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Abstract
Aims/hypothesis  The aim of this study was to evaluate hepatic, pancreatic and abdominal fat depots across glycaemic cat-
egories in Asian Indians with matched BMI, and to identify predictors of dysglycaemia.
Methods  In this cross-sectional study, 45 adults (15 each with normoglycaemia or living with prediabetes and newly 
diagnosed type 2 diabetes) were matched for BMI. Fat fractions in the liver and pancreas were quantified on the basis of 
the proton density fat fraction (PDFF) measured using multi-echo chemical-shift-encoded MRI (CSE-MRI). We quantified 
the cross-sectional area of following abdominal fat compartments by MRI: subcutaneous adipose tissue (SCAT) (anterior, 
posterior, superficial, deep), intra-abdominal adipose tissue (IAAT), intra-peritoneal adipose tissue, retroperitoneal adipose 
tissue etc. Total body fat (%) and total fat mass (g) were measured using dual-energy x-ray absorptiometry (DEXA). Insulin 
sensitivity and beta cell function were derived from HOMA indices.
Results  The hepatic fat fraction (HFF) was nearly twofold higher in the prediabetes group (10.78 ± 6.50%) and the type 2 diabetes 
group (10.35 ± 9.95%) compared with the normoglycaemia group (5.34 ± 4.69%), with significant differences for both comparisons 
(p=0.009 and p=0.026, respectively). The fat fractions in the pancreas were similarly elevated in individuals living with prediabetes 
(5.83 ± 4.73%) and type 2 diabetes (5.35 ± 4.75%) compared with the normoglycaemic group (2.97 ± 3.56%, p<0.05). IAAT, 
superficial SCAT, posterior SCAT and retroperitoneal adipose tissue were significantly higher in individuals living with prediabetes 
and those with type 2 diabetes than in the normoglycaemic group (p<0.05). Superficial SCAT and posterior SCAT were also sig-
nificantly higher in individuals living with prediabetes compared to those with type 2 diabetes (p<0.05). After adjustment for age 
and BMI, only fat fractions in the liver remained an independent predictor of dysglycaemia (OR 1.11 per 1% increase; p=0.023). 
Each 1% increase in the fat fraction in the liver increased odds of prediabetes by 16% and those of overall dysglycaemia by 11%. 
HOMA-β was preserved or elevated in individuals living with prediabetes but decreased in those with type 2 diabetes.
Conclusions/interpretation  Asian Indians living with prediabetes or type 2 diabetes at a modestly increased BMI of approxi-
mately 25 kg/m2 exhibit marked ectopic fat. The fat fraction in the liver independently predicted dysglycaemia. These findings 
highlight the need for early and aggressive interventions at the stage of normoglycaemia and prediabetes to avert beta cell 
decline and diabetes progression in Asian Indians.
Trial registration  Clinical Trials Registry of India (CTRI/2023/06/054228)
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Introduction

Type 2 diabetes among Asian Indians is characterised by 
an earlier onset, higher abdominal adiposity at lower BMI, 
greater insulin resistance and accelerated beta cell dysfunc-
tion compared with Western populations [1–3]. Important 
contributors include excess body fat, low muscle mass, 
abdominal obesity and ectopic fat [1, 4].

Prediabetes, defined as impaired glucose tolerance and/
or impaired fasting glucose, represents an intermediate, 
high-risk state between normoglycaemia and type 2 diabe-
tes. Individuals living with prediabetes are at increased risk 
for developing type 2 diabetes. Approximately two-thirds 
of individuals living with prediabetes maintain a relatively 
stable, ‘metabolically resilient’ course without rapid dete-
rioration. In contrast, some individuals, particularly those 
of certain races, such as Asian Indians, show accelerated 
conversion to type 2 diabetes [1]. Reversal to normoglycae-
mia is a priority in these individuals [5].

Accumulation of fat in the liver has important implica-
tions for the development of insulin resistance and dysgly-
caemia [6]. Importantly, prediabetes is also associated with 
early pancreatic fat accumulation, higher insulin resistance 
and lower beta cell secretory function [7]. In our previous 
study in non-obese Asian Indians living with type 2 dia-
betes, fat fractions in the liver and pancreas were quanti-
fied on the basis of the proton density fat fraction (PDFF) 
measured using multi-echo chemical-shift-encoded MRI 

(CSE-MRI). The pancreatic volume was derived using 
three-dimensional liver acquisition with volume accel-
eration (3D LAVA), and was significantly higher in the 
individuals with type 2 diabetes than in BMI-matched con-
trol individuals [8]. Pancreatic volume (as a surrogate for 
pancreatic fat) showed strong correlations with liver span 
and hepatic fat, indicating a close link between hepatic 
and pancreatic adiposity. Despite having a BMI ≤25 kg/
m2, these individuals exhibited excess intra-abdominal 
visceral and ectopic fat. In this context, it is important to 
emphasise that hepatic steatosis and fibrosis are commonly 
seen in Asian Indians living with type 2 diabetes [9, 10].

Although hepatic steatosis has been extensively inves-
tigated, pancreatic morphology and fat accumulation are 
less well characterised, especially during the prediabetes 
stage. In Asian Indians with normal glucose tolerance or 
those living with prediabetes, the distribution and meta-
bolic impact of abdominal fat depots (particularly hepatic, 
pancreatic, abdominal subcutaneous, intra-abdominal and 
renal sinus fat) remain inadequately studied. Addressing 
these gaps is critical for identifying early markers of meta-
bolic risk and guiding preventive strategies.

