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High- Intensity Interval Training for Knee Osteoarthritis: 
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Objective. To assess the feasibility and changes in outcomes of a 12- week high- intensity interval training (HIIT) 
program in individuals with symptomatic knee osteoarthritis (OA).

Methods. The single- arm trial included 29 participants (mean ± SD age 63 ± 7 years; 66% women; 66% obese). 
Measures of participant flow, adherence, and tolerability were collected. Pain, function, and balance were assessed 
at baseline, 6 weeks, and 12 weeks using the Western Ontario and McMaster Universities Osteoarthritis Index,   
20- m fast- paced walk test, 30- second chair- stand test, stair- climb test, timed up and go test, and single leg stance. 
Cardiorespiratory fitness, strength, and body composition were evaluated using peak oxygen consumption (VO2peak), 
isometric knee extensor/flexor strength, and dual- energy x- ray absorptiometry, respectively. HIIT was completed two 
times/week (cycling or treadmill) and consisted of 10 repetitions of 1- minute bouts at 90% VO2peak, with 1- minute 
rest periods. Separate multivariable- adjusted linear mixed models were fit for each outcome with fixed effects of time, 
age, sex, body mass index, and random effects of baseline values to estimate mean changes and 95% confidence 
intervals (CIs) between baseline and 12- week assessments.

Results. Recruitment aligned with the anticipated enrollment rate, adherence was 70%, and no adverse events 
were reported. At 12 weeks, improvements were observed for most outcomes, with notable mean changes for the 
20- m fast- paced walk (−1.13 [95% CI −1.61 to −0.64] seconds), 30- second chair- stand (2.6 [1.8- 3.4] stands), and 
VO2peak (0.14 [0.03- 0.24] liters/minute).

Conclusion. In this 12- week pilot study, HIIT improved multiple aspects of health in individuals with knee OA; 
larger studies are needed.

INTRODUCTION

Symptomatic knee osteoarthritis (OA) affects at least 16% of 
the United States population (1,2). Few effective treatments exist 
for knee OA; physical activity is a first- line strategy for the man-
agement of pain and mobility for affected individuals (3,4). Strong 
evidence supports aerobic and strengthening exercise programs 
for reducing pain and improving physical function in adults with 
knee OA (3,5– 7), with effect sizes comparable to those reported 
for simple analgesics and nonsteroidal anti- inflammatory drugs 
(5). Unfortunately, most people with knee OA demonstrate mostly 
sedentary or inadequate physical activity behaviors (8,9). Exist-
ing exercise programs that are effective for knee OA can require 

considerable time to perform and require specific equipment (3,5– 
7). People with knee OA have the added barriers of pain and func-
tional limitations that may make meeting recommended exercise 
(eg, 150 minutes each week) (10,11) intolerable. Furthermore, 
individuals may lack the time to perform these programs, and 
their initial excitement may quickly lessen, which can diminish the 
consistency and sustainability of physical activity habits (12). Knee 
OA is associated with other common comorbid conditions (eg, 
obesity, cardiovascular disease, and diabetes) (13– 17), and find-
ing physical activity approaches that can efficiently address more 
than one condition is particularly important for some individuals.

High- intensity interval training (HIIT) is an exercise approach 
that may overcome these barriers for people with symptomatic 
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knee OA. HIIT is characterized by short vigorous bouts of intense 
exercise followed by rest periods. Prior research shows that per-
forming HIIT two to three times per week (10 1- minute bouts 
with 1- minute rest periods) is sufficient to promote adherence 
and important physiological changes, such as improvements in 
cardiorespiratory health, body composition, and insulin sensitivity 
(18,19). HIIT has promising long- term adherence rates and offers 
similar physiological benefits as less intense long- duration exer-
cise in a shorter period of time and with more pronounced effects 
on cardiorespiratory fitness (20,21). Time efficiency and flexibility 
of exercise mode (eg, walking and cycling) have supported the 
successful implementation of HIIT among individuals with obesity 
(22) and older adults (23).

Three prior pilot studies support the promise of HIIT inter-
ventions for the management of OA (24– 26). Bressel et al (24) 
demonstrated improved pain and function among 18 participants 
with knee or hip OA after performing HIIT on an aquatic treadmill 
up to three times per week for 6 weeks; however, this intervention 
also included a balance training program, and, thus, the contribu-
tion of HIIT to these improved outcomes cannot be differentiated 
from that of the balance exercises. Keogh et al (25) conducted 
an 8- week unsupervised home- based program with four cycling 
sessions per week of HIIT versus moderate- intensity continu-
ous training (MICT) among people with knee OA; compared with 
the MICT group (n = 8), those who completed HIIT (n = 9) had 
comparable improvements with self- reported pain and function 
and greater improvements in timed up and go. In our own prior 
study of 13 adults with symptomatic knee OA (26), knee pain 
and function improved after 6 weeks of twice weekly cycling HIIT. 
Additionally, there were improvements in cardiorespiratory fitness 
and metabolic changes that were suggestive of improved skele-
tal muscle energetics. These studies provide initial data support-
ing potential benefits of HIIT interventions for the management of 
pain and function among people with knee OA. However, ques-
tions remain about the feasibility and effects specifically of HIIT 
for knee OA, especially over a period of time longer than 6 to 8 
weeks. The effects of HIIT on aspects of health other than knee 
pain or function are of particular interest because of the common 
comorbidities associated with knee OA.

The purpose of this feasibility and proof- of- concept study 
was to assess, among adults with symptomatic knee OA, the fea-
sibility of a two session per week, 12- week HIIT program and the 
short- term changes (at 6 and 12 weeks) in functional, sympto-
matic, and physiological outcomes. Adverse events and changes 
in the Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) pain, stiffness, and function subscales were pri-
mary outcomes (27,28). Although this study was not designed 
or powered for hypothesis testing, we anticipated that individuals 
with knee OA would have improvements in the WOMAC, physi-
cal function, balance, isometric knee extensor and flexor strength, 
cardiorespiratory fitness, and body composition after completing 
HIIT for 6 weeks and 12 weeks, respectively.

