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Abstract

Aging is associated with decreased aerobic fitness and cardiac remodeling leading to increased 

risk for cardiovascular disease. High-intensity interval training (HIIT) on the treadmill has been 

reported to be more effective in ameliorating these risk factors compared with moderate-intensity 

continuous training (MICT) in patients with cardiometabolic disease. In older adults, however, 

weight-bearing activities are frequently limited due to musculoskeletal and balance problems. The 

purpose of this study was to examine the feasibility and safety of non-weight-bearing all-extremity 

HIIT in older adults. In addition, we tested the hypothesis that all-extremity HIIT will be more 

effective in improving aerobic fitness, cardiac function, and metabolic risk factors compared with 

all-extremity MICT. Fifty-one healthy sedentary older adults (age: 65±1 years) were randomized 

to HIIT (n=17), MICT (n=18) or non-exercise control (CONT; n=16). HIIT (4×4 minutes 90% of 

peak heart rate; HRpeak) and isocaloric MICT (70% of HRpeak) were performed on a non-

weight-bearing all-extremity ergometer, 4x/week for 8 weeks under supervision. All-extremity 

HIIT was feasible in older adults and resulted in no adverse events. Aerobic fitness (peak oxygen 

consumption; VO2peak) and ejection fraction (echocardiography) improved by 11% (P<0.0001) 

and 4% (P=0.001) respectively in HIIT, while no changes were observed in MICT and CONT 

(P≥0.1). Greater improvements in ejection fraction were associated with greater improvements in 

VO2peak (r=0.57; P<0.0001). Insulin resistance (homeostatic model assessment) decreased only in 

HIIT by 26% (P=0.016). Diastolic function, body composition, glucose and lipids were unaffected 

(P≥0.1). In conclusion, all-extremity HIIT is feasible and safe in older adults. HIIT, but not MICT, 

improved aerobic fitness, ejection fraction, and insulin resistance.
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1. Introduction

Aging induces cardiac remodeling and changes in cardiac function that lead to increased risk 

of cardiovascular disease (CVD) (Fleg and Strait 2012). Improving aerobic fitness lowers the 

risk of CVD mortality (Lee et al. 2011), however, the optimal training regimen for 

improving aerobic fitness in older adults remains undefined. High-intensity interval training 

(HIIT) has been reported to have superior effects on aerobic fitness, cardiac function, lipids 

and glucose control compared with moderate-intensity continuous training (MICT) in 

patients with cardiometabolic disease (Molmen-Hansen et al. 2012; Rognmo et al. 2004; 

Tjonna et al. 2008; Wisloff et al. 2007). The HIIT protocol in these studies consists of 4-min 

intervals of high-intensity treadmill walking (usually “uphill”) interspersed with periods of 

moderate-intensity walking. However, older adults frequently experience balance and 

musculoskeletal problems (Gheno et al. 2012) which limit the feasibility of weight-bearing 

exercise and in particular high-intensity treadmill walking. Development of an alternative 

exercise modality for HIIT that avoids the age-related limitations of treadmill walking is 

necessary for older adults. The use of a stationary cycle eliminates balance and weight-

bearing concerns, and is likely to be more suitable as a long-term exercise routine for older 

adults. More importantly, use of an all-extremity ergometer increases the active amount of 

muscle mass during exercise compared to lower extremity exercise, allows compensation for 

unilateral or bilateral lower extremity weakness or fatigue, and ultimately affords a larger 

proportion of older individuals to undergo HIIT.

Therefore, we sought to evaluate the feasibility and safety of performing HIIT on a non-

weight-bearing all-extremity ergometer in previously sedentary older adults. In addition, we 

tested the hypothesis that 8 weeks of all-extremity HIIT will be more effective in improving 

aerobic fitness, cardiac function, and metabolic risk factors compared with all-extremity 

MICT in healthy sedentary older adults.

2. Methods

2.1. Subjects

Subjects were 55–79 years old, sedentary, non-smokers who were free of cardiovascular and 

other major clinical disease (e.g., diabetes, liver and renal disease) as assessed by medical 

history, physical examination, resting blood pressure, ECG and blood analysis (i.e., 

comprehensive metabolic panel, lipid panel, insulin, and complete blood count with 

differential). In addition, all subjects demonstrated normal ECG and blood pressure 

responses to a clinically-supervised diagnostic graded exercise treadmill test. Prior to study 

enrollment, subjects were weight stable (<5% change in body weight) for at least 6 months, 

were not on hormone replacement therapy (e.g., estrogen, progesterone or testosterone) for 

at least 2 years, and female subjects were postmenopausal for at least 2 years. Subjects who 
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were on a stable drug regimen for lipid and blood pressure control were enrolled in the 

intervention, but were required not to change their use of medication during study 

participation.