The present study aims to comprehensively evaluate 
ectopic fat depots, including fat fractions in the liver, fat 
fractions in the pancreas and renal sinus fat, as well as 
intra-abdominal adipose tissue (IAAT) and subcutaneous 
abdominal adipose tissue (SCAT), in individuals with nor-
mal glucose tolerance, prediabetes and type 2 diabetes. 
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Advanced imaging modalities such as determination of the 
PDFF using CSE-MRI and dual-energy x-ray absorptiom-
etry (DEXA) were employed for precise quantification.

Methods

Study design  For this cross-sectional study, the participants 
were recruited consecutively from individuals attending the 
Fortis C-DOC Hospital for Diabetes and Allied Sciences, 
New Delhi, India. Individuals were screened and catego-
rised into those who were normoglycaemic during routine 
health check-ups and those living with prediabetes or type 
2 diabetes based on glycaemic criteria (see ‘Study popula-
tion’ below). Written informed consent was obtained from 
the individuals after ethical clearance from the institutional 
review board of Fortis C-DOC Hospital for Diabetes and 
Allied Sciences, New Delhi, India (approval no. F.No.1.2/
FCDOC/EC/HAO/2022-23). The study was registered with 
the Clinical Trials Registry of India (CTRI/2023/06/054228). 
During the study period, 180 individuals were screened, of 
whom 72 met the initial eligibility criteria. Following further 
exclusions due to declined participation or non-consent, 45 
participants were included in the study. The time interval 
between laboratory assessments, anthropometric measure-
ments and the CSE-MRI examination was within 1 week.

Study population  A formal sample size calculation for 
detecting a clinically meaningful difference in hepatic fat 
fraction (HFF) (effect size f=0.40, based on prior data from 
our group [8]) between three groups using one-way ANOVA, 
with α=0.05 and power 0.80, indicated that approximately 
52 participants were required (17–18 per group). Our prag-
matic sample of 45 (15 per group) thus achieves approxi-
mately 70–75% power for the primary outcome and the 
results should be interpreted accordingly.

The study was designed as a pilot/hypothesis-generating 
investigation using available resources and imaging capac-
ity, with equal group sizes to simplify group comparisons 
and descriptive analyses. The participants were identified 
as Asian Indians based on self-reported ethnicity, and rep-
resented urban middle-income adults. Individuals of origin 
in other countries and those visiting from neighbouring 
South Asian countries were not recruited. The BMI of each 
group was matched. BMI matching was achieved by set-
ting a predefined BMI eligibility window (25 ± 3 kg/m2) 
applied uniformly across all three glycaemic groups dur-
ing recruitment, rather than individual 1:1:1 matching. This 
pragmatic approach ensured that the overall BMI distribu-
tions across the three groups were comparable. BMI was 
prioritised as the primary matching variable because it is the 
principal determinant of overall adiposity, and is the most 
commonly used criterion for comparability in metabolic 

studies in Asian Indians. Matching for additional variables 
such as age and gender, given the small sample size of 15 
per group, would have substantially restricted the eligible 
pool of participants and risked introducing selection bias. 
Instead, age and BMI were adjusted for as covariates in all 
multivariate regression models to control for their potential 
confounding effects.

Glycaemic status was determined using an OGTT accord-
ing to the ADA 2025 criteria, whereby normoglycaemia is 
represented by a fasting plasma glucose <5.5 mmol/l (<100 
mg/dl) and 2 h glucose <7.8 mmol/l (<140 mg/dl), prediabe-
tes represented by a fasting plasma glucose 5.5–6.9 mmol/l 
(100–125 mg/dl) or 2 h glucose 7.8–11.0 mmol/l (140–199 
mg/dl), and type 2 diabetes is represented by a fasting 
plasma glucose ≥7.0 mmol/l (≥126 mg/dl) or 2 h glucose 
≥11.1 mmol/l (≥200 mg/dl) [11]. Obesity and abdominal 
obesity were defined according to established consensus 
guidelines for Asian Indians [12]. These guidelines recom-
mended lower BMI cut-offs (≥23 kg/m2 for overweight and 
≥25 kg/m2 for obesity), and waist circumference thresholds 
(≥90 cm for men and ≥80 cm for women) compared with 
Western populations. Updated guidelines revised the BMI 
cut-off to ≥23 kg/m2 for obesity, and additionally require the 
presence of abdominal adiposity, functional limitations in 
daily activities or one or more obesity-related comorbid con-
ditions/diseases; waist circumference cut-offs remained the 
same [2]. The most recent criteria were applied uniformly 
across all study groups.

