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Background Intrapancreatic fat deposition (IPFD) has been linked to impaired 3 cell function
and development of type 2 diabetes (T2D). It remains unclear whether IPFD is associated
with incident T2D independent of visceral adiposity. Sex differences in the associations of
IPFD with T2D are also unclear. We aimed to investigate the sex-specific associations of
IPFD with risk of incident T2D, and whether the associations are independent of hepatic fat
and visceral fat.

Methods This is a cohort study using data from the UK Biobank cohort. 22,703 participants
with available magnetic resonance imaging (MRI)- derived adiposity measures and without
diabetes at the imaging visit were included. The main exposure was MRI-measured IPFD.
The main outcome was incident T2D.

Results Here we show that IPFD is associated with risk of T2D in both men (HR 1.35, 95% ClI
1.17-1.55) and women (HR 1.53, 95% CI 1.32-1.78). After adjusting for BMI or hepatic fat,
IPFD remains significantly associated with incident T2D in both sexes. The association
between IPFD and incident T2D remains significant in men adjusted for visceral fat (HR 1.22,
Cl11.05-1.43). IPFD is no longer significantly associated with T2D adjusted for visceral fat in
women (HR 1.19, Cl 0.99-1.44).

Conclusions In this large-scale cohort study, IPFD is associated with incident T2D
independent of BMI, hepatic fat and visceral fat in men and independent of BMI and hepatic
fat in women. The results suggest that IPFD is of additional predictive value for future T2D.

Intrapancreatic fat deposition is the result of
excess fat present in the pancreas. The
condition often goes underrecognized
without symptoms. Evidence suggests that
intrapancreatic fat deposition may lead to
problems with hormone regulation and can be
associated with diabetes. Here we utilized
data from a large-scale cohort in the UK to
examine the link between level of intrapan-
creatic fat deposition and future type 2 dia-
betes in a sex-specific manner. We show that
intrapancreatic fat deposition affects risk of
diabetes differently in men and women. In
men, intrapancreatic fat deposition has a
unique effect on risk of diabetes when taking
into account other types of body fat.

Type 2 diabetes (T2D) is a complex, multifactorial disease and remains one
of the leading causes of mortality and morbidities globally'. The onset of
T2D is closely linked to excess calorie intake and obesity. Recent magnetic
resonance imaging (MRI)-based studies have led to the twin cycle hypothesis
of the pathogenesis of T2D, which postulated that muscle and liver insulin
resistance leads to deranged lipid metabolism and then consequently {§ cell
dysfunction through intrapancreatic fat deposition (IPFD)’. The link
between IPFD and impaired P cell dysfunction has been supported by
animal studies where exposure to fatty acids caused islet cell damage’. In
humans, cross-sectional studies have reported higher prevalence of fatty
pancreas disease (FPD) in T2D patients and the presence of FPD determined
by sonography was found to be associated with increased risk of T2D*".

Despite growing evidence linking IPFD to diabetes, the contribution of
IPED to the development of T2D remains not fully understood. A few
longitudinal studies have investigated the associations between IPFD and
incident diabetes but with conflicting results’”. Furthermore, it remains
unclear whether the association between IPFD and incident T2D was
confounded by increased visceral adiposity, since mounting evidence now
suggests that visceral adiposity better predicts obesity related comorbidities
than general obesity"’.

It is well established that the threat adiposity poses differs between the
sexes'. Men are at a higher risk of developing T2D compared with pre-
menopausal women, which is believed to be at least partially explained by
differences in adipose tissue characteristics between the sexes'’. The sex
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differences of the associations of IPFD with incident T2D remain unclear. In
this study, we aimed to assess the sex-specific associations between IPFD
and incident T2D and to investigate whether the associations were inde-
pendent of hepatic fat and visceral fat content using the UK Biobank cohort.

We find that IPFD is associated with incident T2D independent of
BMI, hepatic fat and visceral fat in men and that IPED is associated with
incident T2D independent of BMI and hepatic fat in women. Additionally,
significant interaction is found between age group and IPFD in men, with a
greater increase of risk of T2D associated with increase of IPFD found in
younger men.

