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Abstract

Background:  Obesity exacerbates age-related effects on body composition and physical and metabolic function. Which exercise mode is most 
effective in mitigating these deleterious changes in dieting older adults with obesity is unknown.
Methods:  In a randomized controlled trial, we performed a head-to-head comparison of aerobic (AEX), resistance (REX), or combination 
(COMB) exercise during matched ~10% weight loss in 160 obese older adults. Prespecified analyses compared 6-month changes in 
intermuscular adipose tissue (IMAT) and visceral adipose tissue (VAT) assessed using MRI, insulin sensitivity index (ISI) by oral glucose 
tolerance test, physical function using Modified Physical Performance Test (PPT), VO2peak, gait speed, and knee strength by dynamometry.
Results:  IMAT and VAT decreased more in COMB than AEX and REX groups (IMAT; −41% vs −28% and −23% and VAT: −36% vs −19% 
and −21%; p = .003 to .01); IMAT and VAT decreased in all groups more than control (between-group p < .001). ISI increased more in COMB 
than AEX and REX groups (86% vs 50% and 39%; p = .005 to .03). PPT improved more in COMB than AEX and REX groups, while VO2peak 
improved more in COMB and AEX than REX group (all p < .05). Knee strength improved more in COMB and REX than AEX group (all p < 
.05). Changes in IMAT and VAT correlated with PPT (r = −0.28 and −0.39), VO2peak (r = −0.49 and −0.52), gait speed (r = −0.25 and −0.36), 
and ISI (r = −0.49 and −0.52; all p < .05).
Conclusions:  Weight loss plus combination aerobic and resistance exercise was most effective in improving ectopic fat deposition and physical 
and metabolic function in older adults with obesity.
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Adipose tissue redistributes with aging and in older adults, there is 
a reduction in subcutaneous adipose tissue (SAT) and an increase 
in intermuscular adipose tissue (IMAT) and visceral adipose tissue 
(VAT) (1,2). Higher adiposity and, in particular, increased IMAT and 

VAT are associated with a range of poor physical and metabolic in-
dicators. These include lower physical performance (3–5), impaired 
mobility (4,6,7), reduced muscle strength and quality (8,9), as well 
as increased cardiovascular risks (10,11), impaired glucose and lipid 

https://orcid.org/0000-0003-1365-7960
mailto:dennis.villareal@bcm.edu?subject=


metabolism (12,13), and chronic inflammation and insulin resistance 
(14,15). Therefore, interventions in older adults which target a re-
duction in IMAT and VAT have the potential to benefit physical and 
metabolic function.

We conducted the Lifestyle Intervention Trial in Obese Elderly 
(LITOE) to determine whether aerobic and/or resistance exercise 
types could be used to preserve muscle and bone mass and improve 
physical function during a weight loss program in older adults (16). 
Losses of lean mass and bone mineral density during weight loss 
intervention were the least when resistance exercise was incorp-
orated either alone or in combination with aerobic exercise, while 
physical function improved the most with a combination of aerobic 
and resistance exercise (16).

Little is known about the comparative efficacy of different 
exercise types in reducing ectopic fat deposition in older adults 
with obesity during weight loss therapy. Therefore, we performed 
a head-to-head comparison of aerobic or resistance exercise, or 
both, in dieting older adults with obesity to test the hypothesis that 
weight loss plus combination aerobic and resistance exercise would 
reduce IMAT and VAT more than weight loss plus aerobic exercise 
or weight loss plus resistance exercise. We also hypothesized that 
these reductions in regional body composition would correlate with 
improvements in physical and metabolic function in this population. 
The data reported in this article were obtained using the same sub-
ject group that participated in LITOE.

Method

Overview
The LITOE was a randomized controlled trial (RCT) with the 
main aim to evaluate the relative efficacy of several exercise 
modes in improving physical function and reversing frailty in 
older adults with obesity while dieting (ClinialTrials.gov number 
NCT01065636). The principal results showed that weight loss 
plus combination aerobic and resistance exercise was the most 
effective in improving the functional status of older adults with 
obesity (16). The present study reports secondary analyses of the 
trial examining changes in body composition including IMAT and 
VAT in relation to changes in physical and metabolic function, as 
prespecified in the protocol.

