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INTRODUCTION

Obesity can occur at any stage of a persons life. It negatively af-
fects whole-body systems and is a tremendous public health chal-
lenge throughout the world.' This challenge is even more compli-
cated in older adults, as the excessive adipose accumulation that oc-
curs with advancing age is accompanied by the progressive loss of
skeletal muscle mass, strength, and function."” Hence, health-pro-
motion strategies in older adults should transcend a mere weight-
loss goal. Rather, they should specifically target fat mass reduction
while maintaining muscle mass to avoid or mitigate health sequelae
relating to obesity and sarcopenia.®

Evidence from randomized controlled trials (RCTs) conducted
predominantly in young-to-middle-aged populations indicates that
calorie restriction and regular exercise or physical activity (PA) may
be more effective in combating excessive body weight and associat-
ed metabolic abnormalities when prescribed in combination rather
than separately.** Nonetheless, the nature of this interconnection,
especially for body composition changes in elderly populations, re-
mains unexplored.

Although limited in number, some cohort studies among young-
to-middle-aged populations found an interactions of either carbo-
hydrate intake or adherence to the Mediterranean Diet (MedDiet)
(referred as a proxy for energy intake [EI]) with PA (as a proxy for
energy expenditure) on glycemia,” adiposity,” or mortality.* How-
ever, these studies, with some exceptions,® did not provide data for
a full assessment of the nature of such an interaction (additive or
multiplicative), nor did they quantify the synergy between diet and
PA. On the other hand, in older individuals, owing to uncertainties
regarding the long-term benefits and risks of weight-reduction in-
terventions, moderate calorie restriction combined with exercise
and everyday PA has been considered only for older adults who
present weight-related health problems in addition to obesity.’ A
satisfactory understanding of the interaction among lifestyle factors
may provide key insights into the nature of their combined effect,
helping to establish recommendations for the management of over-
weight/obesity in older adults and to incorporate them in worldwide
clinical practice guidelines."

Prior interim analysis in the ongoing Prevencion con Dieta Med-

iterranea-Plus (PREDIMED-Plus) primary cardiovascular preven-
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tion RCT" showed promising results.'>'* A 3-year lifestyle inter-
vention based on EI reduction and PA promotion in the context of
the MedDiet was compared to the approach of following an ad libi-
tum MedDiet only. The former approach was effective in decreas-
ing relative fat and increasing lean mass in older adults with over-
weight/obesity and metabolic syndrome."® Participants from both
groups lost weight, and changes in body composition were more
pronounced over the first year of the trial.”* Consequently, addi-
tional research is warranted to further elucidate the dynamic rela-
tionship between diet and PA—considering the energy balance
equation—that leads to desired changes in body composition. Giv-
en that the PREDIMED-Plus intervention was multifaceted, it was
not possible to separate the individual effects of both exposures and
compare them with the combined effect while quantifying the pos-
sible interaction. Therefore, the goal of this observational study was
to estimate the individual and combined effects of reduction in to-
tal EI and increase in PA on objectively measured body composi-
tion over one year, followed by a comprehensive interaction analy-

sis on additive and multiplicative scales.

METHODS

Study design and population

This observational prospective study was conducted using data
collected during the first year of follow-up in the ongoing PRE-
DIMED-Plus study. PREDIMED-Plus is a multicenter, parallel-
group nutrition lifestyle intervention trial that is investigating the
long-term effects of a 6-year weight-loss multifactorial intervention
on the primary prevention of cardiovascular events. Participants in
the intervention group of this study received intensive individual-
ized counseling to follow an energy-restricted MedDiet (erMedDi-
et), with an approximate 30% energy deficit (approximately 600
kcal/day), and to increase PA. In contrast, participants in the con-
trol group received the usual care and a non-intensive general rec-
ommendation to follow the MedDiet, without EI restriction, PA
promotion, or a weight-loss goal. Eligible participants were men
(age 55-75 years) and women (age 60-75 years) with overweight
or obesity (body mass index >27 and < 40 kg/m?*) and metabolic
syndrome. The trial procedures are published elsewhere,'""* and

the study protocol is publicly available at www.PREDIMEDplus.
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com. The PREDIMED-Plus protocol was approved by the re-
search ethics committees of all recruiting centers: CEIC Universi-
dad de Navarra (053/2013); CEI de las Tlles Balears—Conselleria
de Salut Direccié General de Salut Publica i Consum (IB 2242/14
PI); CEIC del Hospital Clinic de Barcelona (HCB/2016/0287);
CEIC del Hospital Universitari Sant Joan de Reus y IDIAB Jordi
Gol (13-07-25/7proj2); CEIC del Hospital Clinic de Barcelona
(HCB/2017/0351); and CEI de la Universidad de Leén (ETICA-
ULE-014-2015). All participants signed an informed consent form
before entering the study. The trial was registered at the Interna-
tional Standard Randomized Controlled Trial ISRCTN) with code
89898870.