Methods

Study population

The UK Biobank study recruited 502,682 participants aged 40-69 from the
general population between 2006 and 2010". Participants underwent
touchscreen questionnaire, verbal interview and physical measures. A sub-
sample of the original participants attended the imaging study since 2014.
Over 60,000 participants underwent scanning by 2023. Participants were
scanned with a Siemens 1.5 Tesla MAGNETOM Aera scanner (Siemens
Healthineers, Erlangen, Germany) in supine position for body MRI scans,
according to previous publications'. We included participants that com-
pleted body MRI scans in this study. Participants with missing values of
IPED, liver proton density fat fraction (PDFF) or visceral fat derived from
MRI or with diabetes of any form (ICD-10 code E10-E14) (Table S2) at the
imaging visit based on primary care data, hospital inpatient data and self-
reported medical conditions were excluded.

Assessment of ectopic fat by MRI

The subjects were scanned using a 6-minute dual-echo Dixon Vibe protocol
and an additional multiecho Dixon acquisition at the imaging visit. The
assembled Dixon data were then used for automatic image segmentation as
described before'*'*. Visceral adipose tissue (VAT), defined as the adipose
tissue within abdominal cavity, was measured using AMRA Profiler
Research (AMRA Medical AB, Linkdping, Sweden). MRI-derived PDFF, a
measure that reflects the concentration of triglycerides within tissues was
used for quantification of hepatic fat and IPFD". Liver and pancreas PDFF
were estimated from the single-slice multi-echo data using the PRESCO
(Phase Regularized Estimation using Smoothing and Constrained Opti-
mization) algorithm'®".

Assessment of outcome

The outcome of this study was incident T2D. Diagnosis of T2D was
ascertained from hospital inpatient records, primary care data, death reg-
ister records and self-reported medical conditions linked to the UK Biobank.
T2D was defined by International Classification of Diseases, Tenth Revision
(ICD-10) code E11. Deaths were ascertained from linkage to national death
registries. Data fields used for defining outcome are listed at Table S1.
Subjects were censored at death or 31 October 2022, whichever
occurred first.

Covariates

Age at the imaging visit was calculated using date of birth and date of
the visit. Sex of participant was acquired from NHS registry at
recruitment. Ethnicity information was self-reported at recruitment.
Townsend deprivation index (TDI), a measure of material depriva-
tion, was calculated according to location postcode prior to recruit-
ment based on national census”. Average total household income
before tax (<18,000, 18,000-30,999, 31,000-51,999, 52,000-100,000
and >100,000 £) and education level (college or university degree and
others) were self-reported at the imaging visit. Alcohol intake (never,
previous and current drinker) and smoking status (never, previous
and current smoker) were self-reported by touchscreen at the ima-
ging visit. Physical activity level, categorized into low, moderate and
high, was obtained by touchscreen at the imaging visit based on the

International Physical Activity Questionnaire (IPAQ) scoring
protocol’’. Healthy diet score (0 to 5) was calculated based on self-
reported frequency of food intake at the imaging visit. Scoring cri-
teria included vegetable intake (=4 tablespoons/day), fruit intake (=3
pieces/day), fish intake (=2 times/week), unprocessed red meat intake
(=2 times/week), and processed meat intake (<2 times/week) as
previously reported”’. Blood pressure and anthropometry measures
were obtained at the imaging visit by trained staff. BMI was calcu-
lated by weight (kg) divided by square of height (m). Selected bio-
chemistry markers including hemoglobin A1C (HbAlc), cholesterol,
low-density lipoprotein (LDL), triglycerides and high-density lipo-
protein (HDL) were measured with blood samples collected at
recruitment. The UK Biobank standard polygenic risk scores (sPRS)
for T2D were generated using a Bayesian approach based on trait-
specific meta-analyses of external GWAS sources, as previously
described™*. Data fields used for defining covariates are listed at
Table S3.

