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Abstract

Background It remains unclear whether reengaging in lifestyle weight loss interventions is effective
for the long-term.

Methods We conducted the CENTRAL (trial 1,T1) lifestyle weight-loss trial in 2012-2014, and the DIRECT-PLUS (trial 2,
T2) weight-loss trial in 2017-2018. All participants were invited for follow-up in 2022-2024 to assess weight, metabolic
biomarkers, and fat depots via magnetic-resonance-imaging (MRI) five years after the second trial.

Results The analysis included 572 trial observations contributed by 480 participants; of these, 388 participated

in one of the two trials and 92 participated in both (T1+T2 rejoiners). At follow-up, 384/480 (80%) were re-evaluated,
including 76/92 (83%) rejoiners. In T1, participants who participated once and those who later rejoined T2 exhibited
similar responses to their first intervention, including comparable weight-loss (-3.3% vs. -3.4%; FDR=0.93). However,
T1+T2 rejoiners began their second intervention with a similar baseline BMI to their first (31.8 kg/m? vs. 31.3 kg/

m? FDR=0.12). Nevertheless, they presented a more favourable abdominal fat and metabolic profiles at T2 baseline
than at their initial T1 baseline (visceral adipose tissue (VAT): 135.5 cm? vs. 160.0 cm?; homeostatic model assess-
ment of insulin resistance (HOMA-IR): 3.8 vs. 4.5; high density lipoprotein cholesterol (HDL-C)/Triglycerides: 3.6 vs. 4.2;
all FDR<0.05). In response to T2, rejoiners exhibited attenuated improvements compared to those achieved dur-

ing their previous T1 intervention (weight: -1.5% vs. -3.5%; VAT: -7.2% vs. -33.3%; deep subcutaneous adipose tissue
(SAT): -4.0% vs. -31.9%; superficial SAT: -3.3% vs. -25.4%; all FDR < 0.05), and compared to first-time T2 participants
(weight: -3.5%; FDR < 0.05, VAT: -11.6%; FDR=0.20, deep SAT: -9.9%; FDR < 0.05, superficial SAT: -9.3%; FDR=0.05). Yet,
5 years after completing T2, T1+T2 rejoiners exhibited significantly less weight regain compared with first-time T2
participants (+0.2% vs.+2.9%; FDR < 0.05), deep-SAT regain (+2.4% vs.+ 13.3%; FDR < 0.05), and superficial-SAT regain
(+12.8% vs.+24.3%; FDR < 0.05), though similar VAT regain. Overall, although T1+T2 rejoiners had higher baseline
obesity parameters than first-time participants, they presented comparable values by the 5- and 10-year follow-up.
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Conclusions Despite an attenuated weight-loss response, repeated engagement in a structured lifestyle interven-
tion yields meaningful long-term impacts with sustainable metabolic benefits.

Trial registration CENTRAL (Clinical-trials-identifier:NCT01530724); DIRECT-PLUS

(Clinical-trials-identifierNCT03020186).
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Background

Repeated weight loss attempts are common and have
been associated with mixed cardiometabolic outcomes
[1]. While some studies reported adverse effects on body
weight and increased cardiometabolic risk [2-5], others
did not find detrimental associations between intentional
repeated weight loss and long-term changes in body
composition, morbidity, or mortality [2, 6-8].

Although total weight and weight loss are often empha-
sized, growing evidence indicates that the pattern of fat
distribution is more critical for long-term health out-
comes [9]. Specifically, the accumulation of visceral
adipose tissue (VAT), a metabolically active fat depot
surrounding internal organs, has emerged as a central
driver of cardiometabolic dysfunction [10-14]. VAT is
independently associated with insulin resistance, dys-
lipidemia, type 2 diabetes, and cardiovascular disease,
potentially through its endocrine activity and secretion of
pro-inflammatory mediators, regardless of overall body
weight or body mass index (BMI) [15-19].

It remains unclear whether re-engagement in struc-
tured lifestyle interventions yields sustained or additive
benefits, particularly in promoting VAT loss. Most exist-
ing studies are observational, rely on retrospective self-
reported weight cycling history that is not well-defined,
lack objective imaging, or controlled intervention designs
[2-8, 20, 21]. To address this gap, we evaluated the physi-
ological and metabolic responses of individuals who
rejoined a second 18-month structured lifestyle trial after
completing a similar prior intervention. We compared
within-person changes across both trials and assessed
follow-up outcomes relative to first-time participants.
Given the conflicting evidence, our approach was explor-
atory, aiming to test whether outcomes may reflect not
only the intervention itself but also the physiological and
behavioral context of earlier experiences.

