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BACKGROUND/OBJECTIVES: Amid rising global obesity rates and advances in weight-loss therapies, monitoring body composition
and ectopic fat could refine trial design. We quantified weight-related changes in body composition and liver steatosis prior to
widespread adoption of incretin treatments.

SUBJECTS/METHODS: Adults (N =3070) from the UK Biobank with repeat abdominal MRI scans were included. Percent weight
change from baseline was categorised: stable (0 +2%), mild change (2-5% weight gain/loss), moderate change (5-10% weight
gain/loss), or large change (10-15% weight gain/loss).

INTERVENTION/METHODS: MRI data were processed automatically from two visits, spaced 2.7 years apart, to derive volumetric
visceral (VAT), subcutaneous adipose tissue (SAT), total skeletal muscle volume (SM, or indexed SM), muscle fat infiltration (MFlsy),
and psoas muscle cross-sectional area (CSA) in the abdominal region. Liver fat content (LFC) was assessed using LiverMultiScan.
Dual-energy x-ray absorptiometry (DXA) measurements were compared.

RESULTS: Weight gain occurred in 28% of all subjects (N = 3070, age 63 years, male 49%, 13% with obesity, 43% with overweight).
Moderate or large weight gain increased LFC, VAT, SAT, MFlsy, and SM (all p < 0.001). Weight loss also occurred in 28%. Decreases
were observed with moderate or large weight loss in LFC, VAT, SAT, SM, SMI, and psoas CSA (all p < 0.001). MFlsy, was reduced with
large weight loss. For VAT and liver fat, prevalent type 2 diabetes exacerbated weight gain-related increases, and blood pressure
medication attenuated the impact of weight change. For individuals with overweight or obesity, for every 5% drop in weight, there
was 16% reduction in VAT, 11% in SAT, 24% in liver fat, 2.3% in MFlsy, 1.5% in SM (or 1.4% in SMI) and 2.1% in psoas CSA. DXA
changes in lean mass correlated weakly with changes in SM volume (rho 0.28-0.47).

CONCLUSIONS: Using MR, relative changes in body composition and liver steatosis resulting from weight loss can inform clinical
trials, including placebo arm design and power estimations.
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Graphical Abstract

Weight changes affect body composition and liver fat and can inform obesity trial design.

Weight changes drive shifts in body composition and liver fat:
informing obesity trial design
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INTRODUCTION

Obesity is a chronic disease currently affecting an estimated 1
billion adults globally and expected to double by 2050 [1, 2]. The
precise manifestation of this disease is influenced by genotype,
demographics, and environmental factors [3]. The liver is often an
early site of pathological fat accumulation in the form of
triglycerides; metabolic dysfunction-associated steatotic liver
disease (MASLD) is found in 75% of people with obesity [4].
Excess fat accumulation in visceral adipose tissue (VAT), hepato-
cytes, and skeletal muscle (SM) is associated with increased risk of
poor outcomes [5-8].

In parallel, there has been an explosion in therapeutic
advancements for obesity that lead to weight loss and provide
additional management options beyond lifestyle and surgical
intervention [9]. These drugs can have pleiotropic cardiometa-
bolic benefits and this is associated with a reduction in ectopic
fat and/or VAT [10-13], including in populations with comorbid-
ities like MASLD. There are, however, growing concerns about
concurrent loss of skeletal muscle mass and function [14, 15],
which correlates with poor outcomes [16, 17] and warrants
further investigation.

A clinical workflow for obesity that includes direct measure-
ment of body fat -not BMI- and signs, symptoms or tests for
organ dysfunction or substantial limitations in daily activities
was recently recommended by the Lancet Diabetes &
Endocrinology Commission on Clinical Obesity [2]. The
Commission recommended measuring body fat using serum
markers such as triglycerides (TGA) or cholesterol, which lack
organ specificity, or by dual-energy X-ray absorptiometry
(DXA), which estimates three-dimensional mass from coronal
two-dimensional images but has limited accuracy for quantify-
ing VAT [18, 19].

MRI is the gold standard for volumetric assessment of VAT, SAT
and SM, with single-slice area methods being applied in clinical
practice [20, 21]. Use of multiparametric MRI to measure liver fat
content is recognized as the most accurate non-invasive method
for liver steatosis staging [22, 23].

