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Abstract

Background High-Intensity Interval Training (HIIT) involves bursts of high-intensity exercise interspersed with lower-
intensity exercise recovery. HIIT may benefit cardiometabolic health in people with nonalcoholic steatohepatitis (NASH).

Aims We aimed to examine the safety, feasibility, and efficacy of 12-weeks of supervised HIIT compared with a sham-
exercise control (CON) for improving aerobic fitness and peripheral insulin sensitivity in biopsy-proven NASH.

Methods Participants based in the community [(n= 14, 56 + 10 years, BMI 39.2 +6.7 kg/mz, 64% male), NAFLD Activ-
ity Score 5 (range 3—7)] were randomized to 12-weeks of supervised HIIT (n=8, 4 X4 min at 85-95% maximal heart rate,
interspersed with 3 min active recovery; 3 days/week) or CON (n =6, stretching; 3 days/week). Safety (adverse events) and
feasibility determined as >70% program completion and >70% global adherence (including session attendance, interval
intensity adherence, and duration adherence) were assessed. Changes in cardiorespiratory fitness (VO,peak), exercise capac-
ity (time-on-test) and peripheral insulin sensitivity (euglycemic hyperinsulinemic clamp) were assessed. Data were analysed
using ANCOVA with baseline value as the covariate.

Results There were no HIIT-related adverse events and HIIT was globally feasible [program completion 75%, global adher-
ence 100% (including adherence to session 95.4 +7.3%, interval intensity 95.3 +6.0% and duration 96.8 +2.4%)]. A large
between-group effect was observed for exercise capacity [mean difference 134.2 s (95% CI 19.8, 248.6 s), n> 0.44, p=0.03],
improving in HIIT (106.2+97.5 s) but not CON (— 33.4+43.3 s), and for peripheral insulin sensitivity [mean differ-
ence 3.4 mg/KgLegFFM/min (95% CI 0.9,6.8 mg/KgLegFFM/min), n? 0.32, p=0.046], improving in HIIT (1.0+0.8 mg/
KgLegFFM/min) but not CON (- 3.1 + 1.2 mg/Kgl.egFFM/min).

Conclusions HIIT is safe, feasible and efficacious for improving exercise capacity and peripheral insulin sensitivity in people
with NASH.

Clinical Trial Registration Number Australian New Zealand Clinical Trial Registry (anzctr.org.au) identifier
ACTRN12616000305426 (09/03/2016).

Extended author information available on the last page of the article
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Abbreviations

NASH Nonalcoholic steatohepatitis

NAFLD Nonalcoholic fatty liver disease

T2DM Type 2 diabetes mellitus

HIIT High-intensity interval training

CON Control

EX Exercise intervention

UuQ The University of Queensland

COVID-19 Coronavirus disease-19

HRmax Maximal heart rate

RPE Rating of perceived exertion

SAE Serious adverse event

AE Adverse event

VO,peak Peak rate of oxygen consumption

CPET Cardiopulmonary exercise test

VT Ventilatory threshold

VE/VCO, Minute ventilation/carbon dioxide
production

TGD Total glucose disposal

DXA Dual-energy X-ray absorptiometry

FFM Fat-free mass

SAT Subcutaneous adipose tissue

VAT Visceral adipose tissue

ALT Alanine aminotransferase

AST Aspartate aminotransferase

GGT Gamma-glutamyl transferase
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TC Total cholesterol
LDL-C Low-density lipoprotein cholesterol
HDL-C High-density lipoprotein cholesterol

TG Triglycerides

SBP Systolic blood pressure
DBP Diastolic blood pressure
BMI Body mass index

ANCOVA  Analysis of covariance
HRQoL Health-related quality of life

Introduction

Nonalcoholic steatohepatitis (NASH) affects up to 30% of
people with NAFLD and is characterized by liver necroin-
flammation, severe insulin resistance and cardiometabolic
dysfunction. With disease progression largely driven by
insulin resistance [1], NASH affects up to 37% of people
with type 2 diabetes (T2DM) [2, 3]. NASH is strongly asso-
ciated with cardiovascular disease morbidity and mortality
and increases the risk of liver cirrhosis, hepatocellular car-
cinoma and a range of extrahepatic malignancies [4].
NASH management centers on lifestyle modification
addressing diet quality and increasing physical activity aim-
ing for >7-10% body mass reduction. However, this mag-
nitude of weight loss is difficult to achieve and harder to
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sustain [5]. Regular aerobic exercise can effectively reduce
liver fat, irrespective of weight loss [6]; however, there is a
dearth of literature examining the utility of exercise in peo-
ple with NASH. Since 2003, there have been data reported
on a total of ~50 exercising participants with confirmed
NASH across six studies [7-11]. Cross sectional evidence
has demonstrated an inverse relationship between vigorous
physical activity and NAFLD severity [12]; however, these
observations rely on self-report data, which are limited by
recall bias and cannot inform treatment effects in established
NASH.

High-intensity interval training (HIIT) involves bouts of
high-intensity exercise interspersed with passive or active
recovery periods. Emerging longitudinal evidence from
small clinical trials have suggested that HIIT elicits compa-
rable reductions in liver fat to traditional moderate-intensity
continuous training [13]; however, these studies have not
included people with biopsy-confirmed NASH. HIIT is a
potent exercise modality for improving aerobic fitness [14].
This is relevant since low cardiorespiratory fitness is associ-
ated with higher NAFLD prevalence and increased risk of
death in people with NAFLD [15]. In clinical and labora-
tory-based settings, HIIT appears to be safe and effective for
cardiometabolic health improvement in people with chronic
disease, including T2DM and cardiovascular disease, when
conducted with adequate screening, testing and monitoring
protocols [14, 16, 17]. HIIT may therefore be an effective
modality for improving cardiometabolic and liver health in
people with NASH.

Importantly, for a therapeutic option to be broadly trans-
lated into clinical care options, the target prescription needs
to be feasible, i.e., the prescription (including target inten-
sity) needs to be both safe and achievable. People with
NASH commonly report chronic fatigue, poor sleep, mus-
culoskeletal issues, impaired physical functioning, reduced
capacity for activities of daily living and low engagement
with physical activity [18-21], which might impact the abil-
ity to exercise. The pathophysiology of NAFLD is also asso-
ciated with exercise intolerance and diastolic and autonomic
dysfunction [22-24]. In addition to traditional barriers to
physical activity, namely time, exercise-related knowledge,
and access to facilities, these condition-centered factors may
affect the capacity and desire to do vigorous physical activ-
ity. Therefore, the objectives of this study were to examine
the safety, feasibility, and efficacy of 12-weeks of supervised
HIIT for improving aerobic fitness and metabolic health in
people with biopsy-confirmed NASH.