Methods

Study population

We followed participants from two 18-month rand-
omized controlled trials (RCTs): the CENTRAL trial (trial
1, T1) [22] (ClinicalTrials.gov identifier: NCT01530724;
n=278, conducted 2012-2014, with 10-year follow-
up) and the DIRECT-PLUS trial (trial 2, T2) [23, 24]

(NCT03020186; n=294, conducted 2017-2018, with
5-year follow-up). Of the 480 individuals enrolled across
both trials, 92 participated in both T1 and T2.

Eligibility criteria for both trials included abdominal
obesity, defined as waist circumference (WC)>102 cm
for male or>88 cm for female, and/or dyslipidemia,
defined as serum triglycerides>150 mg/dL and high-
density lipoprotein-cholesterol (HDL-C) <40 mg/dL for
male or <50 mg/dL for female. DIRECT-PLUS addition-
ally required participants to be over age 30. Exclusion cri-
teria were consistent across both trials and are detailed in
Additional file 1: Methods S1 [22-26]. Both RCTs and the
Follow Interventions Trial (FIT) follow-up were approved
by the Soroka University Medical Center Ethics Board
and conducted in accordance with the principles of the
Declaration of Helsinki. Written informed consent was
obtained from all participants. No monetary or material
incentives were provided.

Both RCTs were conducted at the same workplace
research site in southern Israel (Dimona). Retention rates
at 18 months were 86.3% and 89.8% for CENTRAL and
DIRECT-PLUS, respectively, as previously reported [22,
23].

Interventions
The CENTRAL trial [22] was designed to compare the
effects of low-fat versus Mediterranean (MED)/low-car-
bohydrate diets, with or without added physical activity
(PA), on specific body adipose depots as measured by
MRI. Its primary aim was to test whether combinations
of dietary and activity interventions could target VAT
and ectopic fat deposits more effectively than conven-
tional low-fat strategies. Participants were randomized to
low-fat or MED/low-carbohydrate diets for 18 months,
with a second randomization at 6 months to added PA or
no PA. The low-fat diet focused on low total fat (<30%
of calories). The MED/low-carbohydrate diet restricted
carbs to<40-70 g/day, emphasized vegetables and leg-
umes, and included 28 g/day of walnuts. The PA pro-
gram included free gym membership, monthly group
workshops, and supervised training three times per week
combining aerobic and resistance exercises.

The DIRECT-PLUS trial [23] expanded on these find-
ings by testing three interventions: healthy dietary
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guidelines (HDG), MED, and green-MED diets, all with
structured PA. Its goal was to examine whether inten-
sified dietary composition, including polyphenol-rich
foods, further improved fat loss and metabolic mark-
ers. The MED groups followed calorie-restricted, low-
carb, high-unsaturated-fat diets, including 28 g/day of
walnuts. The green-MED group additionally consumed
3—4 cups/day of green tea and 100 g/day of Mankai, con-
tributing ~ 800 mg/day of extra polyphenols. All partici-
pants received gym memberships, PA instruction, and
combined nutrition and PA sessions (weekly in the first
month, then monthly to bimonthly).

Both trials aimed to achieve moderate, sustainable
weight loss through reduced intake of refined carbohy-
drates and trans fats, with increased consumption of veg-
etables and plant-based foods. In alignment with local
dietary patterns, in which lunch is the principal meal
of the day, the midday meal was prepared onsite at the
workplace cafeteria and tailored to group-specific dietary
assignments. MRI fat depot quantifications and all sta-
tistical analyses were conducted blinded to group allo-
cation to minimize bias. Full intervention protocols are
described elsewhere [22, 24].