The study was approved by the Institutional Review Board of the University of Florida and 

was carried out in accordance with the ethical standards of the Declaration of Helsinki. The 

purpose, nature and risks of the study procedures were explained to the subjects and 

questions were answered prior to obtaining written informed consent.

2.2. Study design

The study used a randomized controlled parallel group design which included two exercise 

groups (HIIT and MICT) and a non-exercise control group (CONT). Subjects were recruited 

and screened according to the study inclusion/exclusion criteria. Subject enrollment to the 

study was performed by E.M.H. who provided on site clinical support in consultation with 

J.W.P. Subjects who met the enrollment criteria for the intervention (n=51) completed the 

baseline assessment and were then randomized to HIIT (n=17), MICT (n=18) or CONT 

(n=16) (Figure 1). Randomization was based on a computer random-number generator and 

was stratified by baseline peak oxygen consumption (VO2peak, L/min). Subjects were 

instructed not to alter their diet during study participation. Subjects were also asked not to 

change their normal physical activity habits with the exception of the scheduled exercise 

sessions. Outcome assessments were performed at baseline and after the 8-week intervention 

by the same researchers while strictly adhering to established standard operating procedures. 

Individual subject data were coded to ensure blinding during data analysis. Study procedures 

and exercise training were performed at the Integrative Cardiovascular Physiology 

Laboratory, in the Center for Exercise Science, at the University of Florida.

2.3. Exercise intervention

Subjects assigned to HIIT and MICT performed synchronous arm and leg exercise on a non-

weight-bearing all-extremity air-braked ergometer (Airdyne model AD4, Schwinn), 4 days/

week for 8 weeks, under the direct supervision of an exercise physiologist. HIIT consisted of 

4×4 minute intervals at 90% of peak heart rate (HRpeak) interspersed by 3×3 minute active 

recovery periods at 70% of HRpeak for a total of 25 minutes, while MICT consisted of 32 

minutes at 70% of HRpeak (Figure 2). These specific HIIT and MICT protocols were 

designed by Tjonna et al to provide equal caloric expenditure (Tjonna et al. 2008). A 10-

minute warm-up and a 5-min cool-down at 70% of HRpeak was included prior to and at the 

end of each exercise session, respectively, for both HIIT and MICT as previously described 

(Tjonna et al. 2008). HRpeak was determined during the baseline maximal graded exercise 

test.

Exercise heart rate was displayed and recorded during each exercise session using a heart 

rate telemetry system (Polar Team 2 Pro, version 1.4.3). Subjects were instructed to reach 

target heart rate by modifying the speed of their arm and leg movement. Because subjects 

were sedentary and were unfamiliar to exercising on a non-weight-bearing all-extremity 

ergometer, a period of familiarization/pre-conditioning was completed prior to the 8-week 

intervention. The preconditioning sessions consisted of gradually increasing the duration of 
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exercise as tolerated until subjects were able to perform 40 minutes of continuous all-

extremity exercise at 70% of HRpeak. On average, 5±1 sessions of preconditioning were 

required to reach this goal.

2.4. Study procedures

2.4.1. Aerobic fitness, HRpeak and caloric expenditure of HIIT and MICT—
Maximal oxygen consumption (VO2max) was measured using computer-assisted open-circuit 

spirometry during a maximal graded exercise test on the treadmill as we have previously 

published (Christou et al. 2005; Hwang et al. 2013). The protocol was individually-

customized and consisted of a warm up of 6 minutes of horizontal walking at a speed 

corresponding to 70~80% of the age-predicted maximal heart rate, followed by grade 

increases of 2.5% every 2 minutes until volitional exhaustion. For each subject identical 

protocols were used during their baseline and follow-up assessments. Attaining three of the 

following four criteria defined VO2max: a) a plateau in oxygen consumption (<100 mL/min) 

with increasing exercise intensity; b) a maximal respiratory exchange ratio of at least 1.15; 

c) achievement (±10bpm) of age-predicted maximal heart rate (220-age); and d) a rating of 

perceived exertion of at least 18 on the Borg scale. These criteria were not met in all 

subjects, therefore the term VO2peak instead of VO2max will be used.

Oxygen consumption was also measured during a bout of all-extremity HIIT and MICT. 

Caloric expenditure for HIIT and MICT was calculated by using the caloric equivalent per 1 

L of oxygen consumed based on the steady state respiratory exchange ratio.