Of the total cohort of PREDIMED-Plus participants (n=6,874),
this study consisted of a subsample of participants (n=1,556) who
underwent body composition scans with dual-energy X-ray absorp-
tiometry (DXA) in seven out of the 23 recruiting centers that had
device access. Participants who had missing values for the variables
of interest at baseline and at 1 year were excluded. Outliers were also
excluded. To account for EI misreporting, participants with total EI
values outside the predefined limits of S500-3,500kcal/day (women)
and 800-4,000kcal/day (men) were excluded.' Finally, the sample
of 1,110 participants (49.3% from the intervention group) was in-
cluded in the analyses (Supplementary Fig. 1).

Exposure assessment

Dietary intake was assessed by trained dietitian—nutritionists us-
ing a validated 143-item semi-quantitative food-frequency ques-
tionnaire during face-to-face interviews conducted at baseline and
at 1-year visits.">'® The average intake of each food and beverage
item was calculated by multiplying a typical portion size by the fre-
quency of consumption, which ranged from 0 to > 6 times/day (nine
possible responses). Spanish food composition tables'” were used
to derive total EI (kcal/day), nutrients, and alcohol (in g/day).

At baseline and at 1 year, trained interviewers collected infor-
mation on total leisure time PA using the Registre Gironi del Cor
(REGICOR) Short Physical Activity validated questionnaire.'®
The data were collected for frequency and duration of six types of
activities performed during a typical month: walking at a slow/
normal pace, brisk walking, working in the garden, walking in the
countryside, climbing stairs, and exercising or playing sports at home,
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outdoors, or in a gym. Each activity had a specific intensity value
expressed as a metabolic equivalent of task (MET) value.” Total
PA was calculated as the summed product of the frequency, dura-
tion, and intensity of each activity, divided by 30 days per month
(MET min/day).

Changes in EI (kcal/day) and PA (MET min/wk) were calculat-
ed as the difference between values measured at 1 year and at base-
line. The 1-year changes in the exposures of interest were dichoto-
mized using the cut-off zero, where zero indicated no change or an
increase in EI and a decrease in PA, and one indicated a decrease in
EI and an increase in PA. Both exposures were combined using a

2 %2 contingency table.

Outcome assessment

At baseline and at 1 year, body weight (kg) was measured in du-
plicate by trained staff according to the study protocol using cali-
brated scales. At the same time points, body composition was di-
rectly quantified using third-generation DXA scanners from Gen-
eral Electric (DXA Lunar Prodigy Primo and Lunar iDXA; GE
Healthcare) connected with enCore software. Subject positioning
during DXA scanning and daily phantom calibration were performed
by trained operators following manufacturer guidelines. Total fat
and lean mass were expressed as the percentages of the DXA-derived
total body mass (sum of total bone, fat, and muscle mass [g]). These
variables were further dichotomized, indicating at least 5% improve-
ments in baseline body weight and body components, i.e,, clinically
relevant changes over 1 year at follow-up. The threshold of 5% was
chosen because it is commonly used in weight-loss strategies asso-
ciated with beneficial cardiometabolic outcomes.*® We previously
used this approach as a proxy for clinically relevant changes in body
composition.” To this end, dummy variables were created, where
zero indicated a lack of improvement in these parameters (ie., < 5%
reduction from baseline in the body weight and percentage of total
fat mass, and < 5% increase in the percentage of total lean mass). A
value of one indicated that the parameters were equal or improved
from baseline (i.e., a $% reduction from baseline in the body weight
and percentage of total fat mass, and a 5% increase in the percent-

age of total lean mass).
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Covariable assessment

A general questionnaire was administered at baseline to obtain
participant information on age, sex, educational level, smoking hab-
its, and type 2 diabetes mellitus status. Type 2 diabetes mellitus at
baseline was defined as a previous diagnosis of diabetes, glycosylat-
ed hemoglobin > 6.5%, use of anti-diabetic medication, or having
fasting glucose > 126 mg/dL in both the screening and baseline
visits.

Questionnaires previously validated in the Spanish population
were used to determine total time spent in sedentary behavior (Nurs-
es’ Health Study Questionnaire*') and adherence to an erMedDiet
(a 17-item screener’?). Data on average daily sleeping time were col-
lected using non-validated open questions. Fatty liver index was

calculated according to the formula proposed by Bedogni et al.*

Statistical analysis

The data were descriptively analyzed to determine the distribu-
tion of participant characteristics, which were presented as mean +
standard deviation (SDs) for continuous variables, or as numbers
and percentages (%) for categorical variables, according to the cate-
gories of exposures of interest. The statistical difference between
the categories of EI and PA was assessed using the independent
samples t-test (Student’s t-test) or chi-square test (*) for continu-
ous or categorical characteristics, respectively.