Clinical assessments and imaging protocols

Quantification of abdominal fat compartments fol-
lowed identical protocols in the original trials and in the
5- and 10-year follow-up. Imaging was conducted using
a 3-Tesla MRI scanner (Ingenia 3.0 T, Philips Health-
care) using MATLAB-based semiautomated software
[22, 23]. Abdominal fat was measured using a 3D modi-
fied DIXON (mDIXON) technique with breath-hold
acquisition to minimize motion artifacts. All image
analysts were blinded to group assignment and to time
point (baseline vs. end of intervention). Inter- and intra-
observer reliability for fat quantification was high (n=30,
r>0.96, p<0.001) [22, 23]. Deep and superficial subcu-
taneous adipose tissue (SAT) were delineated by manu-
ally tracing the fascia superficialis. Two axial slices were
analyzed per participant, corresponding to L4-L5 and
L5-S1 vertebral spaces. Intrahepatic fat (IHF) measure-
ments were obtained using mDIXON, mDIXON Quant,
and proton magnetic resonance spectroscopy (‘H-MRS)
techniques, following previously validated and cross-
referenced protocols [24, 26]. Full imaging protocols
are provided in Additional file 1: Methods S2. Missing
baseline MRI measurements were due to technical rea-
sons. Anthropometric measurements, fasting blood bio-
markers, and comprehensive lifestyle questionnaires,
including smoking status, PA levels, and the validated
food frequency questionnaire (FFQ) [27], were collected
at baseline, after 18 months, and again at long-term fol-
low-up (5 and 10 years), as detailed in Additional file 1:
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Methods S3. The MED Diet Adherence Screener [28]
was also assessed at follow-up. PA was quantified in
metabolic equivalent of task (MET)-hours per week,
representing the ratio of energy expended during activ-
ity to the resting metabolic rate [29]. Missing MED
and PA scores follow-up data (n=29, 7.6% and n=31,
8.1%, respectively) were imputed using the k-nearest
neighbours (KNN) method [30], based on age, sex,
intervention group, and follow-up duration as predic-
tive variables. Cardiometabolic indices were computed
using established formulas: Homeostatic model assess-
ment of insulin resistance (HOMA-IR)=(fasting insu-
lin X fasting glucose)/405 [31]; metabolic score for insulin
resistance (METS-IR)=(In(2 X fasting glucose + fasting
triglycerides) x BMI)/In(HDL-C) [32]; and triglyceride-
glucose (TyG) index=In(fasting triglyceridesXxfasting
glucose/2) [33].

Statistical analyses

The primary outcomes were changes in three MRI-
derived abdominal adipose tissue compartments: VAT,
deep SAT, and superficial SAT, assessed at three time
points for single-time participants (baseline, 18 months,
and 5- and 10-year follow-up), and at five time points in
rejoiners (baseline and 18 months for each intervention,
plus 5-year follow-up). Secondary outcomes included
anthropometric parameters, MRI-derived IHF, and car-
diometabolic biomarkers.

The analytic framework was structured to reflect both
between-group and within-person comparisons across
interventions and over time. First, we assessed whether
participants who later rejoined (T1+T2) differed from
Tl-only participants in their baseline characteristics
and response to the T1 intervention. Next, we compared
baseline measures and intervention responses during T2
between T1+ T2 rejoiners and T2-only participants. We
then evaluated within-person changes among T1+T2
rejoiners across both interventions. This included com-
paring T1 and T2 baseline values to assess whether
rejoining participants entered the second trial with dif-
ferent anthropometric or metabolic profiles. Post-inter-
vention follow-up outcomes (5 and 10 years after trial
completions) were subsequently compared between
rejoiners and single-time participants from either T1
or T2. These comparisons focused on long-term regain
from the end-of-intervention to follow-up in weight,
abdominal fat compartments, and cardiometabolic mark-
ers. In addition, we examined within-person longitudinal
trajectories across all available time points to character-
ize patterns in anthropometry, body composition, and
cardiometabolic indices over time. Finally, we compared
follow-up measurements between T1+ T2 rejoiners and
single-time participants. All comparisons were restricted
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to participants with available data at the relevant time
points, with analytic sample sizes varying accordingly
across outcomes and analyses. Continuous variables are
presented as mean tstandard deviation (SD), and cat-
egorical variables as frequencies (percentages). Distri-
butional assumptions were assessed using Shapiro—Wilk
tests and visual inspection of histograms. Percent change
between time points was calculated as ((Later — Ear-
lier)/Earlier) X 100. IHF and high-sensitivity C-reactive
protein (hsCRP) changes were reported as an absolute
difference due to near-zero baseline values. Baseline
and follow-up characteristics were compared between
single-time and rejoining participants using Wilcoxon
rank-sum tests (continuous variables) and x> tests (cat-
egorical variables). Changes during the intervention
between single and rejoining participants were analyzed
using analysis of covariance (ANCOVA), with adjustment
for baseline BMI specific to the relevant trial. Changes
during follow-up between single and rejoining partici-
pants were analyzed using ANCOVA with adjustment for
MED diet adherence score at follow-up. Within-person
changes over time were assessed using repeated-meas-
ures ANCOVA, adjusting for trial-specific baseline BMI
and age. Non-parametric paired Wilcoxon signed-rank
tests were additionally used to compare time points. Sig-
nificance was set a priori at p<0.05. False discovery rate
(FDR) correction was applied to all comparisons [34].