We sought to provide a comprehensive evaluation of the
relative changes in body composition and liver steatosis
resulting from general weight loss to inform clinical trial
design and clinical management. We compared changes in
multiparametric MRl and DXA parameters in individuals with a
broad cardiometabolic profile from the UK Biobank, after
weight gain and after weight loss prior to widespread
adoption of incretin therapies. We evaluate the impact of
medication use and pre-existing diabetes and illustrate the
application of these data for powering clinical trials of weight-
loss treatments.
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MATERIALS AND METHODS

Study design and participants

This prospective cohort study involved participants enrolled in the UK
Biobank (UKB) imaging sub-study between May 2014 and March 2020,
who attended and completed 2 imaging visits within 3 years, by March
2022 [21]. Individuals aged 40-69 years old were invited for MRI
examination (heart and abdomen), including quantitative mapping, as
previously described [24]. Some participants were invited for a follow-up if
the baseline scan was of sufficient quality, and they lived within certain
proximity to an imaging centre. UKB has approval from Northwest Multi-
Centre Research Ethics Committee as a Research Tissue Bank and obtained
written informed consent from all participants prior to the study. UKB
complies with the General Data Protection Regulation (GDPR) and the Data
Protection Act 2018 and is guided by an independent Ethics and
Governance Council to ensure researchers maintain compliance with
UKB policies. Data were extracted under access application 9914 and all
methods were performed in accordance with the relevant guidelines and
regulations. Those with complete imaging data for MRI VAT, SAT,
abdominal SM volume, abdominal SM index (SMI, SM volume adjusted
for height), abdominal SM fat infiltration (MFlsy, the proportion of
intramuscular fat in SM, as a %), psoas muscle (PM) and liver fat content
were included in the analysis. A single participant who underwent bariatric
surgery between repeat imaging visits was excluded from the analysis, to
avoid confounding the results.

DXA measurements from the same participants that had previously
been processed with automated methods [25] were also included for
comparisons without requiring further analysis; the available measure-
ments were trunk lean mass (Field ID 23285) and total lean mass (Field ID
23280). DXA-derived VAT estimates (Field ID 22407) were excluded due to
inconsistent quality.

Data collection

Clinical and biochemical data. Clinical data that included demographics
(age, sex, ethnicity, weight, BMI, smoking status), and prior history of
diabetes, hypertension, recent cancer (within 2 years of imaging visit) and
reported medications, were collected at both imaging visits (from ICD-10
codes; Supplementary methods). Blood biomarker data (TGA, total
cholesterol) collected at the baseline visit was also accessed.

MRI data acquisition.  All participants had been scanned on two occasions
at one of the UK Biobank imaging centres, on a Siemens Aera 1.5 T scanner
(Siemens Healthineers, Erlangen, Germany), with both a dual-echo Dixon
VIBE protocol for body composition and the LiverMultiScan imaging
protocol that are encompassed within the UK Biobank imaging protocol
[24, 26].

Body composition measurements from MRI. Body composition measure-
ments were derived using fully automated volumetric analyses, as
described previously [21] (Supplementary Methods). The region from the
centre of the T9 vertebra to the top of the lower of the two femoral heads
was selected for volumetric analyses. Volumes for VAT, SAT, abdominal SM
volume and MFlsy were calculated based on the number of voxels. MFlsy
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Fig. 1 Study population. CONSORT diagram indicating how
selection of the study population was based on demographic
information paired with body composition and liver fat measure-
ments following abdominal MRI at 2 imaging visits.

was computed as the mean signal fat fraction value of the muscle tissue
voxels. Semi-automated single-slice area analyses at the third lumbar
vertebra (L3) level were also conducted, as described previously [21]
(Supplementary Methods). Axial slices passing through the centre of mass
of the L3 vertebra were automatically extracted from the whole-body
volumes. The cross-sectional area (CSA) for psoas muscle was calculated
based on the number of pixels.

All analyses were performed by trained MR technologists and radio-
graphers blinded to all clinical data.

Liver measurements from MRI. Liver MRI data analysis was performed
automatically using LiverMultiScan® software (Perspectum, Oxford, UK)
[27], and every case was manually reviewed by trained analysts, blinded to
all clinical data.