Patients and Methods
Trial Design

The study was a randomized controlled trial, registered pro-
spectively with the Australian New Zealand Clinical Trial
Registry (ACTRN12616000305426). All research was con-
ducted in accordance with both the Declarations of Helsinki
and Istanbul. Ethical approval was granted by the Metro
South and University of Queensland Human Research Ethics
Committees. Participants provided written informed consent
prior to participation in the study. The study is reported in
line with CONSORT and Consensus on Exercise Reporting
Template guidelines.

Participants

Participants were recruited between June 2016 and February
2020 from a specialist hepatology outpatient unit within a
local hospital and health service. Inclusion criteria were:
(1) aged 18-70, (ii) not meeting general physical activity
guidelines (< 150 min of moderate or <75 min of vigorous
aerobic exercise per week or relative combination of both),
(iii) NASH confirmed by liver biopsy and (iv) ability to read,
write, and speak in English. Exclusion criteria included sig-
nificant contraindications to exercise testing/training, or any
other reason which would limit the ability to participate in
the study (Supplementary Material 1: Methods).

Randomization: The randomization sequence (1:1 ratio)
was generated by a researcher outside of the investigator
team using pre-generated lists of permuted blocks (www.
randomization.com). Following the completion of baseline
assessments, participants were given a sealed opaque enve-
lope containing group allocation (by SK). Participants were
randomized into either: (i) control (CON) or ii) exercise
intervention (EX). Participants randomized to CON were
invited to undertake the 12-week supervised HIIT interven-
tion after completing their 12-week control period, with
repeat outcomes assessed at week 24 (Fig. 1).

All assessments were undertaken at the School of
Human Movement and Nutrition Sciences at The Univer-
sity of Queensland (UQ), except for magnetic resonance
imaging and spectroscopy (Centre of Advanced Imaging,
UQ) and the euglycemic hyperinsulinemic clamp (Clinical
Research Facility, Princess Alexandra Hospital, Brisbane,
Australia). No study assessments or intervention/control
visits were conducted between March to November 2020
due to COVID-19-related restrictions. This resulted in the
withdrawal of one participant who had undertaken all base-
line assessments and randomization but had not commenced
supervised HIIT and impacted the ability to recruit to target
of 22 participants.
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Exercise Intervention (EX)

Participants in EX completed three sessions of HIIT per
week for 12-weeks supervised by a qualified exercise pro-
fessional. Because of the known high prevalence of mus-
culoskeletal issues in people with NASH, a suite of exer-
cise modalities was available to emulate real-world clinical
practice and enhance the translatability of the approach for
ongoing trials. The preferred mode was treadmill running/
walking with gradient; however, stationary cycling, rowing
ergometry and arm ergometry were available for those with
musculoskeletal limitations. Sessions commenced with a
5-min warm-up at 60% of maximal heart rate (HRmax) fol-
lowed by 4 X 4 min intervals at 85-95% HRmax interspersed
with 3-min ‘recovery’ periods at~60% HRmax, then a 5 min
cool-down. For appropriate progression, in Week 1 partici-
pants were required to achieve at least 1 X4-min interval,
in Week 2 at least 2 X 4-min intervals, in Week 3 at least
3 X 4-min intervals and in Week 4 at least 4 X 4-min inter-
vals so that in Weeks 512, all participants were completing
the full 4 X 4-min protocol each session. Participants were
instructed to commence intervals at a rating of perceived
effort (RPE) of 15/20 on the Borg scale (license #SRYHYG)
[25] and to achieve their target heart rate by the final minute
of interval one and by the final two minutes of intervals
2-4. Heart rates were recorded by the exercise professional
using a heart rate monitor (Polar, Polar Electro, Kempele,
Finland) at the end of each minute and RPE within the final
15 s of each minute. Blood pressure was monitored using the
auscultation method during interval and recovery periods
to ensure blood pressure during exercise remained within
specified safe limits [26]. Verbal encouragement was pro-
vided by the exercise professional during the high-intensity
intervals. Absolute work rates were progressed during the
12-week training period to maintain relative exercise inten-
sity (verified by heart rates and RPE).
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Participants randomized to CON undertook a 12-week
supervised stretching program (30 min, 3 days per week,
estimated energy expenditure negligible) described as a ‘pre-
conditioning program’ prior to the HIIT intervention for the
purpose of ‘blinding’ participants to the control condition
(i-e., participants were unaware that they were randomized to
the ‘control’ arm, with allocation labelled ‘stretch + HIIT").
This was designed to control for factors such as attention and
participation without cardiometabolic effect.

Outcomes
Primary Outcomes

Safety was determined by number of HIIT-related serious
adverse events (SAE) and adverse events (AE) reported dur-
ing the study period (Supplementary Material 1: Methods).
Participants were questioned about SAE and AE occurrence
at the beginning of each exercise or control session, and
relation to the study (as determined by the study physician).

Feasibility (Adherence to HIIT) was assessed by ‘pro-
gram completion’ as well as session, intensity and duration
adherence, which was used to calculate global adherence
using our published guideline [27].

Program Completion was determined as feasible if >70%
of participants who started HIIT, completed the 12-week
program.

Session Adherence was determined as feasible if >70% of
sessions were attended (from a possible 36 sessions).

Intensity Adherence number of intervals from Weeks
5-12 where the heart rate and/or the RPE criteria were met.
Intensity adherence was determined as feasible if >70% of
intensity targets were met.

Duration Adherence number of intervals completed per
session from Weeks 5—12. Duration adherence was deter-
mined as feasible if >70% of intervals (out of four) were
completed.
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Global Adherence number of participants that met the
feasibility criteria for all adherence variables. Overall,
the supervised HIIT intervention was determined feasible
if >70% of participants met the criteria for global adherence.

Adherence to CON number of sessions attended from the
possible 36.

Secondary Outcomes

All assessment (except for the exercise test, detailed in
Supplementary Material 1: Methods) were conducted after
an overnight fast (> 10 h), and 24 h abstaining from exer-
cise, caffeine, or alcohol. Post-assessments were completed
between 24 and 72 h after the last bout of exercise. The
individuals who conducted the assessments (e.g., healthcare
practitioners and technical assistants) were blinded to par-
ticipant group allocation, except for anthropometric meas-
urements, which were undertaken by a primary researcher
(SK). Prior to assessment visits, participants were instructed
to not reveal their group assignment.

Aerobic fitness was assessed as cardiorespiratory fitness
and exercise capacity.