The main analyses were conducted using a logistic regression
model to determine the individual and combined associations be-
tween 1-year changes in EI (increased/reduced [kcal/day]) and
PA (reduced/increased [MET min/wk]) on reductions of 5% or
more in baseline body weight (kg) and DXA-derived total fat (%),
or increments of 5% or more in lean mass (%). Multivariable OR
models were adjusted for the study randomization group (control
or intervention), sex (men or women), age (years) , recruiting cen-
ter (categorical), as well as baseline variables: smoking habits (cur-
rent, never, or ex-smoker), prevalence of type 2 diabetes mellitus
(yes or no), adherence to an erMedDiet (017 points), alcohol in-
take (g/day), sedentarism, sleep (both in hr/day), number of met-
abolic syndrome components and fatty liver index (both continu-
ous), total leisure time PA (MET min/wk), total EI (kcal/day), as
well as body weight (kg) (for all models), percentage of fat mass

(models for > 5% reduction in fat mass as an outcome), and per-
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centage of lean mass (models for > 5% increment in lean mass as
an outcome). The minimal sufficient adjustment set of covariables
was identified in a directed acyclic graph (DAG)* drawn using
DAGitty software (www.dagittynet)* (Supplementary Fig. 2).
Interaction is a scenario in which the effect of one factor on a
certain outcome varies across the strata of another factor.”® Full as-
sessment of the nature of such an interaction, which could be statis-
tical or biological, requires adequate analysis. According to the meth-
odology proposed by VanderWeele and Knol,”” assessment of sin-
gle and joint association of the exposures was followed by an inter-
action analysis on both multiplicative (according to the statistical
interaction) and additive (according to the mechanistic or biologi-
cal interaction) scales. Interaction on the multiplicative scale was
conducted with a likelihood ratio test comparing logistic regression
models with and without a product term resulting from multiply-
ing EI and PA categories. Interaction on the additive scale was per-
formed by calculating the relative excess risk due to the interaction
(RERI). The RERI was calculated using odds ratios (ORs) as fol-

lows:%

RERI=OR;;-OR;0-ORp1+1

where ORs were used for attaining at least 5% improvement in
baseline body weight and body component values for those who,
at 1 year, presented reduced EI and increased PA (ORy:), those
who presented reduced EI and reduced PA (ORyo), and those who
showed increased EI and increased PA (ORo1). Subjects who did
not improve their lifestyle factors were selected as the reference
group. According to Knol et al,*® for correct RERI calculation, pre-
ventive factors should be recoded in such a way that the stratum
with the lowest risk becomes the reference category. Our analyses
were conducted to determine the odds of improvement, not the
usual deterioration in health condition or disease. Thus, we recod-
ed EI and PA as protective factors, selecting the reference group as
those with the lowest exposition to both factors. We also calculated
supplementary additive interaction statistics, such as the synergy
index (SI) and the attributable proportion of the joint effect (AP),

according to previous recommendations:*’

SI=(ORy;1—1)/[(OR;0-1)+(ORg-1)]
AP= (OR11—OR10—OR01+1)/(OR11)
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RERI >0, AP >0, and SI > 1 suggest a positive interaction on the
additive scale, or synergism, indicating that the effect of the expo-
sures together exceeds the sum of each of these factors considered
separately”” It must be mentioned that RERI estimates are often
statistically non-significant on account of their lack of statistical
power; for more precise estimates, a significantly large sample size
may be required.*”* This limitation may be overcome, at least part-
ly, by calculating other measures for additivity, such as the AP due
to the interaction, and the SI, which does not solely rely on statisti-
cal significance and is apparently more stable than RERL***!

For sensitivity analysis, the models were repeated after eliminat-
ing the participants (n=26) who did not change either EI or PA
over a 1-year follow-up. In additional analysis, the models were re-
run for a continuous outcome using adjusted linear regression anal-
ysis. To visualize the interplay among lifestyle factors, predictive
linear models were plotted to present how an annual increase in PA
(MET hr/wk) varied by the strata of EI (increased/reduced) with
respect to 1-year changes in body weight and composition (contin-
uous variables). To this end, a product term between lifestyle fac-
tors was entered in linear regression models, which were controlled
for the covariables from the main analysis.

Statistical analyses were performed using Stata version 17 software
(StataCorp LLC) and the study dataset from February 23, 2022.
Statistical significance was set at P < 0.0S.

RESULTS

Regarding baseline characteristics (Table 1), the participants who
reduced EI over 1 year (mean + SD, —447 + 333 kcal/day) were
younger, had higher EI, particularly from polyunsaturated fatty ac-
ids (but lower from protein), and consumed more fiber and alcohol
compared to the participants who increased EI over 1 year (mean
318+264 kcal/day) (all P-values < 0.05). They also showed worse
health-related parameters, including higher diastolic blood pressure,
lower high-density lipoprotein cholesterol levels, greater waist cir-
cumference, and higher triglyceride glucose and fatty liver indices
(all P-values <0.0S). Participants who increased PA over 1 year
(1,668 + 1,435 MET min/wk; 0.69 + 0.65 hr/day) were less physi-
cally active at baseline compared to those who reduced PA over
the year (1,333 + 1,366 MET min/wk; —0.59+0.66 hr/day)
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(P<0.001).