PATIENTS AND METHODS

Study design. This project was a single- arm study in which 
all participants received 12 weeks of the HIIT intervention. The 12- 
week duration was selected because it is comparable to those of 
other exercise intervention programs for knee OA (29). Potential 
participants were initially identified from university medical records 
based on International Classification of Diseases- 10 codes for 
knee OA (M17.XX) and were mailed an introductory letter. Addi-
tionally, potentially eligible individuals from a list of prior laboratory 
studies were contacted; a recruitment email was also sent to uni-
versity employees, faculty, and students. Individuals interested in 
the study were screened for eligibility criteria via telephone. Indi-
viduals who met the eligibility criteria (described below) and who 
were interested in participating met with a study team member to 
complete written informed consent prior to participating. Poten-
tial participants completed a 12- lead electrocardiogram, and the 
study physician reviewed test results and their medical history to 
clear individuals for participation in the study. All procedures were 
approved by the university’s Biomedical Institutional Review Board. 
The study was registered with ClinicalTrials.gov (NCT03281668). 
Sets of functional, symptomatic, and physiological variables were 
included as outcomes to monitor initial changes related to the HIIT 
intervention. All participants completed these measures at base-
line, 6 weeks, and 12 weeks.

Study participants. Participant enrollment occurred from 
November 1, 2017, to July 2, 2018. Men and women aged 40 to 
75 years old with a body mass index (BMI) of 18.5 to 50 kg/m2 
with symptomatic knee OA were eligible to participate in this study 
(Figure 1). Symptomatic knee OA was defined as a self- report of 
physician diagnosis of knee OA and current knee symptoms in at 
least one knee determined from a minimum score of 6 of 20 on 
the pain subscale of the WOMAC.

Potential participants were excluded if they had self- reported 
fibromyalgia, rheumatoid arthritis, or other systemic rheumatic 
disease; had severe dementia or other memory loss condition; 
had an active diagnosis of psychosis or current uncontrolled 
substance abuse disorder; been hospitalized for a stroke, heart 
attack, or heart failure, or had surgery for blocked arteries in the 
past 3 months; had a total joint replacement knee surgery, other 
knee surgery, meniscus tear, or anterior cruciate ligament tear in 
the past 6 months; were on a waiting list for total joint replacement; 
had an intra- articular injection in past 3 months or scheduled dur-
ing the study period; had severely impaired hearing or speech; 
were pregnant; had a serious or terminal illness as indicated by 
referral to hospice or palliative care; resided in a nursing home; or 
had any other health problems that would prohibit safe participa-
tion in the study. Because of the focus on the tolerance of HIIT and 
its initial effects on health outcomes, individuals were not enrolled 
if they were meeting Department of Health and Human Services 
Guidelines for Physical Activity (150 minutes per week) (10,11), 
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currently doing HIIT, participating in physical therapy for knee OA, 
or currently participating in another OA intervention study.

Feasibility, adherence, and tolerability measures. 
The number of potential participants contacted was recorded as well 
as the number of responders to the initial contact, the number who 
completed screening, and the number of participants retained at the 

6-  and 12- week post- tests. Frequency and reasons for initial refusal, 
ineligibility, and dropout were collected. Adherence and tolerability 
were evaluated on the basis of the number of sessions attended/
completed, modifications to mode, adverse events, and exercise 
enjoyment (rating of 1- 7 in which 1 = “not at all” and 7 = “extremely” 
regarding enjoyment of the physical activity) on each training day 
from an item from the Physical Activity Enjoyment Scale (30).

Figure 1. Participant flow diagram. BMI, body mass index.

Not screened in the study (n=116)
Ini�al refusal, not interested (n=34)
Ineligible (n=82)

o Too physically ac�ve (n=27)
o Insufficient knee pain (n=21)
o Recruitment had ended (n=8)
o Past or scheduled joint replacement (n=6)
o Future travel (n=5)
o A�ending physical therapy (n=4)
o Receiving knee injec�ons (n=3)
o BMI>50 (n=3)
o Other rheuma�c disease (n=2)
o Other condi�ons unsafe for study (n=3)

Screened by phone 
N=150

Screened into study
N=34

Did not a�end/complete follow up assessments (n=8)

At 6 weeks (n=4)
At 12 weeks (n=4)

Responders
N=15
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employees, faculty, and 

students

N=unknown
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of pa�ents in Orange and 

Chatham coun�es mee�ng 
inclusion criteria

N=588
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Physician did not approve study par�cipa�on (n=4)

List of poten�al par�cipants 
from prior Applied Physiology 

Laboratory studies
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Responders
N=1
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Baseline assessment complete
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Physical function. Performance- based tests consist-
ent with the Osteoarthritis Research Society International rec-
ommendations (31– 33) were used to assess physical function. 
These measures included the 20- m fast- paced walk test (in 
seconds), the 30- second chair- stand test (number of completed 
chair- stands recorded), a stair- climb test (number of seconds to 
ascend and descend 12 stairs), and the timed up and go test (in 
seconds).

Knee OA symptomatic burden. The WOMAC was used 
to assess knee OA symptomatic burden (27). The WOMAC includes 
a total of 24 items with subscales of pain (five items), stiffness (two 
items), and function (17 items), which are all rated on a Likert scale 
of 0 (no symptoms) to 4 (extreme symptoms). The total WOMAC 
score was calculated (score range of 0- 96 [no to extreme prob-
lems]), as well as the pain (score 0- 20), stiffness (score 0- 8), and 
function (score 0- 68) subscales. The reliability, validity, and respon-
siveness of the WOMAC pain and physical function subscales have 
been demonstrated among patients with knee OA (34,35).

Balance. Single leg stance time (the ability to stand on one 
limb unassisted) was recorded in seconds (maximum time = 30 
seconds) (36).

Muscle strength. A HUMAC NORM isokinetic dynamom-
eter (Computer Sports Medicine) was used to measure the iso-
metric strength of knee flexors and extensors (37,38). The primary 
assessment of strength was set at 60 degrees of knee flexion, 
which was based on clinical relevance and evidence that per-
sons with OA exhibit high correlations (r > 0.7) for assessments 
of isometric strength at varying angles (39). Three trials were 
completed, with the best of the three considered peak torque; 
isometric strength was determined from a 5- second hold while 
receiving visual feedback on a computer screen. Previously pub-
lished standard error of measurement (SEM) values for quadriceps 
strength were 10.76 Nm (40).