All analyses were conducted in R version 4.4.1, using
the following packages: dplyr [35], tidyr [36], gtsummary
[37], ggplot2 [38], DiagrammeR [39], and VIM [40].

Results

Study population and follow-up

T1 and T2 included 278 and 294 participants, respec-
tively, among 480 individuals, of whom 92 took part in
both trials (T1+T2,="rejoiners’). Of these, 384 (80%)
completed MRI and clinical assessments during the
2022-2024 post-intervention follow-up. Among these
384 participants, 147 took part only in T1, 161 par-
ticipated only in T2, and n=76 were T1+T2 rejoiners
(Fig. 1). At follow-up, the mean age was 57.1 years, and
89% were male (Additional file 1: Table S1).

Baseline characteristics by participation status

At the onset of T1, T1+ T2 future rejoiners had higher
BMI (31.3 kg/m? vs. 30.0 kg/m?), WC (109.3 cm vs.
105.4 cm), and deep SAT (291.6 cm? vs. 253.0 cm?), com-
pared with T1-only participants (all FDR<0.05). Other
baseline demographic, anthropometric, and cardiometa-
bolic markers, including sex, age, VAT, glycemic indices,
and lipid profiles, were similar across groups (Table 1).
At T2 baseline, similar characteristics remained higher
among T1+4+T2 rejoiners compared with T2-only
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participants (BMI: 31.8 kg/m* vs. 30.7 kg/m% WC:
111.1 cm vs. 108.2 cm, and deep SAT: 232.7 cm? vs. 202.9
cm?) (all FDR <0.05, Table 1). Baseline daily energy intake
and PA levels did not differ significantly between single-
time and rejoining participants in either trial (Table 1).

At T1 and T2 baselines, rejoiners had comparable
BMI values after adjusting for trial-specific baseline age
(31.3 kg/m? vs. 31.8 kg/m?% FDR=0.12). However, at T1
baseline, rejoiners had lower WC (109.3 cm vs. 111.1 cm),
diastolic BP (79.0 mmHg vs. 82.3 mmHg), and systolic BP
(122.0 mmHg vs. 131.6 mmHg) (all FDRs<0.05), com-
pared to their own T2 baseline values (Fig. 2 and Addi-
tional file 1: Table S2). In contrast, rejoiners showed
improved abdominal adipose tissue distribution and
metabolic profiles at the T2 baseline compared to the T1
baseline timepoint, including 15.7% lower VAT (135.5
cm? vs. 160.0 cm?), 20.2% lower deep SAT (232.7 cm? vs.
289.3 cm?), and 28.8% lower superficial SAT (114.0 cm?
vs. 157.0 cm?), as well as significantly improved HOMA-
IR (3.8 vs. 4.5) and triglycerides/HDL-C (3.6 vs. 4.2),
all adjusted for trial-specific baseline BMI and age (all
FDR<0.05) (Fig. 2).

Intervention responses among single and rejoining
participants

During T2, T1+T2 rejoiners had significantly smaller
benefits across most outcomes, compared to their own
response to T1 (Fig. 3 and Additional file 1: Table S3).
Weight decreased by —1.5% during T2 compared to
—3.5% in T1, VAT decreased by —7.2% vs. —33.3%, deep
SAT decreased by —4.0% vs. —31.9%, superficial SAT
decreased by —3.3% vs. —25.4%, and IHF decreased by
—-1.7% vs. —=5.4% (all FDRs<0.05). WC change, how-
ever, remained similar between interventions (—3.6% vs.
—4.1%; FDR=0.85).

During T1, future T1+ T2 rejoiners experienced simi-
lar improvements in their anthropometric measure-
ments, abdominal adipose depots, and cardiometabolic
biomarkers compared to T1-only participants, control-
ling for T1 baseline BMI (weight: —3.4% vs. —3.3%, WC:
-3.7% vs. —3.9%, VAT: —32.7% vs. —34.5%, deep SAT:
—30.8% vs. —32.1%, superficial SAT: —23.8% vs. —24.6%,
HOMA-IR: —6.0% vs. —14.6%, Triglycerides/HDL-C:
—2.2% vs. —14.5%; all FDRs>0.57) (Additional file 1:
Table S4).