Clinical and anthropometric profiles  Clinical variables, 
use of lipid-lowering or antihypertensive medications, 
blood pressure and anthropometric measurements includ-
ing body weight, height, BMI and various circumferences 
were recorded. Waist circumference was measured with a 
non-stretchable tape in the horizontal position just above 
the iliac crest at the end of normal expiration [2]. Hip cir-
cumference was measured at the maximum circumference 
of buttocks, with the participant standing and feet placed 
together. Mid-arm circumference and mid-thigh circumfer-
ences were measured as previously described [13]. The waist 
circumference-to-height ratio (WHtR) was calculated as the 
mean of three readings, and the waist circumference-to-hip 
ratio (WHR) was calculated similarly. Skinfold thickness was 
measured using Lange skinfold thickness callipers (to the 
nearest 1 mm) as described previously [14] at the following 
sites: biceps, triceps, thigh, calf, subscapular, suprailiac and 
anterior axillary skinfold. Suprailiac (total) was calculated as 
the sum of the measurements obtained for suprailiac (diago-
nal) and suprailiac (vertical). The central skinfold thicknesses 
(subscapular, suprailiac and lateral thoracic) represent trun-
cal or abdominal subcutaneous fat, indicating central adi-
posity. The peripheral skinfold thicknesses (biceps, triceps, 
thigh and calf) represent limb subcutaneous fat, reflecting 
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peripheral adiposity. The sum of respective sites was used 
to derive total central and peripheral skinfold thicknesses for 
comparing regional fat distribution between groups.

Biochemical profiles  Fasting blood glucose, postprandial 
blood glucose, HbA1c, lipid profile (serum triacylglycerol, 
total cholesterol, HDL-cholesterol and LDL-cholesterol) and 
fasting and postprandial serum insulin levels were measured 
as previously described [14]. HOMA-IR, the fasting insulin 
resistance index (FIRI), the quantitative insulin sensitivity 
check index (QUICKI) and HOMA-β were calculated.

Quantification of HFF and pancreatic fat fraction (PFF) and 
abdominal fat depots  HFF and PFF were quantified on the 
basis of the PDFF measured using CSE-MRI (3 Tesla Signa 
HDxt, GE Healthcare, Waukesha, WI, USA). Measurement 
of the PDFF is an advanced technique that quantifies fat 
by measuring the fraction of mobile protons attributable to 
fat vs water, and was quantified by region of interest (ROI) 
analysis using GE Advantage Workstation Volume Viewer 
software as previously described [8]. Nine ROIs (six in the 
right lobe and three in the left lobe) for the liver and three 
ROIs for the pancreas (one each in the head, body and tail 
regions) were carefully placed, including as much of the 
parenchymal tissue as possible while avoiding large vessels, 
on image-generated parametric maps. The average of these 
values was calculated. Pancreatic volume was determined 
by three-dimensional liver acquisition with volume accel-
eration (3D LAVA). A pancreas volume index, defined as 
the pancreatic volume (cm3) divided by the body weight 
(kg) was calculated [8].We used a defined MRI protocol to 
quantify the cross-sectional area of following abdominal 
fat compartments: abdominal adipose tissue (AT), SCAT, 
IAAT, superficial abdominal SCAT, deep abdominal SCAT, 
anterior abdominal SCAT, posterior abdominal SCAT, intra-
peritoneal adipose tissue and retroperitoneal adipose tissue 
(all identified and quantified by non-fat-saturated T2 HASTE 
image scans between L3 and L4 of the lumbar vertebrae). 
These regions were further analysed by manually drawing 
the ROI on the non-fat-saturated T2 HASTE images. The 
areas of fat depots (in mm2) were measured digitally using 
a trackball, and abdominal AT was calculated as the sum of 
IAAT and SCAT [15, 16]. The intra-/retroperitoneal AT area 
was calculated by manual segmentation along fascial planes 
excluding solid organs, bowel loops and vascular structures 
on an axial T2 weighted HASTE sequence image at the L3–
L4 disc level. Renal sinus fat quantification was performed 
on axial ‘opposed’ phase images through the mid-pole of 
each kidney. A freehand ROI was drawn along the margins 
of the renal sinus fat, excluding the vascular signal voids. 
The area of the renal sinus fat on a single axial section was 
used as a surrogate estimate for the entire renal sinus fat 
volume.

A single radiologist who is trained in these methods of 
MRI analysis performed the measurements. The radiologist 
was blinded to clinical data.

Dual‑energy x‑ray absorptiometry  Total body fat (%) and 
total fat mass (g) were measured by DEXA scan using a 
LUNAR Prodigy Advance DXA machine (GE Medical 
Systems) as described previously [8]. This technique uses 
low-energy x-ray beams at various frequencies, which are 
absorbed at different rates by bone, lean tissue and fat, allow-
ing accurate quantification of body composition.

Statistical analysis  Descriptive statistics are reported as 
mean ± SD for continuous variables and numbers (percent-
ages) for categorical variables.

Differences in HFF and PFF (expressed as percentages), 
anthropometric measurements, glycaemic parameters and 
AT distribution across the glycaemic groups (normoglycae-
mia, prediabetes and type 2 diabetes) were assessed using 
one-way ANOVA with Bonferroni corrections applied to 
all post hoc pairwise comparisons. For non-normally dis-
tributed data, the Kruskal–Wallis test was employed with 
Bonferroni-adjusted pairwise comparisons. Pairwise com-
parisons between groups (type 2 diabetes, prediabetes vs 
normoglycaemia and prediabetes vs type 2 diabetes) were 
performed to identify specific group differences. Univariate 
logistic regression was conducted to identify factors asso-
ciated with prediabetes, type 2 diabetes and dysglycaemia 
(defined as a combined category including individuals living 
with prediabetes and those with type 2 diabetes), with OR 
and 95% CI reported for each predictor. Multivariate logis-
tic regression models were then constructed, adjusting for 
age and other relevant confounding variables, to determine 
independent predictors of glycaemic outcomes. Statistical 
significance was set at p<0.05. Analyses were conducted 
using SPSS version 28.0 (IBM, Armonk, NY, USA).