Cardiorespiratory fitness (VO,peak) was determined via
a symptom limited maximal cardiopulmonary exercise test
(CPET) using a ramp exercise protocol under medical super-
vison. Participants were instructed to avoid exercise for 48 h,
caffeine and tobacco for 24 h and food in the 2 h prior to
the test. Treadmill was the preferred mode although a cycle
ergometer was available for participants with musculoskel-
etal limitations that precluded walking/jogging to maximal
capacity. The same test modality was used across assessment
time points. Heart rate was recorded at rest and at the end of
each minute, RPE and blood pressure every 2—-3 min, and a
12-lead ECG was continuously monitored by a physician. A
technical assistant blinded to group allocation provided the
verbal encouragement to attain maximal effort. Pulmonary
gas exchange (Parvo Medics TrueOne, Sandy, Utah, USA)
was measured for 3 min prior to the start of the graded exer-
cise test and then for the test duration. VO,, carbon dioxide
production (VCO,) and minute ventilation (VE) were sam-
pled using ten-second rolling averages.

Treadmill protocol Participants commenced walking at
4 km/hr and 0% grade for 2 min, followed by 4 km/hr and
4% grade for 2 min. Speed was then increased by 1 km/hr
every 3 min and grade by 1% every minute until volitional
fatigue or other test termination criteria [26].

Cycle protocol After a 4 min warm-up at RPE 10-12 and
60 revolutions per minute, work-rate was increased by 25 W
per minute until volitional fatigue or other test termination
criteria [26].

Cardiorespiratory fitness (VO,peak) was determined
as the average of the two highest 10 s averages that were
within plateau criteria (i.e., < 150 mL/kg difference). The

Ventilatory threshold (VT) and the VE/VCO, slope were
also determined using data from the exercising component
of the CPET, excluding the first minute of exercise to remove
the influence of hyperventilation. VT was determined
manually as first sustained rise in the VE/VO2 without a
simultaneous rise in the VE/VCO2 and was verified by two
technicians. The VE/VCO, slope was determined using
the formula VE(L.min-1) =m(VCO,, L.min-1)+b, where
m=VE/VCO, slope and b=constant.

Exercise capacity was determined as time-on-test to the
nearest second, calculated in seconds from the start of the
warm-up to the cessation of the test.

Peripheral insulin sensitivity was evaluated by a 2-h
euglycemic hyperinsulinemic clamp technique (3 h for those
with diabetes) with a protocol mirroring that of Croci and
colleagues [24] and supervised by an endocrinologist. Teflon
catheters were placed into an antecubital vein for infusions,
and into a heated dorsal hand vein to achieve arterialisation
of venous blood, for sampling. Insulin (Humulin R;Eli Lilly,
Indianapolis, IN) was prepared as a primed continuous infu-
sion (40 mU/m? body surface area/min) in 50 mL saline, at a
rate of 15 mL/hr for clamp duration. Plasma glucose concen-
tration was monitored every 5-10 min using an automated
glucose analyzer (VeriolQ, Jounson & Johnson Medical Pty
Ltd) [28], and a 25% glucose solution was infused at a vari-
able rate, to reach steady state euglycemia. Blood samples
were drawn at 20-min intervals. The mean value of the last
four measurements of the steady state clamp period were
used in all the analyses.

Total glucose disposal (TGD), a measure of peripheral
insulin sensitivity, was calculated as the maximum glucose
infusion rate at the end of the clamp. TGD was then normal-
ised for fat-free mass, based on dual-energy x-ray absorpti-
ometry (DXA)-derived fat-free mass (FFM) of the legs (i.e.,
KgLegFFM, see below).

Body composition and anthropometrics Body composi-
tion (total and regional fat percentage and lean mass) were
quantified using DXA (Hologic QDR4500W Discovery, or
Hologic Horizon A, Hologic Inc., Bedford, USA) and ana-
lysed using DXA software (APEX Version 4.5.3, Hologic
Inc). Due to body size limitations, most participants had one
or more arms outside of the field of view. Thus, android fat
percentage was the principal body fat outcome and FFM was
determined as right leg + left leg fat-free mass (KgLegFFM).

Waist circumference was measured against the skin to the
nearest 0.1 cm using a metal retractable tape at the midpoint
between the lowest rib and the iliac crest. All measures were
taken in triplicate. Body weight was recorded to the nearest
0.1 kg and height to the nearest 0.1 mm.

Magnetic resonance imaging was used to quantify
abdominal visceral (VAT) and subcutaneous adipose tissue
(SAT), using previously reported methods [29]. SAT and
VAT volume were quantified using commercial software
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(SliceOmatic version 5.0rev8d; Tomovision, Montreal,
Canada).

Liver-related health Intrahepatic lipid was quanti-
fied using proton-magnetic resonance spectroscopy (‘H-
MRS) and analysed using software (JMRUI version 4.0,
EU Project, http://www.jmrui.eu/) as previously described
[29]. Liver biochemistry [alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gamma-glutamyl trans-
ferase (GGT)] were analysed by an accredited commercial
laboratory.

Other metabolic health parameters Total cholesterol,
HDL- and LDL-cholesterol, triglycerides, glucose, and insu-
lin were measured after an overnight fast and analysed by
an accredited laboratory. Systolic and diastolic blood pres-
sures were taken in triplicate, in a darkened and thermoneu-
tral room after 15-min quiet rest. The Metabolic Syndrome
Severity Score was calculated [30] using R-software.

Health-related quality of life was assessed using the
chronic-liver disease questionnaire [31].

Biochemistry Plasma Glutathione Peroxidase (GPx)
Activity, High mobility group box 1 protein (HMGB1),
Total Adiponectin, Intercellular Adhesion Molecule 1
(iCAM-1), High sensitivity C-reactive protein (HsCRP), and
Cytokines [interleukin-6 (IL-6), interleukin-10 (IL-10) and
tumor necrosis factor-alpha (TNFa)] were assessed after an
overnight fast. Full methodology for biochemistry analyses
is detailed in Supplementary Material 1: Methods, with all
methods as per manufacturers’ instructions.

Vascular health Vascular function was measured via bra-
chial artery flow-mediated dilation (FMD), in accordance
with published guidelines [32]. Briefly, reactive hyperae-
mia was induced via arterial occlusion for 5 min using a
sphygmomanometer cuff, with high-resolution ultrasound
used to measure the change in brachial artery diameter and
mid-artery pulsed Doppler signal for hyperaemic velocity.
All recordings were analysed using specialised, automated,
edge-detection and wall-tracking software, and were blinded
for analysis. Assessment of haemodynamic indices and arte-
rial stiffness were completed using a SphygmoCor® XCEL
(AtCor Medical Pty Ltd., Sydney, Australia). For pulse wave
analysis, a brachial cuff was placed around the brachial
artery of the right arm, between the elbow and shoulder.
Carotid-to-femoral pulse wave velocity (cfPWV) was used
to assess arterial stiffness [33]. A cuff was placed around the
mid-thigh and a tonometer pressure sensor on the carotid
artery, to simultaneously capture the pulse waveforms at
femoral and carotid sites. The velocity of pulse transfer from
the carotid artery to the femoral artery was measured (using
the direct method) and calculated according to standardised
guidelines [34].