In contrast, during T2, T1+T2 rejoiners had a
decreased response relative to T2-only participants,
adjusting for T2 baseline BMI (Table 2). Rejoiners had
smaller reductions in weight (-1.3% vs. —3.5%), WC
(=3.5% vs. —5.9%), deep SAT (—3.4% vs. —9.9%), and
superficial SAT (—3.7% vs. —9.3%) compared with single
participants (all FDRs <0.05). Change in VAT showed the
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Total part

(n =572)

icipants in RCTs

N

N

First trial (T1: CENTRAL)
2012-2014
(n=278)

Second trial (T2: DIRECT-PLUS)
2017-2018

(n =294)

N

Rejoined both trials

(n=92)

l

Unique individuals eligible
for follow-up
(n = 480)

L

N

Completed 2022-2024 follow-up| | Lost to follow-up

(n = 384, 80%)

(n=96,20%)

'

T1-only participants T2-only participants
(n =147, 38.3%)

(n =161, 41.9%)

T1+T2 rejoiners
(n =76, 19.8%)

Completed T1
(n=68)

W

Completed T2 Completed both trials
(n=171) (n = 64)

Fig. 1 Participant inclusion flowchart from the CENTRAL and DIRECT-PLUS 18-month trials to the 5- and 10-year Follow-Up Interventions Trial
(FIT) study (n=384). The diagram illustrates the inclusion of single-time and rejoining participants who completed MRI and clinical assessments
during the 2022-2024 post-intervention follow-up

same trend but was not statistically significant (—5.9% vs.

—11.6%; FDR=0.20).

Reductions in daily energy intake and increases in
PA in response to the lifestyle intervention did not

differ significantly between single-time and rejoin-
ing participants in either trial (Table 2 and Additional
file 1: Table S4).
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Table 1 Baseline characteristics of the CENTRAL and DIRECT-PLUS 18-month Trials Participants, Stratified by Participation Status
(Single and Rejoiners, n=384)

Characteristic' T1-only baseline T1+T2,T1 T1 baseline T2-only baseline T1+T2, T2 baseline

(N=147)? baseline Comparison (FDR- (N=161)*3 T2 baseline Comparison (FDR-
(N=76)*3 adjusted)* (N=76)? adjusted)*

Age, years 48.20+9.13 46.64+9.27 0.386 5149+11.20 51.85+9.25 0.671

Sex (% Male) 131 (89%) 72 (95%) 0.382 139 (86%) 72 (95%) 0.160

BMI, Kg/m2 29.98+3.80 31.28+3.67 0.026 30.68+3.85 31.79+347 0.034

Weight, Kg 89.56+13.45 94.89+12.71 0.021 91.10+£13.78 95.98+12.69 0.012

Waist circumfer- 105.35+9.38 109.31+9.46 0.021 108.21+9.10 111.12+8.06 0.013

ence,cm

VAT area, cm? 1535246144 160.63+56.21 0.442 129.95+46.58 135.45+49.20 0.671

Deep SAT area, cm?  253.02+81.92 2916449292 0.021 202.86+63.03 232.70+65.65 0.012

Supzerﬁcia\ SAT area, 149.46+66.97 160.11+£66.81 0.382 109.95+44.95 114.01+41.36 0.505

cm

Intrahepatic fat, % 8.89+9.11 12.26+£12.07 0.249 10.06+8.88 10.69+8.60 0.671

Diastolic, mmHg 79.86+10.89 79.18+9.96 0.780 80.71+10.32 82.34+10.31 0.663

Systolic, mmHg 124.38+15.13 122.34+14.39 0.691 130.09+13.94 131.57+13.69 0.671

Fasting Glucose, 106.61+17.26 108.32+22.99 0.748 103.29+23.37 103.08+21.33 0.894

mg/dL

Fasting Insulin, uU/  17.05+9.67 16.57+947 0.842 14.59+7.87 14.64+7.68 0.814

mL

HOMA-IR 4544274 448+3.00 0.768 377242 3.80£2.21 0.671

HbA1c, % 554+044 5.62+0.57 0442 545+0.63 558+0.64 0.160

Triglycerides/HDL-C  4.51+3.52 4244369 0442 3.60+2.16 3.64+339 0671

TyG Index 897+0.52 8.88+0.51 0442 8.83+049 8.79+0.51 0.671

METS-IR 47.80+7.87 49.85+8.71 0.249 47511754 48.96+7.15 0310

hsCRP, mg/L 329+382 3374283 0.382 448+6.55 3.74+6.03 0.671

Energy intake, Kcal/  3,025.53+1,344.77  2,790.60+1,103.77 0442 221515+1,016.18  1,989.97+1,04539  0.160