Results

Glycaemic and clinical characteristics  The study comprised 
a total of 45 individuals (27 male and 18 female). The dura-
tion of type 2 diabetes was 1 year. We attempted to recruit 
individuals living with type 2 diabetes who were not receiv-
ing any oral hypoglycaemic agents for the study. However, 
due to clinical necessity and ethical constraints, among the 15 
individuals living with type 2 diabetes, six were not on any 
medication, two were on non-maximal doses of a sulfonylurea 
(2 mg glimepiride) and near-maximal dose metformin (1000 
mg per day), and seven were on moderate doses of metformin 
alone (range 500–1000 mg per day). None of the participants 
were receiving lipid-lowering or antihypertensive medications 
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before or during the study. In comparison with normoglycae-
mic individuals, the individuals living with prediabetes and 
type 2 diabetes groups showed an increase in glucose levels 
(electronic supplementary material [ESM] Table 1).

Anthropometric profile  Waist circumference and hip cir-
cumference were significantly higher in individuals living 
with prediabetes and type 2 diabetes compared with the 
normoglycaemic group (p<0.05). Other circumferences and 
skinfold thickness measurements showed no significant dif-
ferences among groups (ESM Table 2).

Body composition and adipose tissue depots  Total fat mass 
was numerically higher in individuals living with prediabe-
tes and showed a borderline significant increase compared 
with the normoglycaemic group (p=0.056). IAAT, super-
ficial SCAT, posterior SCAT and retroperitoneal AT were 
significantly higher in both the individuals living with pre-
diabetes and those with type 2 diabetes than in the normo-
glycaemic group (p<0.05). Furthermore, superficial SCAT 
and posterior SCAT were significantly higher in individu-
als living with prediabetes than in those with type 2 diabe-
tes (p<0.05) (Table 1). Figure 1d shows ROIs for various 

Table 1   Total fat mass and AT depots

Data are presented as mean ± SD and were compared using one-way ANOVA. A p value <0.05 was considered statistically significant
a Quantified by DEXA scan. The remainder of the AT depot was measured by MRI

Parameter Normoglycaemia 
(n=15)

Prediabetes 
(n=15)

Type 2 diabetes 
(n=15)

p value

Normoglycaemia 
vs prediabetes

Normoglycaemia 
vs type 2 diabetes

Prediabetes vs 
type 2 diabetes

Age (years) 33.99 ± 7.51 39.67 ± 7.87 47.93 ± 6.85 0.126 <0.001 0.012
Height (cm) 162.06 ± 7.71 162.73 ± 10.91 158.66 ± 6.90 0.907 0.258 0.346
Weight (kg) 62.95 ± 12.31 69.63 ± 14.55 64.53 ± 15.13 0.226 0.693 0.461
BMI (kg/m2) 23.77 ± 3.52 26.11 ± 4.20 25.62 ± 5.95 0.121 0.360 0.766
Total fat mass (g)a 19,323.5 ± 5095.6 23,958.1 ± 7087.2 22,967.5 ± 7744.1 0.056 0.222 0.678
Abdominal AT (mm2) 29,146.3 ± 12,264.2 39,849.2 ± 13,016.6 33,619.9 ± 14,271.0 0.912 0.679 0.650
SCAT (mm2) 16,376.5 ± 7269.1 22,886.9 ± 11,598.7 18,648.9 ± 10,952.0 0.279 0.256 0.147
Intra-abdominal 

IAAT (mm2)
12,769.9 ± 8013.7 16,962.3 ± 3564.2 14,971.1 ± 5913.7 0.019 0.041 0.328

Superficial SCAT 
(mm2)

8718.9 ± 3466.8 13,212.1 ± 7386.0 10,429.2 ± 7132.5 0.030 0.010 0.040

Deep SCAT (mm2) 7657.5 ± 4355.3 8219.7 ± 4171.2 9674.9 ± 4793.9 0.670 0.870 0.540
Anterior SCAT 

(mm2)
7556.7 ± 2933.3 9963.7 ± 4246.8 7517.4 ± 3826.3 0.112 0.328 0.256

Posterior SCAT 
(mm2)

8819.7 ± 4767.2 12,923.2 ± 7855.0 11,131.5 ± 7409.0 0.040 0.050 0.010

Anterior superficial 
SCAT (mm2)

4592.3 ± 2144.9 3242.7 ± 1276.9 6221.1 ± 3010.0 0.279 0.729 0.147

Anterior deep SCAT 
(mm2)

2965.5 ± 1262.1 3742.7 ± 1536.9 2793.5 ± 1460.5 0.320 0.420 0.220

Posterior superficial 
SCAT (mm2)

4127.7 ± 1729.7 6991.0 ± 4452.5 5705.0 ± 4522.0 0.112 0.649 0.256

Posterior deep SCAT 
(mm2)

4369.5 ± 3241.8 3815.5 ± 2632.5 3890.1 ± 2761.9 0.588 0.648 0.540

Intra-peritoneal 
abdominal AT 
(mm2)

8196.7 ± 6103.0 9893.1 ± 2412.6 7787.2 ± 3600.3 0.266 0.812 0.173

Retroperitoneal 
abdominal AT 
(mm2)

4573.1 ± 2265.6 7069.2 ± 2400.2 7183.9 ± 3347.9 0.041 0.032 0.897

Total renal sinus AT 
(mm2)

336.1 ± 92.2 380.8 ± 99.2 378.6 ± 129.9 0.184 0.319 0.949

Left renal sinus AT 
(mm2)

173.6 ± 59.3 192.7 ± 54.3 191.6 ± 60.2 0.244 0.405 0.950

Right renal sinus AT 
(mm2)

162.5 ± 50.2 188.1 ± 53.7 186.4 ± 74.9 0.912 0.345 0.912
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adipose tissue depots in a single-slice MRI image from a 
participant living with prediabetes.