Statistics and reproducibility

For descriptive analyses, continuous variables were expressed as means +
standard deviations (SDs), and categorical variables were represented by
frequency and percentage. The distribution of liver PDFF was found to be
right-skewed and log transformation was performed for downstream ana-
lysis. IPFD, log-transformed liver PDFF and VAT were treated as con-
tinuous variables and z-score normalization was performed for each sex
separately. Sex-specific multivariable Cox proportional hazards models
were used to test the associations of IPFD with incident T2D. Hazard ratios
(HRs) were calculated per 1-SD increase of IPFD for each sex separately. The
main model (model 1) was adjusted for multiple covariates. We then further
adjusted for BMI, liver PDFF and VAT separately to test whether IPFD is
independently associated with T2D. Missing values for covariates were
imputed using the missing indicator approach and sex-specific mean values
for categorical and continuous covariates, respectively. We further
employed restricted cubic spline regressions to assess nonlinear associations
of adiposity measures with incident T2D, with knots fixed at 5th, 35th, 65th,
and 95th percentiles. To assess effect modification, we then performed
subgroup analysis by the following factors: age (=60 or <60 years), BMI (=30
or <30 kg/m”) and sPRS (bottom 20%, median 60% or top 20%). Interaction
effect was tested using the likelihood ratio test. Several sensitivity analyses
were conducted to test the robustness of our results: Firstly, multiple
imputations with chained equations were employed for handling missing
values of covariates using the ‘mice’ package of R, version 3.16.0. Secondly,
we repeated analysis where adjusted covariates were restricted to age, eth-
nicity, HbAlc, TG, HDL, smoking and drinking status, physical activity,
TDI and standard PRS for T2D and individuals with missing data of cov-
ariates were excluded. Thirdly, participants with serious conditions like
cardiovascular disease (CVD) or cancer at baseline were excluded. Fourthly,
participants with HbAlc levels >48 mmol/mol (6.5%) at baseline were
removed. Fifthly, we used genetic ethnic grouping data instead of self-
reported ethnicity in the analysis. All analyses were performed with R
(version 4.3.0).

Ethical approval

The UK Biobank study was approved by the North West Multi-Center
Research Ethics Committee. All participants provided written informed
consent. We applied and were approved to access the UK biobank data
(application ID 96582).

Results

Population characteristics

The study population was restricted to participants without diabetes at the
imaging visit with available data of IPFD, liver PDFF and VAT (Fig. 1).
IPFD, liver PDFF and VAT data were available for 29,464, 30,357 and 56,016
participants, respectively.
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Fig. 1 | Study participant flow.
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The final cohort comprised 22,703 participants, of whom 11,895
(52.4%) were females. During a median follow-up of 4.2 years, 262 cases of
incident T2D (1.15%) were documented.

Baseline characteristics of the participants are shown in Table 1. Mean
age of female participants was 63 years (SD 7), and 11579 (98%) were from a
white ethnic background. Mean age of male participants was 65 years (SD
8), and 10,480 (97%) were of white ethnic background. Male participants
had a higher level of IPFD compared with female participants, with a mean
IPED (%) of 13 (SD 9) in men and 8 (SD 7) in women. IPFD was positively
associated with BMI, liver PDFF and VAT. Spearman correlation coeffi-
cients between adiposity measures were calculated for each sex. In women,
Spearman correlation coefficients were 0.675 (p < 0.001) between VAT and
IPFD, 0.416 (p < 0.001) between liver PDFF and IPFD, and 0.525 (p < 0.001)
between BMI and IPFD (Table S4). In men, Spearman correlation coeffi-
cients were 0.578 (p <0.001) between VAT and IPFD, 0.320 (p <0.001)
between liver PDFF and IPFD, and 0.433 (p <0.001) between BMI and
IPFD (Table S4).

