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High-intensity interval training outperforms moderate
exercise to improve aerobic capacity in patients with
recent-onset idiopathic inflammatory myopathies: a
multicentre randomised controlled trial
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Summary

Background To investigate efficacy, safety, and tolerance of high-intensity interval training (HIIT) vs. clinical
standard low-moderate intensity home-based exercise (CON) to improve aerobic capacity, muscle endurance, and
mitochondrial function in patients with recent onset, idiopathic inflammatory myopathies (IIM).

Methods Twenty-three patients with recent onset IIM were randomised into HIIT or CON groups. Both groups
underwent 12 weeks of exercise training. The HIIT did 3 sessions/week, always supervised during the first three
weeks. Then, training was supervised 1-3 session per week based on an individual assessment of the participants’
preference and ability to perform HIIT in the clinic. The CON received one supervised session and then exercised
five days per week at home, following clinical standard. Primary outcome was maximal exercise test (VOypeai I/min
and ml/kg x min, peak power (Watt), time-to-exhaustion TTE min/sec), with secondary outcomes mitochondrial
protein expression in muscle. Safety was assessed by disease activity (serum levels of muscle enzymes, muscle
strength (MMTS), Physician Global Assessment, pain, and fatigue (VAS, 0-100).

Findings HIIT resulted in a 16% increase in VOype. L/min, significantly higher than the 1.8% change in CON (95%
CI 0.1; 0.47). Peak power and TTE improved significantly more in HIIT, 18% and 23%, respectively, compared to
CON, 8% and 12% (95% CI 3.9; 30.8 and 00:06; 03:18, respectively). Muscle biopsies (HIIT n = 7, CON n = 6)
showed increases (p < 0.05) in central mitochondrial protein expression in HIIT but not CON, suggesting enhanced
mitochondrial function. Both groups maintained stable serum muscle enzymes indicating no increase in disease
activity from the intervention. Muscle disease activity remained low and unchanged in both groups (95% CI -1.2;
1.0), physician global activity and MMTS8 significantly improved within CON (95% CI -1.7; -0.26 and 0.1; 3.9,
respectively) but not in the HIIT group.

*Corresponding author. Karolinska University Hospital, Health Professionals AT/FT NB00:09, Gavlegatan 55, 17164, Solna, Sweden.

E-mail address: kristofer.andreasson@ki.se (K.M. Andreasson).
This study has previously been published as an abstract/poster at Global Conference on Myositis (GCOM) and as an abstract/oral presentation at
ACR 2024.
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Interpretation HIIT is an effective and safe exercise intervention to improve aerobic fitness, muscle endurance, and
mitochondrial function in patients with recent onset IIM. This approach should be considered an adjuvant
treatment in managing IIM, potentially health-enhancing for these patients.
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Research in context

Evidence before this study

Exercise is recognised as an essential component in the
treatment of idiopathic inflammatory myopathies. While one
study has demonstrated that moderate-intensity exercise to
be safe in individuals with recent-onset IIM—it did not show
superiority over medical treatment alone. Most exercise
studies to date have employed light-to moderate-intensity
regiments in patients with longstanding disease, in whom
chronic pathological changes are already present.
Implementing effective exercise interventions early in the
disease course may improve outcomes and prevent disability.
However, it remains unclear whether high-intensity exercise
is tolerated in recent-onset IIM and whether it may provide
an effective means of improving exercise tolerance in patient
with IIM.

Added value of this study
This study demonstrates that high-intensity interval training
(HIT) is a safe and effective exercise intervention for

Introduction
Idiopathic inflammatory myopathies (IIM) are a heter-
ogenous group of autoimmune disorders typically
characterised by chronic muscle inflammation. Muscle
weakness and reduced muscle endurance as well as
systemic features including inflammation in extra-
muscular organs such as lungs, skin, heart, and joints
are common. In addition, pain and fatigue are
frequently reported.! Medical treatment consists of an
initially high dose of oral glucocorticoids in combina-
tion with steroid sparing agents, such as methotrexate
with add-ons depending on treatment response, organ
involvement and disease severity. The treatment
response and prognosis vary, and although relying on
pharmacological treatment, exercise is an adjuvant
treatment and imperative to effectively manage IIM.**
Patients with IIMs typically suffer from muscle
weakness, fatigue, and reduced endurance capacity. At
diagnosis, patients have approximately 70% reduced
muscle endurance compared to reference values as

individuals with recent-onset IIM. Compared to standard-of-
care exercise training, HIIT is more effective in improving
aerobic capacity as indicated by peak oxygen uptake
(VO3peak), Which increased 16% (HIIT) compared to 1.8%
after standard-of-care moderate-intensity home exercise.
Moreover, HIIT elicited greater exercise-induced adaptations
with increased expression of proteins associated to aerobic
metabolism mitochondrial function in muscle tissue
compared to moderate-intensity exercise.

Implications of all the available evidence

High-intensity interval training is a safe, well tolerated
exercise intervention for patients with recent onset IIM and
should be considered for implementation in clinical practice.
The demonstrated safety further the feasibility of
introducing individually tailored intensive training programs
designed to address patients’ specific needs.

measured by the Functional Index-2 (FI-2), and 6%
reduced maximal strength as measured by the Manual
Muscle Test 80 (MMT8), with marginal improvement at
1-year follow-up. Whether due to reduced maximal
muscle strength or reduced muscle endurance capacity,
the impaired muscle function is often sustained and
rarely recovers to reference values leading to permanent
limitations in daily life.