Habitual physical activity and habitual diet intake
Participants were instructed not to alter their usual physical
activity and dietary behaviours for the duration of the study
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period. Participants were provided with an accelerometer
(GT3X +; ActiGraph, Pensacola, FL or GeneActive; device
consistent for pre-and post-intervention assessment for all
participants) and asked to wear this on their nondominant
wrist (Geneactive) or waist (ActiGraph) for 24 h for 7 days
with raw acceleration data extracted and processed (Sup-
plementary Material 1: Methods). Usual daily dietary intake
was assessed at each time point by a diet history collected
by a trained Dietitian and analysed using Foodworks (Xyris
Australia).

Statistical Methods
Sample Size

This trial was powered to detect change in cardiorespiratory
fitness and insulin resistance outcomes; however, COVID-
19 interrupted the ability to recruit to target (n =22) and so
feasibility (safety, adherence) is presented as the primary
outcome. However, with the sample size of 14 achieved,
this offered adequate power to detect change in fitness
based on the following assumptions: (i) baseline fitness
level of ~22 mL/kg/min, (ii) a clinically meaningful ~15%
improvement [35-37] with training, and (iii) a standard
deviation of change in VO,peak of 1.5 mL/kg/min. These
give a relative effect size of 2.09 compared with control. To
detect this predicted minimum clinically meaningful differ-
ence, 10 participants (five in each arm) were required to
achieve an actual power of 90% with 5% level of significance
(G-Power software, University of Trier, Trier, Germany).
Assuming a 30% loss to follow-up, a total of 13 participants
were required.

Data Analysis

Data were analysed using SPSS version 27 (IBM, Armonk,
New York, USA). Normality testing was performed using
the Shapiro—Wilk test with visualisation of histograms and
Q-Q plots of the residuals. A nonparametric test equiv-
alent was used if the assumption of normality was still
violated after data were transformed (natural logarithm).
The primary analyses were between-group comparisons
for EX vs CON examined via intention-to-treat analysis
using ANCOVA with the difference (change score) as the
dependant variable and the baseline value entered as a
covariate. There was no imputation for missing data as this
was deemed inappropriate based on the size of the sample.
Effect sizes are reported as )” (eta-squared), which meas-
ures the proportion of variance associated with each main
effect and interaction effect in an ANOVA model and is
calculated as the between-group sum of squares/total sum
of squares. These were interpreted as: small effect (0.01);
small-to-medium effect (0.01-0.09); medium-to-large
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effect (0.10-0.25) and large effect (> 0.25) [38]. We fur-
ther termed < 0.01 as negligible. A secondary analysis
included the participants originally allocated to CON who
then completed 12 weeks of the HIIT protocol. For this
analysis, data was pooled from the HIIT periods for EX
(baseline and Week 12) and CON (Week 12 and 24), and
within-group changes were determined via paired t-tests
or Wilcoxon test. Continuous variables are reported as
mean + SD, and categorical variables are reported as fre-
quencies/percentages unless otherwise stated. Significance
was set at p<0.05. Authors SK, IH, JC, GAM designed the
protocol and SK analysed data with biostatistcal support
and can vouch for integrity of data analyses.

Results
Participant Flow and Recruitment

Fourteen eligible participants (nine men, five women)
undertook the initial assessment and randomization (Fig. 2).
Baseline characteristics are presented in Table 1. Most HIIT
sessions were conducted individually with the maximum
number of participants simultaneously training being two.
All CON sessions were conducted individually. The mode
of HIIT in those randomized to EX was treadmill (n=6) and
cycle ergometer (n=1). In those randomized to CON who
subsequently undertook the HIIT protocol, the mode was
treadmill (n=1), cycle ergometry (2), arm ergometry (n=1)
and rowing ergometry (n=1).

Safety

No SAE or AE were reported relating to the study. There was
one SAE reported in EX that was deemed to be unrelated
to the study intervention (fall during daily living requiring
hospitalisation). Three pre-existing musculoskeletal condi-
tions (tendinopathies) required a continuation of their ‘usual
care’ management in EX [stretching (n=3) and isometric
holds (n=1)].

Feasibility

Adherence to HIIT Data regarding program completion
and session, duration, intensity, and global adherence to
supervised HIIT in the pooled sample (i.e., HIIT under-
taken by both EX and CON) are shown in Table 2. All
twelve participants commenced HIIT (n=7 from EX and
n=135 from CON). There were three ‘drop-outs’ during
HIIT within the first three weeks (n=2 from EX and n=1
from CON). The remaining nine participants (n=35 from
EX and n=4 from CON) completed the full 12-weeks. All
nine participants met the criteria for session adherence,

duration adherence, and intensity adherence and therefore
global adherence was 100% (Table 2). Collectively, when
considering program completion and global adherence to
the predetermined feasibility criteria, supervised HIIT was
deemed feasible in people with NASH. Attendance to CON
sessions was 90 +8.2%.

Secondary Outcomes

Table 3 contains outcomes data from between-group com-
parisons. Reasons for missing data for each outcome vari-
able are listed in Supplementary Material 2: Table S2.

Aerobic Fitness

There was no between-group difference for change in car-
diorespiratory fitness (VO,peak, EX -0.6 +2.0 mL/kg/min
and CON 0.1 +0.1 mL/kg/min). There was a large between-
group effect for exercise capacity, with time on the graded
exercise test improving in EX (106.2 +97.5 s) but not CON
(— 33.4+£43.3 s) (Fig. 3A). This included one drop-out in
EX who returned to complete the CPET and reduced time-
on-test by -21 s. For the secondary within-group analysis,
pooling baseline and post-HIIT data for the ten participants
who undertook HIIT (n=6 in EX and n=4 in CON), the
mean improvement (95% CI) following HIIT was 106.2 s
[(49.9 to 162.5 s); Fig. 3B)]. No between-group differences
were observed for change in VT or the VE/VCO, slope
(Table 3).

Peripheral Insulin Sensitivity

There was a large between-group effect for change in periph-
eral insulin sensitivity with EX improving by 1.0+0.8 mg/
KgLegFFM/min and CON reducing by 3.1+ 1.2 mg/
KglegFFM/min (Table 3; Fig. 4A). For the secondary
within-group analysis, when pooling baseline and post-
HIIT data for the seven participants who undertook HIIT and
could complete the clamp (n=4 in EX and n=3 in CON),
the mean improvement following HIIT was 2.5 +3.0 mg/
kglegFFM/min (Fig. 4B). Moreover, in EX, one partici-
pant lowered their total daily basal insulin dose by 73% and
another by 50%.