Cardiorespiratory fitness. Peak oxygen consumption 
(VO2peak), the gold standard for identifying aerobic fitness level 
and evaluating cardiovascular effects, was used to establish 
individual training intensity. All participants performed a ramp- 
based cycling ergometer test increasing 1 watt every 3 seconds, 
with respiratory gases continuously monitored with open- circuit 
spirometry using a calibrated metabolic cart (True One 2400®, 
Parvo- Medics) to determine VO2peak and HIIT exercise workload. 
Data were averaged over 15- second intervals, with the average of 
the three highest values defined as VO2peak. Maximum heart rate 
(in beats/minute), VO2peak (liters/minute), and time to exhaustion 
(minutes) were recorded. Test- retest reliability from our laboratory 
for the VO2peak protocol in the present study has demonstrated 
an intraclass correlation coefficient (ICC) of 0.98 and an SEM of 
1.74 ml/kg/minute.

Body composition. Total body composition (fat mass, 
lean mass, fat percentage, visceral fat, and lower- body seg-
mental lean mass [right and left leg]) was assessed using 
dual- energy x- ray absorptiometry (DXA) (Lunar iDXA, General 
Electric Medical Systems Ultrasound & Primary Care Diagnos-
tics, enCORE Software, Version 16, General Electric). Each 
scan was performed by the same certified DXA technician. In 
our laboratory, the Lunar iDXA test- retest reliability values for 
fat mass, lean mass, and fat percentage have ICCs of 0.99, 
0.99, and 0.99, respectively, and SEMs of 0.46 kg, 0.81 kg, 
0.81%, respectively.

HIIT intervention. All training was conducted with one- 
on- one supervision from trained research personnel who were 
experienced with our HIIT protocol and were closely supervised 
by study investigators to ensure intervention fidelity. Participants 
chose the mode of exercise (eg, cycling or walking). Cycling 
was encouraged, but if the participant did not feel as though 
they were able to cycle or preferred not to, the treadmill was 
supported. Each training session included a 3-  to 5- minute 
warm- up of low- intensity cycling or walking (depending on the 
chosen mode) followed by 10 repetitions of 1 minute of exer-
cise at a given participant’s 90% VO2peak with 1- minute rest 
periods. A complete rest period was used rather than low-  
to moderate- intensity exercise to maximize effort on the work 
bout (and minimize additional joint stress) and maximize metab-
olite accumulation to support greater adaptations. The training 
occurred twice weekly for 12 weeks, with at least 24 hours in 
between training sessions, similar to prior protocols (41). Heart 
rate was monitored and recorded using chest strap heart 
rate monitors (Polar FT1, Polar USA). Participants were also 
instructed to keep outside activity consistent with what they 
were doing prior to study enrollment.

Analysis. All statistical analyses were completed using 
SAS System Software 9.4 (SAS Institute). Means and SDs for 
continuous variables and frequencies and percentages for 
categorical variables were calculated for demographic and 
clinical characteristics at baseline, 6 weeks, and 12 weeks. Sep-
arate multivariable- adjusted linear mixed models (LMMs) were 
fit for each outcome (eg, 20- m fast- paced walk test, 30- second 
chair- stand test, stair- climb test, timed up and go, WOMAC, 
single leg stand, isometric knee flexor and extensor strength, 
and VO2peak) to calculate mean change estimates and 95% 
confidence intervals (CIs), adjusting for fixed effects of categor-
ical time, continuous age, sex, and continuous baseline BMI. If 
P < 0.1, quadratic effects of age and BMI were included the mod-
els. LMMs were fit using PROC MIXED (SAS/STAT, SAS Institute) 
with one  RANDOM statement including a random intercept at 
the participant level (option SUBJECT = participant). An unstruc-
tured covariance matrix for correlations over time was indicated 
in the RANDOM statement. We used the containment method to 
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compute denominator degrees of freedom and restricted max-
imum likelihood estimation methods of variance parameters. 
Missing data were assumed to be missing at random. The mean 
change between baseline, 6- week, and 12- week assessments 
was estimated for each outcome.

RESULTS

Feasibility, adherence, and tolerability measures. 
Figure 1 shows the participant flow for this study. Of the 29 partic-
ipants who completed baseline assessments (Table 1), 25 com-
pleted the first 6 weeks of sessions and 6- week assessments, 
and 21 completed the full 12- week HIIT program and final assess-
ments. Compared with those who completed the study (n = 21) 
(Table 1), those who did not complete the 12- week program 
(n = 8) had a higher BMI, a slightly higher fat mass, and lower 
baseline physical function. Two- thirds (n = 14) of participants who 
completed the 12- week HIIT program attended all 24 sessions 
(mean: 23.3; SD: ±1.2; range: 20- 24 sessions).

The majority of participants used cycling as their only mode of 
exercise throughout the entire study. Because of stiffness and range 
of motion, three participants walked on a treadmill at 90% maxi-
mum heart rate (based on rate obtained during VO2peak) for the 
duration of the study (n = 1), or the first 6 weeks of training (n = 2); 
range of motion improved and stiffness was reduced after the first 
6 weeks, enabling them to train on a cycle ergometer for the later 
6 weeks. Over the course of the study, participants reported that 
they had high enjoyment (5 = “quite a bit”, 6 = “very much”, and 
7 = “extremely”) for approximately two- thirds of their completed 
sessions. The eight participants who discontinued participation did 

not have any adverse events related to the HIIT program. Reasons 
for discontinuation included knee swelling and pain from work- 
related activities (n = 1), family circumstances (n = 1), medication 
change for condition unrelated to the study (n = 1), undisclosed 
choice to discontinue HIIT program (n = 2), scheduling conflicts 
(n = 1), and sprained ankle doing yard work and could not continue 
HIIT program (n = 1), and one participant was lost to follow- up (no 
response to calls and reminders).