The cause of muscle impairment is less understood
but is thought to involve immune and non-immune
mechanisms. Although inflammatory cells are often
seen in muscle tissue, the level of inflammation in the
muscle does not correlate with reduced muscle strength
or impaired endurance.”® Several mechanisms have
been proposed and point to a multifactorial model that
includes tissue remodelling (e.g., capillary dysfunction’
and fibrosis®), immune mediated mechanisms,** and
impaired myocyte functions (e.g., contractility, mito-
chondrial dysfunction and endoplasmic reticulum (ER)
stress'' ). Impaired mitochondrial function might be
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indicated by the observation of cytochrome C oxidase
(COX) negative fibres often observed in muscle biopsies
from patients with IIM. Impaired mitochondrial func-
tion will be a factor of reduced aerobic capacity as the
ability to use oxygen for energy production in the
muscle will be limited."* Further, the capillary density
can be reduced, specifically in patients with DM, which
may reduce oxygen supply to the muscle tissue."™'
Physical inactivity and side effects of drug treatment
may also contribute to muscle weakness.'”'®

Maximal oxygen consumption (VOjpeq) is a critical
marker for aerobic fitness that correlates to overall sur-
vival and muscle aerobic metabolism."”* The VOjpeax
depends on cardiac output and the peripheral arterio-
venous oxygen extraction that depends on the micro
circulation and metabolic function in the working
muscle (e.g., mitochondrial oxygen consumption). There
is a close relationship between VOjpe. and muscle
mitochondrial function, and VO,pe,i can effectively be
increased with exercise training including high-intensity
interval training (HIIT) in healthy individuals.”* In
patients with IIM (i.e., PM, DM), VO;peai is known to be
reduced by approximately 25-50%.%* The mechanism of
reduced VOypeax in IIM is not clear. Yet, it is indepen-
dent of the presence of lung diseases in these patients***
and likely depends on reduced peripheral O, consumption
and/or cardiac output.

Exercise was once considered harmful for patients
with IIM due to an imagined risk of aggravated myofi-
bre damage and disease activity. However, this concept
has been rebutted by numerous studies that show safety
and clinical benefits of mild-to moderate exercise.””
Further, moderately intensive endurance exercise can
reduce disease activity and inflammation as well as
improve mitochondrial enzyme activity in patients with
longstanding inflammatory low-active IIM.>*** Out of
the exercise studies published, randomised controlled
trial designs are rare.” The only RCT on exercise con-
ducted in patients with recent onset IIM, showed that
easy to moderate intensity home exercise in combina-
tion with medical treatment is safe but did not outper-
form medical treatment alone in the non-exercising
control group, likely due to the use of low-moderate
intensity training protocol.””** However, the confirma-
tion of safety of the home exercise program at time of
diagnosis has led to the use of this training protocol as
standard of care adjunct therapy for patients with IIM in
Sweden. However, it is unclear if exercise training on
high intensity levels is effective to improve physical
capacity without aggravating disease activity, pain, and
fatigue levels in patients with recent onset IIM.

Our hypothesis is that exercise on high intensity is
an effective intervention to improve aerobic fitness and
induce muscle adaptations in IIM. The previously
evaluated exercise protocols in IIM have been of too low
intensity level to induce adequate physiological adap-
tations. Moreover, we Dbelieve that protocols with
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continuous and longer exercise sessions, although on
lower intensities may be less feasible in recent-onset
IIM due to substantial fatiguability seen in this
patient group. In contrast, high intensity short interval-
based exercise may be more tolerable, render more
muscle adaptations and thereby being more effective to
improve exercise capacity in patients with recent-onset
IIM. We hypothesised that HIIT would be tolerated
for patients and lead to increased VOjpeak. Secondary,
we hypothesised that HIIT would induce beneficial
adaptations to muscle metabolism in IIM.

This multicentre randomised controlled trial
compared 12 weeks of HIIT to the current standard of
care, low-moderate intensity home-based exercise. The
primary objective was to test the hypothesis that HIIT is
more effective to improve aerobic capacity in patients
with recent onset IIM, and that it still meets safety
standards. In conjunction to this we tested the hy-
pothesis that HIIT may lead to aerobic adaptations in
the IIM muscle with increased mitochondrial proteins.

Methods

This study was approved by the Regional Ethics Review
Board in Stockholm (Dnr: 2016/2444-31), who also
approved two amendments regarding serum samples
and including Akademiska Hospital in Uppsala (Dnr:
2018/1350-32 and 2018/2614-32. The project is regis-
tered at ClinicalTrials.gov (ID NCT03324152). All
participating patients signed an informed consent
before being included. Patient representatives were
involved in designing the project plan.

Patients

All newly diagnosed patients with any type of adult IIM,
except inclusion body myositis (IBM), registered at the
Karolinska University Hospital in Stockholm between
October 2017-April 2023, and at Akademiska Hospital
in Uppsala between February 2019 and April 2023, who
fulfilled the inclusion criteria, were invited to partici-
pate. Specific sex or gender was not considered for in
the study design.

The inclusion criteria were probable or definite
polymyositis (PM) or dermatomyositis (DM) according to
EULAR/ACR 2017 Criteria for IIM,” antisynthetase
syndrome (ASyS) according to Connors Criteria,” or
immune-mediated necrotising myopathy (IMNM)
according to 2016 ENMC Criteria,”” 18-70 years old,
<12 months of diagnosis duration and medical treatment.