day

Physical activity, 37.64+32.34 3490+25.78 0.784 35.01+36.13 32.11+23.95 0.671

MET-hour/week

' BMI body mass index, HbATc glycated hemoglobin, HDL-C high-density lipoprotein cholesterol, HOMA-IR homeostatic model assessment of insulin resistance, hsCRP
high-sensitivity C-reactive protein, METS-IR metabolic score for insulin resistance, SAT subcutaneous adipose tissue, T1 trial 1, T2 trial 2, TyG Index triglyceride-glucose

index, VAT visceral adipose tissue

2 Mean + standard deviation (SD) for continuous variables; Number (%) for categorical variables

3The“T1+4T2,T1 baseline”and “T1+T2, T2 baseline” columns represent the same 76 individuals who participated in both trials

4 Continuous variables were analysed using the Wilcoxon rank sum test, while categorical variables were evaluated using Pearson’s Chi-squared test. False discovery

rate correction for multiple testing was applied

Changes during post-intervention, long-term follow-up
among single and rejoining participants

Ten years after the first trial, T1-only participants and
future T1+4T2 rejoiners exhibited similar regain from
end-of-intervention to follow-up (Additional file 1:
Table S5). However, five years after the second trial,
T1+T2 rejoiners exhibited significantly less weight
regain (+0.2% vs.+2.9%), deep SAT regain (+2.4%
vs.+13.3%), superficial SAT regain (+12.8% vs.+24.3%),
and IHF regain (0% vs.+2.8%) compared to T2-only
participants (all FDRs<0.05; Fig. 4 and Additional file 1:
Table S6).

Sustained long-term effects at 5 and 10 years

During the intervention period, both single-time and
rejoining participants demonstrated significant improve-
ments in anthropometric measures, abdominal adipose
tissue depots, and glycemic and lipid profiles (Fig. 5).
However, by the 10-year follow-up, many of these meta-
bolic benefits had diminished among T1-only partici-
pants, with significant increases observed in BMI, WC,
VAT, deep SAT, superficial SAT, HOMA-IR, and tri-
glycerides/HDL-C (all FDR<0.05). In contrast, T1+T2
rejoiners maintained stability in WC, superficial SAT,
HOMA-IR, triglycerides/HDL-C, and METS-IR lev-
els over the same period. Five years after completing
the second intervention, T2-only participants exhibited
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model assessment of insulin resistance; SAT, subcutaneous adipose tissue; T1, trial 1; T2, trial 2; VAT, visceral adipose tissue; WC, waist circumference
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Table 2 Intervention Responses of the Second Trial Participants Among Single and Rejoiner Participants

Characteristic' N T2-only T1+T2rejoiners (n=71)>  P-value>  FDR-

participants adjusted
(n=153)2 P-value*

Weight change during intervention, % 224 -345+6.10 -131+4.71 0.007 0.041
Waist circumference change during intervention, % 223 -594+541 —3.52+492 0.003 0.027
VAT area change during intervention, % 197 =11.62+2403 —5.86+1856 0.108 0.195
Deep SAT area change during intervention, % 196  -991+14.70 -336+1337 0.002 0.027
Superficial SAT area change during intervention, % 188  —9.32+14.70 —367+14.04 0.014 0.050
Intrahepatic fat change during intervention, %° 184  —322+678 —1.54+551 0.086 0.177
Diastolic BP change during intervention, % 219 -080+12.16 —2.52+11.46 0.365 0438
Systolic BP change during intervention, % 219 —-047+1048 —-1.21+824 0.562 0.595
Fasting Glucose change during intervention, % 220 -1.98+10.28 227+15.18 0.012 0.050
Fasting insulin change during intervention, % 224 —-10.64+39.10 —4.15+35.22 0.150 0.245
HOMA-IR change during intervention, % 218 -10.02+41.05 -1.23+4137 0.088 0.177
HbA1c change during intervention, % 222 023+7.80 0.84+4.27 0.543 0.595
Triglycerides/HDL-C change during intervention, % 223 —483+4857 —3.55+41.88 0.908 0.908
TyG Index change during intervention, % 219  —155+446 —0.73+4.50 0.241 0.334
METS-IR change during intervention, % 219 -525+9.96 —2.62+7.92 0.058 0.150
hsCRP change during intervention, mg/L° 215 —154+646 0.15+1.93 0.040 0.120
Energy intake change during intervention, Kcal/day 200  -563.01+973.88  —399.59+612.30 0.191 0.287
Physical activity change during intervention, MET-hour/week 195 11.71+45.20 4.86+40.29 0.338 0435