Body Composition

There was a large between-group effect for change in
BMI (— 0.9+ 1.1 kg/m? in EX vs 0.4 + 1.4 kg/m® in CON)
and a medium-to-large between-group effect for change
in waist circumference (— 3.5+3.4 cm; -2.7% in EX vs
0.2+3.3 cm;+ 1.5% in CON) (Table 3).

A small-to-medium between-group effect was observed
for android fat (— 1.6+ 1.1% in EX vs 0.7+ 1.3 in CON)

@ Springer



2130

Digestive Diseases and Sciences (2023) 68:2123-2139

[ Enrollment ]

Assessed for eligibility (n=24)

Excluded (n=10)
+ Not meeting inclusion criteria (n=4)
"] + Declined to participate (n=6)

Randomized (n=14)

|

—

Allocation ] v

Allocated to intervention (n=8)

+ Received allocated intervention (n=7)

+ Did not receive allocated intervention (n=1;
COVID closure of study laboratory)

Allocated to control (n=6)

+ Received allocated intervention (n=5)

+ Did not receive allocated intervention (n=1;
participant withdrew following baseline
assessments)

[ Follow-Up ]

Lost to follow-up (n=0)

Discontinued intervention (n=2, lack of time for
intervention)

J
Lost to follow-up (n=0)

Discontinued intervention (n=0)

Analysis ] Y

Analysed (n=7)
+ Excluded from analysis (n=0).

Pooled Feasibility Analysis

Analysed (n=5)
+ Excluded from analysis (n=0).

Invited to undertake supervised HIIT (n=5)
+ Discontinued intervention (n=1)

A

(n=12)

Pooled Secondary Analysis
(n=11)

Fig.2 Adapted from CONSORT flow diagram

with a small between-group effect for change in leg lean
mass. There was a medium-to-large between-group effect
for change in abdominal SAT (= 624.7 + 199.6cm® in EX vs
346.5+636.5cm?’ in CON, Table 3). A large between-group
effect was observed for change in VAT (= 290.3 +815.2cm’
in EX vs 545.0 +617.3cm? in CON) (Table 3).

Liver-Related Health

A large between-group effect was observed for change
in intrahepatic lipid (— 6.0+5.9% in EX vs -2.5+9.9%

@ Springer

+Excluded from analysis (n=0).

in CON) with no meaningful change in liver enzymes
(Table 3).

Other Metabolic Health

A large between-group effect was observed for change
in total cholesterol (EX -0.6 +£0.7 mmol/L vs CON
0.1 +0.3 mmol/L). There was also a medium-to-large
between-group effect for the Metabolic Syndrome Severity
Score with EX reducing by -0.2 +0.8 arbitrary units and
CON increasing by 0.4 +0.6 arbitrary units (Table 3). There
were small-to-medium between-group effects for changes in
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Table 1 I.Da.r.ticipant . Characteristic measure All EX CON P
ChaI'.aC.tCI’ISthS of rar}domlzed (n=14) (n=8) (n=6)
participants at baseline
Sex M n, %) 9, 64% 6,75% 3,50% 0.58
Age (years) 56+10 53+12 61+5 0.20
Body mass index (kg/m?) 39.0+6.7 39.6+7.1 38.3+6.9 0.74
Metabolic syndrome severity score (AU) 4.6+1.1 50+1.2 42+0.6 0.20
NAFLD activity score [median (range)] 5@3-7) 53-7) 5 (4-5) 0.15
Comorbidities (# of participants, %)
Type 2 diabetes 9, 64% 6, 75% 3, 50% 0.58
Metabolic syndrome 14, 100% 8, 100% 6, 100% -
Hypertension 13,93% 7, 88% 6, 100% 1.00
Musculoskeletal conditions
0 0, 0% 0, 0% 0, 0% -
1 6, 43% 4,50% 2,33% 0.63
2-3 7, 50% 4,50% 3,50% 1.00
>3 1,7% 0, 0% 1,17% 0.43
Current Smoking 1,7% 1, 13% 0, 0% 1.00
Medication use (# of participants, %)
Total number of medications, median [range] 7 [0-28] 8.5 [2-28] 4.5 [0-7] 0.04
Antihyperglycemic 8,57% 6,75% 2,33% 0.30
Insulin 4,29% 4,50% 0, 0% 0.09
Biguanide 8,57% 6,75% 2,33% 0.30
Sulfonylureas 2, 14% 2,25% 0, 0% 0.50
DPP-4 Inhibitor 1,7% 1,13% 0, 0% 1.00
SGLT?2 Inhibitor 6, 43% 5, 63% 1,17% 0.14
Antihypertensive 11, 79% 7, 88% 4,67% 0.54
Cholesterol/lipid lowering 10, 71% 7, 88% 3,50% 0.25
B-blocker 4,29% 3,38% 1,17% 0.58

Data are mean + SD or number of participants (%) unless otherwise stated. Some participants were on mul-

tiple pharmacological agents

AU arbituary units, M male, NAFLD nonalcoholic fatty liver disease, DPP-4 dipeptidyl-peptidase 4, SGLT2

sodium-glucose cotransporter-2

HDL-C, TG, fasting glucose, fasting insulin and DBP and a
negligible between-group effect for change in SBP (Table 3).
One participant in EX ceased antihypertensive medication
during the HIIT intervention.

Health-Related Quality of Life

There was a large between-group effect for change in Sys-
temic Symptoms with the score decreasing (worsening) in
CON (- 1.1+0.7 /7) while maintaining in EX (0.5+0.5
/7, Fig. 5). A medium-to-large between-group effect was
observed for change in Fatigue which worsened slightly in
CON (— 0.3+ 1.2) and changed minimally in EX (0.2 +0.8).
No meaningful changes were observed in other HRQoL cat-
egories (Fig. 5, Table 3).

Other Health Variables

There were no significant between-group effects for change
in vascular health outcomes, inflammation, clinical biomark-
ers including cytokines, habitual physical activity or dietary
intake (Table 3; Supplementary Material 3: Results, Sup-
plementary Material 4: Table S3).