Participants
The methods of this study have been published previously (16). 
Briefly, the study was approved by the university’s institutional board 
and monitored by an independent data and safety monitoring board. 
Volunteers were recruited from Albuquerque, New Mexico through 
advertisements, and informed consent was obtained from each par-
ticipant. All participants underwent a comprehensive medical exam-
ination. Persons were eligible if they were older (aged ≥65 years), 
obese (body mass index ≥30 kg/m2), sedentary (regular exercise <1 h/
week), and had had a stable body weight (loss or gain of no more 
than 2 kg) and stable medication use for 6 months before enroll-
ment. In addition, all participants had mild-to-moderate frailty, as 
defined by a score of 18–31 on the Modified Physical Performance 
Test (PPT) (scores range from 0 to 36 points, with higher scores 
indicating better performance) (17). Persons who had severe cardio-
pulmonary disease, musculoskeletal or neuromuscular impairments 
that precluded exercise training or cognitive impairments, or who 
used drugs affecting body composition were excluded. Volunteers 

were also excluded if they had diabetes requiring insulin therapy or 
uncontrolled diabetes (hemoglobin A1c of >8.5%).

Weight Loss and Exercise Intervention
In this 26-week RCT, participants were randomized with stratifica-
tion for sex into one of 4 groups: (a) control group that did not 
participate in a weight management or exercise training (CON), (b) 
aerobic group that participated in a weight management program 
and aerobic exercise training (AEX), (c) resistance group that par-
ticipated in a weight management program and resistance training 
(REX), and (d) combination group that participated in a weight 
management program and combination aerobic and resistance exer-
cise training (COMB). All 3 exercise groups received the same weight 
management program of behavioral therapy sessions once per week 
including nutritional counseling to achieve a 500–750 kcal deficit in 
energy requirements per day and 1 g protein/kg body weight per day 
(18). The goal was to achieve a weight loss of approximately 10% 
at 6 months. Each of the exercise intervention groups also attended 
exercise sessions 3 times per week, lasting 60–90 minutes with 15 
minutes of warm-up and cool down included. Aerobic exercise was 
performed on a treadmill, bike, or elliptical trainer at approximately 
65% of their peak heart rate, which was gradually increased to 
70%–85% of peak heart rate. Resistance exercise was performed on 
weight-lifting machines consisting of 9 upper-body and lower-body 
exercises. The initial sessions were 1–2 sets of 8–12 repetitions at 
65% of the one-repetition maximum (1-RM; the maximum weight 
a participant can lift, in one attempt), which was increased progres-
sively to 2–3 sets at approximately 85% of the 1-RM. All exercise 
sessions were supervised by exercise physiologists at our facility. The 
control group attended group educational sessions about a healthful 
diet during monthly visits and were asked not to participate in ex-
ternal weight loss or exercise programs.

Additional details about the interventions including compliance 
data, exercise adaptations, and adverse events have been reported in 
the primary paper (16).

Assessments of Body Composition, Physical 
Function, and Metabolic Function
Assessments were carried out at baseline and 6 months by personnel 
blinded to group assignment.

Body Composition Assessment
Measurements of fat mass and lean mass of the whole body were 
performed using dual-energy X-ray absorptiometry (Discovery 
A [Hologic] scanner or Lunar DPX [General Electric]) scanner, as 
described previously (19). Measurements of abdominal VAT, and 
SAT and thigh muscle, SAT, and IMAT volumes were performed 
using magnetic resonance imaging Magnetom Avanto (Siemens) 
scanner, as described previously (20–22). Briefly, for abdominal VAT 
and SAT, 10 serial 10 mm axial images were acquired, beginning at 
L1 (identified by the origin of the psoas muscle), and moving down-
ward. Baseline and 6-month images were batched and analyzed 
using HIPPO software (version 1.3; Pisa, Italy) (23). Slice fat vol-
umes were summed to give total abdominal VAT and SAT. For thigh 
muscle, SAT, and IMAT, 8 serial 10 mm images were acquired just 
superior to the patella. Baseline and 6-month images were batched 
and analyzed using Analyze Direct software (version 10.0; Mayo 
Clinic, Rochester, MN) (21,22), which distinguishes muscle from 
adipose tissue based on pixel brightness. IMAT was separated from 
SAT by drawing a line along the muscle fascia (epimysium) on the 

132� Journals of Gerontology: MEDICAL SCIENCES, 2022, Vol. 77, No. 1



MR image. Cross-sectional areas for each slice were multiplied by 
slice thickness to obtain volume data. All thigh muscle and adipose 
tissue volumes are reported as the sum of the right and left thighs. 
The assessor of MRI images was blinded to group assignment.