Associations of IPFD with Incident T2D
Increased IPFD was associated with elevated risk of incident T2D for both
sexes adjusted for multiple covariates (Fig. 2). Per 1-SD increase of IPFD was
associated with a 35% higher risk of T2D in men (HR 1.35, CI 1.17-1.55,
P <0.001) and a 53% higher risk of T2D in women (HR 1.53, CI 1.32-1.78,
P <0.001). The associations were consistent when BMI was added as a
covariate, with per 1-SD increase of IPFD associated with a 25% higher risk
of T2D in men (HR 1.25, CI 1.08-1.44, p < 0.01) and a 33% higher risk in
women (HR 1.33, CI 1.12-1.57, p < 0.01). Increase of IPFD remained to be
significantly associated with increased risk of T2D after adjustment for liver
PDFF in both men (HR 1.23, CI 1.07-1.42, p < 0.01) and women (HR 1.41,
CI 1.21-1.65, p < 0.001). However, when adjusted for VAT, the magnitude
of association between IPFD and T2D attenuated substantially only in
women (HR 1.19, CI 0.99-1.44, p=0.07) while the association between
IPFD and T2D remained in men (HR 1.22, CI 1.05-1.43, p =0.011).
Adjusted restricted cubic splines were plotted for visualization of the
dose-effect relationship between adiposity measures and risk of T2D.
Results of the restricted cubic spline analyses adjusted for multiple covariates
showed a nonlinear relationship between IPFD and T2D risk in women (P
for nonlinearity <0.05) while risk of T2D increased linearly with increased
IPED in men (P for nonlinearity >0.05) (Fig. S1). However, the nonlinear
relationship between IPFD and T2D in women disappeared after further
adjustment for BMI (P for nonlinearity > 0.05).

Subgroup analysis

Interaction effect between IPFD and age, BMI and genetic risk scores was
evaluated for men and women separately (Fig. 3). No interaction effect was
observed between IPFD and BMI or genetic risk group for both sexes.
Statistically significant interaction was found between IPFD and age group
for men (p for interaction 0.003). A more pronounced increase in HR
associated with per 1-SD increase of IPFD was found in men <60 years old
(HR 2.18, CI 1.59-2.99) compared with men >60 years old (HR 1.24, CI
1.07-1.44) after multivariable adjustment. The interaction effect between
IPED and age group in men persisted even after further adjustment for BMI,
liver PDFF or VAT (Table S5). No interaction between IPFD and age group
was found in women.

Sensitivity analysis

The associations between IPFD and T2D risk remained in sensitivity ana-
lyses. The main results persist when multiple imputation with chained
equations was applied for imputing missing values of covariates (Table S6)
and when individuals with missing covariates were removed from analysis
with fewer covariates in the model (Table S7). When excluding participants
with baseline CVD or cancer, IPFD remained associated with higher risk of
T2D for both men (HR 1.32, CI 1.16-1.51, p < 0.001) and women (HR 1.40,
CI 1.21-1.62, p<0.001) after adjusting for confounders (Table S8). To
account for potential undiagnosed diabetes at baseline, an additional sen-
sitivity analysis where participants with HbAlc levels >48 mmol/mol at
recruitment were removed was conducted and IPFD remained significantly
associated with increased risk of incident T2D in men (HR 1.27, CI
1.09-1.47, p <0.005) and in women (HR 1.512, CI 1.27-1.80, p <0.001)
(Table S9). When genetic ethnic grouping data were used instead of self-
reported ethnicity in the analysis, IPFD was also significantly associated with
T2D in men (HR 1.34, CI 1.17-1.53, p < 0.001) and women (HR 1.46, CI
1.26-1.69, p < 0.001) (Table S10). In consistence with the primary analysis,
IPED was significantly associated with T2D risk controlling for BMI, liver
PDFF or VAT in men and was significantly associated with T2D risk
controlling for BMI or liver PDFF in women in all sensitivity analyses.