Outcomes. Table 2 includes descriptive statistics on each 
outcome measure over assessment visits at baseline, 6 weeks, 
and 12 weeks. From baseline to 6 weeks, statistically signif-
icant improvements occurred for the 20- m fast- paced walk 
test (mean effect [95% CI] = −0.79 [−1.24 to −0.34] seconds), 
the 30- second chair- stand test (1.6 [0.9- 2.3] chair- stands), the 
stair- climb test (−0.98 [−1.65 to −0.30] seconds), the timed up 
and go test (−0.49 [−0.83 to −0.15] seconds), isometric knee 
extensor strength (right knee: 9.36 [1.58- 17.14] Nm; left knee: 
9.24 [0.25- 18.23] Nm), VO2peak (0.18 [0.08- 0.28] L/minute), 
and time to exhaustion (0.89 [0.48- 1.29] minutes) (Table 3). 
Between 6 and 12 weeks, statistically significant improvements 
were noted for the 30- second chair- stand test (1.0 [0.2- 1.8] 
number of chair- stands), and statistically significant changes 
were observed for the WOMAC total score (−5.2 [−9.6 to −0.8]) 
(driven by significant improvements in the stiffness and function 
subscales), the right knee flexor isometric strength (5.18 [1.10- 
9.27] kg), and the maximum heart rate (3.0 [0.1- 6.0] beats/
minute). From baseline to 12 weeks, statistically significant 
improvements occurred for all performance- based physical 
function measures, the WOMAC score (total and all subscales), 

Table 1. Participant characteristics among participants with symptomatic knee osteoarthritis 
by study visit

Characteristic

Assessment Visit

Baseline (N = 29) 6 Wk (N = 25) 12 Wk (N = 21)
Male sex, n (%) 10 (34.5) 10 (40.0) 9 (42.9)
Age group at consent, n (%)

40- 49 y 1 (3.4) 1 (4.0) 1 (4.8)
50- 59 y 8 (27.6) 8 (32.0) 7 (33.3)
60- 69 y 15 (51.7) 12 (48.0) 9 (42.9)
≥70 y 5 (17.2) 4 (16.0) 4 (19.1)

Race/ethnicity, n (%)
White 18 (62.1) 17 (68.0) 14 (67.7)
Black 7 (24.1) 5 (20.0) 4 (19.1)
Hispanic 2 (6.9) 2 (8.0) 2 (9.5)
Other 1 (3.4) 1 (4.0) 1 (4.8)
Prefer not to answer 1 (3.4) 0 (0.0) 0 (0.0)

BMI category, n (%)
Healthy weight (18.5- 24.9 kg/m2) 5 (17.2) 5 (20.0) 5 (23.8)
Overweight (25.0- 29.9 kg/m2) 5 (17.2) 5 (20.0) 5 (23.8)
Obesity class I (30.0- 34.9 kg/m2) 9 (31.0) 8 (32.0) 7 (33.3)
Obesity class II (35.0- 39.9 kg/m2) 6 (20.7) 6 (24.0) 4 (19.0)
Obesity class III (≥40.0 kg/m2) 4 (13.8) 1 (4.0) 0 (0.0)

Abbreviation: BMI, body mass index.
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single leg stand (3.41 [0.26- 6.56] seconds), isometric knee 
extensor strength, VO2peak, time to exhaustion, and maximum 
heart rate. Body composition measure changes were not statis-
tically significant (Table 3).

DISCUSSION

This pilot study examined the feasibility, adherence, tolerabil-
ity, and changes in outcomes of a supervised 12- week HIIT pro-
gram among individuals with symptomatic knee OA. Recruitment 
for this study was feasible and aligned with our anticipated enroll-
ment rate. Adherence was good for the first 6 weeks of the pro-
gram (83% of participants completed 6 weeks of supervised HIIT), 
with a slightly lower fidelity at 12 weeks (70%), comparable with 
other in- person exercise programs. Most participants enjoyed the 

HIIT program, and no adverse events related to the HIIT program 
were reported.

Improvements were noted for all four physical function meas-
ures, isometric knee extensor strength, VO2peak, and time to 
exhaustion at 6 weeks, and these improvements continued at 
12 weeks. At 12 weeks, improvements were observed for the 
WOMAC and single leg stand. Of these results, the change from 
baseline to 12 weeks in the 20- m fast- paced walk test (increased 
speed by ~0.2 m/second) and 30- second chair- stand test 
(increased by 2- 3 chair- stands). The ~6% increase in VO2peak 
from baseline to 12 weeks is consistent with clinically relevant 
improvements (42). The VO2peak and time to exhaustion find-
ings are comparable with results from our previous study (26). 
Improved knee extensor strength in the present study could 
explain improvements in physical function observed in this study 
(43,44). Isometric knee flexor strength did not show significant 

Table 2. Outcome measures among participants with symptomatic knee OA by study visit

Outcome Measure

Assessment Visit

Baseline 6 Weeks 12 Weeks

n Mean SD n Mean SD n Mean SD
Performance- based physical function

20- m fast- paced walk test, secondsa 29 12.5 5.4 25 11.5 5.0 21 10.0 2.8
30- second chair- stand test, n 29 12.6 5.4 25 14.5 6.1 20 16.4 6.4
Stair- climb test, seconds 28 13.8 7.3 24 11.5 6.4 21 10.6 6.2
Timed up and go test, secondsa 21 7.9 4.8 22 7.3 4.4 21 6.0 1.4

Knee OA symptomatic burden
WOMAC pain subscale (0- 20) 29 6.4 2.9 25 5.8 3.8 21 4.2 3.0
WOMAC stiffness subscale (0- 8) 29 3.8 1.4 25 3.4 1.7 21 2.4 1.4
WOMAC function subscale (0- 68) 29 22.2 10.6 25 19.6 14.4 21 13.4 9.9
WOMAC total score (0- 96) 29 32.4 14.0 25 28.8 19.2 21 20.0 13.7

Balance
Single leg stand (maximum = 30 

seconds), seconds
29 15.1 11.0 25 19.2 11.6 21 21.0 11.9

Muscle strength: isometric strength
Flexor

Right knee (average), Nm 28 71.1 33.4 25 72.5 36.5 21 77.8 37.9
Right knee (maximum), Nm 28 75.3 35.7 25 75.5 37.4 21 83.1 40.7
Left knee (average), Nm 28 68.3 35.0 25 72.2 37.3 21 72.1 33.5
Left knee (maximum), Nm 28 73.1 38.8 25 76.1 38.7 21 75.9 35.5

Extensor
Right knee (average), Nm 28 122.3 51.5 25 136.2 55.9 21 140.6 58.1
Right knee (maximum), Nm 28 129.8 53.5 25 142.7 57.6 21 147.2 58.9
Left knee (average), Nm 28 114.5 50.7 25 125.8 63.1 21 129.0 62.2
Left knee (maximum), Nm 28 120.8 52.1 25 132.3 68.5 21 136.4 62.1