Oral Glucose Tolerance Test
Two-hour, 75-g oral glucose tolerance tests (OGTTs) were per-
formed in the morning after a 12-hour fast. Participants were ad-
vised to refrain from exercise for at least 48 hours before the OGTT. 
Blood samples were taken immediately prior to the glucose load 
and every 30 minutes after ingestion of glucose beverage. Plasma 
glucose was determined using the glucose oxidase method (YSI Stat 
Plus; YSI, Yellow Springs, OH). Plasma insulin was measured with 
chemiluminescent immunoassay (Siemens Immulite, Malvern, PA). 
Insulin sensitivity index (ISI) was calculated according to Matsuda 
and DeFronzo (24) based on all measures of glucose and insulin 
made during the OGTT. This index has been validated against the 
gold standard of hyperinsulinemic–euglycemic clamp technique (24). 
Total areas under the curve (AUC) for glucose and insulin were cal-
culated by using the trapezoid method.

Muscle Strength Testing
Knee extension and knee flexion strength were evaluated using a 
Biodex System 3 dynamometer (Shirley, NY) while participants were 
seated with their back supported and hips placed at 120o as pre-
viously described (25). All tests were performed on the right leg. 
Tests were performed at an angular velocity of 60°/second. The best 
of 3 maximal voluntary efforts was used as the measure of muscle 
strength.

Physical Function
The 9-item Modified PPT was used to assess the degree of physical 
frailty as previously described (16,17,19). Peak oxygen consumption 
(VO2peak) was assessed during graded treadmill walking by indirect 
calorimetry (True Max 2400; Parvo Medics), as previously described 
(19). Fast gait speed was assessed by the time needed to walk 25 
feet (16).

Statistical Analysis
The same statistical methodologies used in the parent RCT were 
applied. Briefly, intention-to-treat analyses were performed with 
SAS software (SAS version 9.4, Cary, NC) by analyzing data from 
all participants originally randomized. Baseline characteristics 
were compared by using analyses of variance or Fisher’s exact test. 
Longitudinal changes between groups were tested with the use of 
mixed-model repeated-measures analyses of covariance. Change 
from baseline was used as the dependent variable with group, visit, 
and group × visit as independent effects and baseline values and sex 
as covariates. The primary focus of these analyses was on the sig-
nificance of the interaction between group and time point. Within 
the framework of the mixed model, when the overall p value for the 
interaction was less than .05, prespecified contrast statements were 
used to test 5 hypotheses: that changes in the AEX group would 
differ from those in the CON group, that changes in the REX group 
would differ from those in the CON group, that changes in the AEX 
group would differ from those in the REX group, and that changes 
in the COMB group would differ from those in the AEX group and 
from those in the REX group. Analysis testing for within-group 
changes was also performed using mixed-model repeated-measures 

analyses of variance. Partial correlation analyses (adjusting for sex) 
were performed to examine relations between changes in IMAT and 
VAT and changes in indicators of physical and metabolic function.

Sensitivity analyses that validated the statistical results obtained 
included multiple imputation for missing fitness data (which con-
firmed the same pattern of results). The SAS procedures computed 
50 complete databases by replacing the missing values with ran-
domly assigned values based on the mean and covariance structure 
estimated from the original database. The results computed from the 
50 imputations (databases) were then combined to obtain one set of 
valid estimates and p values. Additional analyses included logistic 
regression that verified that data were consistent with an assumption 
that data were missing at random. Data are presented as least-square 
means (SE) unless otherwise specified. P values of less than .05 were 
considered to indicate statistical significance.

Results

The Consolidated Standards of Reporting Trials diagram has been 
reported previously (16). Briefly, 160 participants were randomized 
and 141 (88%) completed the study. Nineteen participants discon-
tinued the intervention (4 CON, 5 AEX, 5 REX, and 5 in COMB) due 
to personal or medical reasons and were included in the intention-to-
treat analyses. The mean ± SD age of participants was 70 ± 5 years. 
Just below 4% of participants identified as Black and 31% identified 
as Hispanic or Latino. Baseline characteristics of the study partici-
pants are presented in Table 1. There were no appreciable differences 
in baseline characteristics among any of the groups.