Statistical analysis
All statistical analyses were performed in R (version 4.3, R Project for
Statistical Computing, Vienna, Austria).

Participants were categorized according to percentage weight change
from baseline into the following groups: stable weight (0+2%), mild
change (2-5% weight gain/loss), moderate change (5-10% weight gain/
loss), or large change (10-15% weight gain/loss). These categories were
selected to quantify granularity of measurement given the timeframe of
this population study [28] and align with categories of treatment
responders in clinical trials of obesity treatments (participants with >5%
weight loss as co-primary endpoints or >10%, >15%, >20% weight loss as
secondary endpoints in clinical trials) [29-33] and recommendations in
clinical guidelines for management of overweight/obesity [34, 35].
Individuals were excluded from some analysis due to low sample sizes
(Supplementary methods).

Initial analyses of variance (ANOVA) were performed to examine overall
differences across weight change categories. Subsequently, within the
stable weight reference group, paired sample t-tests were used to assess
longitudinal changes in body composition from baseline to follow-up to
quantify natural temporal variations. Between-group analyses using
independent two-sample t-tests were used to compare each weight
change category against the stable weight reference group to isolate
effects specifically attributable to weight change. All statistical tests were
conducted after confirming that parametric test assumptions were met. To
control for multiple comparisons in analyses of changes in MRI-derived
measurements of body fat, muscle, and liver fat across weight gain or loss
groups, p-values were adjusted using the Bonferroni method. Spearman’s
rank correlation test was used for correlation analyses (rho). For the
correlations, the Benjamini-Hochberg procedure was applied to control
the false discovery rate (FDR) due to multiple comparisons. Linear
regressions were performed to evaluate whether relationships between
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weight-change groups and MRI-derived measurements of body fat,
muscle, and liver fat differed by 1) age groups (categorised as 50-59,
60-69, and =70 years), 2) use of blood pressure medications, and 3)
diabetes status, adjusting for sex. Linear regression was also performed to
define rate of change in individual parameters after weight change in a
subset of individuals in the study population that were living with
overweight or obesity. Changes from this regression analysis, occurring
after 5% weight loss, were considered clinically meaningful for study
powering, in line with precedent on use of proportion of participants with
5% weight loss as co-primary or secondary endpoints in clinical trials
[29-33] and recommendations in clinical guidelines for management of
overweight/obesity [34, 35]. A power analysis was conducted to determine
the sample size required to detect a two-arm (drug vs. placebo) trial, based
on detecting a clinically relevant difference in the relative change from
baseline in individuals with overweight/obesity. The standard deviation
(SD) of percentage change as observed in the subset of individuals with
overweight/obesity in our study population (defined as the ‘virtual
placebo’) was used to estimate the specific Cohen’s d (effect size) for
each measurement calculated as targeted difference (%)/SD of percentage
change. Based on the directional hypothesis for each measurement (drug
group relative change > placebo group relative change), a one-sided, two-
sample t-test was used for the calculation. For co-primary endpoints a
Bonferroni correction was applied for the calculation (Supplementary
Methods).

All significance tests, except the power calculation, were two-tailed, and
p<0.05 was considered statistically significant. Data are presented as
mean + SD throughout the text. For figures illustrating mean changes in
metrics across weight loss/gain groups, standard error of the mean (SEM) is
displayed to improve visualization of between-group differences.

The World Health Organisation standards for BMI stratification were
applied [36]. Terminology and diagnostic criteria for what was
previously “non-alcoholic fatty liver disease” have changed recently to
metabolic  dysfunction-associated liver disease and metabolic
dysfunction-associated steatohepatitis and are adopted herein
[37, 38]. MASLD was defined as the presence of 1 cardiometabolic risk
factor (diabetes, obesity, hypertension or hyperlipidaemia) and con-
current elevation in liver fat content (>5%), in the absence of high
consistent alcohol intake [39].

RESULTS

Study population

3070 individuals enrolled in the UK Biobank between 2014 and
2020 who had repeat MRI imaging over a mean 32 £ 13 months
follow up interval were included (Fig. 1). At the first imaging visit,
their mean age was 62 + 8 years, and their BMI was 26 + 4 kg/m?>.
97% were White, 49% were male and 5% were smokers (Table 1).
13% of individuals were living with obesity, 43% with overweight,
15% with metabolic syndrome and 21% had MASLD. Only 5% had
type 2 diabetes (T2D) and 1.8% had a recent cancer diagnosis.
14% were on cholesterol-lowering medication and 13% were on
blood pressure medications.