Cardiorespiratory fitness
VO2peak, L/minute 29 2.1 0.7 24 2.3 0.9 21 2.3 0.9
Time to exhaustion, minutes 28 8.3 2.6 24 9.5 3.0 21 9.9 3.0
Maximum heart rate, beats/minute 29 147.6 19.9 25 149.1 20.2 20 154.5 19.7

Body composition
Lean mass, kg 29 51.4 11.8 25 52.2 12.1 21 51.6 12.6
Fat mass, kg 29 36.2 13.0 25 34.7 13.1 21 32.1 10.9
Visceral fat, kg 29 3.8 2.7 25 3.6 2.6 21 3.1 2.3
Right leg lean mass, kg 29 9.6 2.4 25 9.9 2.5 21 9.8 2.5
Left leg lean mass, kg 29 9.4 2.3 25 9.7 2.6 21 9.7 2.5
Fat percentage, % 29 39.2 8.0 25 38.4 8.4 21 36.9 8.0

Abbreviation: OA, osteoarthritis; VO2peak, peak oxygen consumption; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
a Average of two trials used. Greater times on performance- based physical function measures indicates poorer performance. 
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changes from baseline to 6 or 12 weeks. The difference in the 
changes between knee extensor and flexor strength in this 
study may be due to the cycling mode, which relies on a push-
ing motion of the pedals that is primarily done by engaging the 
knee extensors. Measures of body composition did not show 
statistically important changes after the 12- week program. A pre-
vious 8- week home- based HIIT cycling program for people with 
knee OA also did not find significant changes in body composition 
(25), but our prior 6- week HIIT program showed improvements in 
left leg mass, similar to the current study (26).

Differences in outcome measures and heterogeneity in inter-
vention frequency, type, intensity, and duration limit the comparison 
of effects across 12- week- long aerobic exercise interventions for 
knee OA. However, general comparisons can be made between 
the WOMAC pain and function score results from this study and 
other similar interventions. In a meta- analysis by Wang et al (45), 
3 months of aerobic exercise was shown to improve WOMAC 
function scores (~10.5 change on a 68- point subscale), which is 

somewhat greater than the 6.3 score change seen in the pres-
ent study. Two studies (46,47) of 12 weeks of moderate- intensity 
cycling exercise for people with knee OA (2- 3 sessions/week of 
45- 60 minutes of cycling) demonstrated slightly better improve-
ments in WOMAC pain scores than the present study (~2- 3 ver-
sus 1.7 on a 20- point subscale, respectively), but improvements 
in WOMAC function scores were comparable (score change of ~6 
versus 6.3 on a 68- point subscale). For individuals with knee OA 
with limited time to exercise, HIIT may be an alternative aerobic 
exercise option because of the potential to provide improvements 
in function in shorter- duration sessions than moderate- intensity 
interventions.

The numerous changes in outcomes that occurred in the 
first 6 weeks were notable and are consistent with other stud-
ies showing improvements in pain, balance, physical function, 
and mobility for adults with OA participating in HIIT programs 
lasting 6 to 8 weeks (24– 26). Considering that physical activity 
guidelines recommend at least 75 minutes of vigorous- intensity 

Table 3. Adjusted mean estimates and 95% CIs of change in assessment measure outcome over time using separate models for each 
outcome

Outcome (Each a Separate Model)

Visit Effect

6- Week Change From 
Baseline

12- Week Change From 
Baseline 6- Week to 12- Week Change

Physical function
20- m fast- paced walk test, seconds −0.79 (−1.24 to −0.34) −1.13 (−1.61 to −0.64) −0.33 (−0.81 to 0.15)
30- second chair- stand test, n 1.6 (0.9 to 2.3) 2.6 (1.8 to 3.4) 1.0 (0.2 to 1.8)
Stair- climb test, seconds −0.98 (−1.65 to −0.30) −1.42 (−2.13 to −0.71) −0.44 (−1.16 to 0.27)
Timed up and go test, seconds −0.49 (−0.83 to −0.15) −0.58 (−0.95 to −0.22) −0.10 (−0.44 to 0.24)

Knee OA symptomatic burden
WOMAC pain subscale (0- 20) −0.6 (−1.7 to 0.4) −1.7 (−2.8 to −0.6) −1.1 (−2.2 to 0.1)
WOMAC stiffness subscale (0- 8) −0.4 (−0.9 to 0.0) −1.2 (−1.7 to −0.7) −0.8 (−1.3 to −0.2)
WOMAC function subscale (0- 68) −2.9 (−5.9 to 0.1) −6.3 (−9.6 to −3.1) −3.4 (−6.7 to −0.2)
WOMAC total score (0- 96) −4.0 (−8.1 to 0.0) −9.2 (−13.6 to −4.9) −5.2 (−9.6 to −0.8)

Balance
Single leg stand (maximum = 30 

seconds), seconds
2.78 (−0.17 to 5.73) 3.41 (0.26 to 6.56) 0.63 (−2.55 to 3.80)

Muscle strength: isometric strength
Knee flexors

Right knee, maximum, Nm −1.85 (−5.72 to 2.02) 3.34 (−0.74 to 7.41) 5.18 (1.10 to 9.27)
Left knee, maximum, Nm 1.39 (−3.85 to 6.64) −0.84 (−6.36 to 4.69) −2.23 (−7.78 to 3.32)

Knee extensors
Right knee, maximum, Nm 9.36 (1.58 to 17.14) 9.99 (1.80 to 18.18) 0.63 (−7.61 to 8.86)
Left knee, maximum, Nm 9.24 (0.25 to 18.23) 9.86 (0.40 to 19.33) 0.62 (−8.89 to 10.14)

Cardiorespiratory fitness
VO2peak, L/minute 0.18 (0.08 to 0.28) 0.14 (0.03 to 0.24) −0.04 (−0.15 to 0.07)
Time to exhaustion, minutes 0.89 (0.48 to 1.29) 1.07 (0.63 to 1.50) 0.18 (−0.26 to 0.62)
Maximum heart rate, beats/minute 1.5 (−1.3 to 4.2) 4.5 (1.5 to 7.5) 3.0 (0.1 to 6.0)