T BMI body mass index, HbA ¢ glycated hemoglobin, HDL-C high-density lipoprotein cholesterol, HOMA-IR homeostatic model assessment of insulin resistance, hsCRP
high-sensitivity C-reactive protein, METS-IR metabolic score for insulin resistance, SAT subcutaneous adipose tissue, T1 trial 1, T2 trial 2, TyG Index triglyceride-glucose

index, VAT visceral adipose tissue
2 Mean + standard deviation (SD)
3 ANCOVA test, controlled for T2 baseline BMI

4 False discovery rate correction for multiple testing

% IHF and hsCRP changes are reported as absolute differences due to near-zero baseline values

significant regain in most measures compared to end-
of-intervention values (FDR<0.05), with the exception
of WC, which remained stable. In contrast, T1+T2
rejoiners sustained the reductions in both WC, VAT,
and METS-IR throughout the 5-year follow-up period
(FDR<0.05). Notably, by the FIT 5- and 10-year follow-
up, all anthropometric and cardiometabolic markers
were similar across groups (Additional file 1 Table S1).

Discussion

This study examined the long-term physiological impact
of rejoining a structured lifestyle intervention program,
highlighting key differences between single and rejoining
participants. Despite similar baseline weights across the
two trials, rejoiners began the second intervention with
a more favourable metabolic and abdominal fat profile
than at their initial baseline, indicating lasting benefit
from the first intervention. In addition, while rejoiners
showed a significantly attenuated weight loss, abdominal
fat reduction, and cardiometabolic improvement in the
second intervention compared with both their own first
intervention-induced response and with single-time par-
ticipants, they experienced significantly less weight and

abdominal fat regain over the subsequent 5-year post-
intervention period. These findings suggest more sustain-
able, beneficial long-term effects of rejoining a second
weight-loss intervention program.

Several strengths and limitations should be acknowl-
edged. First, the number of rejoiners was modest.
However, the ability to follow this subgroup across two
interventions and five time points, including repeated
MRI and clinical assessments, may enable some mean-
ingful insights into the physiology of repeated lifestyle
intervention. In addition, the generalizability of our find-
ings may be limited, as rejoiners were self-selected and
the cohort was predominantly male, reflecting the work-
place’s demographic composition. Strengths include the
detailed tracking of changes in abdominal adiposity and
metabolic biomarkers across a prolonged period. Most
participants underwent standardized MRI assessments at
all key time points, with high adherence rates and con-
sistent imaging protocols.

A key finding is that although rejoiners began the sec-
ond intervention at a similar weight as their initial base-
line, their abdominal fat depots and blood biomarkers
had improved, indicating a residual metabolic benefit,
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beyond BMI. This is consistent with prior observations
that not all metabolic parameters strictly mirror weight
dynamics over time [9, 41].

While some metabolic markers maintained between
interventions, rejoining participants experienced attenu-
ated improvements in adiposity and metabolic outcomes
during the second intervention compared to the first.
Weight, VAT, deep SAT, superficial SAT, and IHF were
all reduced to a lesser extent in the second intervention,
after adjustment for baseline age and BMI. Importantly,

(See figure on next page.)

the observed differences in adiposity and metabolic out-
comes during the interventions were not explained by
differences in lifestyle adherence. Reductions in daily
energy intake and increases in PA were comparable
between single-time and rejoining participants. This
suggests that the attenuated response observed among
rejoiners was not driven by reduced engagement, but
may instead reflect physiological adaptations to prior
weight loss, such as lowered resting energy expenditure