Over the follow-up period, body weight was stable in 43% (1333
of 3070). 864 individuals (28%) gained >2% of baseline weight
over the same period. There was mild weight gain in 577
individuals (19%, gaining 2-5% of their baseline weight), with 227
individuals (7.4%) gaining moderate weight (5-10%), and only 60
individuals (2%) gaining 10-15% of their baseline weight.

Additionally, 18% (538 of 3070) lost 2-5% of their baseline
weight and 8.3% (255 individuals) lost moderate weight (5-10%),
while 80 (3%) lost 10-15% of their original weight. Individuals who
lost weight were more likely to have been overweight or obese
and have high waist circumference at baseline (p < 0.001). Large
weight loss was not associated with prior history of cancer or new
cancer diagnoses (both p =0.2).

Body fat, muscle and liver MRI measurements in individuals
maintaining stable weight

During the follow-up period, people who maintained their weight
showed relatively small increase in VAT (relative % change of
5+13%, p<0.001) and SAT (relative % change of 2.3+ 12%,
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Table 1.

Demographics and baseline characteristics of all individuals and those whose weight remained stable (0 + 2% weight change from

baseline), who lost weight (>2% weight change from baseline) or gained weight (>2% weight change from baseline).

All individuals® N Controls with

= 3070 stable weight' N
= 1333
Demographics
Age 63 (7) 63 (7)

1495 (49%)
2976 (97%)
155 (5%)

683 (51%)
1290 (97%)
51 (4%)

Sex (% male)

Ethnicity (% White British)
Current smoking (%)
Alcohol intake frequency (%)
2301 (75%)

Once or more per week 1027 (77%)

Metabolic comorbidities

BMI (kg/m?) 26.3 (4) 259 (3.8)
BMI categories
Lean (<25) 1274 (43%) 578 (45%)

Overweight (225 and <30)
Obese (230)

1279 (43%)
389 (13%)

569 (44%)
139 (11%)

Waist circumference (WC) (cm) 88 (12) 87 (12)
Triglycerides (mmol/L) 1.6 (0.9) 1.6 (0.9)
Total cholesterol (mmol/L) 5.8 (1.0) 5.8 (1.1)
High wc3 710 (23%) 262 (20%)
Prediabetes 74 (2.4%) 28 (2.1%)
Metabolic syndrome 353 (15%) 138 (14%)
T2D status 163 (5.3%) 70 (5%)
Hyperlipidemia 681(22%) 279(21%)

Cholseterol-lowering 427 (14%) 184 (14%)

medications

Blood pressure medications 385 (13%) 161 (12%)
Physical activity

MET (hours/week)

Walking 19 (18) 19 (17)
Moderate 17 (19) 17 (19)
Vigorous 13 (19) 13 (17)
Other medical conditions

Cancer diagnosis 54 (1.8%) 22 (1.7%)
Socioeconomic status

Townsend deprivation index -1.9 (2.7) -2.0 (2.6)
Liver MRI metrics

Liver fat (%) 4.8 (4.4) 4.7 (4.4)
MASLD (%) 644 (21%) 268(20%)
Body composition MRI metrics

VAT (L) 3.6 (2.2) 3.5 (2.2)
SAT (L) 6.6 (3.0) 6.3 (2.9)
Abdominal SM (L) 5.6 (1.3) 5.7 (1.3)
SMI (L/m?) 1.9 (0.3) 1.9 (0.3)
MFlsy (%) 15.4 (2.5) 15.2 (2.5)
Psoas CSA (cm?) 16.5 (5.7) 16.8 (5.7)

Highly significant p-values (<0.001) in bold.

?Data are mean (SD) or N (%).

PP values calculated using Welch two sample t-test or Fisher's exact test.
“High WC threshold was 2102 ¢cm in males and =90 cm in females.

p <0.001) compared to baseline (Supplementary Tables 1, 2,
Figs. 2 and 3). SM volume and psoas muscle CSA remained
relatively stable (—1.2+3% and —0.6+16% relative change,
respectively; p <0.001 for both). Fat infiltration in the abdominal
SM (MFlsp) was higher at follow-up (3 +3% relative change,
p<0.001). In the liver, fat content showed relatively small
increases (relative % change of 5.5 £29%, p < 0.001).