Moreover, participants who either reduced EI or increased PA
were predominantly from the intervention group (53.8% and 54.1%,
respectively). They showed greater improvements in PA (Table 1),
as well as in body weight and body composition, as reflected by their
reduction in body weight and percentage of fat mass. They also
showed an increase in lean mass percentage, compared to those in
the opposite EI or PA categories (all P-values < 0.05) (Table 2).

The results detailing the individual and combined associations
between 1-year changes in total EI and PA with improvements in
body composition from baseline, are shown in Table 3. Overall,
greater engagement in total leisure time PA led to more substantial
improvements in body weight and composition than reduction in
total EI at 1 year. In particular, a reduction in EI (kcal/day) at 1 year
was associated with higher odds of achieving at least 5% reduction
in body weight (kg) compared to participants who increased EI
(OR, 1.70,95% confidence interval [CI], 1.17 to 2.45). While ORs
for improvements in body composition (percentage of fat and lean
mass) also increased, they did not reach statistical significance.

Increased PA (MET min/wk) over 1 year was significantly asso-
ciated with higher odds for achieving at least a 5% reduction in body
weight and fat mass from baseline, as well as an increase in lean mass
compared to participants who reduced PA (OR, 1.78 [95% CI, 1.25
to 2.53]; OR, 1.62 [95% CI, 1.13 to 2.33]; and OR, 1.74 [95% CI,
1.11 to 2.70], respectively). The odds of these beneficial changes
were even greater when reductions in EI were combined with in-
creased PA. As shown in Table 3 and illustrated in Fig. 1, the com-
bined effects of reduced EI and increased PA over 1 year resulted in
greater ORs for beneficial changes in body weight (OR, 3.24; 95%
CL, 1.83 to 5.72) and body composition (fat mass: OR, 2.13 [95%
CI, 1.23 to 3.69]; lean mass: OR, 2.46 [95% CI, 1.24 to 4.87]) than
the combination of increased EI and reduced PA.

An interaction analysis suggested that the combined effect of re-
duced EI and increased PA on beneficial changes in body weight
and composition likely involved an interaction beyond additivity,
but not multiplicativity. There was no evidence for a multiplicative-
scale interaction, as the result of the likelihood ratio test comparing
logistic regression models with and without a multiplicative interac-
tion term (EI x PA) was not statistically significant (P> 0.0S). How-

ever, analysis of an additive interaction suggested potential syner-

J Obes Metab Syndr 2026;35:72-85



Konieczna J, et al. Lifestyle Factors and Body Composition nggl

Table 1. Baseline characteristics of participants according to categories of changes in total energy intake and physical activity over 1 year (cut-off
at zero)

Characteristic Total Reduced El  Increased El p Reduced PA  Increased PA p
participants (kcal/day) (kcal/day) (MET min/wk) (MET min/wk)

Number of participants 1,110 649 461 452 658

Intervention study group 547 (49) 349 (54) 198 (43) <0.001 191 (42) 356 (54) <0.001
Men 599 (54) 364 (56) 235 (50) 0.092 239(53) 360 (55) 0.547
Age (yr) 65.5+4.9 65.2+4.9 66.0+4.9 0.004 65.5+4.9 65.6+4.9 0.776
BMI (kg/m?) 324+33 326+33 322+33 0.037 323+33 324+33 0.607
Waist circumference (cm) 107+9 108+9 106+9 0.023 107£10 107£9 0.212
Current/ex-smoker 628 (57) 371(57) 257 (56) 0.639 257 (57) 371 (56) 0.875
Higher education/technician 233 (21) 144 (22) 89 (19) 0.245 87(19) 146 (22) 0.237
El (kcal/day) 2,393+£523  2,611+481 2,085+416 <0.001 2,406+516  2,384+528 0.490
Change in El over 1 year (kcal/day) —129+486 —447 +333 318+264 <0.001 —125+468 —132+498 0.801
Protein (% El/day) 16.6+0.1 16.2+0.1 17.1+0.1 <0.001 16.6+0.1 16.5+0.1 0.816
Carbohydrate (% El/day) 40.0+0.2 40.2+0.3 39.7+03 0.275 40.1+£0.3 39.9+0.3 0.724
Fat (% El/day) 40.3+0.2 404+0.2 40.0+0.3 0.274 40.1+0.3 40.3+0.2 0.550
SFA (% El/day) 10.0+0.1 10.0+0.1 10.0+0.1 0.693 9.9+0.1 10.1+0.1 0.252
MUFA (% El/day) 21.1+0.1 21.1+£0.2 21.0+0.2 0.796 21.1+0.2 21.1+£0.2 0.954
PUFA (% El/day) 6.83+0.06 6.94+0.08 6.68+0.08 0.027 6.82+0.09 6.84+0.08 0.866
Fiber (g/day) 26.0+0.3 277403 236+03 <0.001 26304 258+0.3 0.311
Alcohol (g/day) 11.5£14.9 12.7£16.5 9.8+12.0 0.001 11.7£15.6 11.3+144 0.654
erMedDiet (0-17 points) 8.46+2.60 8.42+2.67 8.52+2.50 0.541 8.62+2.61 8.36+2.59 0.104
PA (MET min/wk) 2,815+£2,206 2,767+2,124 2,881+2,314 0.396 3,787+£2,433 2,146+1,747  <0.001
PA (hr/day) 1.29+£0.98 1.28+£0.95 1.31+1.02 0.618 1.71£1.09 1.00£0.77 <0.001
Change in PA over 1 year (MET min/wk) 446£2,038  591+£1,958  241x2,131 0.005 -1,333%£1,366 1,668+1435 <0.001
Change in PA over 1 year (hr/day) 0.17£0.91 0.23+0.88 0.09+0.94 0.013 —-0.59+0.66 0.69+0.65 <0.001
Sedentarism (hr/day) 5.84+1.82 5.82+1.81 5.87+1.83 0.708 5.75+1.83 5.90+1.81 0.177
Sleep (hr/day) 7.07£1.18 7.04£1.14 7.12+£1.23 0.258 7.09£1.16 7.06+1.20 0.732
Type 2 diabetes mellitus 309 (28) 184 (28) 125 (27) 0.651 120 (27) 189 (29) 0.427
Number of MetS components 3.64+0.76 3.65x0.75 3.62+0.77 0.530 3.63%£0.73 3.64x£0.77 0.995
Systolic blood pressure (mmHg) 142+£17 14317 142+16 0.737 143£16 142+£17 0.486
Diastolic blood pressure (mmHg) 81.2+£10.1 82.0+10.2 79.9+9.7 0.001 81.3+£10.0 81.1+£10.1 0.730
Glucose (mg/dL) 113+28 114+28 112+27 0.224 114+29 112+27 0.377
Triglyceride (mg/dL) 147174 151179 143 +67 0.091 150+ 82 146 +68 0.286
HDL-C (mg/dL) 462+11.4 4561113 47.1+£114 0.029 46.3+£10.9 46.2+11.7 0.861
Cholesterol (mg/dL) 19335 194+35 192+35 0.375 19535 192+35 0.153
TyG 8.90+0.51 8.93+0.52 8.87+0.50 0.046 8.92+0.54 8.89+0.49 0.401
FLI 71.1£16.8 783%16.0 753+17.7 0.003 76.9+17.2 77.2+16.5 0.815