Exclusion criteria were: IBM according to the 2013
ENMC criteria,* active cancer, heart- or lung involvement
or disease contraindicating intensive exercise (e.g., severe
interstitial lung disease, oxygen supplementation or
myocarditis), severe muscle weakness, pain or general
fatigue hindering participation in HIIT, and osteoporosis.

Twenty-three patients, out of 82 screened, were
enrolled - see Table 1 for demographics. Out of the 59
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Variables HIT CON
Baseline n = 12 12-week follow-up Baseline n = 11 12-week follow-up

n=12 n=28
Sex” F/M, n 6/6 6/6 9/2 7/1
Diagnosis PM/DM/ASyYS, n 4/4/4 4/4/4 0/6/5 0/4/4
Age, years (min-max) 34.5 (24-65) 57 (41-64)
Weight, kg (IQR) 77 (71.5-83) 78 (72-82) 67 (58-82) 66 (63-76)
Disease duration, months (min-max) 5 (3-11) 5 (1-8)
Symptom to diagnosis, months (min-max) 10 (1-44) 3.5 (1-17)
Pulmonary disease activity >0 cm, n” 6 3! 4t 2
Pulmonary disease activity, 0-10 (min-max) 0.45 (0.0-2.5) 0 (0.0-1.8)* 0 (0-2.5)" 0 (0-3.1)°
DMARD AZA/MMF/HYD/MTX/SEND/RIT (n total) 1/5/X/4/X/6 (16) 1/6/X/5/X/5 (17) X/4/1/3/1/3 (12) X/4/2/3/X/2 (10)
Prednisone, mg/day (IQR) 10.6 (4.7-22.5) 5 (0-9) 15 (12.5-17.5) 6.2 (3.5-10.5)
CK, pkat/L (min-max) 1.5 (0.6-10.2) 15 (0.5-11.3) 12 (0.42-2.2) 15 (0.42-2.8)
LD, pkat/L (min-max) 37 (2.9-6.9) 3.7 (2.4-6.6) 3.7 (3.1-6)° 37 (2.7-6)"

ASAT, pkat/L (min-max)
ALAT, pkat/L (min-max)

0.42 (0.26-1.44)
0.47 (0.13-0.98)

0.41 (0.25-1.97)
0.40 (0.21-1.23)

034 (0.26-1.47)*
0.41 (0.14-0.92)°

0.42 (0.32-0.55)"
0.31 (0.25-1.37)*

14.5 (4-17.5)
35 (22.8-61.8)

Pain, Visual Analogue Scale, 0-100
Fatigue, Visual Analogue Scale, 0-100

Data presented in median (interquartile range) except when absolute numbers as specified by n. HIIT, high-intensity interval training; CON, control; F, female; M, male;
PM, polymyositis; DM, dermatomyositis; ASyS, antisynthetase syndrome; DMARDs, disease modifying anti-rheumatic drugs; AZA, azathioprine; MMF, mycophenolate
mofetil; HYD, hydroxychloroquine; MTX, methotrexate; SEND, sendoxan; RIT, rituximab; mg, milligramme; CK, creatine phosphokinase; pkat/L, microkatals per litre; LD,
lactate dehydrogenase; ASAT, aspartate transaminase; ALAT, alanine transaminase. Normative values male/female: CK 0.8-6.7/0.6-3.5, LD < 3.5/<3.5, ASAT <0.76/<0.61,
ALAT <1.1/<0.76. 1 pkat/L is equal to 60 IU/L. Superscript numbers indicate n of missing data. *As registered in the medical record. "Types of pulmonary diseases:

antisynthetase autoantibody associated interstitial lung disease (anti-ARS-ILD), myositis-related nonspecific interstitial pneumonia (NSIP), diffuse alveolar haemorrhage,

hilar enlargement, ground glass changes, fibrosis.

10.5 (1.2-19.2)
18 (15-33)

14.5 (3.5-19)
33.5 (15.5-55.8)

16.5 (2.2-33.8)
25.5 (10.2-43.8)

Table 1: Demographics of 23 patients before and after 12 weeks of exercise.

not included, 24 did not meet inclusion criteria, or met
exclusion criteria, 15 declined participation and 20 were
not included due to other reasons (e.g., not responding
calls, not speaking Swedish or English, living in a
different region even though diagnosed in our clinic),
see recruitment flow chart (Fig. 1).

If there was an uncertainty of the patient’s ability to
perform the intensive exercise program, discussion
within the medical team consisting of medical doctors
(rtheumatologists and cardiologist, and other specialities
if needed), patient responsible doctor and physical
therapists.