SPRINGER NATURE

Weight loss P for Control Weight gain P for Control
(WL) group’ N vs. WL group® (WG) group' N vs. WG group?
= 873 = 864
64 (7) 0.47 61 (7) <0.001
420 (48%) 0.14 392 (45%) 0.007
854 (98%) 0.18 832 (96%) 0.55
51 (6%) 0.03 53 (6%) 0.02
660 (76%) 0.4 614 (71%) 0.002
27.0 (4.2) <0.001 26.1 (4.0) <0.001
<0.001 0.23
314 (38%) 382 (45%)
367 (45%) 343 (41%)
139 (17%) 111 (13%)
91 (12) <0.001 87 (12) 0.43
1.7 (1.0) 0.06 1.6 (0.9) 0.9
5.8 (1.1) 0.69 5.7 (1.0) 0.07
261 (30%) <0.001 187 (22%) 0.26
32 (3.7%) 0.03 14 (1.6%) 0.33
105 (16%) 0.15 110 (16%) 0.19
49 (6%) 0.79 44 (5.1%) 0.92
219 (25%) 0.02 183(21%) 0.88
130 (15%) 0.48 113 (13%) 0.62
121 (14%) 0.23 103 (12%) 0.91
19 (17) 0.66 21 (20) 0.003
17 (19) 0.7 17 (20) 0.78
13 (19) 0.91 14 (22) 0.44
18 (2.1%) 0.5 14 (1.6%) >0.9
-2.0 (2.7) 0.9 -1.7 (2.8) 0.04
5.2 (4.8) 0.004 4.5 (4.0) 0.27
211 (24%) 0.022 165 (19%) 0.6
3.9 (2.3) <0.001 3.3 (2.0) 0.06
7.0 (3.3) <0.001 6.6 (3.0) 0.03
5.7 (1.3) 0.62 5.6 (1.3) 0.08
1.9 (0.3) 0.23 1.9 (0.3) 0.44
15.6 (2.6) <0.001 15.3 (2.5) 0.64
16.6 (5.7) 0.57 16.2 (5.7) 0.02

Body fat, muscle and liver MRI measurements in individuals
gaining weight

People who gained weight showed significant changes in body
composition compared to those who maintained stable weight.
Substantial increases were observed in VAT (ranging from 20 to
58% relative change, p < 0.001), in SAT (12 to 36% relative change,
p<0.001), and in MFlsy (4.1 to 8% relative change, p <0.001)

International Journal of Obesity (2026) 50:1087 - 1096
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Fig. 2 Relative changes in MRI-derived measurements of body fat, muscle, and liver across weight gain groups. Box-plots of relative
percent changes (mean + SEM) in: A Fat metrics (LFC, VAT, SAT); B Muscle metrics (SM volume, SMI, MFlsy, psoas CSA). Note: The y-axis range
varies between sub-figures. *p <0.05, **p <0.01, ***p < 0.001, n.s. not significant (all p-values are after Bonferroni correction). Grey lines
indicate the SEM. In grey boxes are changes in individuals whose weight remained stable weight over the follow-up period. Red shading
indicates changes in individuals who gained weight during the follow-up period, with darker hues indicating larger weight gain.

(Supplementary Tables 1, 2, Fig. 2). In contrast, the volume of
abdominal SM remained relatively stable (—0.4 to —1.2% relative
change, p <0.001). Mean percent changes in psoas muscle CSA
showed statistically significant increases in two larger weight gain
groups (4-6% relative change, p < 0.05) but all groups exhibited
high inter-individual variability. Liver fat content increased
markedly (ranging from 22 to 72% relative change, p < 0.001).