Values are presented as number (%) or mean + standard deviation. P-values were calculated using independent Student’s t-test or y* test for continu-
ous and categorical variables, respectively. Variables TyG, glucose, and cholesterol (1 missing); blood pressure (4 missing).

El, energy intake; PA, physical activity; MET, metabolic equivalent of task; BMI, body mass index; SFA, saturated fatty acid; MUFA, monounsaturated
fatty acid; PUFA, polyunsaturated fatty acid; erMedDiet, energy-restricted Mediterranean diet; MetS, metabolic syndrome; HDL-C, high-density lipo-
protein cholesterol; TyG, triglyceride glucose index; FLI, fatty liver index.

gism between EI and PA, as the RERI coefficients were >0and SI ~ age of fat mass RERI 0.53 [95% CI, —0.33 to 1.39]; SI 1.88 [95%
> 1 (values indicative of an additive interaction) for beneficial chang- CI, 0.41 to 8.65]; and percentage of lean mass RERI 0.45 [95% CI,
es in body weight and composition, although the CIs were wideand ~ —0.75 to 1.65]; SI 1.44 [95% CI, 0.43 to 4.88]).

statistical significance was not achieved (body weight RERI 0.16 Furthermore, 47% of the combined effect on reducing the fat
[95% CI, —1.12 to 1.44]; SI 1.08 [95% CI, 0.58 to 1.99]; percent-  mass percentage could be attributed to the interaction, while 19%
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Table 2. Baseline values and 1-year changes in body composition outcomes according to categories of changes in total energy intake and physi-
cal activity (cut-off at zero)

Characteristic Total Reduced El Increased El p Reduced PA  Increased PA p
participants (kcal/day) (kcal/day) (MET min/wk)  (MET min/wk)

Number of participants 1,110 649 461 452 658

Weight (kg) 86.1+12.6 87.1+£12.8 84.7+123 0.002 857127 86.4+12.6 0.355
Change in weight over 1 year (kg) -1.84+3.88 -237+4.04 -1.09+350 <0.001 -1.14+£3.42 -233+4.09 <0.001
5% Reduction in weight (kg) over 1 year 251 (23) 176 (27) 75 (16) <0.001 78(17) 173 (26) <0.001
Fat mass (%) 40.1+6.9 39.9+6.9 404+6.7 0235  40.2+6.8 40.1+6.9 0.822
Change in fat mass (%) over 1 year -061+226 -082+239 -031+2.02 <0.001 -036+207 -0.79+236 0.002
5% Reduction in fat mass over 1 year 224 (20) 147 (23) 77 (17) 0.015 71(16) 153 (23) 0.002
Lean mass (%) 56.8+6.5 57.0+6.6 56.5+6.4 0.254  56.7+6.5 56.8+6.5 0.768
Change in lean mass (%) over 1 year 0.58+2.19 0.77£2.30 0.30+1.98  <0.001 0.34£2.01 0.74+2.28 0.003
5% Increase in lean mass (%) over 1 year 141 (13) 94 (14) 47 (10) 0.034 42 (9) 99 (15) 0.005

Values are presented as mean + standard deviation or number (%). P-values were calculated using independent Student’s t-test or y* test for continu-
ous and categorical variables, respectively.
El, energy intake; PA, physical activity; MET, metabolic equivalent of task.

