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Feasibility and impact 
of whole‑body high‑intensity 
interval training in patients 
with stable coronary artery disease: 
a randomised controlled trial
Jacobina Kristiansen1,2,3,4,5,8, Tórur Sjúrðarson5,6,8, Erik Lerkevang Grove3,4, Jan Rasmussen1, 
Steen Dalby Kristensen3,4, Anne‑Mette Hvas2,4 & Magni Mohr5,7*

Exercise training reduces cardiovascular mortality and improves quality of life in CAD patients. We 
investigated the feasibility and impact of 12 weeks of low‑volume high‑intensity interval training 
(HIIT) in CAD‑patients. Patients with stable CAD were randomized 1:1 to supervised HIIT or standard 
care. HIIT sessions were completed three times weekly for 12 weeks on a rowing ergometer. Before 
and after the 12‑week intervention, patients completed a physiological evaluation of cardiorespiratory 
performance and quality of life questionnaires. Mixed model analysis was used to evaluate differences 
between and within groups. A total of 142 patients (67 ± 9 years,  nHIIT = 64,  nStandard care = 78) completed 
the trial. Training adherence was 97% (range 86–100%). Six patients dropped out because of non‑fatal 
adverse events. Weekly training duration was 54 min with an average power output of 138 W. HIIT 
increased peak oxygen uptake by 2.5 mL/kg/min (95% CI 2.1–3.0), whereas no change was observed 
in standard care (0.2 mL/kg/min, 95% CI − 0.2–0.6, P < 0.001). In addition, HIIT improved markers of 
quality of life, including physical functioning, limitations due to physical illness, general health and 
vitality (P < 0.05). Twelve weeks of low‑volume whole‑body HIIT increased cardiorespiratory capacity 
and improved quality of life in patients with stable CAD compared to standard care. In addition, our 
study demonstrates that the applied vigorous training regime is feasible for this patient group.

Clinical trial registration: www. clini caltr ials. gov. Identification number: NCT04268992.

Abbreviations
CAD  Coronary artery disease
HIIT  High-intensity interval training
VO2peak  Peak oxygen uptake
Wmax  Maximal power output
VO2submax  Submaximal oxygen uptake
HRmax  Maximal heart rate
HRsubmax  Submaximal heart rate
IPAQ-SF  International Physical Activity Questionnaire-Short Form
SF-36v2  Short Form 36 Health Survey Questionnaire
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Ischemic heart disease is a leading cause of mortality worldwide, with 8.9 million annual  deaths1. Atherosclerosis 
is the most common cause of myocardial ischemia, and the prevalence of patients with symptomatic coronary 
artery disease (CAD) is accelerating  globally2. Thus, feasible and efficient rehabilitation programs, including 
evidence-based exercise training protocols, are warranted for patients suffering from CAD.

Exercise training is a central component in the treatment of CAD, which is supported at meta-analysis  level3 
and by a large-scale systematic Cochrane  review4. Current guidelines recommend 30–60 min of moderate-
intensity exercise at least five times  weekly5,6, which may be challenging for frail groups such as CAD patients.

The application of high-intensity interval training (HIIT) has accelerated during the last decade and has 
been tested in e.g. CAD patients, healthy young individuals and elite  athletes7–10. Collectively, HIIT protocols 
in different groups of participants have been demonstrated to upregulate several physiological variables such as 
maximal oxygen uptake, cardiac function and blood volume as well as skeletal muscle mitochondrial function 
and  angiogenesis8,11,12. In recent years, strong clinical interest has arisen in HIIT as an alternative to moderate-
intensity continuous  exercise13,14. Meta-analysis data confirm that HIIT appears to be superior to moderate-
intensity continuous training at increasing peak oxygen uptake in patients with CAD, though the effect on quality 
of life seems to be  similar15–17. One of the challenges in comparing HIIT protocols from different studies is the 
relatively large range in total training volume, interval intensities and duration as well as exercise modalities in 
the various studies being analysed. Furthermore, there is variation in the characteristics of the different CAD 
populations studied and limited information on the impact and feasibility of HIIT in elderly  individuals18,19. Thus, 
further research in the application of HIIT exercise protocols in CAD patients is warranted to specify exercise 
recommendations that optimise health benefits and reduce  risk20,21.

The primary objective of the present study was therefore to investigate the effect of low-volume whole-body 
HIIT on cardiorespiratory performance, physical performance and quality of life in patients with CAD. A second-
ary aim was to evaluate the feasibility of HIIT for this patient group. We hypothesised firstly that high-intensity 
rowing has beneficial effects on cardio-respiratory performance, physical performance and quality of life in 
patients with CAD, and secondly that high-intensity rowing is a feasible exercise protocol for this patient group.

Methods
Study design. The study, designed as a randomised controlled trial with two intervention arms, was con-
ducted at the Department of Medicine, National Hospital of the Faroe Islands, Tórshavn, Faroe Islands. Patients 
were randomly allocated 1:1 to either supervised HIIT or standard care. Patients in the standard care group were 
asked to continue their lives as usual and did not participate in more than leisure activity. Specifically, they did 
not change dietary or exercise habits. We obtained written informed consent from all patients, and the Decla-
ration of Helsinki was followed in all respects. The study was approved by the Faroese Ethics Committee and 
The Faroese Data Inspectorate, and registered at http:// www. clini caltr ials. gov (NCT04268992, first registration 
13/02/2020). The data that support the results of this study are available upon request from the corresponding 
author.

Participants. Patients with CAD were identified from discharge summaries from admissions where invasive 
coronary angiography was performed, and eligible CAD patients received a letter inviting them to participate in 
the study. The trial flowchart is illustrated in Fig. 1. At baseline, patients were interviewed about their medical 
history and the following measurements where performed: blood pressure, 12-lead electrocardiogram, blood 
samples (renal function, lipid profile, haemoglobin A1c), exercise stress test, transthoracic echocardiography 
(if more than two years since the last scan), body weight and body composition. Furthermore, all patients com-
pleted two questionnaires as detailed below. Following the baseline examination, patients were randomised to 
one of two groups; supervised HIIT or standard care. Each patient visited the hospital at two additional occa-
sions for blood sampling, an exercise stress test and questionnaires (Fig. 2). The same equipment was used before 
and after the intervention for the exercise stress test and determination of body weight and body composition. 
The inclusion and the 12-week randomisation period were performed in two rounds: from July to November 
2020, and from January to June 2021.

Inclusion criteria. Patients were included in the study if they were older than 18 years, had angiographi-
cally verified CAD treated with percutaneous coronary intervention or coronary artery bypass graft surgery, had 
previous ST-elevation myocardial infarction/non-ST-elevation myocardial infarction with no need for revascu-
larisation, and at least 12 months since revascularisation or myocardial infarction diagnosis.

Exclusion criteria. Patients were not invited to participate in the study if they were treated with oral antico-
agulants, had severe heart failure (ejection fraction < 30% or New York Heart Association > 2), had been given an 
implantable cardioverter-defibrillator or undergone cardiac resynchronisation therapy, had severe valvular heart 
disease, had been hospitalised with serious arrhythmia within the preceding 6 months, or had chronic obstruc-
tive pulmonary disease GOLD IV. Moreover, patients were excluded if they were unable to perform strenuous 
exercise and if they participated in ≤ 80% of the exercise sessions during the intervention period.

Randomisation. The allocation sequence and randomisation were based on a predetermined block size of 
2, 4, 6, and 8 generated by a computerised random number generator in Microsoft Excel (2016). A note with 
“Exercise” or “Control” was wrapped in aluminium paper and placed in envelopes. An unaffiliated person per-
formed the randomisation and numbered the envelopes from 1 to 169 in a randomised order. Following the 
completion of all baseline measurements at the initial visit, the patients were given a sealed envelope containing 
the patient’s study number.

http://www.clinicaltrials.gov
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Exercise test. Patients fasted for ≥ 1.5 h and were instructed to refrain from vigorous exercise for 24 h prior 
to the experimental testing, and to avoid alcohol, tobacco and caffeine on the day of testing.