Fig. 5 Trajectories of Adiposity and Metabolic Markers Across Two Trials and a Long-term Follow-up. Longitudinal means (+95% confidence
intervals) are shown for BMI, waist circumference, visceral adipose tissue (VAT), deep subcutaneous adipose tissue (SAT), superficial SAT,
Homeostatic model assessment of insulin resistance (HOMA-IR), triglycerides/HDL-C, and METS-IR. Data are stratified into three groups: single-time
participants from the CENTRAL trial (T1) only (blue), DIRECT-PLUS trial (T2) only (red), and those who participated in both trials (purple, "T1+T2
rejoiners"). Asterisks (*) indicate statistically significant changes between baseline and the end of interventions (2012 to 2014 and 2017 to 2018);
plus signs (+) indicate changes between first trial end of intervention and 10-year follow-up (2014 to 2023); carets (A) mark significant changes
between second trial end of intervention and 5-year follow-up (2018 to 2023) (Wilcoxon paired tests FDR < 0.05). Sample sizes (n) shown per group
and time point reflect only participants with complete data for all respective time points used in paired analyses. Abbreviations: BMI, Body mass
index; HDL-C, High-density lipoprotein cholesterol; HOMA-IR, Homeostatic model assessment of insulin resistance; METS-IR, metabolic score

for insulin resistance; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue
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[42, 43], or a narrower physiological margin for improve-
ment due to residual benefits from the first intervention.

Notably, rejoiners also exhibited significantly less
reduction in weight, deep SAT, and superficial SAT com-
pared to T2-only participants during the second inter-
vention, whereas VAT reduction was not statistically
different between the groups. This may reflect VAT’s
higher sensitivity to lifestyle interventions [22, 23, 44—
46], which could lead to more consistent reductions even
upon repeated exposure.

At the same time, rejoiners experienced significantly
less weight and abdominal fat regain over the 5-year
post-intervention period compared to single-time par-
ticipants. This finding may reflect the benefits of renewed
engagement, behavioral reinforcement, and structured
support, which are known to enhance adherence and
facilitate long-term weight stability [47, 48]. This pat-
tern is reminiscent of findings from other areas of health
behaviour change, such as smoking cessation, where
multiple quit attempts are often necessary to achieve
long-term success [49]. Similarly, repeated engagement
in lifestyle interventions may promote habit formation
and durable behaviour change, contributing to sustained
health benefits over time.

The combination of modest but significant improve-
ments during the second intervention and reduced
regain contributed to sustained reductions across a
10-year follow-up in anthropometric measures as well
as glycemic and lipid profiles initially achieved during
the first trial. Importantly, these long-term benefits were
not observed among single-time participants of the first
trial, who showed reversal of earlier improvements by
the 10-year follow-up. Furthermore, when compared to
single-time participants of the second trial, both groups
(single-time and rejoiners) maintained lower WC levels
achieved during the intervention. However, only rejoin-
ers sustained reduced VAT and METS-IR levels at the
5-year, post-T2, follow-up. Overall, by the 5- and 10-year
FIT follow-up, anthropometric measurements were com-
parable between rejoiners and single-time participants,
despite rejoiners having entered both the first and second
interventions with higher levels of adiposity.

While some studies report metabolic harm or dimin-
ishing benefits [2—-5], others suggest that multiple inter-
ventions can yield continued advantages [6, 8]. Our
findings support the notion that repeated, intentional
programs can still confer additive or stabilizing effects on
abdominal fat distribution and cardiometabolic health,
even in the context of weight regain. This has impor-
tant clinical and public health implications, challeng-
ing the assumption that weight loss is a futile endeavor
[21, 50]. Repeated structured interventions may be a
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viable strategy for maintaining improvements in meta-
bolic health over time, even when weight loss is modest.

Conclusions

Although a repeated, second intervention resulted in
smaller improvements than the initial program, rejoin-
ers experienced attenuated weight and fat regain with
meaningful and sustained benefits in body composition
and cardiometabolic health. These findings underscore
abdominal fat depots, particularly VAT, which is pref-
erentially responsive to lifestyle modification [22, 23,
44-46], as both modifiable and sustainable targets of
intervention, beyond BMI. The observation of residual
metabolic benefit despite weight regain highlights the
lasting physiological impact of previous interventions.
Collectively, these results support the value of repeated
participation in structured lifestyle programs, even in
the absence of substantial weight loss, as a strategy for
achieving long-term metabolic stability and reducing
regain.
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