Hepatic fat fractions  HFF was nearly twofold higher in both 
the prediabetes group (10.78 ± 6.50%) and the type 2 diabetes 
group (10.35 ± 9.95%) compared with the normoglycaemic 
group (5.34 ± 4.69%), with significant differences for both 
comparisons (p=0.009 and p=0.026 respectively). No sig-
nificant difference in HFF was observed between the predia-
betes and type 2 diabetes groups (p=0.873). This pattern was 

consistent across the right lobe (segments 1–6) and left lobe 
(segments 1–3), with fat fractions approximately doubling 
in dysglycaemic states compared with the normoglycaemic 
group (Table 2). Figure 1a shows ROIs for liver in a single-
slice MRI image from a participant living with prediabetes.

Pancreatic fat fractions  PFF was significantly higher in the indi-
viduals living with prediabetes (5.83 ± 4.73%) and those with 
type 2 diabetes (5.35 ± 4.75%) compared with the normoglycae-
mic group (2.97 ± 3.56%; p=0.031 and p=0.038, respectively), 

22  

11  

22  

a b

c d

11  

33  

Anterior superficial SCAT

Posterior deep SCAT
Posterior superficial SCAT

Anterior deep SCAT

Right renal
sinus AT

Left renal
sinus AT

Fig. 1   Single-slice MRI images at the L3–L4 level from a 43-year-old 
male living with prediabetes (BMI: 25 kg/m2; waist circumference: 
93 cm; WHtR: 0.57; total fat mass: 19.5 kg; glycaemic parameters: 
fasting blood glucose: 6.7 mmol/l, 2  h plasma glucose (75 g) 9.4 
mmol/l and HbA1c 45 mmol/mol [6.3%]). Imaging was performed on 
a 3 Tesla MRI scanner (GE Healthcare). HFF and PFF were quanti-
fied on the basis of the PDFF using ROI analysis. Renal sinus adi-
pose tissue (AT) was assessed on axial opposed-phase images at the 
mid-pole of each kidney. Cross-sectional areas of abdominal AT: 
anterior superficial subcutaneous abdominal adipose tissue (SCAT), 
posterior superficial SCAT, anterior deep (SCAT) and posterior deep 
SCAT  were measured on non-fat-saturated T2-weighted HASTE 
images. ROIs were manually delineated, and fat depot areas (mm2) 

were digitally quantified. (a) ROIs for liver are shown in the image: 
‘1’ and ‘2’ represent the right lobe, ‘3’ represents the left lobe. HFF 
11%; right lobe 10.8%; left lobe 11.6%. (b) ROIs for pancreas are 
shown in the image: ‘1’ represents the body, ‘2’ represents the tail. 
PFF 3.3%; body 5.8%; tail 1.4%. (c) ROIs for renal sinus AT as indi-
cated in the image. Right renal sinus 166 mm2; left renal sinus 240 
mm2. (d) ROIs for anterior superficial SCAT, posterior superficial 
SCAT, anterior deep SCAT and posterior deep SCAT as indicated 
in the image. Anterior superficial SCAT 2992 mm2; posterior super-
ficial SCAT 3626 mm2; anterior deep SCAT 2368 mm2, posterior 
deep SCAT 5394 mm2. Axial MRI images are displayed in standard 
radiological orientation (patient's right appears on the left side of the 
image)



Diabetologia	

with no significant difference between the prediabetes and type 2 
diabetes groups (p=0.742). Pancreatic volume and pancreas vol-
ume index did not show significant differences across glycaemic 
categories. Figure 1b shows ROIs for pancreas in a single-slice 
MRI image from a participant living with prediabetes.

Insulin resistance and beta cell indices  In the unadjusted 
model, fasting insulin levels were significantly higher in indi-
viduals living with prediabetes and type 2 diabetes compared 
to those with normoglycaemia, paralleling the pattern seen 
with HOMA-IR. HOMA-β showed a modest positive associa-
tion with prediabetes (OR 1.03, p=0.036), suggesting initial 
beta cell compensation that fails with progression to diabetes, 
during which both fasting insulin and HOMA-β decline. After 
adjustment for age, waist circumference and HFF, the asso-
ciations between insulin, HOMA-IR and dysglycaemia lost 
statistical significance, implying that their effects are largely 
mediated through adiposity and liver fat deposition rather than 
direct independent influences (ESM Table 3).

Predictors of prediabetes, type 2 diabetes and dysglycaemia  In 
individuals living with prediabetes, unadjusted models showed 

associations with age, HOMA-IR, waist circumference, HFF 
and PFF (all p<0.05). After adjustment, only HFF remained 
significant (OR 1.16, p=0.029). In individuals living with type 
2 diabetes, unadjusted models showed associations with age, 
HbA1c, fasting insulin, HOMA-IR, HFF and PFF (all p<0.05). 
After adjustment, age (OR 1.20, p=0.01) and HbA1c (OR 5.23, 
p=0.033) were independent predictors. In dysglycaemia (defined 
as a combined category including individuals living with predia-
betes and those with type 2 diabetes), unadjusted models showed 
associations with age, HbA1c, HOMA-IR, HFF and PFF (all 
p<0.05). After adjustment, age (OR 1.13, p=0.009) and HFF 
(OR 1.11, p=0.023) remained significant (ESM Table 3). HFF 
was the most consistent independent predictor of dysglycaemia. 
Each 1% increase in HFF raised the odds of prediabetes by 16% 
and of overall dysglycaemia by 11%.