Body fat, muscle and liver MRl measurements in individuals
losing weight

Those who lost weight during the follow-up period also had the
highest baseline values for VAT, SAT and MFlsy, across all groups
(Table 1). Individuals who lost mild amounts of weight (2-5% of
their baseline weight) showed significant but not clinically
meaningful changes in all metrics (Supplementary Tables 1, 2,
Fig. 3). In individuals with moderate weight loss (5-10% baseline
weight lost), more substantial decreases were observed in VAT
(—22+£13% relative change, p<0.001) and SAT (—17+10%
relative change, p < 0.001). SM volume also reduced by —3 +4%
relative change (p < 0.001), as did psoas muscle CSA (by —4 + 14%
relative change, p <0.001).

However, substantial decreases in MFlsy (—4 +6% relative
change, p <0.001) only occurred with large weight loss (10-15%
of baseline weight). In these individuals substantial decreases
were also observed in VAT (—38 = 15% relative change), in SAT

International Journal of Obesity (2026) 50:1087 - 1096

(—30% £ 12% relative change), in skeletal (—4.5 +4.8% relative
change) and psoas muscles (—5+5% relative change), all
p <0.001. In the liver, fat content decreased (—33 £ 29% relative
change). Loss of psoas muscle was higher in males (Supplemen-
tary Tables 3, 4).

Clinical parameters influencing weight changes

Age did not significantly impact weight changes (p > 0.05). Overall,
relative changes in body composition and liver fat occurred across
all weight gain or loss categories in the subset of individuals with
T2D and in the individuals on blood pressure medications
(Supplementary Tables 5, 6). Significant interactions between
T2D status and weight-change category were observed for
abdominal SM (p =0.02) but not SMI, with weight loss, and for
liver fat (p < 0.001) and VAT (p < 0.001) for both weight gain and
weight loss. After adjusting for baseline values, the interactions
between T2D status and weight-change category for VAT and liver
fat remained significant (p < 0.001), with greater reductions with
weight loss and greater increases with weight gain occurring in
individuals with T2D.

Individuals on blood pressure medication showed smaller
reductions in VAT, liver fat and SM (but not SMI) during weight
loss (all p<0.05). Individuals on these medications also showed
larger increases in VAT and liver fat during weight gain (all
p <0.05).

SPRINGER NATURE
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Fig. 3 Relative changes in MRI-derived measurements of body fat, muscle, and liver steatosis across weight loss groups. Box-plots of
relative percent changes (mean + SEM) in: A Fat metrics (LFC, VAT, SAT); B Muscle metrics (SM volume, SMI, MFlsy,, psoas CSA). Note: The y-axis
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indicate the SEM. In grey boxes are changes in individuals whose weight remained stable weight over the follow-up period. Green shading
indicates changes in individuals who lost weight during the follow-up period, with darker hues indicating larger weight loss.

In individuals with obesity or overweight, for every 5%
reduction in weight, there was a decrease of 16% in VAT, 11%
in SAT, 24% in liver fat, 2.3% in MFlsy, 1.5% in SM (or 1.4% in SMI)
and 2.1% in psoas muscle (Supplementary Table 7). As the
relationship was modelled using linear regression, equivalent
relative increases were predicted for every 5% gain in body
weight.

Correlations between MRI measures of fat and muscle

At baseline MFlsy, correlated most strongly with SAT (rho =
0.58), but change in MFls), after the follow-up showed highest
correlation with change in VAT (rho = 0.60) and change in SAT
(rho =0.46) (Supplementary Figs. 1, 2). Neither abdominal SM
nor psoas muscle CSA demonstrated correlations with any
other MRI measure at baseline or with longitudinal changes at
follow-up.

DXA assessment of lean mass during weight loss and gain

During follow-up, participants with stable weight showed minimal
but statistically significant changes in total lean mass (—0.6 + 2.1%,
p <0.001) while trunk lean mass remained essentially unchanged
(0.1 £3.6%, p>0.05) compared to baseline. Total lean mass
decreased with moderate/large weight loss (—2.3+2.5% to
—2.6£3.2%, p <0.05) and increased modestly with weight gain
(0.4+2.3% to 2.2 +2.8%, all p<0.001). Trunk lean mass remained
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statistically unchanged across all weight loss and gain groups
(p > 0.05).

There were strong correlations between baseline DXA-derived
lean mass measurements with MRl measurement of abdominal
SM volume (rho = 0.95 for trunk lean mass and rho = 0.96 for total
lean mass, p <0.001 (Supplementary Figs. 1, 2). However, the
correlations were weak or moderate when longitudinal changes in
these measures were considered over the follow-up period
(rho=0.28 for trunk lean mass and rho=0.47 for total lean
mass, p < 0.001) (Fig. 4, Supplementary Fig. 3).