Peak oxygen uptake  (VO2peak) and maximal power output  (Wmax) were determined using a modified protocol 
from a previous study in our research  group22. The patients completed an incremental cycling test to exhaustion 
on an electronically braked cycle ergometer (Excalibur Sport, Lode, Groningen, Netherlands) with continuous 
measurement of  VO2 using an online gas collection system (model Cosmed, Quark b2, Milano, Italy). Heart 
rate was monitored (HRM-Dual, Garmin, Olathe, Kansas, USA) throughout the test. Gas analysers and the flow 
sensor of the applied spirometer were frequently calibrated.

The exercise protocol was initiated with a 6-min warm-up period; 3 min at 30 or 50 W followed by 3 min at 
50 or 70 W for women and men, respectively, after which the workload was increased by 15 or 20 W/min for 
women and men until exhaustion. Patients were verbally encouraged and motivated throughout the test, and they 
were blinded to pulmonary measurements, power output and time elapsed. Breath-by-breath  VO2 values and 
ventilation were averaged over 30 s; the maximal pulmonary ventilation and  VO2peak were defined as the highest 
30-s value. Submaximal  VO2  (VO2submax) was determined as the average oxygen uptake during the final 30 s of 
the warm-up interval. Maximal power output was calculated as  Wcompl + 15 (t/60) for women and  Wcompl + 20 
(t/60) for men, where  Wcompl is the last fully completed workload and t is the time sustained at the final workload. 
Maximal heart rate  (HRmax) was defined as the highest measured heart rate, and submaximal heart rate  (HRsubmax) 
was determined as average HR during the final 30 s of the warm-up bout.

Figure 1.  Flowchart of recruitment for the randomised controlled trial. HIIT high-intensity interval training.

Figure 2.  Overview of visits for each patient.
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Body composition. Body composition was assessed using bioelectrical impedance analysis under stand-
ardised conditions during the laboratory visits (InBody 270, Biospace, California,  USA23).

Questionnaires. All patients completed questionnaires about physical activity level (International Physical 
Activity Questionnaire-Short Form (IPAQ-SF)24) and quality of life (Short Form 36 Health Survey Question-
naire (SF-36v2)25) at baseline and study end. IPAQ-SF reports physical activity during the last 7 days. Patients 
in the HIIT group were informed not to include the physical activity related to the intervention in the IPAQ-
SF questionnaire. Results in SF-36v2 are presented as T-scores, which are calculated with means and standard 
deviations from the U.S. general population in 2009 using software from Quality  Metric25. Dietary habits were 
not monitored, but patients were instructed to avoid marked changes during the intervention.

Exercise training. The patients completed ~ 30-min rowing sessions three times weekly for 12 weeks on a 
wind-braked rowing ergometer with slides (Concept 2 model D w. PM5, Vermont, United States). Ergometer 
rowing was chosen because it taxes the cardiorespiratory system markedly due to the large active muscle  mass26. 
All training sessions were supervised by experienced rowing specialists.

The training program was designed according to the well-documented efficiency of HIIT for improving 
both cardiovascular and muscular oxidative  capacity8,27. Training sessions consisted of short-duration (≤ 2 min) 
exhaustive high-intensity interval bouts utilising a 1:1 work-to-rest ratio. To reduce the risk of injury, the initial 6 
sessions of the training intervention were predominantly focused on familiarisation with the rowing ergometer, 
rowing technique and training modality. Subsequently, an individual target intensity defined as 100% of the 
average maximum workload (W) from session 7 was provided for each training session. The target intensity was 
adjusted based on the average maximum workload on session 16 (week 6) and session 25 (week 9) to account 
for training-induced improvements (see Table S3 in the Supplementary for a detailed overview of the training 
program).

Power output during the exercise intervals was registered in weeks 3, 6 and 9. The average intensity during the 
intervals was quantified and normalised to the average power that patients were able to sustain during a 5-min 
all-out rowing performance test completed in week five. The patients were encouraged to perform as much work 
as possible during the 5 min and explicitly instructed to pace themselves for a high average power output instead 
of going all out from the beginning.

Adverse events. Adverse events were registered continuously and at each hospital visit. Severe adverse 
events were defined as all-cause mortality, hospitalisation for CAD or atrial and ventricular arrhythmia. An 
adverse event was considered moderate if it was an exercise injury that caused the patient to withdraw from the 
study because of musculoskeletal injuries (e.g. back pain, joint pain). Mild adverse events were considered self-
limited if it was possible to start and/or restart training (nausea, muscle soreness, fatigue, mild vertigo).

Statistical analysis. Demographical data are presented as means with standard deviation or medians with 
25th and 75th percentiles, and compared using an unpaired t-test or Mann–Whitney test. Proportions are pre-
sented in percent and compared using Pearson’s chi squared test or Fisher’s exact test if assumptions were not 
met for the chi-square test. Changes from baseline to after the intervention are presented as means with 95% 
confidence intervals [95% CI lower limit; upper limit] unless otherwise stated. Possible between-group differ-
ences in continuous endpoints were evaluated for all completed cases  by a mixed-model repeated measures 
approach by means of the SPSS MIXED  method28. Group (HIIT vs standard care), time (pre vs post interven-
tion) and group × time interaction were specified as fixed factors. The between-group differences in response to 
the intervention were assessed by the group × time interaction effect. A significant group × time interaction was 
further evaluated by a Sidak-adjusted pairwise comparison. Random variation and repeated effects were defined 
from individual patients. Independence of the obtained data was assumed in the model. Visual inspection of 
homogeneity of residual variance and normality of the residual was performed for all data. If a clear violation of 
the model assumptions occurred, data were logarithmically transformed to conform to the model assumptions 
and presented as medians with 95% CI. Finally, possible correlations between changes in  VO2peak and markers 
of quality of life were assessed by the Pearson’s correlation test and an intention to treat analyses was performed 
on absolute  VO2peak,  VO2peak adjusted for body weight and  Wmax. The level of statistical significance was set at 
P < 0.05. The primary outcomes in the present study were  VO2peak and the summary component related to physi-
cal health; a marker of quality of life. With an alpha level of 0.05 and a sample size of 64 patients in HIIT and 78 
patients in standard care, the trial is provided with 99% and 86% power to detect expected differences in  VO2peak 
and physical component summary,  respectively29. Sample size was calculated based on markers of fibrinolysis 
(see clinicaltrials.gov: NCT04268992), and these data will be reported elsewhere. MM has full access to all the 
data in the study and takes responsibility for its integrity and the data analysis. Statistical analyses were per-
formed using IBM SPSS statistics v.27.0.0.