Table 3. Odds ratios (95% Cl) from analysis on individual and combined associations and measures of interaction between categories of changes
in total energy intake and physical activity (cut-off at zero) on at least 5% improvements from baseline in body composition over 1 year (categori-
cal outcomes)

Change in body composition over 1 year

Reduction of 5% in weight (kg) Reduction of 5% fat mass (%) Increase of 5% lean mass (%)

Change in El and PA over 1 year

No. of No. of No. of
improvements/ OR (95% CI) improvements/ OR (95% ClI) improvements/ OR (95% CI)
total (%) total (%) total (%)
Individual association
Increased El (kcal/day) 75/461 (16.3) 1 (Reference) 77/461(16.7) 1 (Reference) 47/461 (10.2) 1 (Reference)
Reduced El (kcal/day) 176/649 (27.1)  1.70(1.17 to 2.45)* 147/649 (22.7)  1.41(0.97 to 2.07) 94/649 (14.5) 146 (0.92to0 2.31)
Reduced PA (MET min/wk) 74/427 (17.3) 1 (Reference) 69/427 (16.2) 1 (reference) 41/427 (9.6) 1 (Reference)
Increased PA (MET min/wk) 177/683 (25.9) 1.78 (1.25t0 2.53)* 155/683 (22.7)  1.62(1.13 to 2.33)* 100/683 (14.6)  1.74(1.11 to 2.70)*
Combined association
Increased El & Reduced PA 22/181(12.2) (Reference) 26/181 (14.4) (Reference) 15/181 (8.29) (Reference)
Reduced El & Reduced PA 52/246(21.1)  1.98(1.10to 3.56)* 43/246 (17.5)  1.21(0.68 to 2.16) 26/246 (10.6) 1.37 (0.67 to 2.82)
Increased El & Increased PA 53/279(19.0) 2.09(1.16to 3.76)* 51/279(18.3) 1.39(0.80to0 2.43) 32/279(11.5) 1.64(0.81to 3.29)
( (25.7) (

Reduced El & Increased PA
Multiplicative interaction

Likelihood ratio test
Additive interaction

124/404 (30.7)  3.24(1.83t0 5.72)* 104/404 (25.7)  2.13(1.23 to 3.69)* 68/404 (16.8)  2.46 (1.24to 4.87)*

P=0.477 P=0.499 P=0.837

Relative excess risk due to interaction 0.16 (-1.12 to 1.44)

1.08 (0.58 to 1.99)

0.53 (-0.33t0 1.39)
1.88 (0.41 to 8.65)

0.45 (-0.75 to 1.65)
Synergy index 1.44 (0.43 to 4.88)

Attributable proportion of the
combined association

Due to interaction (El x PA) (95% Cl)
Due to reduced El (95% Cl)
Due to increased PA (95% Cl)

0.07 (-0.50 to 0.64)
0.44 (0.09 to 0.79)*
0.49 (0.10 to 0.87)*

0.47 (-0.34t0 1.28)
0.19(-0.32 t0 0.69)
0.35(-0.18 t0 0.87)

0.31(-0.54 to 1.15)
0.26 (-0.26 to 0.77)
0.44 (-0.13to 1.01)

Fully adjusted model for study randomization group (control or intervention), sex (men or women), age (years), and recruiting center (categorical), as
well as baseline smoking habits (current, never, or ex-smoker), prevalence of type 2 diabetes mellitus (yes or no), adherence to energy-restricted
Mediterranean diet (0-17 points), alcohol intake (g/day), sedentarism, sleep (both in hr/day), number of metabolic syndrome components, fatty liver
index (both continuous), total leisure time physical activity (MET min/wk), total energy intake (kcal/day), weight (kg), and outcome variable.
*Statistically significant.

Cl, confidence interval; OR, odds ratio; El, energy intake; PA, physical activity; MET, metabolic equivalent of task.
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Figure 1. Odds ratios (OR) (95% confidence intervals [Cls]) for associations between categories of changes in total energy intake (El) and physical
activity (PA) (cut-off at zero for both factors) on at least 5% improvements in body composition over 1 year (categorical outcomes): (A) body
weight, (B) fat mass (%), and (C) lean mass (%). Logistic regression was used with a fully adjusted model for the study randomization group (con-
trol or intervention), sex (men or women), age (years) and recruiting center (categorical), as well as baseline smoking habits (current, never, or ex-
smoker), prevalence of type 2 diabetes mellitus (yes or no), adherence to energy-restricted Mediterranean diet (0-17 points), alcohol intake (g/
day), sedentarism, sleep (both in hr/day), number of metabolic syndrome components, fatty liver index (both continuous), total leisure time PA
(metabolic equivalent of task min/wk), total El (kcal/day), weight (kg), and outcome variable.