Case study example for powering weight-loss drug trials

To exemplify use of such body composition datasets for
powering studies of weight-loss treatments we calculated the
minimum sample sizes required to differentiate a test treat-
ment from a placebo arm. This was based on the results herein
for the individuals with overweight or obesity in our dataset
(defining a ‘virtual placebo’ group). In a future prospective
study of individuals with overweight/obesity, a minimum
sample size of 516 (258 per arm) would be required, with
80% power and alpha 0.08, to achieve meaningful differences
between placebo and active drug arms for co-primary end-
points on relative change from baseline in body weight, VAT,
SAT and liver fat, without meaningful loss of SM (Supplemen-
tary Table 8).
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Fig. 4 Correlations between MRI measures of fat and muscle. Correlations between relative % change in MRI-derived abdominal skeletal
muscle (SM) volume and DXA-derived trunk lean mass (A) and total lean mass (B) over the follow-up period across the entire cohort. Asterisks
at each value denote statistical significance after FDR correction (*p < 0.05, **p < 0.01, ***p < 0.001). A black line indicates the line of best fit for
the correlation and dotted grey lines indicate where there is 0 change in a measurement.

DISCUSSION

In this study of 3070 individuals from the general population
evaluated over a 3-year follow-up period with multi-parametric MRI,
we present quantitative changes in body composition and liver fat
according to different degrees of weight gain or loss. There were
three key findings. Firstly, substantial increases in adipose tissue
(VAT, SAT, MFlgy, liver fat) occurred with just moderate weight gain.
Secondly, all metrics of fat except muscle fat infiltration (MFlgy)
decreased with moderate weight loss. Thirdly, both skeletal and
psoas muscles decreased with weight loss, with reductions in SM
evident even after mild weight loss. For VAT and liver fat, prevalent
type 2 diabetes exacerbated weight-gain-related increases, and
blood pressure medications attenuated the impact of weight
changes. The values reported here provide reference data of real-
world weight changes in the pre-incretin era. The changes in body
composition may have direct applicability for powering clinical trials
and design of placebo arms, as highlighted by the hypothetical
example described herein.

In clinical guidelines for obesity and diabetes, large weight loss
(>10%) is recommended due to expected improvements in
cardiometabolic outcomes [35, 40]. Milder effects are observed
even with moderate (5-10%) weight loss: in a study of 15,211
people with recent type 2 diabetes diagnoses, diabetes remission
improved 1.7-fold with moderate weight loss compared to 5-fold
with large weight loss [41]. Thus, sustained moderate weight loss
(5-10%) is advised to improve many conditions associated with
overweight/obesity, including MASLD [34, 35]. Incretin-based
drugs, in particular, can achieve 15-25% weight loss within 1.5
years, and recent clinical trials frequently have co-primary
endpoints on % change from baseline in body weight and % of
individuals achieving =5% loss of baseline body weight [29-33].
Confirmatory secondary endpoints have included achievement of
reduction of 210% or 15% of baseline body weight, or in some
cases of 20% [29-31, 33]. This work preceded the licensing of GLP-
1 RA for obesity in the UK (first approval in 2020 [42]), and only 5%
of the study cohort had diabetes (GLP-1 RA was first approved for
diabetes in 2007 [43]). Nevertheless, the decreases in both VAT
and SAT after moderate weight loss herein match the range of
changes reported with GLP-1 RA over shorter follow-up periods
(—15% for VAT and —20% for SAT with tirzepatide in people with
diabetes after 1.5 years [11]; —13% decrease in VAT after 36 weeks
of liraglutide in individuals with obesity [44]).