2.4.2. Cardiac function—Transthoracic echocardiography was performed while subjects 

rested in the left lateral decubitus position using an ultrasound system (Aplio XV, Toshiba 

Medical Systems, Tokyo, Japan) equipped with a sector cardiac transducer (2–5 MHz). 

Cardiac measures were obtained according to the American Society of Echocardiography 

recommendations (Gottdiener et al. 2004; Lang et al. 2005). M–mode images of the left 

ventricle (LV) were obtained in the parasternal short-axis views at the midventricular level to 

measure wall thickness and internal dimensions. LV mass was calculated using the formula:

where LVIDd is LV internal diameter during diastole, PWTd is posterior wall thickness 

during diastole and SWTd is septal wall thickness during diastole. Parasternal long axis 

images were obtained to assess LV outflow tract. Apical four- and two-chamber views were 

obtained to determine ejection fraction using the Simpson’s biplane method. Peak early (E) 

and atrial (A) filling velocities, and deceleration time (DT) were determined by pulsed-wave 

Doppler at the level of the mitral valve leaflet tips. Peak early (e′) and late (a′) velocity of the 

medial and lateral mitral annulus were measured by tissue Doppler and then averaged. Each 

measure was calculated from the average of 3 cardiac cycles.

2.4.3. Body composition—Subjects were dressed in light clothing and were barefoot 

during these measures. Height was measured to the nearest mm using a stadiometer and the 

average of three measures was used in the analyses. Body weight was measured to the 
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nearest 0.1 kg using an electronic scale (Tanita, Arlington Heights, IL, USA). Body mass 

index was determined as weight divided by height squared (kg/m2). Fat and fat-free mass 

and % body fat were estimated from a whole body scan using dual-energy x-ray 

absorptiometry (Lunar Prodigy Advance, GE, version 8.70.005) as we have previously 

described (Hwang et al. 2013).

2.4.4. Lipids, glucose and insulin—Fasting blood samples were analyzed by a clinical 

laboratory using standard procedures; blood lipids and glucose were assessed using 

spectrophotometry and insulin was assessed using an immunoassay. Insulin resistance was 

evaluated using the homeostasis model assessment of insulin resistance (HOMA-IR) 

(Matthews et al. 1985) as follows:

2.4.5. Resting blood pressure—Blood pressure was measured over the brachial artery 

using an automated oscillometric device (Dynamap GE) while the subject rested seated. An 

average of three measures was used in the analysis.

2.4.6 Habitual physical activity—Habitual physical activity was assessed using a 

triaxial accelerometer (ActiGraph GT3X, software version 5.10.0). Subjects were instructed 

to wear the accelerometer over the right iliac crest along the midaxillary line for 4 

consecutive days consisting of 3 weekdays and 1 weekend day. Non-wear time was defined 

as ≥ 60 minutes of continuous zero count data and the minimum wear time for inclusion was 

set at ≥10 hours/day based on published criteria for monitoring physical activity in older 

adults (Gorman et al. 2014).

2.5. Statistical analyses

Statistical analyses were performed using SPSS Statistics (Version 23, Chicago, IL). 

Analysis of variance with repeated measures was used to test the group (HIIT, MICT and 

CONT) by time (baseline vs. follow-up) interaction and one-way analysis of variance was 

used to compare differences at baseline among the three groups. Post hoc tests were 

corrected for multiple comparisons using the Bonferroni correction. Secondary analysis was 

performed using analysis of covariance to determine whether baseline values influenced the 

results of the intervention. Simple linear regression was used to evaluate relations of interest. 

Statistical significance for all analyses was set at α=0.05. Data are presented as mean±SE.

3. Results

3.1. Feasibility and safety of novel non-weight-bearing all-extremity HIIT

Previously sedentary older adults completed 8 weeks of HIIT or MICT using synchronous 

arm and leg exercise on a non-weight-bearing air-braked ergometer. No adverse events 

occurred in HIIT or MICT groups (i.e., deaths, nonfatal serious events such as myocardial 

infarction and musculoskeletal problems, or other serious or non-serious health issues 

requiring hospitalization or medical treatment). However, during the first few HIIT or MICT 

exercise sessions the majority of subjects reported complaints regarding the seat of the 
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ergometer being uncomfortable. This was resolved by wearing padded clothing designed for 

cycling or by allowing time for subjects to become accustomed to the ergometer. Of the 51 

subjects who were randomized, 16 % did not complete the study for reasons unrelated to the 

intervention as described in figure 1. An equal number of men and women dropped out of 

the study.

The caloric expenditure was similar with HIIT and MICT (224±14 vs. 234±14 kcal per 

session, P=0.6). Subjects completed 88±3% and 89±4% of the scheduled exercise sessions 

of HIIT and MICT, respectively (P=0.8). Reasons for non-attendance were not directly 

related to the exercise intervention.