Assessments

Primary outcome maximal exercise test

VOypeak L/min was the primary outcome and was
assessed by a maximal exercise test performed on a
stationary bike using a standardised protocol for all
participants. VOjpe,c Was measured breath-by-breath
gas exchange with Innocor model INNO00500
(COSMED).* First, a resting electrocardiogram (ECG)
was registered, then biking started on 30 W with a step
increase of 10 W per minute until exhaustion. The
participant was instructed to keep cycling until
exhaustion, and when unable to keep 60-65 RPM the
test was stopped. Staff could stop the test if appropriate
due to live-ECG or participant-reported symptoms (e.g.,
dizziness or chest pain). Every minute blood pressure

was measured, and the participants rated the perceived
exertion (Bourg’s RPE, 6-20), breathlessness and chest
pain (Bourg’s CR10, 0-10). The test was followed by a
recovery of a minimum of 6 min. The primary outcome
of this test was VOype,k in litres/minute (L/min), peak
load in watts (peak power), peak heart rate (HRpeak),
and time-to-exhaustion (TTE), which was the time
measured from start to finish of the test (peak power
and TTE being measures of muscle endurance). The
test was performed approximately one week after the
last exercise session and was led by independent staff at
the physiology department who were unaware of group
allocation; two biomedical scientists, one handling the
Innocor assessment and one in charge of the rest of the
vtest. A medical doctor was always present or immediately
available during the test.

Secondary outcomes

Biopsy procedure. Muscle biopsies were taken from
vastus lateralis or tibialis anterior at diagnosis (PRE)
and at follow-up one week post exercise intervention
(POST) using the percutaneous conchotome technique
under local anaesthesia in the outpatient clinic.** Mus-
cle biopsy tissue was analysed for levels of mitochon-
drial protein expression (electron transport chain
complexes and markers of mitochondrial content). See
Supplementary Data S2 for details on methods and
procedures.
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[ Enroliment ]

Assessed for eligibility (n=82)

Excluded (n=59)
+ Not meeting inclusion criteria (n=24)

+ Declined to participate (n=15)
« Otherreasons (n=20)

Randomized (n=23)

}

A 4 { Allocation ] A4
Allocated to HIIT (n=12) Allocated to CON (n=11)
+ Received allocated intervention (n=12) « Received allocated control (n=11)
+ Did not receive allocated intervention (n=0) « Did not receive allocated control (n=0)
v [ Follow-Up ] l
~ 4
Lost to follow-up (n=0) Lost to follow-up (n=1)
Discontinued intervention (n=0) « Covid-19 restrictions (n=1)
Discontinued control (n=2)
« Excessive exercise (n=2)
v [ Analysis ] v
Analysed (n=12) Analysed (n=11)
« Excluded from analysis (n=0) « Excluded from analysis (n=0)
Missing data (n=3)
+ No follow-up/discontinued control (n=3)
v ( Muscle biopsy W l
Analysed (n=T7) analysis Analysed (n=6)
+ Excluded from analysis (n=5) + Excluded from analysis (n=5)
No paired biopsies (n=4) No paired biopsies (n=5)
Too low levels of protein (n=1)

Fig. 1: Recruitment flowchart. HIIT, high-intensity interval training; CON, control group. Linear Mixed Model including all participants
(intention-to-treat) were applied at the stage of “analysis”, while paired T-test with specified included participants were applied at the stage

of “Muscle biopsy analysis”.

Disease activity and safety. At enrolment the patient
visited their treating rheumatologist and the myositis
team nurse. Blood samples for serum levels of enzymes
(creatine kinase (CK), lactate dehydrogenase (LD),
aspartate aminotransferases (AST) and alanine amino-
transferases (ALT)) as markers that could indicate
muscle damage were taken according to clinical
routine. Manual Muscle Test 80 (MMTS8) (isometric
strength assessment tested where external force is
applied by the assessor and strength is rated 0-10 per
muscle group tested), the Myositis Disease Activity
Assessment Tool (MDAAT) muscle disease activity, and
physician global assessment (PhGA)* were assessed
using a Visual Analogue Scale 0-100 (VAS). MDAAT

www.thelancet.com Vol 122 December, 2025

muscle disease activity includes muscle inflammation
and myalgia, PhGA is a physician judgement of
overall disease activity based on all clinical and labora-
tory assessments. Pain and fatigue (VAS) were
assessed, these measures were performed in
both groups at baseline and approximately one week
12 weeks after the last exercise session. Before each
HIIT session, participants were asked to report any
side effects such as delayed onset muscle soreness,
pain, fatigue, injuries or falls related to the exercise.

Exercise protocols
All participants exercised for 12 weeks, and intensity
was based on results from the maximal exercise test
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(HRpeak). To monitor heart rate all participants wore a
polar Unite watch and a chest heart-rate monitor (Polar
H9) during all exercise sessions. Sessions were then
synchronised to PolarFlow.com, to generic user ac-
counts not related to the patient, where compliance as
to frequency, intensity (HIIT group reaching >85% and
CON not surpassing 70% of HRpeak) and duration of
each session was monitored and recorded by the exer-
cise instructor (HA). At least 75% compliance was
required for both groups.