Results
Baseline characteristics. Figure 1 illustrates the recruitment of CAD patients. We sent invitation letters to 
478 eligible CAD patients, and 169 agreed to participate in the study. The most common reasons for declining 
are listed in Fig. 1. In total, 142 patients completed the study; 64 in the exercise group and 78 in the standard care 
group. Baseline characteristics for the study patients are presented in Table 1. The mean age for all patients was 
67 years (33 patients > 75 years), and the majority of the patients (80%) were men. In the standard care group, 
all patients were treated with acetylsalicylic acid. In the HIIT group, 60 out of 64 patients were treated with 
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Characteristics All (n = 142) Exercise (n = 64) Standard care (n = 78) P-value

Age (years) 66.7 ± 9.4 67.0 ± 9.5 66.4 ± 9.3 0.72

 > 75 years 33 (23%) 14 (22%) 19 (24%) 0.82

Gender (male/female) 118/24 (83%/17%) 54/10 (84%/16%) 64/14 (82%/18%) 0.71

BMI, kg/m2 29.4 ± 4.8 29.2 ± 4.9 29.7 ± 4.8 0.52

LVEF (%) 57 (56, 58) 57 (55, 58) 57 (56, 59) 0.65

CAD history

Angina pectoris 47 (33%) 22 (34%) 25 (32%)

0.97

NSTEMI 43 (30%) 18 (28%) 25 (32%)

STEMI 33 (23%) 16 (25%) 17 (22%)

UAP 18 (13%) 8 (13%) 10 (13%)

Ischaemic heart failure 1 (1%) 0 (0%) 1 (1%)

Treatment

PCI 96 (68%) 41 (64%) 55 (71%) 0.47

CABG 49 (35%) 24 (38%) 25 (32%) 0.60

Medical 8 (6%) 3 (5%) 5 (6%) 0.73

Risk factors and comorbidity

Familial predisposition 35 (25%) 19 (30%) 16 (21%) 0.25

Diabetes 27 (19%) 16 (25%) 11 (14%) 0.13

Hypertension 111 (78%) 50 (78%) 61 (78%) 1.00

Dyslipidaemia treatment 135 (95.1%) 61 (95.3%) 74 (94.9%) 1.00

Smoking

 Never smoked 41 (29%) 22 (34%) 19 (24%)

0.38 Ex-smoker 88 (62%) 36 (56%) 52 (67%)

 Current smoker 13 (9%) 6 (9%) 7 (9%)

Alcohol consumption

 < 7 standard drinks/week 120 (85%) 54 (84%) 66 (85%)

0.14 7–14 standard drinks/week 13 (9%) 4 (6%) 9 (12%)

 > 14 standard drinks/week 8 (6%) 6 (9%) 2 (3%)

Previous cerebral apoplexy 3 (2%) 2 (3%) 1 (1%) 0.59

Claudicatio intermittens 3 (2%) 2 (3%) 1 (1%) 0.59

Charlson Comorbidity Index 3.8 ± 1.5 4.0 ± 1.8 3.7 ± 1.3 0.27

Biochemistry

Creatinine (µmol/L) 81 ± 21 79 ± 22 82 ± 21 0.44

eGFR (mL/min/1.73m2) 79 ± 14 79 ± 15 79 ± 13 0.86

Total cholesterol (mmol/L) 3.6 ± 0.7 3.5 ± 0.6 3.6 ± 0.7 0.24

LDL-C (mmol/L) 1.7 ± 0.5 1.7 ± 0.5 1.8 ± 0.5 0.32

HDL-C (mmol/L) 1.2 ± 0.3 1.2 ± 0.3 1.2 ± 0.4 0.72

Triglycerides (mmol/L) 1.5 ± 1.1 1.4 ± 0.7 1.6 ± 1.3 0.49

HbA1c (mmol/mol) 41 ± 10 43 ± 12 40 ± 8 0.17

Medications

ASA 138 (97%) 60 (94%) 78 (100%) 0.04

Clopidogrel 3 (2%) 3 (5%) 0 (0%) 0.09

Beta blocker 92 (65%) 45 (70%) 47 (60%) 0.22

ACE inhibitor 54 (38%) 31 (48%) 23 (30%) 0.02

Angiotensin II receptor blockers 35 (25%) 12 (19%) 23 (30%) 0.17

Statins 131 (92%) 60 (94%) 71 (91%) 0.75

Ezetimibe 30 (21%) 16 (25%) 14 (18%) 0.41

Continued
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acetylsalicylic acid, three patients were treated with clopidogrel and one patient did not take any antithrombotic 
medication. Treatment with angiotensin-converting enzyme-inhibitors was significantly more common in the 
HIIT group compared with the standard care group. Moreover, all patients had stable coronary artery disease 
with a Canadian cardiovascular society-score ≤ 1.

Exercise training. Each training session started with a 6 min warm-up on the rowing ergometer followed 
by an average of 12 min of active interval training time. Thus, the total active training time was ~ 18 min/session. 
The average power output during the warm-up and intervals was 86 ± 34 W and 138 ± 46 W, respectively, corre-
sponding to 72 ± 19% and 117 ± 11% of the average power that the patients could sustain during a 5-min all-out 
effort. Adherence to the exercise sessions was 97% (86–100%).

Cardiovascular adaptions. The applied exercise training regime increased absolute  VO2peak and  VO2peak 
adjusted for body weight by 197 mL/min [160; 233] and 2.5 mL/kg/min [2.1; 3.0] (n = 60), respectively, whereas 
no changes were observed after standard care (8 mL/min [− 24; 46] and 0.2 mL/kg/min [− 0.2; 0.6], group × time 
interaction P < 0.001; Fig. 3A,B). In contrast,  Wmax improved in both groups, but the improvement was signifi-
cantly higher in HIIT compared to standard care (23 W [19; 27] (n = 60) vs 3.7 W [0.1; 7.2] (n = 76) group × time 
interaction P < 0.001; Fig. 3C). The intention to treat analyses on absolute  VO2peak,  VO2peak adjusted for body 
weight and  Wmax showed similar results compared with the per-protocol analysis.  VEmax remained constant in 
standard care (− 0.9 [− 3.1; 1.2] L/min) but increased by 13 L/min [11; 16] in HIIT (group × time interaction 
P < 0.001; Table 2). In addition, submaximal heart rate decreased by − 5 BPM [− 7;  − 3] in HIIT, while it was unaf-
fected in standard care (− 1.4 BPM [− 3.4; 0.6], group × time interaction P < 0.001; Table 2).

In addition, we performed an exploratory sub-group analysis on patients > 75 years of age. Absolute  VO2peak 
and  VO2peak adjusted for body weight increased by 129 mL/min [77; 182] and 1.7 mL/kg/min [1.1; 2.4] in HIIT 
while it remained unaffected in standard care (− 3 mL/kg/min [− 48; 41] and 0.1 mL/kg/min [− 0.5; 0.6], P < 0.001 
for group × time interaction in both analyses).

Body composition. Exercise training reduced (P < 0.001) body fat mass and body fat percentage by − 1.5 kg 
[− 2.2;  − 0.8] and − 1.5% [− 2.0;  − 1.0], respectively, whereas no changes were observed in the standard care 

Characteristics All (n = 142) Exercise (n = 64) Standard care (n = 78) P-value

Ca antagonists 54 (38%) 21 (33%) 33 (42%) 0.30

Nitrates 18 (13%) 8 (13%) 10 (13%) 1.00

Diuretics 31 (22%) 12 (19%) 19 (24%) 0.54

Table 1.  Patient characteristics. Continuous variables are presented as means ± standard deviations or as 
medians with 25th and 75th percentiles; dichotomous variables are expressed as numbers and percentages. 
HIIT high-intensity interval training, BMI body mass index, CAD history the most severe diagnosis, if 
the patient has been revascularised multiple times, LVEF left ventricular ejection fraction, CAD coronary 
artery disease, AMI acute myocardial infarction, PCI percutaneous coronary intervention, CABG coronary 
artery bypass graft, UAP unstable angina pectoris, NSTEMI non-ST-elevation myocardial infarction, STEMI 
ST-elevation myocardial infarction, eGFR estimated glomerular filtration rate, LDL-C low-density lipoprotein 
cholesterol, HDL-C high-density lipoprotein cholesterol, HbA1c Haemoglobin A1c, ASA acetylsalicylic acid, 
ACE angiotensin-converting enzyme.

Figure 3.  Values are presented as means (with 95% confidence intervals) from a linear mixed-model with 
group, time, and group × time interaction as fixed factors. The figure shows peak oxygen uptake measured 
pre- and post-intervention (A,B) and peak workload measured pre- and post-intervention (C). If a significant 
effect of group × time interaction existed, the result of the post hoc analysis is indicated by *P < 0.05, **P < 0.001 
compared with pre-intervention, and †P < 0.05 compared with standard care.
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group (group × time interaction P < 0.05; Table 2). Due to methodological problems, body composition measures 
were only obtained in half of the patients.