3.2. Subject baseline values

There were no differences in baseline measures among HIIT, MICT and CONT (Tables 1, 2, 

3 and 4; P>0.05). Although baseline VO2peak might appear to be unequal among the three 

groups, there was no statistically significant difference (P=0.4). Habitual physical activity 

was also not different among the groups (P≥0.6; Table 1) and remained unchanged 

throughout the intervention, after adjusting for activity performed during the supervised 

exercise sessions (P=0.1 for counts/min/day and P=0.8 for steps/day; data not shown). 

Therefore, the results can be attributed to the intervention rather than to baseline differences 

in VO2peak or increases in the overall habitual physical activity level during study 

participation.

3.3 Positive responses to intervention occurred only with all-extremity HIIT

Evaluation of potential benefits of all-extremity HIIT and MICT in older adults included 

aerobic fitness, cardiac function, metabolic measures and body composition. Aerobic fitness, 

determined by VO2peak, improved only in HIIT (~11%, P<0.0001; Figure 3A and Table 2), 

while it did not change in MICT and CONT (P≥0.3). The results remained the same, even 

after covarying for baseline VO2peak. Cardiac contractile function, as assessed by ejection 

fraction, also improved only in HIIT (~4%, P=0.001; Figure 3B and Table 4), and remained 

unchanged in MICT and CONT (P≥0.1). Regression analysis between changes in ejection 

fraction and changes in VO2peak demonstrated a positive and significant correlation between 

these outcome measures, where a greater improvement in ejection fraction was associated 

with a greater improvement in VO2peak (r=0.57; P<0.0001; Figure 4). Additional cardiac 

measures, including left ventricular morphology and diastolic function, did not differ 

between baseline and follow-up in any of the three groups (P≥0.2; Table 3 and 4). Metabolic 

responses to the training regimen were also determined; blood samples were obtained on 

average 31.8±6.1 and 24.7±3.9 hours following the last exercise training session for HIIT 

and MICT, respectively (P=0.3). Insulin resistance, estimated by HOMA-IR, decreased with 

HIIT by 26% (P=0.016; Figure 5) while it did not change with MICT (P value was greater 

than the Bonferroni corrected α) and CONT (P=0.2). Fasting glucose and lipids did not 

significantly change in any of the groups (P≥0.1). Body weight, body mass index and body 

composition were also unaffected (P≥0.5).
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4. Discussion

We have established that this novel approach of performing HIIT on an all-extremity non-

weight-bearing ergometer is feasible in healthy sedentary older adults and safe. This is the 

first randomized controlled trial to provide evidence that non-weight bearing all-extremity 

HIIT, but not MICT, improves aerobic fitness, cardiac systolic function, and insulin 

resistance without affecting body weight and composition in older adults who are free of 

cardiovascular and major clinical disease. Left ventricular morphology, diastolic function, 

glucose and lipids were not affected by the intervention.

4.1. Feasibility and safety of HIIT on all-extremity non-weight-bearing ergometer

HIIT and MICT on a treadmill have previously been shown to be highly effective in patient 

populations (Molmen-Hansen et al. 2012; Rognmo et al. 2004; Tjonna et al. 2008; Wisloff et 

al. 2007). We have demonstrated that these protocols can also be successfully adapted to an 

all-extremity non-weight-bearing ergometer and used in sedentary older adults. Our findings 

have important implications for exercise prescription particularly for individuals in which 

feasibility of treadmill exercise may be limited due to balance issues or musculoskeletal 

disorders. In our study, 8 weeks of all-extremity HIIT and MICT were well-tolerated 

resulting in completion of 88% of the exercise training sessions and no adverse events. From 

the 35 subjects assigned to either HIIT or MICT, 83% completed the exercise training 

intervention. A recent review on exercise training programs for older adults has reported 

adherence rates to be highly variable; the proportion of completed sessions over the total 

scheduled sessions varied from 58%–77% and the number of participants who completed the 

exercise intervention (i.e., did not drop out) varied from 65 to 86% (Picorelli et al. 2014). 

Thus, the exercise adherence rate of our subjects surpassed most, if not all, of the previously 

reported studies. We assert that the exercise regimen we have developed provides a new 

strategy for exercise prescription in older adults with minimal risk and optimal adherence 

rate.