and 35% could be attributed to the independent effects of reduced ~ teraction, 26% due to reduced EI, and 44% due to increased PA.
EI and increased PA, respectively (Table 3). For increases in rela-  Regarding beneficial reductions in body weight, the greatest pro-

tive lean mass, 31% of the combined effect could be due to theirin-  portion of the joint effect was due to increased PA (49%) or re-
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Figure 2. Associations between 1-year changes in physical activity (PA) on changes in (A) body weight, (B) fat mass (%), and (C) lean mass (%) (all
continuous variables) by categories of changes in energy intake (El; cut-off at zero). Linear prediction models and 95% confidence intervals esti-
mated after entering product term between lifestyle factors into linear regression models adjusted for study randomization group (control or in-
tervention), sex (men or women), age (years) and recruiting center (categorical), as well as baseline smoking habits (current, never, or ex-smoker),
prevalence of type 2 diabetes (yes or no), adherence to energy-restricted Mediterranean diet (0-17 points), alcohol intake (g/day), sedentarism,
sleep (both in h/day), number of metabolic syndrome components, fatty liver index (both continuous), total leisure time PA (metabolic equivalent
of task [MET] min/wk), total energy intake (kcal/day), weight (kg), and outcome variable.

duced EI (44%), with only 7% attributed to the interaction be-
tween EI and PA. Similar results were obtained after eliminating
participants who did not change either EI or PA over the follow-up
period (Supplementary Table 1).

In additional analysis, where outcomes were modeled as contin-
uous variables (Supplementary Table 2), it was determined that
annual improvements in EI and PA alone were associated with con-
current favorable changes in body weight and composition com-
pared to the opposite categories of EI and PA, respectively (for all
outcomes 95% Cls did not cross the null value). Consistent with
the main analysis, the greatest benefits for body weight, fat, and
lean mass percentages were observed when reductions in EI were
combined with increases in PA (95% ClIs for all outcomes did not

cross the null value). Fig. 2 depicts the interaction between increas-
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ing time spent on PA (MET hr/wk) and reducing EI on beneficial
changes in body weight and composition (P for interaction < 0.0S

for all outcomes).

DISCUSSION

This prospective study was conducted among older adults with
overweight/obesity and metabolic syndrome from the PREDIMED-
Plus trial. The study focused on the combined versus individual ef-
fects of dietary EI reduction and PA increase on beneficial changes
in objectively measured body composition, with a notable empha-
sis on comprehensive interaction analysis. The key finding was
that individuals who both increased PA and reduced EI over 1 year

showed the greatest likelihood of achieving significant improve-
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ments in body weight and composition, including percentage of fat
and lean mass, compared to those who did not improve any life-
style factor or who only made one change (either increased PA or
reduced EI). Notably, these improvements likely had public health
and clinical relevance, as they were based on the achieving of a mini-
mum 5% beneficial change from baseline, the threshold typically
associated with positive cardiometabolic outcomes.”

Our interaction analysis suggested the potential synergistic effect
between these two protective lifestyle factors, indicating that the
combined effect was greater than the sum of their individual effects,
although this interaction was not purely statistical but biological.
Individuals who only increased PA showed meaningful improve-
ments in body composition, whereas those who solely reduced EI
were more likely to experience reduced body weight without con-
current improvements in body composition. This observation may
suggest that engagement in PA has a more significant impact on
body composition optimization compared to EI reduction in this
population. Further research should more extensively explore these
results, considering activity type, frequency, and intensity, and con-
firm the results using objective PA measures. Notably, the combi-
nation of both strategies produced the most substantial and com-
prehensive improvements in both weight and body composition
over 1 year.

Our findings regarding the benefits of combining EI with PA in
older adults with obesity align with those of previous studies on
the topic.">'*** A recent systematic review and network meta-anal-
ysis of RCTs (ranging from 2 to 6 months of duration) concluded
that the most effective lifestyle strategy for improving body com-
position—specifically reducing fat mass while maintaining or in-
creasing muscle mass—in individuals aged S5 to 70 years with
obesity, was combining calorie restriction below energy require-
ments with resistance training or mixed exercising (resistance com-
bined with aerobic exercise) and/or high-protein intake.* More-
over, combining calorie restriction with exercise has been shown
not only to preserve fat-free mass (ie., lean mass and bone mass),
but also to enhance aerobic capacity and increase strength. These
findings underscore the relevance of integrating these lifestyle strat-
egies in older adults, particularly those at risk for frailty and falls.*

One possible explanation for the effectiveness of combining EI

reduction with PA is that the limitations of each strategy may be

J Obes Metab Syndr 2026;35:72-85
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partially offset by the other.** Exercise has been widely recognized
to stimulate muscle anabolism, potentially counteracting the de-
clines in skeletal muscle mass, strength, and bone mineral density
triggered by dietary-induced weight-loss.**** Additionally, exercise
and other PA appear to promote satiety sensitivity and appetite

3% helping to mitigate the potential increase

control in older adults,
in appetite as a consequence of an energy deficit.” On the other
hand, the efficacy of PA as a weight-loss strategy in older adults may
be limited by reduced functional capacity, which can be offset by
calorie expenditure through dietary restriction.! Moreover, calorie
reduction has been found to reduce oxidative stress markers, which
tend to increase in response to exercise.” A weight-loss intervention
combining calorie reduction with exercise has also been shown to
exert an additive beneficial effect on glucoregulation, compared to
each of the factors alone, in overweight adults aged 45 to 65 years.*®
This positive biological interaction between EI reduction and PA
increase (although not statistically significant) supports the possi-
bility that combined physiological effects lead to favorable changes
in specific body components.