Quality of life. In general, exercise training increased markers of quality of life associated with physical 
health which is illustrated by a pronounced improvement (P < 0.001) in physical component summary. Specifi-
cally, a group × time interaction (all P-values < 0.05) existed for three out of four components related to physical 
health; physical functioning, role limitations due to physical illness and general health (Table 3). In addition, a 
group × time interaction (P < 0.01) existed for one of four components related to mental health; vitality.

Associations between  VO2peak and quality of life. The changes in absolute  VO2peak were significantly 
and positively correlated with changes in physical functioning (Pearson’s r = 0.21 [0.04; 0.37], P < 0.05), general 
health (Pearson’s r = 0.31 [0.15; 0.45], P < 0.001), vitality (Pearson’s r = 0.37 [0.21; 0.51], P < 0.001) and social func-
tioning [Pearson’s r = 0.19 [0.02; 0.34], P < 0.05). Accordingly, a significant correlation existed between changes in 
 VO2peak and changes in both physical component summary (Pearson’s r = 0.24 [0.07; 0.40], P < 0.01) and mental 
component summary [Pearson’s r = 0.21 [0.04; 0.37], P < 0.05).

Physical activity. During the 12-week intervention, there was no between-group difference in total physi-
cal activity, vigorous activity, moderate activity or walking, nor sitting hours. The results are presented in Sup-
plementary, Table  S1. Despite no group × time interaction, it can be noted that patients in the HIIT group 

Table 2.  Cardiovascular adaptions and body composition. Values are presented as means (with 95% 
confidence intervals) from a linear mixed-model with group, time and group × time interaction as fixed factors. 
HIIT high-intensity interval training, VO2submax submaximal oxygen uptake, HRrest resting heart rate, HRsubmax 
submaximal heart rate, HRmax maximal heart rate, VEmax maximal ventilation, SMM skeletal muscle mass, FM 
body fat mass, %FAT body fat percentage. If a significant effect of group × time interaction existed, the result 
of the post hoc analysis is indicated by *P < 0.001 compared with pre-intervention and †P < 0.05 compared to 
standard care.

Effect parameter

HIIT Standard care Group × time 
interactionPre Post n Pre Post n

VO2submax (mL/min) 1386 [1335; 1438] 1380 [1329; 1432] 59 1427 [1382; 1472] 1392 [1347; 1437] 76 P = 0.14

HRsubmax (BPM) 105 [101; 109] 100 [96; 104]* 54 106 [102; 109] 104 [101; 108] 67 P < 0.05

HRmax (BPM) 142 [136; 147] 142 [137; 147] 56 141 [136; 146] 140 [135; 145] 68 P = 0.35

VEmax (L/min) 83 [77; 89] 96 [91; 102]*,† 60 82 [77; 88] 82 [76; 87] 76 P < 0.001

Total body weight 
(kg) 90 [84; 96] 89 [83; 95] 34 92 [87; 98] 92 [87; 98] 39 P = 0.18

SMM (kg) 36 [34; 38] 36 [34; 38] 34 35 [33; 37] 35 [33; 37] 39 P = 0.20

FM (kg) 26 [22; 30] 24 [21; 28]* 34 30 [27; 34] 30 [26; 33] 39 P < 0.05

%FAT (%) 28 [25; 31] 27 [24; 30]*,† 34 32 [29; 35] 32 [29; 34] 39 P < 0.001

Table 3.  Short form 36 health survey questionnaire, SF-36v2. Values are presented as a T-score with a mean 
(with 95% confidence intervals) from a linear mixed-model with group, time and group × time interaction as 
fixed factors. HIIT high-intensity interval training, Role-physical role limitations due to physical problems, 
Role-emotional role limitations due to emotional problems. If a significant effect of group × time interaction 
existed, the result of the post hoc analysis is indicated by *P < 0.05, **P < 0.001 compared to baseline and 
†P < 0.05 compared to standard care.

Effect parameter

HIIT Standard care

Group × time interactionPre Post n Pre Post n

Physical functioning 50 [49; 52] 51 [50; 53]* 64 52 [50; 53] 50 [49; 52]* 76 P = 0.001

Role physical 48 [45; 50] 51 [48; 53] 61 48 [46; 51] 48 [46; 51] 76 P < 0.05

Bodily pain 54 [52; 57] 54 [51; 56] 60 51 [49; 53] 50 [47; 52] 76 P = 0.81

General health 50 [48; 52] 52 [50; 54]* 64 51 [49; 52] 48 [47; 50]* 78 P < 0.001

Vitality 54 [51; 56] 57 [55; 59]**,† 62 53 [51; 55] 53 [51; 55] 76 P = 0.01

Social functioning 53 [51; 55] 54 [52; 56] 64 53 [52; 55] 53 [52; 55] 77 P = 0.45

Role emotional 50 [48; 52] 52 [50; 54] 60 50 [48; 52] 51 [49; 53] 75 P = 0.43

Mental health 57 [55; 58] 57 [56; 59] 63 54 [53; 56] 55 [54; 57] 76 P = 0.75

Physical component summary 49 [47; 51] 51 [49; 53]*,† 60 50 [48; 52] 48 [46; 50]* 73 P < 0.001

Mental component summary 55 [53; 57] 56 [55; 58] 60 54 [52; 55] 55 [53; 56] 75 P = 0.93
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demonstrated a significant reduction in walking hours from pre- to post intervention (P < 0.05). Data were log 
transformed (excluding sitting hours) because they were not normally distributed.

Lipid profile and haemoglobin A1c. Haemoglobin A1c and lipid parameters did not change over time 
either between or within groups (Supplementary Table S2).

Safety and feasibility. One non-fatal severe adverse event was reported due to worsening of angina. Two 
patients withdrew their consent to participate because of training-related moderate adverse events (lower back 
pain and knee pain). Mild self-limiting adverse events were reported in three cases (ankle pain, mild vertigo/
hypotension, palpitations). In general, the patients gave positive feedback on the exercise training and adher-
ence was high. As expected, the dropout was higher in the HIIT group compared to standard care, 23% vs 9% 
(P = 0.02), Fig. 1. However, if dropouts before the intervention start are taken into account, the rates were 13% vs 
9%, P = 0.33 (adverse event, training-related injuries and adherence ≤ 80%).

Discussion
In the present study, we randomised CAD patients to either whole-body HIIT or standard care, and demonstrated 
for the first time that low-volume HIIT training performed on a rowing ergometer, which involves both upper 
and lower body, was feasible and resulted in significant improvements in  VO2peak, body fat mass and quality of 
life. Adherence to the prescribed exercise training sessions was high and the applied HIIT protocol was well 
tolerated and positively perceived by this patient group with few adverse events and training injuries. There were 
no fatal adverse events.