4.2 Effect of 8 weeks all-extremity HIIT versus MICT on aerobic fitness

In our study, aerobic fitness improved by 2.6 mL/kg/min in response to HIIT but remained 

unchanged in response to MICT in sedentary older adults. The absolute increase in VO2peak 

with HIIT has important clinical significance, because every 3.5 mL/kg/min improvement in 

aerobic fitness is associated with 19% lower risk of CVD mortality (Lee et al. 2011). Our 

data are consistent with previous studies performed on the treadmill which demonstrated 

greater improvements in aerobic fitness in response to HIIT compared with MICT in healthy 

moderately trained young adults (Helgerud et al. 2007), obese adults (Schjerve et al. 2008) 

and patients with metabolic syndrome (Tjonna et al. 2008), hypertension (Molmen-Hansen 

et al. 2012) and cardiovascular disease (Rognmo et al. 2004; Wisloff et al. 2007). It is 

important to note that our findings are not confounded by differences in baseline aerobic 

fitness or changes in body weight or adiposity. The lack of improvement in aerobic fitness in 

response to MICT in our study is in agreement with previous data in healthy older adults 

following a moderate-intensity walking intervention (Pierce et al. 2011).
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Central adaptations may be partly responsible for the greater improvements in aerobic 

fitness in response to HIIT in our study. HIIT resulted in small improvements in cardiac 

systolic function and greater improvements in systolic function were associated with greater 

improvements in VO2peak in our subjects. We recognize that correlations do not imply 

causation and additional studies would be needed to confirm this association. In addition, the 

mechanisms by which improvements in ejection fraction may lead to improvements in 

aerobic fitness in our study are not clear. Based on the Fick equation, maximal oxygen 

consumption is governed by maximal cardiac output and maximal arterio-venous oxygen 

difference. It is possible that an improved ejection fraction could lead to improved cardiac 

function, and in turn improved aerobic fitness, but, this remains to be established because 

our cardiac measures were performed during rest and may not be reflective of adaptations in 

cardiac function during exercise.

Previous studies suggest peripheral adaptations may also contribute to improvements in 

aerobic fitness in response to HIIT. HIIT, but not MICT, has been reported to decrease total 

peripheral resistance [9]. Moreover, greater improvements in endothelial function have been 

reported in response to HIIT than MICT and these were associated with greater 

improvements in aerobic capacity (r=0.69, P<0.05) (Schjerve et al. 2008; Tjonna et al. 2008; 

Wisloff et al. 2007). In addition to these cardiovascular adaptations, HIIT, but not MICT, has 

beneficial effects on mitochondrial biogenesis, by inducing greater increases in PGC-1α in 

skeletal muscle and these increases are associated with greater improvements in VO2peak 

(r=0.72, P<0.01) (Wisloff et al. 2007). Similar mechanisms may be responsible for the 

enhanced VO2peak adaptations to all-extremity HIIT in our study, although the exact 

mechanisms remain to be defined.

Ideally, aerobic capacity tests should be performed on the same mode of exercise as the one 

used for training and this factor may have contributed to the findings in our study. However, 

evaluating aerobic fitness during a treadmill test is a standard in the field and serves as a 

robust risk index for CVD morbidity and mortality. Moreover, use of a treadmill test allowed 

us to evaluate how our new training regimen alters aerobic capacity in comparison to related 

studies. Future studies need to explore the feasibility of conducting maximal exercise testing 

on an all-extremity non-weight-bearing ergometer in sedentary older adults and to establish 

age-specific reference values.

In older adults, attaining VO2max during a maximal exercise test is not entirely determined 

by aerobic capacity, but can also be influenced by fear of overexertion, perceived exhaustion, 

poor motivation and muscle weakness or fatigue (Huggett et al. 2005). Although we used a 

customized treadmill protocol which has previously been used successfully in sedentary 

older adults and we verbally encouraged our participants to exert maximal effort, our criteria 

for VO2max were not attained in all subjects. However, our criteria are more stringent 

compared to other interventions comparing HIIT versus MICT (Molmen-Hansen et al. 2012; 

Schjerve et al. 2008; Tjonna et al. 2008; Wisloff et al. 2007). Currently, there is a debate 

whether the criteria for VO2max need to be redefined for older adults (Huggett et al. 2005). 