As reported, body weight decreased similarly in the AEX group 
(−9.0 ± 0.6 kg [9% decrease]), REX group (−8.5 ± 0.5 kg [9% de-
crease]), and COMB group (−8.5 ± 0.5 kg [9% decrease]) but not 
in the CON group (Figure 1A) (16). However, despite equal weight 
loss, lean body mass decreased less in the REX group (−1.0 ± 0.3 kg 
[2% decrease]) and COMB group (−1.7  ± 0.3  kg [3% decrease]) 
than in the AEX group (−2.7 ± 0.3 kg [5% decrease]) group. The 
score in the Modified PPT increased more in the COMB group (5.5 ± 
0.5 points [21% increase]) than in the AEX group (3.9 ± 0.4 points 
[14% increase]) and REX group (3.9 ± 0.4 points [14% increase]), 
while VO2peak increased more in the COMB group (3.1 ± 0.3 points 
[17% increase]) and AEX group (3.3 ± 0.3 points [18% increase]) 
than in the REX group (1.3 ± 0.3 points [8% increase]) (16).

Abdominal VAT decreased more in the COMB group (−507 ± 
40  cm3 [36% decrease]) than in the AEX group (−269  ± 44  cm3 
[19% decrease]) and REX group (−308 ± 44 cm3 [21% decrease]), 
while losses of abdominal SAT did not significantly differ among the 
3 exercise groups (Table 2 and Figure 1B). Likewise, thigh IMAT 
was reduced more in the COMB group (−172 ± 13 cm3 [41% de-
crease]) than in the AEX group (−105 ± 13 cm3 [28% decrease]) and 
REX group (−101 ± 14 cm3 [23% decrease]), while losses of thigh 
SAT did not significantly differ among the 3 exercise groups (Table 
2 and Figure 1C). VAT and IMAT decreased in all exercise groups 
more than in the CON group. Thigh muscle volume decreased less 
in the REX group (−23 ± 7 cm3 [2% decrease]) and COMB group 
(−40 ± 7 cm3 [3% decrease]) than in the AEX group (−77 ± 7 cm3 
[6% decrease]).

Knee extension strength and knee flexion strength increased in 
the REX group (13 ± 2 ft lb [20% increase] and 6 ± 1 ft lb [14% in-
crease], respectively) and COMB group (12 ± 2 ft lb [20% increase] 
and 7 ± 1 ft lb [16% increase], respectively), whereas they did not 
change in the AEX group (Table 2). Gait speed improved more in the 
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COMB group (12.1 ± 1.3 m/min [17% increase]) than in the AEX 
group (8.1 ± 1.3 m/min [11% increase]).

The ISI increased more in the COMB group (1.9  ± 0.2 [86% 
increase]) than in the AEX group (1.2 ± 0.2 [28% increase]) and 

REX group (1.0  ± 0.2 [39% increase]) (Table 3 and Figure 1D). 
Improvements in fasting glucose, 2-hour glucose, glucose AUC, and 
insulin AUC during the OGTT did not differ between the exercise 
groups, although all changes in glucometabolic profile in each group 
were significantly different from those in the CON group.

Controlling for sex, changes in thigh IMAT and abdominal VAT 
were significantly correlated with changes in PPT score, VO2peak, gait 
speed, and ISI, with ISI demonstrating the strongest correlations with 
thigh IMAT (r = −0.49) and VAT (r = −0.52; Table 4).

Discussion

Our comparative efficacy RCT in frail adults 65  years and older 
with obesity indicated that during matched weight loss, aerobic and 
resistance exercise had independent effects in reducing ectopic fat, 
such that their combination resulted in additive effects that trans-
lated into mitigation of aging- and obesity-related physical and 
metabolic dysfunction. Specifically, in this at-risk population, we 
provide evidence that the COMB exercise was superior to either 
mode independently for reducing IMAT in addition to VAT. These 
changes were associated with the largest improvements in PPT score, 
VO2peak, gait speed, and ISI while losing weight. Until recently, the 
appropriate management of obesity in older adults has been con-
troversial owing to the weight loss-induced reduction of lean body 
mass that might worsen frailty (18,26). The findings of positive ef-
fects on regional body composition in the current RCT reinforce the 
findings from our previous report that functional impairments or 
limitations with obesity can now be addressed safely through weight 
loss plus COMB exercise, so that older adults identified as obese may 
be considered for such interventions (27). Additionally, the benefits 
of resistance exercise alone (REX) in attenuating the loss of lean 
body mass should be noted. This mode of exercise may be a suitable 