Discussion

This study shows that Asian Indians with similar average 
BMI (approximately 25 kg/m2) display marked differences 
in abdominal and ectopic fat distribution across glycaemic 

Table 2   Hepatic fat fractions, pancreatic fat fractions and pancreatic volume

All values are presented as mean ± SD. p values are derived from ANOVA or Kruskal–Wallis tests with Bonferroni corrections where applica-
ble. A p value <0.05 was considered statistically significant

Parameter Normoglycaemia 
(n=15)

Prediabetes  
(n=15)

Type 2 diabetes 
(n=15)

p value

Normogly-
caemia vs 
prediabetes

Normoglycaemia 
vs type 2 diabetes

Prediabetes vs 
type 2 diabetes

HFF (%)
  Right lobe
    Segment 1 5.84 ± 5.53 11.73 ± 7.67 11.02 ± 10.60 0.043 0.031 0.913
    Segment 2 5.91 ± 5.80 11.31 ± 7.48 10.80 ± 9.82 0.021 0.041 0.832
    Segment 3 5.18 ± 5.36 11.41 ± 7.87 11.67 ± 11.58 0.018 0.032 0.937
    Segment 4 5.15 ± 4.97 11.25 ± 7.57 10.43 ± 9.53 0.017 0.044 0.758
    Segment 5 5.31 ± 5.40 10.71 ± 7.72 11.10 ± 10.49 0.029 0.046 0.884
    Segment 6 5.26 ± 4.66 11.51 ± 7.64 10.80 ± 10.46 0.017 0.042 0.799
  Left lobe
    Segment 1 5.16 ± 4.66 9.61 ± 6.38 10.15 ± 9.49 0.033 0.046 0.812
    Segment 2 5.39 ± 4.30 10.57 ± 6.65 9.47 ± 9.54 0.014 0.037 0.684
    Segment 3 4.71 ± 3.72 9.93 ± 5.90 9.65 ± 10.49 0.019 0.041 0.912
  Total HFF 5.34 ± 4.69 10.78 ± 6.50 10.35 ± 9.95 0.009 0.026 0.873
PFF (%)
  Head 3.58 ± 5.04 6.69 ± 5.05 6.19 ± 7.47 0.102 0.273 0.832
  Body 3.05 ± 3.07 5.59 ± 4.99 5.27 ± 4.65 0.042 0.058 0.798
  Tail 2.32 ± 1.94 5.29 ± 4.34 4.59 ± 4.35 0.020 0.046 0.679
  Total PFF 2.97 ± 3.56 5.83 ± 4.73 5.35 ± 4.75 0.031 0.038 0.742
Pancreatic volume 

(cm3)
92.71 ± 16.58 97.11 ± 25.87 95.94 ± 24.12 0.541 0.666 0.871

Pancreas volume 
index (cm3/kg)

1.47 ± 0.26 1.40 ± 0.23 1.49 ± 0.22 0.530 0.802 0.339
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categories. CSE-MRI-based assessment revealed that the 
HFF was nearly twofold higher in both individuals living 
with prediabetes and those with type 2 diabetes compared 
with the normoglycaemic group. Individuals living with 
prediabetes demonstrated greater adiposity in the superficial 
SCAT and posterior SCAT depots than those living with 
type 2 diabetes. Of note, HFF emerged as the most consist-
ent and independent predictor of dysglycaemia, with each 1% 
increase in liver fat increasing glycaemic risk by 11–16%. 
These findings highlight prediabetes as an advanced stage of 
metabolic dysfunction requiring early identification and tar-
geted intervention. In our cohort, HOMA-IR values increased 
progressively from normoglycaemia to type 2 diabetes, while 
HOMA-β showed an initial rise in individuals living with 
prediabetes, indicating compensatory hyperinsulinaemia, 
followed by a marked decline in individuals living with type 
2 diabetes, reflecting beta cell exhaustion. Persistent hepatic 
and pancreatic fat, if not reduced at the prediabetes stage, can 
exacerbate lipotoxicity, impair insulin signalling and promote 
beta cell apoptosis, leading to diminished insulin secretion.

Sattar and Gill [17] found that South Asians have a two- to 
fourfold higher risk of developing type 2 diabetes and progress 
faster from prediabetes to diabetes, probably due to early beta 
cell dysfunction, with annual progression rates of 12–18% in 
South Asians vs 5–11% in white Europeans. A decade-long 
cohort study from an urban Indian government hospital (1670 
adults followed for ≥30 years) showed dynamic glycaemic 
shifts: approximately 25% progressed from normoglycaemia 
to prediabetes and approximately progressed 30% from pre-
diabetes to diabetes [18]. Importantly, nearly 60% of indi-
viduals living with prediabetes reverted to normoglycaemia 
within just 2–3 years, demonstrating that early intervention 
offers a critical window for reversal, even in high-risk Indian 
urban populations. Supporting this, our recent reviews empha-
sised the pathophysiological relevance of ectopic fat in South 
Asians, particularly the role of abdominal AT depots, liver fat 
and pancreatic fat in driving hyperglycaemia [1, 4].