The use of an all-extremity non-weight-bearing ergometer as an exercise modality for testing 

maximal aerobic capacity in older adults holds promising potential especially for individuals 

with functional limitations.
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4.3. Effect of 8 weeks all-extremity HIIT versus MICT on cardiac function

We have demonstrated that all-extremity HIIT, but not MICT, results in a small but 

significant increase in left ventricular ejection fraction in healthy sedentary older adults, 

supporting that there is multi-pronged benefit of HIIT to the older population. Our 

observations of MICT are consistent with previous studies, where moderate-intensity aerobic 

exercise appears not to affect systolic function in healthy older adults (Fujimoto et al. 2013; 

Spina et al. 1993). Further, a recent study has reported an 8% increase in ejection fraction in 

older adults following 12 weeks of HIIT on the treadmill, but this finding remains to be 

confirmed in a randomized controlled trial (Molmen et al. 2012). Studies in patients with 

heart failure or hypertension have demonstrated HIIT can also be more effective in inducing 

left ventricular remodeling and improving systolic and/or diastolic function (Molmen-

Hansen et al. 2012; Wisloff et al. 2007). In agreement with previous randomized studies, left 

ventricular morphology and diastolic function remained unchanged in our exercise 

intervention (Fujimoto et al. 2013; Haykowsky et al. 2005). Whether the modest benefits of 

HIIT in our study is because cardiac systolic function is usually well preserved in aging 

(Fleg and Strait 2012) and we excluded subjects with any cardiovascular disease, or due to 

the duration of the exercise intervention itself, is not clear. Thus, while our observed changes 

in ejection fraction following HIIT are lower than those in patient populations, they are 

consistent with the growing evidence that HIIT regimens evoke greater cardiovascular 

benefit than MICT.

4.4. Effect of 8 weeks all-extremity HIIT and MICT on metabolic risk factors and adiposity

Insulin resistance, assessed by HOMA-IR, is a direct and important predictor of diabetes 

(Welsh et al. 2014). In the present study, only HIIT improved insulin resistance and these 

findings were not confounded by changes in body weight or adiposity. Fasting glucose, 

triglycerides, and total, HDL and LDL cholesterol did not change in response to HIIT or 

MICT.

We are not aware of published studies comparing the effect of HIIT and MICT on these 

metabolic risk factors in older adults free from major clinical disease. Data on the effect of 

HIIT and MICT on glucose control and lipids are conflicting in patients with 

cardiometabolic disease and obese adults. In patients with chronic heart failure, both HIIT 

and MICT improved glucose, insulin and HOMA-IR, but only HOMA-IR was reduced 

significantly more with HIIT compared with MICT (Iellamo et al. 2014). However, in 

patients with metabolic syndrome, HOMA-IR improved only with HIIT (Tjonna et al. 

2008). HDL cholesterol was also improved only with HIIT in these patients (Tjonna et al. 

2008). Glucose, insulin and lipids were not influenced by either HIIT or MICT in patients 

with cardiovascular disease (Wisloff et al. 2007) and obese adults (Schjerve et al. 2008).

In our intervention, body weight, body mass index and total adiposity remained unchanged. 

This is consistent with data from a meta-analysis which demonstrated that exercise alone 

results in minimal weight loss (Franz et al. 2007). A combination of caloric restriction and 

all-extremity exercise training appears to be necessary to induce weight loss in sedentary 

older adults.
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4.5 Study strengths

Our study has several strengths. Our intervention is the first to implement the well-

established HIIT and MICT treadmill protocols on an all-extremity non-weight-bearing air-

braked ergometer. Our study focused on sedentary older adults without major clinical 

disease, therefore our findings are not specific to a particular patient population which could 

limit generalizability. Our robust study design included a non-exercise control group which 

more definitively establishes the effectiveness of the exercise intervention. In addition, we 

were able to compare the effects of HIIT versus MICT without the confounding influence of 

unequal caloric expenditures because we used protocols designed to be isocaloric, which 

was confirmed by directly measuring oxygen consumption during all-extremity HIIT and 

MICT. Moreover, our exercise training intervention was supervised and well-controlled; 

heart rate was displayed and recorded to ensure the prescribed exercise intensity was 

attained during each session. Furthermore, we included a pre-conditioning period prior to 

the 8-week intervention to ensure the prescribed exercise intensity could be attained even 

during the first weeks of the intervention. We also monitored habitual physical activity at 

baseline and follow-up using an accelerometer to confirm our results can be attributed to the 

intervention rather than to overall increases in habitual physical activity independent of the 

supervised exercise sessions. Finally, our study used standardized procedures and blinding 

of investigators to ensure high quality data. Overall, we believe that this new non-weight-

bearing all-extremity approach will help to expand the prescription of HIIT to populations 

unable to successfully complete these regimens on the treadmill.

4.6. Study limitations

Our study also has some limitations that should be considered when interpreting or applying 

our findings. We have established that 8 weeks of all-extremity non-weight-bearing HIIT is 

safe in sedentary older adults who are free of major clinical disease, however, safety during 

long-term training remains to be determined. A recent review and meta-analysis on HIIT in 

patients with cardiometabolic disease provided an extensive discussion of the safety of HIIT 

and concluded that the risk is low (Weston et al. 2014). In addition, the adaptations observed 

in our study are limited to the length of our intervention; a longer intervention might have 

resulted in greater adaptations.