Figure 1.  Mean percentage changes in body weight and composition (A), 
abdominal subcutaneous adipose tissue (SAT) and visceral adipose tissue 
(VAT) volumes (B), thigh SAT, thigh intermuscular adipose tissue (IMAT), 
and thigh muscle volumes (C), and insulin sensitivity index (D) in the 
control (red bars), aerobic (orange bars), resistance (olive green bars), and 
combination (darker green bars) groups. Percentage changes are presented 
as least-squares adjusted means; T bars indicate standard errors. The asterisk 
indicates p < .05 for the comparison with the control group, the dagger p < 
.05 for the comparison with the aerobic group, and the double dagger p < .05 
for the comparison with the resistance group. Error bars represent the least-
squares adjusted SE from repeated-measures analysis of variance.

Table 1.  Baseline Characteristics of the Participants

Characteristic CON (n = 40) AEX (n = 40) REX (n = 40) COMB (n = 40)

Age, years 70 ± 5 70 ± 4 70 ± 5 70 ± 5
Sex, number (%)
  Male 12 (30) 14 (35) 15 (37) 16 (40)
  Female 28 (70) 26 (65) 25 (63) 24 (60)
Race, number (%)*
  White 36 (90) 36 (90) 33 (83) 35 (88)
  Black 1 (3) 0 (0) 3 (7) 2 (5)
  Other 3 (7) 4 (10) 4 (10) 3 (7)
Ethnicity, number (%)*
  Hispanic or Latino 13 (33) 13 (33) 12 (30) 12 (30)
  Not Hispanic or Latino 27 (67) 27 (67) 27 (67) 28 (70)
  Unknown 0 (0) 0 (0) 1 (3) 0 (0)
PPT score 28.6 ± 3.0 29.3 ± 2.0 28.8 ± 2.3 27.9 ± 2.6
VO2peak (mL/kg/min) 17.0 ± 3.5 17.6 ± 3.0 17.0 ± 3.6 17.2 ± 3.9
Weight (kg) 97.9 ± 18.5 96.9 ± 15.0 101.8 ± 18.5 99.0 ± 18.1
Height (cm) 163.4 ± 11.6 164.8 ± 15.3 166.5 ± 11.9 165.6 ± 9.2
Body mass index (kg/m2) 36.7 ± 5.0 35.9 ± 4.4 36.7 ± 5.8 35.8 ± 4.5
Fat mass (kg) 43.0 ± 9.4 41.9 ± 8.0 44.3 ± 9.3 42.5 ± 10.3
Lean body mass (kg) 54.9 ± 14.5 55.0 ± 12.0 58.1 ± 14.8 56.5 ± 1.16
Chronic diseases (no.)† 3.2 ± 3.4 2.6 ± 2.7 3.6 ± 3.9 2.7 ± 2.0
Chronic medications (no.)‡ 5.5 ± 4.3 5.7 ± 3.4 6.2 ± 5.7 5.7 ± 4.0

Notes: Groups: CON = control; AEX = weight management and aerobic training; REX = weight management and resistance training; COMB = weight man-
agement and combined aerobic and resistance training; PPT = Modified Physical Performance Test; VO2peak = peak oxygen consumption. Plus–minus values are  
means ± SD. There were no significant differences among groups (all p > .05).

*Race and ethnic group were reported by participants.
†Chronic diseases included hypertension, diabetes, coronary artery disease, congestive heart failure, arthritis, and chronic lung disease.
‡Routine medications included antihypertensive, antidiabetic, antidyspeptic, antianginal, diuretics, antiarthritic, antilipidemic, and antidepressants.
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option for those unable to complete aerobic or combined exercise 
protocols.

There are limited data from RCTs regarding the effect of diet-
induced weight loss plus exercise training on IMAT or VAT in older 
adults with obesity (28–32), none of which has directly compared 
the independent and combined effects of aerobic and resistance exer-
cise within an RCT. For example, Santanasto et al. (29,32) reported 
that a 6- and 12-month weight loss plus primarily an aerobic exer-
cise program compared to aerobic exercise alone reduced IMAT by 
approximately 16% and VAT by approximately 18% which, similar 
to our results, correlated with improvements in physical function 
(as assessed by the Short Physical Performance Battery). Manini 
et al. (30) demonstrated that a 6-month weight loss plus combined 

walking, resistance, and flexibility program compared to educa-
tion control reduced IMAT by approximately 6%−8% at the thigh 
and calf, with the IMAT reduction at the calf associated with faster 
walking speed. On the other hand, Nicklas et al. (31) showed that 
while a 6-month resistance training plus weight loss program com-
pared to resistance training alone similarly reduced IMAT by about 
6%, the addition of weight loss improved mobility. However, as in 
most prior studies, the study population was relatively high func-
tioning, which contrasts with the frailer population in the current 
study. Our results showed about a 20%−40% reduction in IMAT 
which is a larger reduction than in prior studies likely because of the 
higher starting levels of IMAT in our frailer, older participants with 
obesity (PPT score 18–31) (17). It may also be due to the greater 