Discussion

This study examined the safety, feasibility, and efficacy of
HIIT in people with biopsy-confirmed NASH. Consistent
with the findings in other chronic disease populations [14],
HIIT was safe and feasible in people with NASH, despite
high levels of polypharmacy and multimorbidity, including
musculoskeletal issues (100%), obesity (92%) and T2DM
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Table 2 Adherence to HIIT

Training variable Percentage
‘adherent’
=70%)

Program completion (n/12, %) 9,75

Session adherence*

Sessions attended (n/36, %)# 27.1+13.2,75.2+37.0
Sessions attended (1/36, %)## 343+2.6,954+73 100%

Duration adherence*

Mean # intervals completed (n/4, %) 39+0.2,96.8+2.4 100%

Interval and recovery responses™

Mean interval heart rate (bpm) 129.2+17.2
Mean interval heart rate (% MHR) 85.3+5.7
Mean interval RPE (rating/20) 17.3£1.5
Peak interval heart rate (bpm) 137.0+£17.7
Peak interval heart rate (% MHR) 90.5+5.7
Peak interval RPE (rating/20) 19.0+1.4
Mean recovery heart rate (bpm) 106.3+12.1
Mean recovery heart rate (% MHR) 70.3+4.8
Mean recovery RPE (rating/20) 11.8+2.1

Intensity adherence*

% intervals meeting intensity criteria 95.3+6.0 100%

Global adherence*

(Session +duration+ intensity) (1) 9 100%

MHR maximal heart rate, bpm beats per minute, RPE rating of perceived exertion (6-20 scale)

#Including three ‘drop-outs’ who completed 56 sessions within first 3 weeks (n=12)

#including only participants who completed the entire12 weeks HIIT program (n=9)
*Weeks 5-12 (i.e., full ‘4 x4’ protocol)

(75%), in this group. HIIT also elicited meaningful improve-
ments in exercise capacity and improved peripheral insulin
resistance, compared with control.

Due to its vigorous nature, the safety of HIIT in clinical
populations is often questioned. In the present study there
were no adverse events related to HIIT. This is consistent
with a large review evaluating the safety of HIIT in stable
coronary heart disease (n=4846), which identified only one
non-fatal cardiac event in 23,182 h of HIIT [17]. Collec-
tively, evidence suggests that HIIT, when supervised by an
appropriately qualified exercise professional and conducted
with adequate screening and monitoring protocols, is safe in
clinical populations [14, 16, 17], including NASH.

Despite the presence of condition-specific barriers (e.g.,
pain and fatigue), 75% of participants who commenced HIIT
completed the 12-weeks training. Importantly, all partici-
pants who completed the program met the criteria for global
adherence to HIIT including attendance, intensity targets and
completing the required number of interval bouts. Moreover,
the three participants who discontinued HIIT also met these
criteria for the sessions they attended. Acceptable levels of
session attendance were also recently reported by Stine et al.
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with 89% of exercising participants with NASH complet-
ing > 80% of exercise (5% 30 min moderate aerobic intensity)
sessions [11]. These findings have important ramifications
for people with NASH, notably with high levels of comorbid
obesity, T2DM and musculoskeletal limitations, for whom
higher intensity exercise may typically be viewed as unat-
tainable. Indeed, previous reports have indicated that people
with NAFLD have difficulty exercising and performing daily
physical activity [20] and as reported by Kistler et al., people
who were more likely to report meeting vigorous physical
activity targets were younger, had a lower BMI and were
not living with diabetes [12]. This study demonstrated that
mid-older age individuals with NASH, with a high BMI and
comorbid diabetes, can safely adhere to vigorous physical
activity, under guidance. This is important as new guidelines
for obesity management recommend HIIT as an emerging
strategy for the modulation of ectopic adiposity (specifically
liver fat) [39], based on the evidence for efficacy of HIIT in
people with NAFLD [13]. However, there is a disconnect
between evidence-informed recommendations and current
clinical care. Healthcare professionals have reported feel-
ing inadequately trained and resourced to effectively target
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Table 3 Health outcomes
Variable EX (n=7) CON (n=5) Adjusted mean dif-  Effect size (%) Magnitude of
ference EX— CON  (p value)* between-group
Baseline Week 12 Baseline Week 12 (95%CI) effect
Aecrobic fitness
VO,peak (mL/kg/  19.4 (7.0)¥ 18.8 (6.4)* 17.2 (8.2) 17.3(7.3) -04 0.02 Small-medium
min) (=291t02.1) (p=0.71)
Exercise capac- 650.0 (245.1)* 756.2 (284.4)* 590.4 (99.7) 557.0 (114.1) 1342 0.44 Large
ity (s) (19.8 to 248.6) (p =0.03)
VT (mL/kg/min)  13.9 (4.7)¥ 143 (5.4)* 12.1 (4.4) 12.5 (4.2) —-0.05 <0.01 Negligible
(—2.0t0 1.9) (p =0.95)
VE/VCO, 30.6 (4.9)% 312 (3.5 32.4(3.2) 319 (3.2) 0.3 <0.01 Negligible
(=3.6t04.3) (p =0.85)
Insulin sensitivity
Peripheral insulin 5.2 (4.2)* 6.2 (4.2)% 10.5 (1.7)* 7.5 (0.6)* 34 0.32 Large
sensitivity (M, (0.9 to 6.8) (p =0.046)
mg/kglLegFFM/
min)
Body composition
BMI (kg/m?) 39.9 (7.6) 39.0 (7.6) 38.7 (7.6) 39.2(7.7) -13 0.27 Large
(=3.0t00.3) (p=0.10)
Waist circumfer-  130.9 (16.1) 127.4 (15.4) 127.8 (22.3) 128.0 (22.8) -3.6 0.25 Medium-large
ence (cm) (-83to1.1) (»=0.12)
Android Fat (%) 46.1 (7.7)* 445 (1.6)* 512 (5.7)* 50.5 (6.4) -0.38 0.10 Small-medium
(—2.8t01.2) (p=0.39)
Leg lean mass 18.8 (4.0)"* 19.2 (3.7)* 16.1 (5.8)* 16.2 (6.3)* 0.3 0.01 Small
(kg) (- 1.8t02.3) (p=0.77)
Abdominal SAT ~ 4734.0 (1400.5)" 4109.3 (1258.2)¢ 7495.5 (1387.5)¢ 7842.0 (1711.9)% —906.6 0.22 Medium-large
(cm?) (—2330.0t0516.8) (p=0.16)
Abdominal VAT~ 4676.8 (1124.9)% 4386.5 (852.0)* 4756.0 (2077.0* 5301.0 (2574.8) —830.2 0.30 Large
(cm®) (—2263.0t0 602.7)  (p =0.20)
NAFLD variables
Intrahepatic lipid ~ 18.9 (14.1)* 13.0 (9.2 35.6 (9.6) 33.1 (5.0 -133 0.46 Large
(absolute %) (—29.0t02.4) (p =0.08)
ALT (U/L) 40.6 (11.6) 50.6 (34.6) 52.0 (18.3) 53.8 (31.6) 18.5 0.14 Medium-large
(- 12.1t049.1) (p =0.20)
AST (U/L) 34.7(8.3) 34.0 (12.5) 37.8 (10.3) 35.4 (14.9) 0.68 <0.01 Negligible
(= 17.0to0 18.4) (p=0.93)
AST/ALT 0.9 (0.3) 0.9 (0.4 0.8 (0.2) 0.7 (0.3) 0.00 <0.01 Negligible
(—0.41t00.4) (p=0.99)
GGT (U/L) 114.7 (119.4) 83.3 (58.7) 51.8 (30.6) 51.0 (27.6) 3.1 <0.01 Negligible
(—29.3t035.4) (p=0.84)
Cardiometabolic
health
Metabolic syn- 5.1(1.2) 4.9 (1.6) 4.2(0.7) 4.6 (0.9) -0.7 0.18 Medium-large
drome severity (-19t004) (p =0.20)
score (AU)
TC (mmol/L) 4.0(L1.1) 3.3(0.5) 43(1.2) 4.4(0.9) -08 0.36 Large
(- 1.3t0-0.3) (p = 0.004)
LDL-C (mmol/L)! 1.8 1.9 2.7 2.6 n.a p=0.53 n.a
(1.5t02.4) (1.5t0 1.9) (2.51t03.5) (2.61t03.4)
HDL-C (mmol/L) 0.9 (0.2) 0.9 (0.2) 0.9 (0.0) 0.9 (0.1) -04 0.05 Small-medium
(=0.1t00.1) (p =0.46)
TG (mmol/L) 2.1 (1.0) 1.6 (0.5) 1.4 (0.8) 1.6 (0.6) -03 0.06 Small-medium
(=0.7t00.1) (p=0.09)
Glucose (mmol/L) 7.7 (1.7) 7.6 (2.3) 6.9 (1.0) 7.6 (1.4) - 0.6 0.02 Small-medium
(—34102.2) (p =0.64)
Insulin (mU/L) 31.3(22.0) 23.8 (12.6) 21.0 (12.3) 22.8 (9.5) -37 0.03 Small-medium
(—16.1t08.7) (p=0.51)
SBP (mmHg) 139.0 (11.1) 137.2(13.2 130.7 (4.0) 133.8 (9.8) -0.8 <0.01 Negligible
(- 18.1t0 16.5) (p=0.92)
DBP (mmHg) 75.3 (7.6) 75.3 (6.4) 77.5 (6.8) 77.0 (6.7) -12 <0.01 Small-medium
(- 10.2t07.8) (p=0.77