Intervention group, HIIT

The HIIT protocol consisted of six interval sessions on
a stationary bike, three times weekly, with each interval
being 30 s long with 2-min-rest of moderate biking in-
between. The heart rate was required to reach at least
85% of HRpeak during each interval. Following one test
session to identify correct initial exercise load/intensity,
the training was ramped up during the first three to
four weeks, starting with three sub-maximal intervals,
then three maximal, and additional sets were added on
subsequently over three to four weeks until reaching
the goal of six maximal intervals. Thereafter, the load or
time of each interval was increased when needed to
ensure that the heart rate exceeded 85%. For partici-
pants with severe lower-limb muscle impairments, the
protocol was ramped-up by increasing the time of each
maximal set with up to 15 s, instead of increasing the
load to allow continued biking on a cadence of at least
100 revolutions per minute (RPM). Following the in-
tervals, strength training of shoulders, knee extensors
and core was performed on a load of 10 voluntary
repetition maximum in one set. All strength training
was progressive, e.g., resistance was increased when the
exertion was rated as lower than 7 on Bourg CR-10, and
the participant could manage to perform correct repe-
titions. When the participant reached the goal intensity
and was familiar with the protocol an individual deci-
sion was made for each patient regarding their prefer-
ences and ability to perform HIIT at home or in a gym
to enhance the feasibility of participation. It was
obligatory to perform at least one supervised session
in the clinic per week throughout the period. The
exercise coach (HA) offered all participants to
perform all remaining sessions at the clinic.
Compliance and intensity of each set was monitored
by a training journal (number of sets, HR/set, leg
tiredness and dyspnoea on BORG CR-10, and total
exertion on BOR > G RPE 6-20 scale, as well as vi-
sual analogue pain and fatigue before and after each
exercise session) and wearable HR monitor that
allowed supervisors to monitor exercise intensity
from a distance. At each clinic-based session, the
training journal was evaluated, and participants were
asked about their experiences (positive or negative) in
relation to their home-based exercise sessions.

Comparator group, low-moderate intensive home-based
training, CON

This exercise protocol is used as standard for patients
with recent onset disease and consisted of eight exer-
cises (step up/walking on the spot for 2 min as a warm-
up, shoulder flexion, grip strength squeezing a soft ball,
knee extension in a sitting position, hip flexion in a
supine position, hip extension by pelvic lifts, sit-ups
without neck support and stretching of the exercised
muscle groups). Participants should be able to perform
ten repetitions per exercise to generate easy to moderate
muscle fatigue (3—4 on the BORG CR-10 scale, e.g.,
moderate—moderate to strong muscle fatigue) and
external resistance could be added if necessary.”** After
one supervised session, participants performed the
program five times weekly in combination with a
15-min brisk walk where the participant could not
surpass 70% of HRpeak.

Procedure

The main author (KA), who was not involved in the
treatment of patients, scheduled all appointments,
supervised the maximal exercise test and was unaware
of group allocation. The senior author (HA) was
responsible for the exercise, both HIIT and CON, and
led the sessions and instructed the participants. Blood
tests were taken by the myositis team nurse (HS) who
also randomised patients. A randomisation table with
blocks of four was used for randomising participants
to HIIT and CON, 1:1 and administrated by the
objective myositis team nurse. A muscle biopsy was,
when possible, taken by one rheumatologist (MD,
AN or IL). The same physician also performed the
disease activity assessments before and after exercise
and were blinded to group allocation. Patient
demographics and characteristics were obtained
through medical records or the Swedish Rheumatology

Quality Registry (SRQ).

Statistics and data analysis

Data are presented as median (IQR) or exact numbers
as appropriate. To analyse within- and between group
changes, linear mixed model was used. Changes in
mitochondrial enzyme expression were analysed by
paired T-tests. Analyses were performed using R and
RStudio, see S2 for details (packages used, prototype
equation). The training-induced change in VOjpeai in
the first six participants in each group revealed a
difference of 9% (SD = 14%) between the groups. A
power analysis based on these values (B = 0.2,
a = 0.05) showed that 21 participants were required
to detect a statistically significant difference between
the two groups. Intention-to-treat analyses were per-
formed for all, but muscle biopsy analysis. To miti-
gate the issue of missing data, per-protocol analyses
were performed as well and are available in

www.thelancet.com Vol 122 December, 2025
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Supplementary Data S1 (sheet “Per-protocol data” and
“Per-protocol CI”).

Role of funders

The funders of this study were not involved in the
design, data collection, data analysis, data interpreta-
tion, or writing of this article in any way.

Results
Exercise capacity
To compare the effectiveness of the two exercise in-
terventions to improve aerobic fitness, we measured
VOypeak at baseline and after 12 weeks. The change in
VOypeak (L/min) was significantly larger for the HIIT
group with a 16% increase compared to 1.8% for CON
(95% CI of 0.10; 0.47; Fig. 2a; Table 2). Furthermore,
VO;peak after normalisation to bodyweight (mL/kg/min)
was also significantly improved in the HIIT, 16%,
compared to the CON group, 4% (95% CI 0.83, 5.10), see
Supplementary Table S2; Figure S4. VO,pe,i relative sex,
weight, and age, most participants had a “very low”
VOypear at baseline, indicating a similarly impaired
relative aerobic fitness among participants (see
Supplementary Data S1, sheet “VO, sex-age-weight”).
Peak power was significantly improved in HIIT,
18%, compared to CON, 8% (95% CI 3.9; 30.8); how-
ever, the CON showed a significant within-group
improvement as well (95% CI 0.4; 20.0), see Fig. 2b;
Table 2. The HIIT group improved significantly in TTE

during the maximal exercise test compared to the CON,
HIIT 23% compared to CON 11.25% (95% CI 6.0;
198.0), see Fig. 2c; Table 2.

Adding age as a covariate, results remained signifi-
cantly improved for VO,pear and peak power in favour
of HIIT. See Supplementary Data S1 (sheet “Age as
covariate data” and “Age as covariate CI”).

Heart rate at peak exercise (HRpeak) remained
unchanged with respect to intervention in both groups
(Table 2).