Table 2.  Effect of Specific Exercise Modes Added to Diet-induced Weight Loss on Abdominal Fat, Thigh Fat and Muscle, and Physical 
Function

Outcome 
Variables CON AEX REX COMB

p Value*

Group–Time 
Interaction

AEX vs 
CON

REX vs 
CON

AEX vs 
REX

COMB 
vs AEX

COMB 
vs REX

Abdominal VAT (cm3) 
  Baseline 1347 ± 106 1443 ± 131 1466 ± 93 1405 ± 97       
 � Change at 

6 months
38 ± 45  −269 ± 44† −308 ± 44† −507 ± 40† <.001 <.001 <.001 .62 .003 .01

Abdominal SAT (cm3) 
  Baseline 3639 ± 208 3505 ± 215 3456 ± 242 3302 ± 163       
 � Change at 

6 months
−78 ± 77  −596 ± 73†  −598 ± 75†  −633 ± 67† <.001 <.001 <.001 .97 .89 .92

Thigh IMAT (cm3) 
  Baseline 375 ± 27 372 ± 23 433 ± 30 422 ± 31       
 � Change at 

6 months
−9 ± 14 −105 ± 13† −101 ± 14† −172 ± 13† <.001 .001 <.001 .82 .007 .01

Thigh SAT (cm3) 
  Baseline 1398 ± 118 1328 ± 92 1415 ± 99 1362 ± 109       
 � Change at 

6 months
3 ± 32 −149 ± 32‡ −167 ± 31†  −132 ± 30‡ .03 .02 .01 .71 .80 .53

Thigh muscle (cm3)
  Baseline 1302 ± 63 1234 ± 62 1190 ± 48 1186 ± 66       
 � Change at 

6 months
10 ± 7 −77 ± 7† −23 ± 7‡ −40 ± 7† <.001 <.001 .008 <.001 .005 .21

Knee extension (ft-lb)
  Baseline 68 ± 5 66 ± 4 66 ± 4 71 ± 4       
 � Change at 

6 months
−1 ± 2  −4 ± 2 13 ± 2‡ 12 ± 2† <.001 .42 <.001 <.001 <.001 .70

Knee flexion (ft-lb)
  Baseline 43 ± 3 41 ± 2 44 ± 3 44 ± 3       
 � Change at 

6 months
−1 ± 1  −1 ± 1 6 ± 1‡ 7 ± 1† <.001 .84 .001 .002 .001 .81

Gait speed (m/min)
  Baseline 75.0 ± 2.6 74.6 ± 2.0 74.3 ± 2.3 68.8 ± 2.2       
 � Change at 

6 months
−0.5 ± 1.3 8.1 ± 1.3† 9.3 ± 1.3† 12.1 ± 1.3† <.001 <.001 <.001 .56 .03 .09

Notes: Groups: CON = control; AEX = weight management and aerobic training; REX = weight management and resistance training; COMB = weight man-
agement and combined aerobic and resistance training; VAT = visceral adipose tissue; SAT = subcutaneous adipose tissue; IMAT = intermuscular adipose tissue. 
Plus–minus values for the change scores are the least-squares adjusted means ± SE from the repeated-measures analyses of variance; plus–minus values for the 
baseline values are the observed means ± SE.

*p Values for the comparison among the groups of changes from baseline to 6 months were calculated with the use of mixed-model repeated-measures analyses 
of variance (with baseline values and sex as covariates). Secondary analyses included a comparison between the combination group and the control group; all p 
values were less than .05.

†p < .001 for the comparison of the value at the follow-up time with the baseline value within the group, as calculated with the use of mixed-model repeated-
measures analysis of variance.

‡p < .01 for the comparison of the value at the follow-up time with the baseline value within the group, as calculated with the use of mixed-model repeated-
measures analysis of variance.