@ Springer



2134

Digestive Diseases and Sciences (2023) 68:2123-2139

Table 3 (continued)

Variable EX (n=7) CON (n=5) Adjusted mean dif-  Effect size (%) Magnitude of
ference EX— CON  (p value)* between-group
Baseline Week 12 Baseline Week 12 (95%CI) effect
Health-related
quality of life
(score/7)
Abdominal 4.3 5.0 5.0 6.0 n.a p=0.93 n.a
symptoms' (4.0t0 6.0) (4.8106.8) (4.9 to 5.4) (4.9t06.7)¥
Fatigue 44(12) 4.6 (0.5) 4.1 (1.1)¥ 3.8 (0.8)¥ 0.7 0.16 Medium-large
(—=0.1to 1.6) (» =0.07)
Systemic symp- 47(.2) 5.2(1.0) 4.9 (0.2)¥ 3.9 (0.7)¥ 1.5 0.60 Large
toms (0.6 to 2.4) (p<0.01)
Activity 5.1(1.5) 5.7(1.2) 47 (1.4)¥ 5.2 (0.9 0.3 0.02 Small
(= 1.0to 1.6) (p =0.58)
Emotional 4.9 5.0 6.0 53 n.a p=0.11 n.a
function’ (3.8104.9) (4.9105.3) (491055 (4.8105.5)¥
Worry 52(1.1) 55(1.4) 6.1 (0.8)¥ 6.3 (0.9% 0.1 <0.01 Negligible
(-1.1t01.2) (p =0.98)
Biomarkers
HsCRP (mg/L) 6.4 (7.7) 55(@8.1) 7.0 (3.0) 122 (11.5) -6.0 0.21 Medium-large
(—15.6103.5) (»p=0.18)
HMGB-1 (ng/mL) 0.7 (0.6)* 0.8 (0.9) 1.7 (1.1) 1.0 (0.9) 0.1 <0.01 Negligible
(—141t01.6) (p =0.85)
ICAM-1 (ng/mL)  359.0 (107.8)* 332.4(108.2) 299.1 (69.5) 288.6 (34.9) 57.2 0.08 Small-medium
(—85.5t0178.1) (p =0.44)
Adiponectin (ug/ 5.8 (5.8)* 5.4 (5.6) 8.3 (3.6) 7.534) 0.2 0.06 Small-medium
mL) (—0.5t0 1.0) (p =0.50)
TNFa (pg/mL) 13.4 4.2)* 12.0 (3.7) 19.5 (3.5) 11.1 4.2) -1.7 0.17 Medium-large
(=451t 1.1) (p =0.20)
IL-10 (pg/mL) 37.0 (20.2)" 33.5(19.5) 27.6 (16.3) 27.2 (16.0) - 1.6 <0.01 Negligible
(—15.7t0 12.5) (p =0.80)
IL-6 (pg/mL)! 18.9 22.1 7.9 7.3 n.a p=0.54¢ n.a
(9.7 to 164.8)* (9.3 t0 120.7) (5.5109.5) (7.0t0 8.4)
Glutathione per- 47.9 8.7)* 49.4 (6.5) 53.7 (9.6)* 53.2(74) -03 <0.01 Negligible
oxidase (U/L) (—7.61t07.0) (»p=0.93)
CK-18 (U/L) 199.8 (157.5)% 169.8 (153.9) 169.5 (162.3) 150.4 (161.8) -9.1 0.01 Small
(—80.5t0 62.3) (» =0.78)

VO, peak peak rate of oxygen consumption, VT ventilatory threshold, VE/VCO, minute ventilation/carbon dioxide production, BMI body mass
index, SAT subcutaneous adipose tissue, VAT visceral adipose tissue, ALT alanine aminotransferase, AST aspartate aminotransferase, GGT
gamma-glutamyl transferase, 7C total cholesterol, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, TG
triglycerides, SBP systolic blood pressure, DBP diastolic blood pressure, HMGBI High mobility group box 1 protein, CK-18 cytokeratin 18,
iCAM-1 Intercellular Adhesion Molecule 1, IGFBP-3 Insulin-like growth factor-binding protein 3, HsCRP high sensitivity C-reactive protein,
IL-6 interleukin-6, IL-10 interleukin-10, TNF-a tumor necrosis factor-alpha

Ap value from ANCOVA between-group change score unless otherwise indicated. Data are mean (SD) for baseline and week 12 and adjusted

mean difference (95% CI) for between-group change scores

*Data are median (IQR) and p-values from Independent-Samples Mann—Whitney U Test

n=3,%=4,"1=6

lifestyle behaviour change [40]. This, when combined with
trepidation regarding the safety of high-intensity exercise,
may impact exercise care and referral.