Muscle mitochondrial adaptations

Aerobic exercise is a potent trigger of muscle adap-
tations including mitochondrial biogenesis. In
conjunction to improved VOjpe, Wwe found the
muscle expression of mitochondrial respiratory chain
complexes I and V (CI & CV), citrate synthase (CS),
and voltage-dependent anion channel 1 (VDACI)
increased in the HIIT (p < 0.05), but not in CON.
Protein quantification showed higher band intensities
for these proteins post-intervention within HIIT but
not within CON, indicating enhanced mitochondrial
biogenesis and adaptations to aerobic metabolism
(Fig. 3).

Disease activity and safety

At baseline, the HIIT group already had the maximal
Manual Muscle Test 80 (MMT8) score of 80 which was
significantly better than the CON who displayed close to
maximal scores (Table 2). The HIIT group remained at
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Fig. 2: Results from maximal exercise test. Change from baseline (pre) and follow-up (post) per group. Dashed lines show change per
participant, solid line shows group mean change. All data were analysed with linear mixed model, p-values are used for graphic simplicity, see
95% Cl in Table 2. VO,peak: peak oxygen consumption; HIIT: high-intensity interval training. * = between-group significance in favour of HIIT
(* = p < 0.05; ** = p < 0.01), & = within-group significance. A: Vo2peak change; B: Power change; C: Time-to-exhaustion change.
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Variables

HIT CON

Between-group

Baseline (n = 12)

12-week follow-up
(n =12)

Within-group change,
estimate (95% Cl)

Baseline (n = 11)

change interaction
group® time,
estimate (95% Cl)

12-w follow-up
(n = 12)°

Within-group change,
estimate (95% Cl)

VOspeak L/min
VOypeak ML/kg/min
Peak power, W
Peak Heart rate

mm:ss
MMT8, 0-80
Physician Global
Activity, VAS 0-10
Muscle Disease
Activity, VAS 0-10

1.94 (1.59-2.17) 2.22 (1.68-2.71) 0.32 (0.18; 0.45) 1.55 (1.3-1.86) 1.5 (1.36-1.77) 0.03 (-0.1; 0.16) 0.29 (0.1; 0.47)

24.8 (21.4-28.6) 29.2 (25.4-32.5) 3.92 (2.34; 5.49) 22.1 (19.3-28.4) 23.4 (19.8-29.8) 0.95 (-0.6; 2.5) 2.97 (0.83; 5.1)

150 (120-166) 188 (138-210) 27 (18; 37) 120 (92.5-148) 130 (100-155) 10 (0.4; 20.0) 17.3 (3.9; 30.8)

171 (165-187) 172 (162-187) -2.25 (-6.5; 2.0) 157 (145-172) 161 (149-169) -0.18 (-4.0; 4.0) -21(-7.9;37)

Time to exhaustion, 12:10 (09:12-13:38) 15:59 (10:11-18:48) 02:50 (01:38; 04:00) 09:20 (06:50-11:16) 10:27 (07:51-13:05) 01:07 (-00:02; 02:17) 01:42 (00:06; 03:18)

80 (79-80)" 80 (79.5-80) 0.5 (-1.4; 2.4) 76.5 (73.5-80)" 80 (78-80)" 0.2 (0.1; 3.9) -15 (-4.1; 1.1)

2.25 (1.5-3.0) 12 (1.1-2.1)" -0.64 (-1.30; 0.0) 2.0 (1.6-3.1)" 0.9 (0.6-1.5)° -1.0 (-1.7; -0.26) 0.35 (-0.6; 1.2)

0 (0.00-1.05) 0.4 (0.00-1.25)* 0.02 (-0.8; 0.8) 0.7 (0.00-0.95)" 0 (0.0-0.3)° 0.09 (-0.8; 1.0) -0.08 (-1.2; 1.0)

All data presented in median (interquartile range). All data analysed with linear mixed model, within-group change for respective group is baseline vs. follow-up, between-group change is HIIT vs. CON.
Significant results marked in bold. HIIT, high-intensity interval training; CON, control; 95% Cl, change is presented in 95% confidence interval; VO,, peak oxygen uptake; L/min, liters per minute; mL/kg/
min, millilitres per kilogramme per minute; W, watts; time to exhaustion, time from start to finish; mm:ss, minutes:seconds; confidence interval for time to exhaustion in minutes:seconds; MMTS,
manual muscle test 80; VAS, visual analogue scale. “Three participants with missing follow-up data were assigned the group mean change as follow-up result.

Table 2: Results of aerobic capacity, muscle strength and disease activity assessments after 12 weeks of exercise.

the maximal score after 12 weeks and the CON
improved significantly (95% CI 0.11; 3.89). PhGA
significantly improved for CON. There was also a ten-
dency towards improvement also in the HIIT group,
although not statistically significant. MDAAT muscle
disease activity remained unchanged in both groups
(Table 2). There was no increase of serum levels of CK,
AST or ALT after compared to before the HIIT or CON
exercise. At baseline, two participants in HIIT had
abnormally elevated CK levels; one remained equally
elevated at follow-up, the other had normalised CK at
follow-up. LD remained slightly elevated in both groups
at all time points (Table 1). There were no statistically
significant changes in pain or fatigue (95% CI -37;
10 and —40; 25) as a result of the HIIT. Participants in
the HIIT-group reported delayed onset muscle soreness
remaining for 1-2 days after each session, also reported
instant muscle fatigue subsiding after around 30-
60 min after HIIT. No participants reported long-
standing pain or fatigue, injuries or falls related to
the HIIT. Out of the 23 participants, 20 completed
the intervention. Two participants dropped out, and a
third could not do follow-up tests due to COVID-19
restrictions, all three randomised to the control
group. There was a high compliance with a median
93% of the possible HIIT sessions range 63-100%.
For the muscle biopsy analyses, a total of 13 partici-
pants were included with sufficient PRE and POST
biopsy quality (HIIT n = 7, CON n = 6). Per-protocol
analyses, compared to intention-to-treat revealed
similar differences in favour of the HIIT except for a
significantly higher HRpeak in HIIT compared to
CON. For complete per-protocol analyses, age-
adjusted results and weight-adjusted VOjpear, see
Supplementary Data S1.