Journals of Gerontology: MEDICAL SCIENCES, 2022, Vol. 77, No. 1� 135



weight loss (~10%) achieved by our participants and the additive 
effects of aerobic and resistance exercise in the COMB group. The 
novel finding in our head-to-head comparative RCT is that among 
the methods tested, COMB with weight loss was the most effective 
in improving regional fat deposition (ie, ectopic fat) and thereby also 
the most effective in improving physical and metabolic function.

 With respect to underlying physiologic mechanisms, we found 
that changes in IMAT and VAT correlated not only with changes 
in physical function such as physical performance, VO2peak, and gait 
speed, but also with changes in metabolic function such as ISI. Older 
adults who are also obese are particularly susceptible to developing 

type 2 diabetes (T2D), because of the additive adverse effects of 
obesity and aging on insulin sensitivity (33). Therefore, the addi-
tive effects of REX and AEX in the COMB group in improving ISI 
are the most likely to reduce the risk, or delay the progression, of 
T2D (34). Accordingly, we found that OGTT parameters (eg, fasting 
and 2-h glucose, and glucose and insulin AUCs) also improved in 
the AEX and REX groups, although without additive effects in the 
COMB group possibly due to most participants having normal or 
only mildly impaired glucose tolerance.

It is possible that the improved insulin action contributed to the 
improved physical function, for example, via an increase in insulin-
mediated muscle blood flow (35) and muscle protein synthesis 
(MPS) (36) as well as improved myocellular quality (37). Indeed, we 
have recently reported that the combination of aerobic and resist-
ance exercise in this study population was superior to either mode 
independently for improving MPS and myocellular quality, thereby 
maintaining muscle mass during weight loss therapy, which was ac-
companied by preservation of myocyte-enhancing factor, MEF2A 
(38). However, it is likely that multiple mechanisms may be involved 
that underlie the largest improvement in physical function associated 
with the largest reduction in IMAT and VAT in the COMB group 
including improved mitochondrial function associated with the im-
proved VO2peak (39,40) and decreased local and systemic inflamma-
tion (41,42). In this regard, we have reported that the expression of 
mitochondrial stress regulators (eg, FIS1, LONP1, and AFG3L2) and 
markers of macrophage infiltration (eg, TLR2, CD68, and CCL2) in 

Table 3.  Effect of Specific Exercise Modes Added to Diet-Induced Weight Loss on Oral Glucose Tolerance Variables

Outcome 
Variables CON AEX REX COMB

p Value*

Group–Time 
Interaction

AEX vs 
CON

REX vs 
CON

AEX vs 
REX

COMB 
vs AEX

COMB 
vs REX

Insulin sensitivity index 
  Baseline 2.4 ± 0.2 2.3 ± 0.2 2.6 ± 0.2 2.2 ± 0.1       
 � Change at 

6 months
−0.2 ± 0.2 1.2 ± 0.2† 1.0 ± 0.2† 1.9 ± 0.2† <.001 <.001 <.001 .57 .02 .004

 Fasting glucose (mg/dL) 
  Baseline 99.6 ± 2.7 99.6 ± 3.0 101.8 ± 2.8 99.4 ± 1.9       
 � Change at 

6 months
2.7 ± 1.4 −3.3 ± 1.4‡  −7.0 ± 1.4‡  −4.8 ± 1.4† .009 .04 .001 .18 .67 .36

2-h glucose (mg/dL)
  Baseline 143.8 ± 9.0 159.0 ± 6.2 163.0 ± 163.0 149.5 ± 9.4       
 � Change at 

6 months
3.8 ± 4.4 −18.6 ± 4.7‡ −25.7 ± 4.8‡ −28.0 ± 4.5† .001 .007 .001 .43 .44 .98

Glucose AUC (mg/dL per 2 h) 
  Baseline 18 877 ± 908 20 100 ± 562 19 806 ± 1073 19 190 ± 771       
 � Change at 

6 months
130 ± 371 −2240 ± 413†  −3013 ± 401†  −2538 ± 13† <.001 .001 <.001 .37 .88 .45

Insulin AUC (µU/mL per 2 h)
  Baseline 13 859 ± 1319 13 524 ± 1101 12 029 ± 1075 13 032 ± 1217       
 � Change at 

6 months
543 ± 481 −3355 ± 528†  −2482 ± 512† −4025 ± 486† <.001 .001 .01 .70 .53 .09

Notes: Groups: CON = control; AEX = weight management and aerobic training; REX = weight management and resistance training; COMB = weight man-
agement and combined aerobic and resistance training; AUC = area under the curve. Plus–minus values for the change scores are the least-squares adjusted  
means ± SE from the repeated-measures analyses of variance; plus–minus values for the baseline values are the observed means ± SE.