Body composition
Lean body mass, kg 0.22 (−0.19 to 0.63) −0.12 (−0.56 to 0.31) −0.35 (−0.78 to 0.09)
Fat mass, kg −0.46 (−1.23 to 0.30) −0.28 (−1.10 to 0.54) 0.19 (−0.63 to 1.01)
Visceral fat, kg −0.14 (−0.33 to 0.05) −0.19 (−0.40 to 0.02) −0.05 (−0.26 to 0.15)
Right leg, lean mass, kg 0.12 (−0.04 to 0.28) 0.11 (−0.06 to 0.28) −0.01 (−0.18 to 0.16)
Left leg, lean mass, kg 0.18 (−0.03 to 0.40) 0.23 (−0.00 to 0.46) 0.05 (−0.18 to 0.28)
Fat percentage, % 0.08 (−0.44 to 0.60) 0.11 (−0.44 to 0.66) 0.03 (−0.53 to 0.58)

Abbreviation: CI, confidence interval; VO2peak, peak oxygen consumption; WOMAC, Western Ontario and McMaster Universities Osteoarthritis 
Index.
Linear mixed models were adjusted for fixed effects of time, age, sex, and baseline body mass index and random intercepts.
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exercise per week, it is noteworthy that 20 minutes per week of 
the HIIT program in this study resulted in improvements for several 
functional, symptomatic, and physiological outcomes. There were 
additional improvements in outcomes that occurred between 6 
and 12 weeks, which supports future investigation of HIIT over 
a longer duration to determine whether improvements are main-
tained or whether they continue to provide further beneficial 
changes. Because of the importance of physical activity for the 
long- term management of OA and comorbid conditions, it is nec-
essary to examine an HIIT intervention over a duration that may 
promote sustainable behavior change, such as a 12 to 18 month 
study that includes 3 months of supervised exercise followed by 
a home program, similar to other exercise intervention studies for 
OA (3,29,48,49).

The present study has several strengths; the diversity of 
the sample by race, age, and sex and the wide range of BMIs 
among participants increase the generalizability of study findings 
to real- world patients with symptomatic knee OA. The HIIT pro-
gram had a well- established protocol and was tailored to each 
participant on the basis of their capabilities and mode preference, 
which helped minimize adverse events and enhanced exercise 
adherence. The duration and frequency of this HIIT program has 
previously been shown to be sufficient to promote adherence and 
important physiological changes (50). Offering one- on- one super-
vision and coaching also helped with adherence and progression 
of the training.

There were some limitations with this study. This was a single- 
arm study, so it is not known how HIIT for knee OA compares with 
other exercise approaches. The first assessment of outcomes 
were conducted at 6 weeks; health benefits from HIIT may occur 
in less than 6 weeks based on studies in other populations that 
demonstrate improvements in cholesterol (51,52) and insulin sen-
sitivity (53,54) after only 2 weeks of HIIT. Future research should 
assess pain and function more frequently and sooner (ie, after 
2 weeks of HIIT) among individuals with OA. Improvements in 
pain and function during the early weeks of HIIT could motivate 
individuals with knee OA to continue and progress their HIIT pro-
gram over the long term. Diet and caloric intake were not moni-
tored in the present study, and, potentially, participants may have 
increased dietary intake in response to increased physical activity, 
which may limit the potential for change in fat mass or visceral fat. 
Also, 12 weeks of such low- volume exercise may not have pro-
vided enough volume to stimulate changes in body composition 
with HIIT in this group of participants who were predominantly 
overweight and obese.

In summary, a 12- week supervised HIIT program improved 
WOMAC scores, physical function, balance, isometric knee exten-
sor strength, and cardiorespiratory fitness, with most changes 
occurring as early as 6 weeks. Future studies of individuals with 
symptomatic knee OA should consider a supervised protocol 
during the initial weeks of an HIIT program to enhance adher-
ence and tolerability while participants are learning and becoming 

comfortable with this exercise approach. The next phase of this 
research should determine when and how to transition individuals 
with knee OA to an independent home- based progressive HIIT 
program that they can successfully sustain. Larger randomized 
controlled trials are needed to examine the feasibility, effective-
ness, and potential for adverse effects of an HIIT program long 
term, particularly one that includes a transition to a home exercise 
program, and to further determine which symptomatic knee OA 
subpopulations may best tolerate and benefit from this physical 
activity approach.

ACKNOWLEDGMENTS

The authors thank all of the study participants; Dr. James Kurz, 
who read all electrocardiogram reports; Betsy Hackney, who recruited 
participants and assisted with data entry; and their research team 
members from the University of North Carolina Applied Physiology 
Laboratory, who led the HIIT intervention, conducted assessments, 
and analyzed data (Kara Anderson, Katie Hirsch, Alexis Pihoker, Casey 
Greenwalt, Dale Keith, Gabrielle Brewer, Hayden Giuliani, Samantha 
Kelchner, and Jacob Mota).

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Drs. Golightly and Smith- Ryan had full access to all of the 
data in the study and take responsibility for the integrity of the data and the 
accuracy of the data analysis.
Study conception and design. Golightly, Smith- Ryan, Allen, Nelson.
Acquisition of data. Golightly, Smith- Ryan, Blue.
Analysis and interpretation of data. Golightly, Smith- Ryan, Blue, Alvarez, 
Allen, Nelson.

REFERENCES
 1. Jordan JM, Helmick CG, Renner JB, Luta G, Dragomir AD, Woodard 

J, et al. Prevalence of knee symptoms and radiographic and symp-
tomatic knee osteoarthritis in African Americans and Caucasians: the 
Johnston County Osteoarthritis Project. J Rheumatol 2007;34:172– 80.

 2. Dillon CF, Rasch EK, Gu Q, Hirsch R. Prevalence of knee osteo-
arthritis in the United States: arthritis data from the Third National 
Health and Nutrition Examination Survey 1991- 94. J Rheumatol 
2006;33:2271– 9.

 3. Fransen M, McConnell S, Harmer AR, van der Esch M, Simic M, 
Bennell KL. Exercise for osteoarthritis of the knee. Cochrane 
Database Syst Rev 2015;1:CD004376.

 4. Nelson AE, Allen KD, Golightly YM, Goode AP, Jordan JM. A sys-
tematic review of recommendations and guidelines for the man-
agement of osteoarthritis: the chronic osteoarthritis management 
initiative of the U.S. bone and joint initiative. Semin Arthritis Rheum 
2014;43:701– 12.