Discussion

In this study that investigate efficacy and safety of HIIT
compared to a standard-of-care exercise in recent onset
IIM using a randomised controlled design, we found
that HIIT was more effective compared to current
standard-of-care low-moderate exercise interventions to
improve aerobic exercise capacity and muscle mito-
chondrial adaptations. Moreover, the results provide
evidence that HIIT is safe and well tolerated in recent
onset, I[IM.

A notable finding was the significant increase in
VOypeak in the HIIT group compared to the CON
group. An increase >10% in VOjpea is considered
clinically relevant.* In our study, the HIIT group
improved VO,peu by 16% corresponding to a clinically
significant increase in VOjpeax of 4.4 ml/kg/min. In
contrast, the CON did not achieve statistically significant
or clinically relevant change. Our results from the HIIT
intervention are in line with effects of HIIT in the gen-
eral population, where an average increase of 3.9 ml/kg/
min was recently reported in a meta-analysis.”” The
4.4 ml/kg/min increase in the HIIT group is a sub-
stantial improvement exceeding 1 metabolic equivalent
(MET) and underscores the efficacy of HIIT in
enhancing aerobic capacity. This magnitude of increased
VOypeax is known from other studies to associate with
reduced all-cause mortality in healthy men and women.*®

Almost all participants in our study had a baseline
VOypear corresponding to “very low” aerobic capacity
underlining the poor aerobic capacity in patients with
IIM.** Yet our HIIT protocol successfully improved
aerobic capacity for all participants regardless of initial
fitness level. To optimise adherence to the HIIT
protocol also for unfit individuals, the initial exercise
intensity was set low, based on the HRmax achieved at
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Fig. 3: Increased performance after HIIT is accompanied with increased protein expression in the mitochondrial electron transport
chain, citrate synthase (CS) and VDAC1 in skeletal muscle. Protein quantification for the mitochondria electron transport chain complexes
I-V (A-E), citrate synthase (F), and VDAC1 (G) of skeletal muscle lysates from the high-intensity interval training (HIIT) group (n = 7) and the
control (CON) group (n = 6), before (PRE) and after (POST) (paired) exercises. Band intensity expressed in arbitrary units (A.U.) were
determined by ImageJ and normalised to myosin as internal loading control. Representative blots and the specific antibodies to the quantified
proteins: -V (A-E) anti-OxPhos, anti-citrate synthase (F), and anti-VDAC1 (G) are indicated below the graphs. Paired t-test was performed PRE

vs. POST within the groups,

the baseline VO, test, with gradual progression towards
the goal intensity. Aerobic capacity is strongly corre-
lated to self-reported physical health in IIM,* which
highlights the importance of assessing and targeting
aerobic capacity in an exercise intervention for people
with IIM. In the setting of cardiovascular diseases,
improved aerobic capacity is strongly associated with
reduced progression of cardiovascular disease and
improved survival.* To our knowledge it has not yet
been studied how aerobic capacity links to disease
outcome and mortality in IIM.

In line with VO,,ca, TTE and peak power showed
significant improvements in the HIIT group compared
to the CON. HIIT-participants biked 23% longer and
achieved an 18% increase in peak power, compared to
12% and 8% in the CON group, respectively. HRpeak
did not change in either of the groups, which was ex-
pected since maximum heart rate often do not change
with increased exercise capacity. Yet, it suggested that
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*p < 0.05. The uncropped western blots are shown in the Supplementary Figure S2.

the participants reached near peak capacity at both
baseline and follow-up.

Mitochondria is the central organelle for aerobic
metabolism, electron transport chain, and many other
metabolic processes in the muscle. Therefore, it is not
surprising that mitochondrial dysfunction is linked to
many diseases including IIM.* It is well known that
exercise training is a powerful signal for mitochondrial
biogenesis in skeletal muscle” and, moreover, that
VOypeak is associated to mitochondrial content in the
muscle.” In line with this, we found that repeated
skeletal muscle biopsies revealed significant increases
in mitochondrial protein expression following the HIIT
intervention but not in CON. Increased level of
expression was revealed in electron transport chain
(complex I and IV) proteins and for general markers of
mitochondrial content (VDAC and citrate synthase).
These proteins are crucial for mitochondrial function.
The larger protein expression post-intervention in HIIT
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than CON, suggests that HIIT more effectively promotes
mitochondrial adaptations in muscle, which may
contribute to the observed improvements in aerobic ca-
pacity and muscle endurance. However, to what extent
the increased VOjpeqi is related to the seen increase in
mitochondria is uncertain, as VOypeax is a compounded
readout that also depends on haemodynamic and
microvascular adaptations. Yet, the molecular adapta-
tions that we see in the muscles are consistent with
previous research showing that intensive exercise pro-
motes both muscle mitochondrial function, VO,pea™
and overall metabolic health in healthy individuals and
in patients with I[IM.»>## Qur data indicates that the
IIM muscles after HIIT, in principle, should have
increased capacity to consume oxygen and produce ATP
via mitochondrial respiration during exercise.