*p Values for the comparison among the groups of changes from baseline to 6 months were calculated with the use of mixed-model repeated-measures ana-
lyses of variance (with baseline values and sex as covariates). Secondary analyses included a comparison between the combination group and the control group;  
all p values were less than .05.

†p < .001 for the comparison of the value at the follow-up time with the baseline value within the group, as calculated with the use of mixed-model repeated-
measures analysis of variance.

‡p < .01 for the comparison of the value at the follow-up time with the baseline value within the group, as calculated with the use of mixed-model repeated-
measures analysis of variance.

Table 4.  Correlations Between Changes in Intermuscular and 
Visceral Adipose Tissue With Changes in Physical and Metabolic 
Function Indicators

Indicator

Intermuscular 
Adipose Tissue 
(cm3)

Visceral Adipose Tis-
sue (cm3)

PPT score r = −0.28, p = .02 r = −0.39, p < .01
VO2peak (mL/kg/min) r = −0.49, p = .045 r = −0.52, p < .001
Gait speed (m/min) r = −0.25, p = .04 r = −0.36, p < .01
Insulin sensitivity index r = −0.49, p < .001 r = −0.52, p < .001

Notes: PPT = Modified Physical Performance Test; VO2peak = peak oxygen con-
sumption. Partial correlation analysis was used to control for the effect of sex.
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skeletal muscles were reduced in the COMB group compared to the 
other groups (38). Other potential mechanisms, especially given the 
proximity of IMAT to the muscle fiber, may include increased muscle 
activation and/or improved muscle fiber orientation with IMAT re-
duction (43,44), which warrant examination in future studies.

Strengths of our study included the head-to-head compara-
tive RCT design, the comprehensive lifestyle programs and as-
sessments of physical and metabolic outcomes, the high degree 
of compliance resulting in matched weight loss that allowed for 
unbiased comparisons across groups, and the well-characterized, 
unique but increasing population of frail older adults with obesity 
(19). We used MRI to directly measure changes in IMAT, which 
has a higher sensitivity than computerized tomography (CT) for 
identifying fatty replacement in muscle and because it is not density 
based, provides better anatomical details of soft tissue than CT 
(45). Potential limitations included that we did not have a weight 
loss alone group. The decision was made for ethical reasons given 
that we have shown that weight loss without exercise results in 
significant bone and muscle loss (46). Moreover, weight loss plus 
exercise provides greater improvement in physical function than 
either intervention alone (27); thus, all weight loss interventions 
in this study were combined with exercise. The principal aim of 
the parent RCT was to compare the effectiveness of AEX, REX, 
and COMB in reversing frailty and preserving muscle and bone 
mass during weight loss in older adults with obesity (16). Another 
potential limitation was that our study was not large enough to 
examine potential sex differences in regional body composition 
changes. We controlled for the effect of sex by including it as a 
covariate in the mixed-model repeated-measures analyses of co-
variance and as a variable held constant in the partial correlation 
analyses. It was once commonly thought that it may be difficult to 
change ingrained, lifelong diet and activity habits in older adults 
(47). However, we have found that most participants looked 
forward to the weekly group meetings and adhered well to the 
regular exercise sessions, thus embracing lifestyle change (16,27). 
Nonetheless, a possible limitation is the feasibility of maintaining 
long-term lifestyle change in the “real world.” We have previously 
reported that older adults who participated in our lifestyle inter-
vention trial can adhere to lifestyle changes 30 months following 
a 12-month intervention (48). Findings from other studies also 
suggest that older adults may be more successful in achieving 
long-term weight loss than younger adults (49,50). Additional 
studies are needed to determine long-term adherence and whether 
the beneficial effects of lifestyle intervention therapy can prevent 
the institutionalization of older adults with obesity.

In conclusion, our findings demonstrated that in the at-risk 
population of older adults with obesity, weight loss plus the com-
bination of aerobic and resistance exercise is the most effective 
in reducing ectopic fat deposition and in improving aging- and 
obesity-related physical and metabolic complications. These find-
ings suggest that this specific lifestyle approach may be the most 
useful in helping to maintain functional independence in this 
population.
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