Exercise training and cardiovascular endpoints. We utilized a 12-week interval-based training pro-
gram consisting predominantly of short-duration (≤ 2 min) high-intensity intervals. The high intensity of the 
exercise training intervention is confirmed by the average power output of ~ 140 W during the intervals, cor-
responding to 117% of the average power the patients could sustain during a 5-min all-out rowing test. The 
efficient training time, including warm-up, totalled only ~ 18 min/session, corresponding to a weekly training 
volume of ~ 54  min. This is considerably less than the 150  min/week of moderate-intensity aerobic physical 
activity recommended for patients with CAD by the European Council of  Cardiology6,30. Despite the low train-
ing volume, we observed significantly different changes in  VO2peak of 2.2 mL/kg/min between those assigned 
HIIT compared to standard care. The efficiency of the applied training intervention for upregulating cardi-
orespiratory fitness is additionally confirmed by the substantial improvements in submaximal heart rate and 
peak pulmonary ventilation after HIIT only. However, the training-induced changes in  VO2peak in the present 
study are lower compared to a recent meta-analysis of 16 randomised controlled  trials31, which reported an 
average  VO2peak improvement of 4.52  mL/kg/min in response to 4–12  weeks of exercise training in patients 
with coronary artery disease. In addition, it was reported that studies with medium-to-long HIIT intervals and 
studies utilising a work-to-rest ratio > 1 demonstrated the most significant improvements in  VO2peak

16. Thus, the 
application of repetitive exposure to short-duration (≤ 2 min) intervals with a 1:1 work-to-rest ratio, as applied 
in the present study, may not be optimal for improving cardiorespiratory fitness and may therefore be one of 
the explanatory factors for the discrepancies between the  VO2peak improvements in the present study compared 
to Du et al.16. In contrast, the observed changes in  VO2peak in the present study are considerably higher than 
those reported by a recent meta-analysis31 (based on 8 randomised controlled trials) of 436 patients with heart 
failure with preserved ejection fraction, demonstrating an average  VO2peak improvement of 1.7 mL/kg/min in 
response to 12–24 weeks of exercise-training compared with habitually active controls. In addition, a recent ran-
domised clinical trial amongst 120 patients with heart failure with preserved ejection fraction assigned (1:1:1) to 
either HIIT (3 × 38 min/week), moderate continuous training (5 × 40 min/week) or guideline control (1 × advice 
on physical activity) reported numeric changes in  VO2peak of 1.1, 1.6 and − 0.6 mL/kg/min, respectively, after 
3 months, with no significant difference between HIIT and moderate continuous  training32. Thus, comparing the 
training-induced increases in  VO2peak after HIIT in Mueller et al.32 with the present findings, we observed more 
than a twofold higher training-induced increase in  VO2peak (2.5 vs. 1.1 mL/kg/min) despite a ~ twofold lower 
weekly training volume (54 vs. 114 min/week), which may indicate a higher susceptibility to exercise training for 
improving cardiorespiratory fitness in CAD patients compared to heart failure patients.

No a priori-defined minimal clinically difference in  VO2peak change was set in the present study. However, 
previous studies have set it at 2.5 mL/kg/min32, which is the exact magnitude of training-induced increase in 
 VO2peak observed after HIIT in the present study, although the between-group difference was marginally lower 
(2.2 mL/kg/min). Importantly, the level of cardiorespiratory performance is strongly associated with cardiovascu-
lar endpoints in healthy individuals as well as patients with cardiovascular  disease33. Specifically, epidemiological 
evidence shows that a 1-MET improvement in aerobic capacity is associated with a 13% reduction in all-cause 
mortality and a 15% reduction in cardiovascular disease events in healthy  individuals34.

Although Mueller et al.32 reported no statistical difference between  VO2peak changes in response to HIIT vs. 
moderate-intensity continuous training in patients with heart failure, accumulating meta-analysis-level evidence 
shows that HIIT appears to have superior cardiorespiratory benefits compared to moderate-intensity continuous 
training in patients with  CAD15–18,35,36. Continuous training is characterised by a constant submaximal workload 
and steady-state oxygen uptake, whereas HIIT is characterised by short periods of extremely high workload 
alternated with periods of recovery. The higher efficacy of HIIT is likely caused by the repetitive cardiorespira-
tory and metabolic strain triggered by the repeated exposure to an intense stimulus, and this is most likely a 
driver of e.g. cardiovascular remodelling and a resultant increase in aerobic  capacity37. It is well documented 
that exercise training plays a central role in the treatment of CAD patients, and current guidelines recommend 
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a comprehensive cardiac rehabilitation  program2,5. There is evidence supporting beneficial effects of exercise 
training in patients with CAD in relation to survival rates and a direct mechanistic impact on the pathogenesis 
is  assumed38–40. A recent Cochrane meta-analysis review supports this recommendation by demonstrating that 
long-term exercise training significantly reduces cardiovascular death and hospital admissions in patients with 
 CAD41. Accordingly, prior research has shown that CAD patients who continue to be physically active have 
the lowest mortality  risk42, however, initiating physical exercise in sedentary and high-risk CAD patients was 
associated with the greatest reduction in cardiovascular  death43. However, adhering to time-consuming and 
high-frequency exercise training program may be challenging for people, such as CAD patients, with a lower 
general health status and fitness than the general population.

Collectively, the present findings provide compelling evidence of the health-beneficial effects of low-volume 
HIIT for stable CAD patients compared to standard care, as well as the high feasibility of the applied training 
modality for this specific patient group.

HIIT and quality of life. The present study also shows that quality of life improved after the 12 week HIIT 
intervention compared to standard care. Moreover, there was a significant positive correlation between changes 
in  VO2peak and markers for quality of life, which emphasizes the importance of cardiorespiratory fitness for 
improving quality of life. However, it is well established that exercise training improves quality of life in CAD 
 patients41,44, and recently it was also investigated whether HIIT or moderate-intensity continuous training 
affected quality of life differently. Indeed, two new meta-analyses demonstrate that both moderate-intensity 
continuous training and HIIT are equally efficient with regard to upregulated quality of life, even if HIIT has a 
superior effect on peak  VO2 gain in patients with  CAD15,16. In addition to the beneficial effects of the training 
intervention on quality of life, HIIT also improved variables such as self-rated general health and vitality, which 
is also supported by other exercise training studies with patient  groups29,45. These measures are essential for 
exercise motivation, continuation and adherence to a training program, which indicates that the applied training 
modality may be sustainable for this type of patient. Future studies should aim to further investigate the psycho-
logical effects of HIIT for CAD patients.

HIIT improves cardiovascular fitness in CAD patients older than 75 years. Patients who partici-
pated in our study were older than the patients in the majority of studies examining HIIT in CAD  patients18 (see 
Table 1). Previous studies have reported that regular exercise training reduces the risk of cardiovascular disease 
and mortality in healthy, elderly  individuals46. Also, a large retrospective study showed that cardiac rehabilita-
tion is associated with decreased mortality in elderly CAD patients (> 65 years of age)47, although the underlying 
mechanisms remain largely unknown. However, a training-induced enhancement in the responsiveness of the β 
adrenergic receptor, a receptor that deteriorates with aging, may partially explain the improvements in cardio-
vascular health reported in elderly engaging in regular physical  activity48.

Several previous reviews call for more evidence on the effect of HIIT compared to moderate-intensity continu-
ous training in elderly with CAD. In particular, the literature calls for data on patients older than 75  years18,19. The 
present study showed that HIIT is safe and improves cardiorespiratory fitness in older CAD patients. Indeed, for 
this sub-group of CAD patients ≥ 75 years, the HIIT intervention also significantly increased absolute  VO2peak 
and  VO2peak adjusted for body weight compared to standard care. Our findings are supported by others using 
high-intensity interval training in elderly  populations49,50.

Effect of HIIT on body composition and low‑density lipoprotein cholesterol. Based on body 
composition assessments, patients in our study were moderately overweight. A training-induced fat loss of 
1.5 kg was observed in the HIIT group without loss in total body weight. These findings are supported by previ-
ous studies reporting reduced fat mass and increased skeletal muscle mass as well-established consequences of 
high-intensity  training8,9, also in the absence of weight  loss51. Total cholesterol and low-density lipoprotein cho-
lesterol (LDL-C) were not affected by exercise training in this study. In contrast to our findings, Pedersen et al.52 
reported a reduced LDL-C in response to 12 weeks of aerobic interval training in sedentary overweight patients 
with CAD. However, these discrepancies may be explained by the observed weight-loss in the exercise group in 
Pedersen et al.52. The body composition data should be interpreted with caution due to the use of bioelectrical 
impedance technology and not dual-energy X-ray absorptiometry scans being the gold standard.