We also assessed disease activity by measures of
serum levels of enzymes found in muscle as surrogate
markers of tissue damage (CK, LD, AST, ALT), as well as
the PhGA of disease activity and muscle disease activity.
While CK levels were not elevated on a group level, LD
was consistently elevated for both groups, suggesting
ongoing muscle damage or stress. However, LD
remained unchanged, suggesting no increased inflam-
mation from either HIIT or CON supporting the safety
of HIIT. As expected, HIIT resulted in acute, short-term
physical fatigue and one to two days of delayed-onset
muscle soreness, however not limiting continuation of
HIIT three days per week. Interestingly, the CON group
showed a significant improvement in PhGA. Further,
CON also had a slight room for improvement in MMT
scores which HIIT did not as they had maximal scores
already at baseline. Muscle disease activity was scored
slightly higher, although non-significant, for the HIIT
group at follow-up. However, the change from 0 cm to
0.7 cm is within the error of measurement and probably
not clinically relevant. Therefore, our results are consis-
tent with previous studies on exercise in IIM*; as there
were no signs of increased inflammation or disease ac-
tivity, suggesting HIIT being a safe intervention also in
early phases of disease.

The HIIT group had a maximum score of 80 on
MMT8 and thus there was no room for improvement.
The CON had almost 96% of maximal score at baseline
and improved significantly, after 12 weeks. Overall, the
clinical relevance or importance of MMTS, with its
previously described ceiling effects,"* can be discussed
as it might lead to overseen limitations in muscle
function in patients. Unfortunately, we were not able to
perform FI-2, as it would have added another separate
visit to the clinic. However, the results of MMTS8 indi-
cate no worsening of muscle strength further under-
scoring the safety of HIIT.

Despite the rigorous and intensive nature of HIIT,
compliance was high, and the protocol was well-
tolerated by participants. This is encouraging, as it
demonstrates the feasibility of the HIIT in a clinical

setting for patients with IIM. The use of heart rate
monitors and careful supervision ensured that partici-
pants adhered to the prescribed intensity levels, mini-
mising the risk of adverse events. To enhance the
feasibility of the HIIT-protocol, participants were free to
perform 1-2 sessions in a gym of their choice e.g., if
they lived far away from the clinic. Three participants in
the HIIT group travelled abroad for one week (for work
or vacation) during the 12-week exercise period. How-
ever, they maintained their exercise regimens and were
monitored on distance with real-time feedback from the
exercise instructor. In these cases, rating of pain and
fatigue was not always followed as instructed.

The study had some limitations, including missing
data for some participants. However, the use of
intention-to-treat and per-protocol analyses helped miti-
gate these limitations. Furthermore, the blinded ran-
domisation and use of a control group strengthens our
results. Despite randomisation in blocks of four there
was a trend of skewness, yet non-significant, in age, sex,
and type of IIM between the two groups (Table 1), which
could be a result of the small sample size. The sample
size was estimated for the primary outcome VO,pe,1, and
the lack of statistically significant differences in some
secondary outcomes may be due to lack of statistical
power. As IIM is a very rare disease, including large
numbers of patients constitutes a logistic challenge.
However, we would argue that larger studies that in-
cludes patients from multiple clinical centres may be
warranted to further validate the efficacy of HIIT in IIM.

The study was initiated as a pilot study since this
type of intensive exercise had never been evaluated in
patients with recent onset IIM. COVID-19 restrictions
forced us to change the inclusion criteria of time from
diagnosis from 6 months to 12, to be able to include
four patients that were about to start exercise at the time
of initiating pandemic restrictions. Further, the
pandemic hindered us from including at least two pa-
tients with higher disease activity and organ involve-
ment as they were “high-risk patients” and were not
allowed into the hospital other than for clinically
necessary appointments. Since VOjpea assessments
have not previously been conducted in patients with
recent onset IIM, participants’ symptoms of exhaustion
and failure to continue biking at the pre-specified
cadence defined as the upper limit of exercise capac-
ity. In this study we were not able to retrieve paired
biopsies from all participants. Initially, this was due to
staff’ shortage and a large re-organisation to a newly
built hospital with a lack of routines. Later, it was also
due to a freezer breakdown leading to thawed biopsies,
or due to biopsy content dominated by fat and too little
muscle tissue for the analyses.

Conclusions

This study indicates that HIIT is more effective
compared to standard low-moderate intensity home-
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based exercise for improving aerobic capacity, muscle
endurance, and mitochondrial adaptation in patients
with IIM with short disease duration. These findings
support the use of HIIT as a safe and effective adjuvant
treatment in the management of IIM, which provides
an effective strategy to enhance physical fitness and
potentially improve quality of life for these patients.
Future studies should aim to explore long-term effects
of HIIT on both physical fitness, disease activity and
possibly the role of HIIT to prevent comorbidities
and mortality. Additionally, ongoing investigation of
underlying mechanisms of HIIT’s impact on inflam-
mation and mitochondrial function could provide
valuable insights into the pathophysiology of IIM.
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