Adverse muscle composition, characterized by elevated muscle
fat combined with low muscle volume, has been linked to poor
function and is a strong and independent predictor of all-cause
mortality [45]. Even small changes in skeletal muscle composition
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affect muscle function [46] and insulin resistance [47]. The rapid
weight loss as a result of incretin treatment has raised concerns
about adverse effects on muscle mass and function [14, 15]. Using
DXA, trial findings indicate that 10-40% of the weight lost in
incretin trials is adjusted fat-free mass [14, 48, 49], estimated to
consist of ~50% skeletal muscle [14, 50, 51]. Recent randomized
controlled trials employing MRI have examined the effects of
incretin mimetics on thigh skeletal muscle. Treatment with
liraglutide over 40 weeks was associated with a reduction of
thigh muscle MFI (~3%) and 5% weight loss among individuals
with obesity [52]. In SURPASS-3 trial, there was a 6-7% reduction
in thigh muscle volume and 4-5% reduction in thigh MFI after
52 weeks of tirzepatide in people with type 2 diabetes [53]. Our
study evaluated MFlsy and SM in the abdomen rather than the
thigh because these muscle groups serve as strong markers of
whole-body SM mass [54], while also providing operational
advantages including shorter scan duration and fewer hardware
requirements [21]. Observed reductions in abdominal SM and
MFlsy with large weight loss herein are comparable. The parabolic
relationship that MFlsy, showed with weight loss in our study may
indicate a redistribution of fat from other depots to skeletal
muscle following low-level weight loss, consistent with reported
changes in fat depots after lifestyle intervention [55].

Clinically meaningful increases in fat occurred only with
moderate to large weight gain. In the liver, 30% relative fat
changes are considered clinically meaningful in individuals with
MASLD, although smaller effects (>1% absolute change) can be
monitored and are significant [27, 56]. The gains in liver fat were
most pronounced among all fat measurement changes and
correlated less with changes in VAT, SAT and MFlsy, consistent
with previous findings [57]. This may be suggestive of differential
temporal patterns of fat mobilization or redistribution after weight
gain. More recently, clinical trials with weight-loss treatments in
individuals living with obesity or overweight are focused on
sustaining weight lost after termination (wash-out) of treatment
[30, 32], therefore our quantification of the changes in body
composition with increase in body weight may be of relevance.

The high repeatability of measurements using multiparametric
MRI [20, 27] is evident in the minimal changes we found in those
with stable weight. The availability of DXA has resulted in its use
for cross-sectional body composition assessment [58], with recent
recommendations endorsing its application for direct measure-
ment of fat [2] in obesity definition. In clinical trials, the lower
accuracy of DXA compared to MRI-based volumetric measure-
ments [19] presents a challenge in detecting small changes,
particularly in longitudinal trial settings. While less accurate, DXA
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may be warranted in trials where bone mineral density is a
relevant endpoint. However, the weak correlation we found
between SM and lean mass changes may reflect its inability to
differentiate between SM and MFlsy,, compartments [59, 60]. This
prevents retrospective extrapolations of SM from DXA datasets
and indicates that lean mass is a poor surrogate for tracking
longitudinal changes in SM.

Almost all UK Biobank participants are White, and few in our
dataset had type 2 diabetes, highlighting the need for
comprehensive research across multi-ethnic or more diseased
populations, over multiple follow-up periods. We explored the
impact of age differences, prior cancer, diabetes, overweight/
obesity and of treatments for hypertension, but other treat-
ments affecting weight changes were not investigated due to
missing data and lack of comprehensive medical history in the
UK Biobank registry. Efforts were made to remove intentional
weight loss due to bariatric surgery, but both intentional and
unintentional weight changes remain in this pre-incretin era
dataset. While our data suggest measurements are stable and
did not change significantly when weight was maintained, it is
possible that our results may be confounded by random
differences in levels of participant hydration at the time of
MRI scanning. Nevertheless, the granularity of changes in body
composition provided by MRI in this large-scale population
study is a timely and useful reference for exploring the impact of
drug candidates that induce weight loss in clinical trials. Of
relevance to clinical trial design is that for every 5% relative drop
in weight, there was a 16% reduction in VAT, 11% in SAT, 24% in
liver fat, 2.3% in MFlgy, 1.5% in SM (or 1.4% in SMI) and 2.1% in
psoas muscle, in individuals who were obese or overweight.
Amid rising global obesity rates, the need to optimize weight-
loss therapies and personalize management options is vital,
requiring accurate tools to measure adverse effects and stratify
response to treatment. Our findings provide data to inform
sample size calculations for future clinical trials and support
label claims, while also offering a ‘virtual placebo’ arm or
population-level estimate [53].
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