Safety. Despite the high intensity of the training, and the whole-body training approach, we only registered 
two training-related injuries and one adverse event. In conjunction with a training adherence of ~ 97% these 
findings clearly demonstrate the feasibility of the applied training modality for this elderly and frail patient 
population.

Strength and limitations. The strengths of the present study include the systematic and supervised nature 
of the HIIT intervention, the high compliance, the large sample size and the relatively high average age of the 
patient population. Moreover, the validity of the cardiorespiratory adaptations should be optimal because the 
cardiorespiratory test was performed on a cycle ergometer, whilst the exercise intervention was performed on 
rowing ergometers and thereby minimising the learning effect. Thus, the risk of habituation to the cardiorespira-
tory test is considered to be minimal. However, some limitations should be considered. The gender ratio was 
skewed (83% of the patients were males and 17% females) because CAD is more common in men than in than 
their women  counterparts53. We cannot exclude that daily medication or comorbidities of the patients may have 
affected the training response. A total of 65% of the patients received treatment with a beta blocker. Beta blockers 
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lower the heart rate, and may therefore have affected maximal heart rate and other heart rate measures in our 
study. However, they should not have affected exercise training and cardiorespiratory  fitness54.

Conclusion
In conclusion, we demonstrated that 12 weeks of whole-body HIIT improves  VO2peak and quality of life in elderly 
patients with stable CAD. Consequently, a combination of HIIT and standard medical treatment can be advised 
as a safe, feasible and efficient treatment strategy aimed at improving cardiovascular health and quality of life 
in patients with stable CAD.

Data availability
The dataset generated and analysed during the current study are available from the corresponding author on 
reasonable request.

Received: 20 June 2022; Accepted: 29 September 2022

References
 1. World Health Organization. The Top 10 Causes of Death. https:// www. who. int/ news- room/ fact- sheets/ detail/ the- top- 10- causes- 

of- death (Accessed 25 January 2022) (2020).
 2. Piepoli, M. F. et al. 2016 European Guidelines on cardiovascular disease prevention in clinical practice: The Sixth Joint Task Force 

of the European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted 
by representatives of 10 societies and by invited experts) Developed with the special contribution of the European Association 
for Cardiovascular Prevention & Rehabilitation (EACPR). Eur. Heart J. 37, 2315–2381. https:// doi. org/ 10. 1093/ eurhe artj/ ehw106 
(2016).

 3. Taylor, R. S. et al. Exercise-based rehabilitation for patients with coronary heart disease: Systematic review and meta-analysis of 
randomized controlled trials. Am. J. Med. 116, 682–692. https:// doi. org/ 10. 1016/j. amjmed. 2004. 01. 009 (2004).

 4. Dibben, G. et al. Exercise-based cardiac rehabilitation for coronary heart disease. Cochrane Database Syst. Rev. 11, CD001800. 
https:// doi. org/ 10. 1002/ 14651 858. CD001 800. pub4 (2021).

 5. Smith, S. C. et al. AHA/ACCF secondary prevention and risk reduction therapy for patients with coronary and other athero-
sclerotic vascular disease: 2011 update: A guideline from the American Heart Association and American College of Cardiology 
Foundation endorsed by the World Heart Federation and the Preventive Cardiovascular Nurses Association. J. Am. Coll. Cardiol. 
58, 2432–2446. https:// doi. org/ 10. 1016/j. jacc. 2011. 10. 824 (2011).

 6. Pelliccia, A. et al. 2020 ESC Guidelines on sports cardiology and exercise in patients with cardiovascular disease. Eur. Heart J. 42, 
17–96. https:// doi. org/ 10. 1093/ eurhe artj/ ehaa6 05 (2021).

 7. Keteyian, S. J. et al. Greater improvement in cardiorespiratory fitness using higher-intensity interval training in the standard cardiac 
rehabilitation setting. J. Cardiopulm. Rehabil. Prev. 34, 98–105. https:// doi. org/ 10. 1097/ HCR. 00000 00000 000049 (2014).

 8. Gibala, M. J., Little, J. P., Macdonald, M. J. & Hawley, J. A. Physiological adaptations to low-volume, high-intensity interval training 
in health and disease. J. Physiol. 590, 1077–1084. https:// doi. org/ 10. 1113/ jphys iol. 2011. 224725 (2012).

 9. Mohr, M. et al. High-intensity intermittent swimming improves cardiovascular health status for women with mild hypertension. 
Biomed. Res. Int. 2014, 728289. https:// doi. org/ 10. 1155/ 2014/ 728289 (2014).

 10. Fransson, D. et al. Skeletal muscle and performance adaptations to high-intensity training in elite male soccer players: Speed 
endurance runs versus small-sided game training. Eur. J. Appl. Physiol. 118, 111–121. https:// doi. org/ 10. 1007/ s00421- 017- 3751-5 
(2018).

 11. Wisloff, U. et al. Superior cardiovascular effect of aerobic interval training versus moderate continuous training in heart failure 
patients: A randomized study. Circulation 115, 3086–3094. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 106. 675041 (2007).

 12. Moholdt, T. T. et al. Aerobic interval training versus continuous moderate exercise after coronary artery bypass surgery: A rand-
omized study of cardiovascular effects and quality of life. Am. Heart J. 158, 1031–1037. https:// doi. org/ 10. 1016/j. ahj. 2009. 10. 003 
(2009).

 13. Gayda, M., Ribeiro, P. A., Juneau, M. & Nigam, A. Comparison of different forms of exercise training in patients with cardiac 
disease: Where does high-intensity interval training fit? Can. J. Cardiol. 32, 485–494. https:// doi. org/ 10. 1016/j. cjca. 2016. 01. 017 
(2016).

 14. Winzer, E. B., Woitek, F. & Linke, A. Physical activity in the prevention and treatment of coronary artery disease. J. Am. Heart 
Assoc. 7, 7725. https:// doi. org/ 10. 1161/ JAHA. 117. 007725 (2018).

 15. Gomes-Neto, M. et al. High-intensity interval training versus moderate-intensity continuous training on exercise capacity and 
quality of life in patients with coronary artery disease: A systematic review and meta-analysis. Eur. J. Prev. Cardiol. 24, 1696–1707. 
https:// doi. org/ 10. 1177/ 20474 87317 728370 (2017).

 16. Du, L. et al. Effect of high-intensity interval training on physical health in coronary artery disease patients: A meta-analysis of 
randomized controlled trials. J. Cardiovasc. Dev. Dis. https:// doi. org/ 10. 3390/ jcdd8 110158 (2021).

 17. Pattyn, N., Beulque, R. & Cornelissen, V. Aerobic interval vs continuous training in patients with coronary artery disease or heart 
failure: An updated systematic review and meta-analysis with a focus on secondary outcomes. Sports Med. 48, 1189–1205. https:// 
doi. org/ 10. 1007/ s40279- 018- 0885-5 (2018).

 18. Hannan, A. L. et al. High-intensity interval training versus moderate-intensity continuous training within cardiac rehabilitation: 
A systematic review and meta-analysis. Open Access J. Sports Med. 9, 1. https:// doi. org/ 10. 2147/ OAJSM. S1505 96 (2018).

 19. Goncalves, C., Raimundo, A., Abreu, A. & Bravo, J. Exercise intensity in patients with cardiovascular diseases: Systematic review 
with meta-analysis. Int. J. Environ. Res. Public Health. https:// doi. org/ 10. 3390/ ijerp h1807 3574 (2021).

 20. Tucker, W. J. et al. Exercise for primary and secondary prevention of cardiovascular disease: JACC focus seminar 1/4. J. Am. Coll. 
Cardiol. 80, 1091–1106. https:// doi. org/ 10. 1016/j. jacc. 2022. 07. 004 (2022).

