy, infection, or perturbation in ﬂuid balance.
We think that as more cirrhotic patients make longitudinal
use of trackers, their potential value to indicate the onset of
decompensating events will become more clear.
At our center, we provide patients with trackers owned by
the institution. We encourage patients to self-monitor their
activity levels with data displayed on personal smartphones.
We track and monitor patients’ physical performance using a
web-based, clinical security compliant and privacy-protected application program interface linking the tracker to
a secure data store within our electronic clinical domain. At
present, patients using the trackers agree not to connect
them to commercial user groups or communities that have
the potential to share activity information without assured
privacy and security. At present, the use of trackers and their
data for patient care in the United States has not been
identiﬁed as an area requiring their government oversight
or regulation as a medical device.
We recognize the value of user community social support
and gamiﬁcation (the application of typical beneﬁcial elements of group game play) for promoting activity. We are
developing an integrated multifunctional instructional, activity, nutritional support, gamiﬁcation, and tracking application
for patients with end-stage liver disease consistent with
appropriate privacy and security, El-Fit, funded in part by a
pilot grant to one of us (A.D-.R.) from the American Association
for the Study of Liver Diseases and described at https://upitt.
resoluteinnovation.com/technologies/04956_el-ﬁt-exerciseand-liver-ﬁtness.

Conclusion
We have come to appreciate that a cardinal manifestation of
advanced liver disease is physical decline, associated with
inactivity and manifested as the phenotype of frailty, diminished capacity to withstand physical stress.41 Frailty, a
leading and potentially reversible consequence of inactivity
and cause of liver transplant waitlist mortality,42 must be
accurately measured with tools such as the Liver Frailty
Index, a test that predicts adverse outcomes in patients
with advanced cirrhosis.43
Physical activity is now recognized as an important part of
the prescription to improve the health and prognosis of persons
with advanced liver disease, especially those awaiting transplantation.44 After transplantation, physical activity remains
essential for promoting full recovery of physical function,
maintaining metabolic health, and achieving satisfying quality
of life.45 Wearables and CPET are our most promising tools to
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assess baseline physical activity and cardiopulmonary capacity,
respectively, and to monitor the efﬁcacy of interventions,
especially when they leverage opportunities that web-based
data-sharing wearables provide for social networking support
and provider engagement.
As yet, very little is understood about the most effective
proportions of light and moderate-to-vigorous intensity
activity, and of the potential beneﬁts of different forms of
physical activity (e.g., aerobic and resistance training) that
would best promote desirable outcomes in patients with
advanced liver disease.46 Patients who desire empowerment
to take charge of their own health and who appreciate that
what needs to be improved needs to be measured with selfmonitoring hold the potential to become a strong force for
effective use of wearable activity tracking in hepatology.
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Main Concepts and Learning Points
• Physical inactivity is a key driver of progression and
adverse outcomes in advanced liver diseases, especially
nonalcoholic fatty liver disease, the dominant chronic
liver disease today.
• Wearable personal activity trackers provide patients with
a tool for self-monitoring and self-improvement as well as
data sharing with providers.
• Cardiopulmonary exercise testing is a parallel method to
assess physical capacity in advanced liver disease.
• Web-based data sharing and peer social support offer an
opportunity to improve activity.
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