Hepatic fat appears to be increasingly correlated with 
insulin resistance and hyperglycaemia. Our findings show 
a significantly higher HFF in both individuals living with 
prediabetes and those with type 2 diabetes compared with 
normoglycaemic individuals, suggesting that ectopic fat 
accumulation reaches a plateau before overt type 2 diabe-
tes develops, showing progressive fat accumulation with 
worsening glucose levels. Importantly, fatty liver was fre-
quent during the transition from prediabetes to diabetes in 
the Diabetes Prevention Program cohort [19]. In that study, 
liver fat was strongly linked to insulin resistance, waist cir-
cumference and triacylglycerol. In a more recent study of 
683 Chinese adults with obesity, use of MRI to measure the 
PDFF in the liver showed a clear dose–response relationship 
with abnormal glucose metabolism. Each 1% rise in HFF 
increased the odds of prediabetes and type 2 diabetes by 

4%, with severe steatosis (≥25%) tripling the risk of both, 
highlighting hepatic fat as a key driver of dysglycaemia [20]. 
Similar findings have been shown in a German population 
[21]. However, we could not find a study that addressed all 
AT compartments using detailed anthropometric profiles, 
MRI, and HFF and PFF quantification (on the basis of the 
PDFF measured using CSE-MRI) and their link with multi-
ple other parameters as was done in our study.

Significantly, we found that PFF was higher in both the 
individuals living with prediabetes and those with type 2 
diabetes compared with the normoglycaemic group, despite 
similar BMI across the groups. Notably, individuals living 
with prediabetes showed a high PFF, especially in the pan-
creatic tail region, indicating early and selective fat accumu-
lation in islet-rich areas. In contrast, individuals living with 
type 2 diabetes exhibited a PFF that was numerically lower 
but not significantly different from those living with predia-
betes, possibly reflecting beta cell exhaustion or lipotoxicity-
related atrophy. Consistent with our finding of predominant 
pancreatic tail fat deposition, a US-based retrospective study 
involving 252 participants (comprising type 2 diabetes, at-
risk and control groups) used T1-weighted Dixon MRI to 
assess regional pancreatic fat and identified pancreatic tail 
fat (>10%) as a sensitive predictor of incident type 2 diabetes 
over 4 years, even in normoglycaemic individuals. Similarly, 
Skudder-Hill et al [23] used MRI in 368 New Zealand adults 
and found that fat in the pancreatic body and tail (areas that 
are rich in islet cells) was strongly linked to insulin resist-
ance, independent of BMI and liver fat. In a Chinese study, 
pancreatic fat showed high diagnostic performance in distin-
guishing individuals living with type 2 diabetes from those 
without type 2 diabetes [24]. The authors stated that these 
findings highlight the crucial role of pancreatic fat in the 
pathophysiology of type 2 diabetes, and that it may serve as 
a potential imaging biomarker for prevention and treatment. 
Recent MRI studies have further reinforced the key role of 
hepatic and pancreatic fat in dysglycaemia. Yuan et al [25] 
reported significantly higher hepatic and pancreatic fat in 
Chinese individuals living with impaired glucose tolerance 
and type 2 diabetes, while Qu et al [26] showed that both 
hepatic and pancreatic fat independently predict new-onset 
type 2 diabetes among patients with metabolic dysfunction-
associated steatotic liver disease (MASLD), although pancre-
atic fat demonstrated greater diagnostic accuracy, underscor-
ing the complementary metabolic importance of both depots.

The interdependence between hepatic and pancreatic 
steatosis observed across studies supports the concept of 
a hepatopancreatic axis, wherein hepatic insulin resistance 
and non-esterified fatty acid overflow contribute to beta 
cell lipotoxicity. Hepatic fetuin-A and circulating palmitate 
mediate this metabolic crosstalk, activating toll-like recep-
tor 4 (TLR4) signalling in pancreatic beta cells, leading to 
impaired insulin secretion and apoptosis; these findings 
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provide mechanistic insight into the link between obesity 
and type 2 diabetes [27]. Interestingly, in our recent study, 
120-day treatment with metformin or dapagliflozin signifi-
cantly reduced serum fetuin-A levels, an effect that has not 
been previously reported for dapagliflozin [28].