Moreover, the findings of our study suggest a potential positive
interaction between EI reduction and PA on body composition,
measured on an additive scale. This implies a mechanistic or bio-
logical interaction, with potential synergism between these lifestyle
factors.””* The suggested positive interaction alludes to the likeli-
hood that the improvement in body weight and composition that
is achieved in subjects who both reduce EI and increase PA is great-
er than the improvement that would be expected if the individual
effects of each factor were summed. In other words, our findings
suggest that tailoring lifestyle recommendations to increase PA with
complementary nutritional education for reducing EI in older adults
with obesity could lead to a more pronounced improvement in body
composition. This would include not only the independent effects
of each factor, particularly in terms of achieving beneficial changes
in fat and lean mass percentages, but also the effects induced by the
interaction of the two factors.

Moreover, the proportion of the combined effects attributed to a
biological interaction was higher than the proportion attributed to
the independent effect of EI reduction and/or PA increase for at-
taining beneficial changes in fat and lean mass percentages. This ob-

servation may be significant for public health and clinical practice,
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suggesting that EI reduction and PA increase are most effective when
combined, as they interact to yield improvements in specific body
components beyond their independent effects. Similarly, other stud-
ies have reported the additive interaction between dietary scores
and PA on the risk of cardiovascular factors and mortality.*** While
further research is warranted, the predominant indication from both
our analysis and previous research is that leveraging the interaction
of the two factors can decrease the burden of sarcopenic obesity and
its associated complications in older adults. This objective can be
achieved through strategies that promote sustainable and comple-
mentary lifestyle changes, integrating both dietary and PA compo-
nents.

This study had some limitations. Owing to its exploratory and
observational nature, the discussed causality could not be inferred.
Moreover, the study was restricted to older Spanish subjects with
overweight/obesity and metabolic syndrome, with half of the co-
hort participating in a weight-loss program. The generalizability of
our findings to the general population was thus restricted. Further-
more, this study was conceptually based on the energy balance
model, focusing on EI and PA to explain changes in body weight
and composition. However, it did not account for the alternative
models that emphasize the role of hormones and/or dietary quality
(i.e., the carbohydrate—insulin model). Future research should ex-
plore alternative mechanisms to deepen our understanding of body
composition changes in older adults. Although total EI and PA were
assessed using validated questionnaires, the reliance on self-report-
ing may have led to measurement errors. Another limitation was
the fact that the EI variable was categorized as increased/reduced
from the baseline without considering the participant energy re-
quirements. Furthermore, the RERI estimates had wide CIs and
failed to reach statistical significance for all study outcomes. None-
theless, interaction metrics, such as RER, are often statistically non-
significant or underreported owing to their lack of statistical power
to detect interactions, which can increase the likelihood of type II

errors.5*%

Consequently, more precise estimates of an interaction
analysis may require larger study populations.

It is important to note that all three measures of additive interac-
tions (RERI, AP, and SI) in our study consistently indicated a posi-
tive interaction on the additive scale. Lastly, subgroup analyses ex-

ploring whether differences in outcomes existed based on age or
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sex were not performed owing to a lack of statistical power.

Despite the above limitations, the present study had several strengths,
including a prospective design, use of a large sample size, concurrent
assessment of changes in diet with directly measured anthropome-
try and body composition, and control for a variety of covariables.

In conclusion, the findings of this study suggest that dietary en-
ergy reduction and PA promotion act synergistically to achieve the
most favorable and possibly clinically meaningful changes in body
weight and composition in an aging population with overweigh/
obesity and metabolic syndrome, as the subjects from the PRE-
DIMED-Plus study. This finding underscores an important recom-
mendation for public health and clinical practice: prescribing in-
creased PA combined with nutritional education to reduce EI could
be more effective in improving the body composition of older adults
than focusing on a single lifestyle behavior.

Future studies are warranted to determine the optimal combina-
tion of the degree of IE reduction, as well as the amount and inten-
sity of PA, to achieve the greatest benefit for addressing age-related
changes in body composition. Further research is also required to
replicate these findings in leaner, healthier, and/or younger popula-
tions to elucidate the mechanisms underlying the observed syner-

gism between both lifestyle factors.

SUPPLEMENTARY MATERIALS

Supplementary materials can be found online at https://doi.org/
10.7570/jomes25027.
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