 21. Quindry, J. C., Franklin, B. A., Chapman, M., Humphrey, R. & Mathis, S. Benefits and risks of high-intensity interval training in 
patients with coronary artery disease. Am. J. Cardiol. 123, 1370–1377. https:// doi. org/ 10. 1016/j. amjca rd. 2019. 01. 008 (2019).

 22. Sjúrðarson, T. et al. Effect of angiotensin-converting enzyme inhibition on cardiovascular adaptation to exercise training. Physiol. 
Rep. 10, e15382. https:// doi. org/ 10. 14814/ phy2. 15382 (2022).

 23. Ward, L. C. Bioelectrical impedance analysis for body composition assessment: Reflections on accuracy, clinical utility, and stand-
ardisation. Eur. J. Clin. Nutr. 73, 194–199. https:// doi. org/ 10. 1038/ s41430- 018- 0335-3 (2019).

 24. The IPAQ Group. International Physical Activity Questionnaire. https:// sites. google. com/ site/ theip aq/ home (Accessed 25 January 
2022) (2021).

 25. Quality Metric. Quality Metric, SF-36v2 Health Survey is Designed to Measure Functional Health and Well-Being from the Patient’s 
Point of View. https:// www. quali tymet ric. com/ health- surve ys- old/ the- sf- 36v2- health- survey/ (Accessed 3 February 2022).

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://doi.org/10.1093/eurheartj/ehw106
https://doi.org/10.1016/j.amjmed.2004.01.009
https://doi.org/10.1002/14651858.CD001800.pub4
https://doi.org/10.1016/j.jacc.2011.10.824
https://doi.org/10.1093/eurheartj/ehaa605
https://doi.org/10.1097/HCR.0000000000000049
https://doi.org/10.1113/jphysiol.2011.224725
https://doi.org/10.1155/2014/728289
https://doi.org/10.1007/s00421-017-3751-5
https://doi.org/10.1161/CIRCULATIONAHA.106.675041
https://doi.org/10.1016/j.ahj.2009.10.003
https://doi.org/10.1016/j.cjca.2016.01.017
https://doi.org/10.1161/JAHA.117.007725
https://doi.org/10.1177/2047487317728370
https://doi.org/10.3390/jcdd8110158
https://doi.org/10.1007/s40279-018-0885-5
https://doi.org/10.1007/s40279-018-0885-5
https://doi.org/10.2147/OAJSM.S150596
https://doi.org/10.3390/ijerph18073574
https://doi.org/10.1016/j.jacc.2022.07.004
https://doi.org/10.1016/j.amjcard.2019.01.008
https://doi.org/10.14814/phy2.15382
https://doi.org/10.1038/s41430-018-0335-3
https://sites.google.com/site/theipaq/home
https://www.qualitymetric.com/health-surveys-old/the-sf-36v2-health-survey/


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17295  | https://doi.org/10.1038/s41598-022-21655-w

www.nature.com/scientificreports/

 26. Volianitis, S., Yoshiga, C. C. & Secher, N. H. The physiology of rowing with perspective on training and health. Eur. J. Appl. Physiol. 
120, 1943–1963. https:// doi. org/ 10. 1007/ s00421- 020- 04429-y (2020).

 27. Nordsborg, N. B. et al. Oxidative capacity and glycogen content increase more in arm than leg muscle in sedentary women after 
intense training. J. Appl. Physiol. 119, 116–123. https:// doi. org/ 10. 1152/ jappl physi ol. 00101. 2015 (2015).

 28. Cnaan, A., Laird, N. M. & Slasor, P. Using the general linear mixed model to analyse unbalanced repeated measures and longitu-
dinal data. Stat. Med. 16, 2349–2380. https:// doi. org/ 10. 1002/ (sici) 1097- 0258(19971 030) 16: 20% 3c234 9:: aid- sim667% 3e3.0. co;2-e 
(1997).

 29. Conraads, V. M. et al. Aerobic interval training and continuous training equally improve aerobic exercise capacity in patients 
with coronary artery disease: The SAINTEX-CAD study. Int. J. Cardiol. 179, 203–210. https:// doi. org/ 10. 1016/j. ijcard. 2014. 10. 
155 (2015).

 30. World Health Organization. Physical Activity. https:// www. who. int/ news- room/ fact- sheets/ detail/ physi cal- activ ity (Accessed 26 
November 2020).

 31. Fukuta, H., Goto, T., Wakami, K., Kamiya, T. & Ohte, N. Effects of exercise training on cardiac function, exercise capacity, and 
quality of life in heart failure with preserved ejection fraction: A meta-analysis of randomized controlled trials. Heart Fail. Rev. 
24, 535–547. https:// doi. org/ 10. 1007/ s10741- 019- 09774-5 (2019).

 32. Mueller, S. et al. Effect of high-intensity interval training, moderate continuous training, or guideline-based physical activity advice 
on peak oxygen consumption in patients with heart failure with preserved ejection fraction: A randomized clinical trial. Jama 325, 
542–551. https:// doi. org/ 10. 1001/ jama. 2020. 26812 (2021).

 33. Myers, J. et al. Exercise capacity and mortality among men referred for exercise testing. N. Engl. J. Med. 346, 793–801. https:// doi. 
org/ 10. 1056/ NEJMo a0118 58 (2002).

 34. Kodama, S. et al. Cardiorespiratory fitness as a quantitative predictor of all-cause mortality and cardiovascular events in healthy 
men and women: A meta-analysis. JAMA 301, 2024–2035. https:// doi. org/ 10. 1001/ jama. 2009. 681 (2009).

 35. Elliott, A. D., Rajopadhyaya, K., Bentley, D. J., Beltrame, J. F. & Aromataris, E. C. Interval training versus continuous exercise in 
patients with coronary artery disease: A meta-analysis. Heart Lung Circ. 24, 149–157. https:// doi. org/ 10. 1016/j. hlc. 2014. 09. 001 
(2015).

 36. Liou, K., Ho, S., Fildes, J. & Ooi, S. Y. High intensity interval versus moderate intensity continuous training in patients with coronary 
artery disease: A meta-analysis of physiological and clinical parameters. Heart Lung Circ. 25, 166–174. https:// doi. org/ 10. 1016/j. 
hlc. 2015. 06. 828 (2016).

 37. Gibala, M. J. Physiological basis of interval training for performance enhancement. Exp. Physiol. 106, 2324–2327. https:// doi. org/ 
10. 1113/ EP088 190 (2021).

 38. Pedersen, B. K. & Saltin, B. Exercise as medicine—Evidence for prescribing exercise as therapy in 26 different chronic diseases. 
Scand. J. Med. Sci. Sports 25(Suppl 3), 1–72. https:// doi. org/ 10. 1111/ sms. 12581 (2015).

 39. Akyuz, A. Exercise and coronary heart disease. Adv. Exp. Med. Biol. 1228, 169–179. https:// doi. org/ 10. 1007/ 978- 981- 15- 1792-1_ 
11 (2020).

 40. Gambardella, J., Morelli, M. B., Wang, X. J. & Santulli, G. Pathophysiological mechanisms underlying the beneficial effects of 
physical activity in hypertension. J. Clin. Hypertens. (Greenwich) 22, 291–295. https:// doi. org/ 10. 1111/ jch. 13804 (2020).

 41. Anderson, L. et al. Exercise-based cardiac rehabilitation for coronary heart disease: Cochrane systematic review and meta-analysis. 
J. Am. Coll. Cardiol. 67, 1–12. https:// doi. org/ 10. 1016/j. jacc. 2015. 10. 044 (2016).

 42. Gonzalez-Jaramillo, N. et al. Systematic review of physical activity trajectories and mortality in patients with coronary artery 
disease. J. Am. Coll. Cardiol. 79, 1690–1700. https:// doi. org/ 10. 1016/j. jacc. 2022. 02. 036 (2022).