Our intervention included both older men and postmenopausal women, but it was not 

adequately powered to examine sex-specific effects. In addition, young adults were excluded 

from the study; therefore, it is not possible to address whether exercise adaptations in our 

older participants are different compared with young adults. However, Kohrt et al have 

demonstrated that VO2max adapts to aerobic exercise training to the same relative level in 

healthy older adults compared with young adults, and adaptations are independent of sex and 

initial fitness level (Kohrt et al. 1991). Nevertheless, repeating our intervention in a larger 

cohort would allow secondary analyses to directly investigate the influence of factors such as 

sex and age. Although our sample size is relatively large compared to similar interventions 

in the literature, it is critical to reproduce the findings in larger cohorts.

Finally, we can only speculate based on the literature regarding other potential mechanisms 

that may explain our findings. Additional studies are needed to directly investigate the 
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mechanisms underlying the adaptations to all-extremity exercise training in sedentary older 

adults.

5. Conclusions

The present study demonstrates that HIIT on an all-extremity non-weight-bearing ergometer 

is feasible in previously sedentary older adults and safe. All-extremity HIIT is more effective 

in improving aerobic fitness, cardiac systolic function, and insulin resistance compared with 

isocaloric MICT. HIIT on an all-extremity non-weight-bearing ergometer represents a 

promising alternative to weight-bearing HIIT in sedentary older adults.
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Highlights

• All-extremity high-intensity interval training (HIIT) is feasible in older 

adults.

• HIIT over 8 weeks is safe and resulted in no adverse events.

• HIIT improves aerobic fitness, ejection fraction, and insulin resistance.

Hwang et al. Page 14

Exp Gerontol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Study flow chart.
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Figure 2. 
Exercise protocol for high-intensity interval training (HIIT) and moderate-intensity 

continuous training (MICT) performed on an all-extremity non-weight-bearing ergometer. 

After a 10-minute warm-up at moderate intensity (65 to75% of peak heart rate, HRpeak; 

hatched bar), subjects in HIIT performed 4×4-minute bouts of exercise at high intensity (85 

to 95% of HRpeak; dark solid bar) separated by 3-minute active recovery at moderate 

intensity (65 to 75% of HRpeak; light solid bar), while participants in MICT performed 32 

minutes of exercise at moderate intensity (65 to 75% of HRpeak; dark solid bar). All study 

participants performed a 5-minute cool-down at moderate intensity (65 to 75% of HRpeak; 

hatched bar).
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Figure 3. 
Change in peak oxygen consumption (VO2peak; panel A) and left ventricular ejection 

fraction (panel B) in non-exercise control (CONT), moderate-intensity continuous training 

(MICT), and high-intensity interval training (HIIT) groups. *P≤0.01 vs. CONT. #P=0.005 

vs. MICT.
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Figure 4. 
Relation between the change in peak oxygen consumption (VO2peak) and the change in left 

ventricular ejection fraction. CONT=non-exercise control; MICT=moderate-intensity 

continuous training; HIIT=high-intensity interval training.
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Figure 5. 
Change in homeostatic model assessment of insulin resistance (HOMA-IR) in non-exercise 

control (CONT), moderate-intensity continuous training (MICT), and high-intensity interval 

training (HIIT) groups. *P=0.03 vs. CONT; #P=0.007 vs. MICT.
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Table 1

Baseline subject characteristics.

CONT n=14 MICT n=14 HIIT n=15

Age, years 63.8±1.6 65.6±1.8 64.8±1.4

Body weight, kg 73.2±4.5 76.8±2.7 73.0±3.7

Body mass index, kg/m2 26.7±1.4 28.7±1.0 28.0±1.1

Systolic blood pressure, mmHg 118±4 118±4 123±3

Diastolic blood pressure, mmHg 70±2 73±2 72±1

Medication use for

 Hypertension, n 4 3 5

 Lipid lowering, n 4 5 4

Physical activity

 Steps/day 5812±368 5436±594 6070±342

 Counts/min/day 452±36 431±36 445±21

Data are mean±SE. CONT=control, MICT=moderate-intensity continuous training; HIIT=high-intensity interval training.

Exp Gerontol. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hwang et al. Page 21

Table 2

Effect of all-extremity HIIT and MICT on aerobic fitness, body composition and metabolic risk factors.