The elevation of IAAT, superficial SCAT, posterior SCAT 
and retroperitoneal AT in individuals living with prediabetes 
and type 2 diabetes reflects early adipose tissue expansion, 
potentially leading to oversaturation and spillover of non-ester-
ified fatty acids to the liver and pancreas in Asian Indians [4]. 
The importance of SCAT, in preference to IAAT, for metabolic 
regulation has been investigated in Asian Indians and previ-
ously emphasised [4, 29]. An intriguing finding in our study 
is the preferential increase of superficial SCAT and posterior 
SCAT in individuals living with prediabetes compared to those 
with type 2 diabetes. The observed statistical significance for 
SCAT, despite the absence of significance for the anterior and 
posterior compartments, warrants consideration. One potential 
explanation is that the greater combined mass of superficial 
SCAT provided higher statistical power compared with the 
subdivided anterior and posterior depots, each representing 
a smaller fraction of the compartment. The lack of regional 
significance may therefore reflect reduced sensitivity to detect 
smaller depot-specific differences. Additionally, the relatively 
limited sample size may have further constrained the ability 
to identify subtle compartmental effects, which could become 
evident in larger cohorts. We previously emphasised the 
importance of these AT depots for insulin resistance [30]. In 
men without diabetes, the posterior SCAT area was 1.6 times 
greater than that of the anterior SCAT, and showed a stronger 
inverse correlation with insulin-mediated glucose disposal 
(r=–0.76, p<0.0001). Even after adjusting for total body fat, 
posterior SCAT remained a significant determinant of periph-
eral and hepatic insulin resistance. These findings indicate that 
posterior SCAT, which is metabolically more active, contrib-
utes more strongly to insulin resistance than anterior abdomi-
nal fat. These depot-specific differences indicate that early 
metabolic deterioration is driven by abdominal rather than 
generalised adiposity. Unlike the European cohort described 
by Heber et al (average BMI 27.4 kg/m2) [21], we show a dis-
proportionate rise in liver fat and abdominal adiposity even at 
the modestly elevated BMI (approximately 25 kg/m2).

One plausible explanation for the similar or even lower 
HFF and PFF observed in participants with recently diag-
nosed type 2 diabetes in our study, compared with those 
living with prediabetes, may be therapeutic modification of 
ectopic fat after diagnosis rather than intrinsic metabolic 
reversal. Although all individuals living with type 2 diabetes 
were recently diagnosed, early lifestyle changes and pharma-
cological therapy (particularly with agents that are known 
to improve hepatic steatosis) could account for this pattern. 
Interestingly, our recent work shows that use of metformin 
does not decrease HFF and PFF [28].

There is a paucity of intervention studies focusing on 
hepatic and pancreatic fat in Asian Indians. Recently, use 
of oral semaglutide has demonstrated >10% weight loss 
and significant reductions in hepatic fat and stiffness among 
Asian Indians [31]. However, interventions with exact quan-
tification of HFF and PFF or similar measures in Asian Indi-
ans are few. Previously, we showed that 120 days of dapa-
gliflozin therapy significantly reduced HFF from 15.16% to 
10.06% and PFF from 7.52% to 5.99% in Asian Indian living 
with type 2 diabetes [15]. It is important to reduce hepatic 
and pancreatic fat at the prediabetes stage through lifestyle 
and pharmacological modification to mitigate the progres-
sion of lipotoxicity and beta cell dysfunction.

The key strength of this study is the use of MRI-based 
detailed evaluation of HFF and PFF, and all abdominal AT 
depots, in addition to other detailed anthropometric assess-
ments across all glycaemic categories, allowing for detailed 
comparisons that have rarely been attempted in previous 
Indian or global literature. Further, the three groups were 
matched for BMI, and analyses were adjusted for age, which 
permitted comparison of body composition within similar 
BMI. However, limitations include the study’s cross-sectional 
design, which precludes causal inference. The relatively small 
sample size, although adequate for exploratory analysis, lim-
its generalisability. Because of this, statistical adjustment 
for gender was not performed. However, the study should 
be considered as hypothesis-generating research warranting 
larger validation studies. Surrogate indices (HOMA-IR and 
HOMA-β) were used instead of gold-standard hyperinsuli-
naemic-euglycaemic clamp studies. Nonetheless, the study 
offers high-resolution imaging-based evidence of depot-
specific metabolic derangements in an ethnic cohort that is 
internationally inadequately researched and under-represented 
despite high risk for hyperglycaemia and related metabolic 
derangements.

In this pilot study, with a relatively small sample size and 
multiple comparisons, our findings suggest that hepatic fat 
assessment should be considered for screening due to its 
potential utility in identifying high-risk Asian Indians living 
with prediabetes even at modest BMI. The co-existence of 
elevated hepatic and pancreatic fat with preserved beta cell 
function in prediabetes identifies a critical therapeutic window 
for early lifestyle and pharmacological interventions targeting 
ectopic fat reduction. Given the rapid progression from predi-
abetes to type 2 diabetes in Asian Indians (12–18% annually), 
early and appropriately supported intervention comprising 
weight loss strategies, with consideration of pharmacological 
therapies such as sodium–glucose co-transporter 2 inhibitors 
or glucagon-like peptide-1-based therapy where feasible, may 
be beneficial in cases of excess adiposity [2, 3] and significant 
hepatic fat/fibrosis [10, 32], particularly when HFF exceeds 
10%, as supported by our findings. These findings support 
the need for a paradigm shift towards proactive ectopic fat 
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reduction during prediabetes to prevent beta cell failure and 
halt progression to type 2 diabetes.

To conclude, this detailed CSE-MRI-based study showed 
that, even at a modestly elevated BMI of approximately 25 
kg/m2 by Asian Indian standards, significant differences in 
hepatic fat, pancreatic fat, IAAT, SCAT, posterior SCAT and 
retroperitoneal abdominal AT were observed across glycae-
mic stages. Importantly, HFF was the strongest independent 
predictor of dysglycaemia, increasing early in individuals 
living with prediabetes and paralleling rising insulin resist-
ance and beta cell decline. These findings provide preliminary 
evidence linking hepatic fat to dysglycaemia and highlight the 
need for larger prospective studies to validate these observa-
tions. The persistence of hepatic and pancreatic fat may has-
ten beta cell failure, emphasising the need for early lifestyle 
or pharmacological interventions in individuals living with 
prediabetes to prevent progression to diabetes.
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