 43. Stewart, R. A. H. et al. Physical activity and mortality in patients with stable coronary heart disease. J. Am. Coll. Cardiol. 70, 
1689–1700. https:// doi. org/ 10. 1016/j. jacc. 2017. 08. 017 (2017).

 44. Jaureguizar, K. V. et al. Effect of high-intensity interval versus continuous exercise training on functional capacity and quality of 
life in patients with coronary artery disease: A randomized clinical trial. J. Cardiopulm. Rehabil. Prev. 36, 96–105. https:// doi. org/ 
10. 1097/ HCR. 00000 00000 000156 (2016).

 45. Reed, J. L. et al. The effects of high-intensity interval training, Nordic walking and moderate-to-vigorous intensity continuous 
training on functional capacity, depression and quality of life in patients with coronary artery disease enrolled in cardiac rehabilita-
tion: A randomized controlled trial (CRX study). Prog. Cardiovasc. Dis. https:// doi. org/ 10. 1016/j. pcad. 2021. 07. 002 (2021).

 46. Barbiellini Amidei, C. et al. Association of physical activity trajectories with major cardiovascular diseases in elderly people. Heart 
108, 360–366. https:// doi. org/ 10. 1136/ heart jnl- 2021- 320013 (2022).

 47. Suaya, J. A., Stason, W. B., Ades, P. A., Normand, S. L. & Shepard, D. S. Cardiac rehabilitation and survival in older coronary 
patients. J. Am. Coll. Cardiol. 54, 25–33. https:// doi. org/ 10. 1016/j. jacc. 2009. 01. 078 (2009).

 48. Santulli, G., Ciccarelli, M., Trimarco, B. & Iaccarino, G. Physical activity ameliorates cardiovascular health in elderly subjects: The 
functional role of the β adrenergic system. Front. Physiol. 4, 209. https:// doi. org/ 10. 3389/ fphys. 2013. 00209 (2013).

 49. Storen, O. et al. The effect of age on the VO2max response to high-intensity interval training. Med. Sci. Sports Exerc. 49, 78–85. 
https:// doi. org/ 10. 1249/ MSS. 00000 00000 001070 (2017).

 50. de Guia, R. M. et al. Aerobic and resistance exercise training reverses age-dependent decline in NAD(+) salvage capacity in human 
skeletal muscle. Physiol. Rep. 7, e14139. https:// doi. org/ 10. 14814/ phy2. 14139 (2019).

 51. Ross, R. et al. Reduction in obesity and related comorbid conditions after diet-induced weight loss or exercise-induced weight loss 
in men. A randomized, controlled trial. Ann. Intern. Med. 133, 92–103. https:// doi. org/ 10. 7326/ 0003- 4819- 133-2- 20000 7180- 00008 
(2000).

 52. Pedersen, L. R. et al. Weight loss is superior to exercise in improving the atherogenic lipid profile in a sedentary, overweight 
population with stable coronary artery disease: A randomized trial. Atherosclerosis 246, 221–228. https:// doi. org/ 10. 1016/j. ather 
oscle rosis. 2016. 01. 001 (2016).

 53. Mosca, L., Barrett-Connor, E. & Wenger, N. K. Sex/gender differences in cardiovascular disease prevention: What a difference a 
decade makes. Circulation 124, 2145–2154. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 110. 968792 (2011).

 54. Gordon, N. F. & Duncan, J. J. Effect of beta-blockers on exercise physiology: Implications for exercise training. Med. Sci. Sports 
Exerc. 23, 668–676 (1991).

Acknowledgements
The authors would like to thank all the participants for their keen commitment and enthusiastic participation. We 
would also like to acknowledge the technical assistance of Toni Dam, Magnus Norðberg, Jón Bjarnason, labora-
tory technicians Nina Djurhuus and Gunnrið Jóanesarson, laboratory assistants Halla Weihe Reinert, Katrin 
Mortensen, Billa Mouritsardóttir Foldbo, and Súsanna Jacobsen and Jacob Bjørne for his help with scoring the 
SF-36v2 questionnaire. We also acknowledge PhD students and colleagues Sanna á Borg and Marnar Fríðheim 
Kristiansen for their support and help with blood sampling.

https://doi.org/10.1007/s00421-020-04429-y
https://doi.org/10.1152/japplphysiol.00101.2015
https://doi.org/10.1002/(sici)1097-0258(19971030)16:20%3c2349::aid-sim667%3e3.0.co;2-e
https://doi.org/10.1016/j.ijcard.2014.10.155
https://doi.org/10.1016/j.ijcard.2014.10.155
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://doi.org/10.1007/s10741-019-09774-5
https://doi.org/10.1001/jama.2020.26812
https://doi.org/10.1056/NEJMoa011858
https://doi.org/10.1056/NEJMoa011858
https://doi.org/10.1001/jama.2009.681
https://doi.org/10.1016/j.hlc.2014.09.001
https://doi.org/10.1016/j.hlc.2015.06.828
https://doi.org/10.1016/j.hlc.2015.06.828
https://doi.org/10.1113/EP088190
https://doi.org/10.1113/EP088190
https://doi.org/10.1111/sms.12581
https://doi.org/10.1007/978-981-15-1792-1_11
https://doi.org/10.1007/978-981-15-1792-1_11
https://doi.org/10.1111/jch.13804
https://doi.org/10.1016/j.jacc.2015.10.044
https://doi.org/10.1016/j.jacc.2022.02.036
https://doi.org/10.1016/j.jacc.2017.08.017
https://doi.org/10.1097/HCR.0000000000000156
https://doi.org/10.1097/HCR.0000000000000156
https://doi.org/10.1016/j.pcad.2021.07.002
https://doi.org/10.1136/heartjnl-2021-320013
https://doi.org/10.1016/j.jacc.2009.01.078
https://doi.org/10.3389/fphys.2013.00209
https://doi.org/10.1249/MSS.0000000000001070
https://doi.org/10.14814/phy2.14139
https://doi.org/10.7326/0003-4819-133-2-200007180-00008
https://doi.org/10.1016/j.atherosclerosis.2016.01.001
https://doi.org/10.1016/j.atherosclerosis.2016.01.001
https://doi.org/10.1161/CIRCULATIONAHA.110.968792


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17295  | https://doi.org/10.1038/s41598-022-21655-w

www.nature.com/scientificreports/

Author contributions
J.K., E.L.G., AM.H., S.D.K. conceived the study. J.K., E.L.G., AM.H., S.D.K., M.M., T.S. finalised the design. 
All authors contributed to study conduction, data analysis, result interpretation, writing and revision of the 
manuscript.

Funding
The study was funded by Aarhus University, Research Council Faroe Islands (Project Number 3029), the Betri 
Foundation, Central Jutland Region, the Fabrikant Karl G. Andersen Foundation, and the A.P. Moller Foundation.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 21655-w.

Correspondence and requests for materials should be addressed to M.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-21655-w
https://doi.org/10.1038/s41598-022-21655-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Feasibility and impact of whole-body high-intensity interval training in patients with stable coronary artery disease: a randomised controlled trial
	Methods
	Study design. 
	Participants. 
	Inclusion criteria. 
	Exclusion criteria. 
	Randomisation. 
	Exercise test. 
	Body composition. 
	Questionnaires. 
	Exercise training. 
	Adverse events. 
	Statistical analysis. 

	Results
	Baseline characteristics. 
	Exercise training. 
	Cardiovascular adaptions. 
	Body composition. 
	Quality of life. 
	Associations between VO2peak and quality of life. 
	Physical activity. 
	Lipid profile and haemoglobin A1c. 
	Safety and feasibility. 

	Discussion
	Exercise training and cardiovascular endpoints. 
	HIIT and quality of life. 
	HIIT improves cardiovascular fitness in CAD patients older than 75 years. 
	Effect of HIIT on body composition and low-density lipoprotein cholesterol. 
	Safety. 
	Strength and limitations. 

	Conclusion
	References
	Acknowledgements