 5. Fransen M, McConnell S. Exercise for osteoarthritis of the knee. 
Cochrane Database Syst Rev 2008;8:CD004376.

 6. Fransen M, McConnell S. Land- based exercise for osteoarthri-
tis of the knee: a metaanalysis of randomized controlled trials. J 
Rheumatol 2009;36:1109– 17.

 7. Golightly YM, Allen KD, Caine DJ. A comprehensive review of the 
effectiveness of different exercise programs for patients with osteo-
arthritis. Phys Sportsmed 2012;40:52– 65.

 8. Farr JN, Going SB, Lohman TG, Rankin L, Kasle S, Cornett M, et al. 
Physical activity levels in patients with early knee osteoarthritis meas-
ured by accelerometry. Arthritis Rheum 2008;59:1229– 36.

 25785745, 2021, 10, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/acr2.11318 by U

niversity O
f N

orth C
arolina, W

iley O
nline L

ibrary on [09/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



HIGH- INTENSITY INTERVAL TRAINING AND KNEE OA |      731

 9. Wallis JA, Webster KE, Levinger P, Taylor NF. What proportion of 
people with hip and knee osteoarthritis meet physical activity 
guidelines? A systematic review and meta- analysis. Osteoarthritis 
Cartilage 2013;21:1648– 59.

 10. Aglamiş B, Toraman NF, Yaman H. Change of quality of life due to 
exercise training in knee osteoarthritis: SF- 36 and WOMAC. J Back 
Musculoskelet Rehabil 2009;22:43– 8.

 11. Tucker JM, Welk GJ, Beyler NK. Physical activity in U.S. adults: com-
pliance with the Physical Activity Guidelines for Americans. Am J 
Prev Med 2011;40:454– 61.

 12. Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major cause 
of chronic diseases. Compr Physiol 2012;2:1143– 211.

 13. Williams MF, London DA, Husni EM, Navaneethan S, Kashyap SR. 
Type 2 diabetes and osteoarthritis: a systematic review and meta- 
analysis. J Diabetes Complications 2016;30:944– 50.

 14. Urban H, Little CB. The role of fat and inflammation in the patho-
genesis and management of osteoarthritis. Rheumatology 2018;57 
Suppl 4:iv10– 21.

 15. Louati K, Vidal C, Berenbaum F, Sellam J. Association between dia-
betes mellitus and osteoarthritis: systematic literature review and 
meta- analysis. RMD Open 2015;1:e000077.

 16. Kim HS, Shin JS, Lee J, Lee YJ, Kim MR, Bae YH, et al. Association 
between knee osteoarthritis, cardiovascular risk factors, and the 
Framingham Risk Score in South Koreans: a cross- sectional study. 
PLoS One 2016;11:e0165325.

 17. Hoeven TA, Kavousi M, Clockaerts S, Kerkhof HJ, van Meurs JB, 
Franco O, et al. Association of atherosclerosis with presence and 
progression of osteoarthritis: the Rotterdam Study. Ann Rheum Dis 
2013;72:646– 51.

 18. Smith- Ryan AE, Trexler ET, Wingfield HL, Blue MN. Effects of high 
intensity interval training on cardiometabolic risk factors in over-
weight/obese women. J Sports Sci 2016;34:2038– 46.

 19. Smith- Ryan AE, Melvin MN, Wingfield HL. High- intensity interval 
training: modulating interval duration in overweight/obese men. Phys 
Sportsmed 2015;43:107– 13.

 20. Helgerud J, Hoydal K, Wang E, Karlsen T, Berg P, Bjerkaas M, et al. 
Aerobic high- intensity intervals improve VO2max more than moder-
ate training. Med Sci Sports Exerc 2007;39:665– 71.

 21. Milanovic Z, Sporis G, Weston M. Effectiveness of high- intensity 
interval training (HIT) and continuous endurance training for VO2max 
improvements: a systematic review and meta- analysis of controlled 
trials. Sports Med 2015;45:1469– 81.

 22. Whyte LJ, Gill JM, Cathcart AJ. Effect of 2 weeks of sprint interval 
training on health- related outcomes in sedentary overweight/obese 
men. Metabolism 2010;59:1421– 8.

 23. Knowles AM, Herbert P, Easton C, Sculthorpe N, Grace FM. Impact 
of low- volume, high- intensity interval training on maximal aerobic 
capacity, health- related quality of life and motivation to exercise in 
ageing men. Age 2015;37:25.

 24. Bressel E, Wing JE, Miller AI, Dolny DG. High- intensity interval 
training on an aquatic treadmill in adults with osteoarthritis: effect 
on pain, balance, function, and mobility. J Strength Cond Res 
2014;28:2088– 96.

 25. Keogh JW, Grigg J, Vertullo CJ. Is high- intensity interval cycling fea-
sible and more beneficial than continuous cycling for knee osteoar-
thritic patients? Results of a randomised control feasibility trial. PeerJ 
2018;6:e4738.

 26. Smith- Ryan AE, Blue MN, Anderson KC, Hirsch KR, Allen KD, 
Huebner JL, et al. Metabolic and physiological effects of high inten-
sity interval training in patients with knee osteoarthritis: a pilot and 
feasibility study. Osteoarthritis Cartilage Open 2020;2:100083.

 27. Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW. 
Validation study of WOMAC: a health status instrument for measuring 

clinically important patient relevant outcomes to antirheumatic drug 
therapy in patients with osteoarthritis of the hip or knee. J Rheumatol 
1988;15:1833– 40.

 28. McConnell S, Kolopack P, Davis AM. The Western Ontario and 
McMaster Universities Osteoarthritis Index (WOMAC): a review 
of its utility and measurement properties. Arthritis Rheum 
2001;45:453– 61.

 29. Fransen M, McConnell S, Harmer AR, van der Esch M, Simic M, 
Bennell KL. Exercise for osteoarthritis of the knee: a Cochrane sys-
tematic review. Br J Sports Med 2015;49:1554– 7.

 30. Kendzierski D, DeCarlo KJ. Physical activity enjoyment scale: two 
validation studies. J Sport Exerc Psychol 1991;13:50– 64.

 31. Dobson F, Bennell KL, Hinman RS, Abbott JH, Roos EM. 
Osteoarthritis Research Society International: Recommended 
performance- based tests to assess physical function in people diag-
nosed with hip or knee osteoarthritis. 2013. URL: http://oarsi.org/
sites/ defau lt/files/ docs/2013/manual.pdf.