While we anticipated that HIIT would also improve car-
diorespiratory fitness in people with NASH [10, 11] the
improvement in exercise capacity but not VO,peak is not
unexpected in this population, given the different physiologi-
cal mechanisms for the two measures. Cardiorespiratory fit-
ness reflects the integrated system capacity for oxygen trans-
port, uptake and utilization; while exercise capacity refers
to the ability of an individual to undertake a physical task.
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The observed improvement in exercise capacity is likely due
to an improved movement efficiency at submaximal work
rates potentially due to increased ventilation efficiency and/
or improvements in mitochondrial efficiency [41]. Con-
versely, exercise-induced improvements in VO,peak are
largely driven by cardiac remodelling resulting in improved
stroke volume via increased in end-diastolic volume [42],
which may be blunted in people with long-term chronic
disease [43, 44]. Training-induced improvements in exer-
cise capacity and not cardiorespiratory fitness have also
been observed in related populations including people with



Digestive Diseases and Sciences (2023) 68:2123-2139

2135

chronic kidney disease [45] and in T2DM [46]. Importantly,
data supporting the potent benefit of cardiorespiratory fitness
on cardiovascular disease-related and all-cause mortality are
predominantly drawn from assessment of exercise capacity
(time-on-test, which is then used to estimate VO,max) [47,
48]. The ~ 100 s improvement in exercise capacity observed
in this study would likely increase capacity to undertake
activities of daily living and reduce the risk of cardiovascu-
lar disease-related and all-cause mortality.

NASH is associated with both systemic and hepatic insu-
lin resistance [8, 49]. The large effect of HIIT on insulin
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Fig.3 Exercise Capacity (time-on-test, s). A Primary analysis EX
(n=6) vs CON (n=35) for exercise capacity. Black solid lines=EX
individual participant data; Black dashed line=EX group mean;
Gray solid lines=CON individual participant data; Gray dashed
line=CON group mean. Box-and-whiskers represent minimum,
Ql, Q3 and maximum. *p value is for between-group change via
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Fig.4 Peripheral Insulin Sensitivity (M, mg/kgLegFFM/min). A Pri-
mary analysis EX (n=4) vs CON (n=3) for insulin resistance. Black
solid lines=EX individual participant data; Black dashed line=EX
group mean; Gray solid lines =CON individual participant data; Gray
dashed line=CON group mean. Box-and-whiskers represent mini-
mum, Q1, Q3 and maximum. *p value is for between-group change

sensitivity was driven in part by a worsening of peripheral
glucose disposal in CON. Nevertheless, there was a 1 mg/
KgLegFFM/min improvement in EX and our secondary
analysis combining all participants who did HIIT showed a
2.5 mg/KglLegFFM/min within-group improvement. Simi-
larly, Cuthbertson et al. observed a significant improvement
in clamp-assessed peripheral and adipose tissue insulin
sensitivity following 16-weeks of moderate-intensity aero-
bic exercise (n=12) compared with a non-exercise control
(n="T) in people with NAFLD without comorbid T2DM
[50]. This improvement was accompanied by reductions in
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ANCOVA; n>=0.44 (large effect). B Secondary analysis of pooled
EX+ CON HIIT training data (n=10). Black solid line=individual
pooled data; Black dashed line =group mean data; Box-and-whiskers
represent minimum, Q1, Q3 and maximum. *p value is for within-
group change via paired t-test
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via ANCOVA; #*=0.32 (large effect). B Secondary analysis of
pooled EX+CON HIT training data (n=7). Black solid line =indi-
vidual pooled data; Black dashed line=group mean data; Box-and-
whiskers represent minimum, Q1, Q3 and maximum. *p value is for
within-group change via paired t-test
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Fig.5 Change in health-related quality of life from the Chronic Liver
Disease Questionnaire (CLDQ). Solid black bars=EX (n=7), Solid
grey bars=CON (n=4). Error bars represent confidence intervals for
change scores. *p value from between-group ANCOVA. Scores from

liver fat and increases in cardiorespiratory fitness. Given
the size capacity restrictions to DXA imaging, data were
normalised for leg FFM rather than total FFM which makes
direct comparison with other studies challenging. Without
normalisation for FFM, the glucose disposal rates measured
in our NASH participants after HIIT training remained about
25% of those observed in healthy aged-matched individuals
[8]. Therefore, despite clinically meaningful improvements,
severe insulin resistance persisted.

Whilst we observed large between-group effects for
change in visceral adiposity and total cholesterol, we did not
observe any meaningful between-group effects for markers
of inflammation or liver fibrosis. These observations are in
line with other exercise studies in NASH [9, 11]. Although
not statistically significant, there was a clinically meaningful
(> 1 m/sec) reduction in pulse wave velocity, which has been
associated with a reduction in risk of cardiovascular events
in similar cohorts where arterial stiffness is elevated [51,
52]. Moreover, our study shows promise that exercise may
improve (or prevent a decline) in systemic symptoms, which
is in line with previous research demonstrating within-group
reductions in pain interference and sleep disturbance in
response to exercise training in NASH [11].

Findings of this study should be considered within the
context of its limitations. Notably, our sample size was
small, which is inherent in well-controlled supervised
exercise studies in people with NASH; and was further
challenged by the COVID-19 pandemic restrictions. This
limits the interpretation of some variables such as cytokines
and vascular health outcomes. However, while numbers are
small, these participants increase the sample of people with
NASH who have undertaken an exercise intervention [7—11]
in a clinical trial by over 20%. Moreover, the complex nature
of participants’ health status meant that some outcomes were
unable to be measured. This highlights the challenges of
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the CLDQ refer to that experienced in the last two weeks. Responses
are a Likert scale ranging from 1 (most impairment) to 7 (least
impairment). A reduction in the change score represents a lowering
of QoL

performing well-controlled exercise studies in this cohort.
Importantly, future research should also address the ‘real-
world’ feasibility of HIIT, which needs to be established as
exercise is rarely sustained following supervised intervention
in people with NAFLD [10, 53]. Despite randomisation,
the HIIT group were more medicated, which is noteworthy
as oral-glucose lowering agents [54] and p-blockers [55]
may affect cardiorespiratory fitness. However, the predicted
impact would be to weaken our ability to see benefit of
exercise rather than unfairly bias it. Our overall findings
support that exercise training is feasible and beneficial in
people with this level of polypharmacy.

Collectively, the findings of this study suggest that super-
vised HIIT can be a safe, feasible and effective interven-
tion for NASH. These findings support the need to further
explore the clinical potential of HIIT, with long-term follow-
up, in people with NASH.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10620-022-07779-z.
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