CONT (n=14) MICT (n=14) HIIT (n=15)

Baseline Follow-up Baseline Follow-up Baseline Follow-up

VO2peak, mL·kg−1·min−1 24.1±1.5 24.5±1.4 25.9±1.7 26.0±1.6 23.1±0.7 25.7±0.8*

VO2peak, L·min−1 1.72±0.11 1.76±0.11 1.93±0.13 1.95±0.14 1.72±0.10 1.91±0.11*

Body weight, kg 73.2±4.5 73.4±4.4 76.8±2.7 76.1±2.5 73.0±3.7 72.8±3.5

BMI, kg/m2 26.7±1.4 26.7±1.3 28.7±1.0 28.5±0.9 28.0±1.1 27.9±1.0

Body fat, % 34.1±1.9 34.1±1.7 37.5±2.2 37.2±2.0 38.8±1.8 37.9±1.8

Fat mass, kg 25.6±2.7 25.4±2.6 29.0±2.1 28.4±1.9 28.5±1.9 27.8±2.0

Fat free mass, kg 48.3±2.9 48.4±2.9 47.8±2.1 47.7±1.9 44.6±2.6 45.0±2.4

Total cholesterol, mg/dL 181±9 186±9 209±13 205±9 202±11 190±10

HDL cholesterol, mg/dL 54±3 60±4 59±4 57±4 66±6 66±6

LDL cholesterol, mg/dL 107±9 105±8 128±12 125±8 115±7 104±7

Triglycerides, mg/dL 96±11 106±12 114±14 116±16 103±21 96±13

Glucose, mg/dL 93±2 94±3 95±3 95±3 91±2 92±2

Data are mean±SE.

*
P<0.0001 vs. baseline.

CONT=control; MICT=moderate-intensity continuous training; HIIT=high-intensity interval training; VO2peak=peak oxygen consumption; 

BMI=body mass index; HDL=high-density lipoprotein; LDL=low-density lipoprotein.
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Table 3

Effect of all-extremity HIIT and MICT on left ventricular morphology.

CONT (n=13) MICT (n=11) HIIT (n=15)

Baseline Follow-up Baseline Follow-up Baseline Follow-up

LV Mass, g 145±14 141±13 156±18 161±18 134±11 143±13

PWTd, mm 9.5±0.8 9.5±0.8 10.1±0.6 10.2±0.9 9.8±0.5 10.4±0.5

SWTd, mm 8.6±0.7 8.7±0.6 8.7±0.3 8.7±0.3 8.6±0.3 8.5±0.2

LVIDd, mm 46.0±1.3 45.5±1.3 46.7±2.8 47.2±2.7 43.5±2.0 44.0±1.9

LVIDs, mm 24.7±1.3 24.8±1.2 25.2±2.2 27.0±1.6 23.1±1.2 23.6±1.0

Data are mean±SE. CONT=control; MICT=moderate-intensity continuous training; HIIT=high-intensity interval training; LV=left ventricular; 
PWTd=posterior wall thickness during diastole; SWTd= septal wall thickness during diastole; LVIDd=left ventricle internal dimension during 
diastole; LVIDs=left ventricular internal dimension during systole.
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Table 4

Effect of all-extremity HIIT and MICT on left ventricular function.

CONT (n=13) MICT (n=11) HIIT (n=15)

Baseline Follow-up Baseline Follow-up Baseline Follow-up

Systolic function

 Ejection Fraction, % 57.0±0.8 55.8±0.9 56.2±0.5 56.9±0.6 56.2±0.8 58.4±0.7*

Diastolic function

 E, cm/s 76.6±4.0 77.7±3.6 83.0±5.9 78.6±7.2 80.4±4.1 77.1±3.6

 A, cm/s 74.3±3.9 73.3±4.1 87.8±6.8 84.8±6.9 77.4±4.1 80.4±3.8

 E/A 1.05±0.06 1.09±0.07 0.99±0.10 0.95±0.08 1.06±0.06 0.97±0.04

 DT, ms 232±14 216±12 219±9 217±9 211±6 211±6

 e′, cm/s 10.1±0.4 9.9±0.6 9.6±0.8 9.1±0.6 9.5±0.3 9.3±0.3

 a′, cm/s 10.8±0.5 10.6±0.4 10.3±0.5 11.0±0.5 10.6±0.3 10.9±0.5

 E/e′ 7.7±0.5 8.2±0.6 9.1±0.9 9.1±1.0 8.6±0.5 8.3±0.4

Data are mean±SE.

*
P=0.001 vs. baseline;

CONT=control; MICT=moderate-intensity continuous training; HIIT=high-intensity interval training; E=early diastolic peak filling velocity; 
A=late diastolic peak filling velocity; DT=deceleration time; e′=early diastolic mitral annular velocity; a′=late diastolic mitral annular velocity.
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