 32. Dobson F, Hinman RS, Roos EM, Abbott JH, Stratford P, Davis AM, 
et al. OARSI recommended performance- based tests to assess 
physical function in people diagnosed with hip or knee osteoarthritis. 
Osteoarthritis Cartilage 2013;21:1042– 52.

 33. Dobson F, Hinman RS, Hall M, Terwee CB, Roos EM, Bennell KL. 
Measurement properties of performance- based measures to assess 
physical function in hip and knee osteoarthritis: a systematic review. 
Osteoarthritis Cartilage 2012;20:1548– 62.

 34. McConnell S, Kolopack P, Davis AM. The Western Ontario and 
McMaster Universities Osteoarthritis Index (WOMAC): a review of its 
utility and measurement properties. Arthritis Rheum 2001;45:453– 61.

 35. McHugh M, Droy E, Muscatelli S, Gagnier JJ. Measures of adult 
knee function. Arthritis Care Res 2020;72 Suppl 10:219– 49.

 36. Hunt MA, McManus FJ, Hinman RS, Bennell KL. Predictors of 
single- leg standing balance in individuals with medial knee osteoar-
thritis. Arthritis Care Res 2010;62:496– 500.

 37. Callahan D, Foulis S, Kent- Braun J. Age- related fatigue resistance in 
the knee extensor muscles is specific to contraction mode. Muscle 
Nerve 2009;39:692– 702.

 38. Carpenter MR, Carpenter RL, Peel J, Zukley LM, Angelopoulou KM, 
Fischer I, et al. The reliability of isokinetic and isometric leg strength 
measures among individuals with symptoms of mild osteoarthritis. J 
Sports Med Phys Fitness 2006;46:585– 9.

 39. Baert IA, Staes F, Truijen S, Mahmoudian A, Noppe N, Vanderschueren 
G, et al. Weak associations between structural changes on MRI and 
symptoms, function and muscle strength in relation to knee osteoar-
thritis. Knee Surg Sports Traumatol Arthrosc 2014;22:2013– 25.

 40. Kean CO, Birmingham TB, Garland SJ, Bryant DM, Giffin JR. Minimal 
detectable change in quadriceps strength and voluntary muscle acti-
vation in patients with knee osteoarthritis. Arch Phys Med Rehabil 
2010;91:1447– 51.

 41. Smith- Ryan AE, Melvin MN, Wingfield H. High- intensity interval train-
ing: modulating interval duration in overweight/obese men. Phys 
Sportsmed 2015;43:107– 13.

 42. Swank AM, Horton J, Fleg JL, Fonarow GC, Keteyian S, Goldberg 
L, et al. Modest increase in peak VO2 is related to better clinical out-
comes in chronic heart failure patients: results from heart failure and 
a controlled trial to investigate outcomes of exercise training. Circ 
Heart Fail 2012;5:579– 85.

 43. Fransen M, Crosbie J, Edmonds J. Physical therapy is effective for 
patients with osteoarthritis of the knee: a randomized controlled clin-
ical trial. J Rheumatol 2001;28:156– 64.

 44. Messier SP, Glasser JL, Ettinger WH, Craven TE, Miller ME. 
Declines in strength and balance in older adults with chronic knee 
pain: a 30- month longitudinal, observational study. Arthritis Rheum 
2002;47:141– 8.

 25785745, 2021, 10, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/acr2.11318 by U

niversity O
f N

orth C
arolina, W

iley O
nline L

ibrary on [09/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://oarsi.org/sites/default/files/docs/2013/manual.pdf
http://oarsi.org/sites/default/files/docs/2013/manual.pdf


GOLIGHTLY ET AL732       |

 45. Wang SY, Olson- Kellogg B, Shamliyan TA, Choi JY, Ramakrishnan R, 
Kane RL. Physical therapy interventions for knee pain secondary to oste-
oarthritis: a systematic review. Ann Intern Med 2012;157:632– 44.

 46. Salacinski AJ, Krohn K, Lewis SF, Holland ML, Ireland K, Marchetti 
G. The effects of group cycling on gait and pain- related disability in 
individuals with mild- to- moderate knee osteoarthritis: a randomized 
controlled trial. J Orthop Sports Phys Ther 2012;42:985– 95.

 47. Alkatan M, Baker JR, Machin DR, Park W, Akkari AS, Pasha EP, et al. 
Improved function and reduced pain after swimming and cycling 
training in patients with osteoarthritis. J Rheumatol 2016;43:666– 72.

 48. Messier SP, Mihalko SL, Legault C, Miller GD, Nicklas BJ, DeVita 
P, et al. Effects of intensive diet and exercise on knee joint loads, 
inflammation, and clinical outcomes among overweight and obese 
adults with knee osteoarthritis: the IDEA randomized clinical trial. 
JAMA 2013;310:1263– 73.

 49. Messier SP, Callahan LF, Golightly YM, Keefe FJ. OARSI Clinical 
Trials Recommendations: design and conduct of clinical trials of life-
style diet and exercise interventions for osteoarthritis. Osteoarthritis 
Cartilage 2015;23:787– 97.

 50. Weston M, Taylor KL, Batterham AM, Hopkins WG. Effects of low- 
volume high- intensity interval training (HIT) on fitness in adults: a 
meta- analysis of controlled and non- controlled trials. Sports Med 
2014;44:1005– 17.

 51. Lamina S, Okoye GC. Therapeutic effect of a moderate inten-
sity interval training program on the lipid profile in men with 
hypertension: a randomized controlled trial. Niger J Clin Pract 
2012;15:42– 7.

 52. Williams PT. Relationship of running intensity to hypertension, 
hypercholesterolemia, and diabetes. Med Sci Sports Exerc 
2008;40:1740– 8.

 53. Babraj JA, Vollaard NB, Keast C, Guppy FM, Cottrell G, Timmons 
JA. Extremely short duration high intensity interval training substan-
tially improves insulin action in young healthy males. BMC Endoct 
Disord 2009;9:3.

 54. Tjønna AE, Lee SJ, Rognmo Ø, Stølen TO, Bye A, Haram PM, et al. 
Aerobic interval training versus continuous moderate exercise as 
a treatment for the metabolic syndrome: a pilot study. Circulation 
2008;118:346– 54.

 25785745, 2021, 10, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/acr2.11318 by U

niversity O
f N

orth C
arolina, W

iley O
nline L

ibrary on [09/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