Discussion

In this longitudinal study using the UK Biobank cohort, we examined the
sex-specific associations between MRI measured IPFD and risk of T2D. Our
findings indicated that IPFD was associated with T2D independent of BMI
and hepatic fat in both men and women. IPFD remained significantly
associated with incident T2D after adjustment for VAT in men. However,
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Table 1 | Baseline characteristics of participants by sex

Characteristic Female Male
N=11,895 N=10,808
Age, y 63+7 65+8
Ethnicity
Non-white 290 (2.4%) 294 (2.7%)
White 11,579 (98%) 10,480 (97 %)
TDI -1.90+2.71 —2.02 £2.69
Household, £
<18,000 1332 (13%) 888 (8.9%)
18,000-30,999 2416 (23%) 1935 (19%)
31,000-51,999 3133 (30%) 3055 (31%)
52,000-100,000 2919 (28%) 3,229 (32%)
>100,000 734 (7.0%) 901 (9.0%)
Education
College or university 6031 (51%) 5665 (52%)
degree
Other 5864 (49%) 5142 (48%)

Smoking status

Current 313 (2.7%) 393 (3.7%)
Never 7834 (67%) 6427 (60%)
Previous 3625 (31%) 3898 (36%)
Drinking status
Current 10,925 (92%) 10,176 (95%)
Never 475 (4.0%) 219 (2.0%)
Previous 419 (3.5%) 341 (3.2%)
Healthy diet score
0 10 (<0.1%) 63 (0.6%)
1 396 (3.4%) 681 (6.5%)
2 1632 (14%) 2068 (20%)
3 3188 (27 %) 3156 (30%)
4 4047 (35%) 3013 (29%)
5 2348 (20%) 1461 (14%)
Physical activity
Low 1727 (18%) 1734 (18%)
Moderate 4150 (43%) 3792 (40%)
High 3668 (38%) 3857 (41%)
Systolic blood 139+ 21 144 +19
pressure, mmHg
BMI, kg/m? 25.9+4.6 26.7+3.7
VAT, L 2.59+1.46 4.77 +2.23
Liver PDFF, % 3.8+3.7 45+3.9
IPFD, % 8+7 13+9
Total cholesterol, mmol/L 5.88+1.07 5.63+1.07
Triglycerides, mmol/L 1.38+0.73 1.88+1.06
LDL, mmol/L 3.61+0.82 3.60+0.83
HDL, mmol/L 1.64 £0.37 1.31£0.30
HbA1c, mmol/mol 34.4+3.7 34.6 +£3.9

Continuous variables are presented as mean + SD and categorical variables are presented as n (%).
TDI Townsend deprivation index, BMI body mass index, VAT visceral adipose tissue, PDFF proton
density fat fraction, /IPFD intrapancreatic fat deposition, LDL low-density lipoprotein, HDL low-
density lipoprotein, HbA7c hemoglobin A1C.

the association between IPFD and T2D was no longer statistically significant
when VAT was added as a covariate for women.

Previous studies have reported controversial results regarding the
associations between IPFD and T2D. One Japanese study of 1478 partici-
pants found that fatty pancreas determined by CT was associated with T2D
in lean populations only adjusted for BMI and liver attenuation®. Another
longitudinal study of 631 middle-aged, healthy subjects in Hong Kong
showed that IPFD but not BMI, central obesity or fatty liver was indepen-
dently associated with T2D’. In contrast, one study of a Japanese cohort of
813 participants showed that the association between IPFD measured by CT
and T2D disappeared after adjusting for BMI and liver attenuation’. The
disparities of results may be explained by the heterogeneity nature of T2D
and the limited sample sizes of previous imaging studies. In this large-scale
UK Biobank cohort study, we showed that IPFD was independently asso-
ciated with risk of T2D regardless of BMI groups or genetic risk levels.
Additionally, ethnic differences in IPFD have been previously characterized,
which may partially explain the disparities of results between the current
study and previous studies on Asian populations™.

Increased IPFD has been shown to contribute to risk of T2D through
both increased insulin resistance and impaired {3 cell functions. A few studies
found that in patients with impaired fasting glucose (IFG) or impaired
glucose tolerance (IGT), elevated IPFD was associated with insulin
resistance™. More evidence suggests that IPFD leads to { cell dysfunction.
Increased pancreatic fat content in patients with prediabetes or obesity was
found to be associated with impaired insulin secretion’. Another study
found that IPFD was associated with impaired insulin secretion only in
genetically predisposed populations™. In the current study, we found that
IPFD was associated with incident T2D independent of general and other
ectopic adiposity measures in men and independent of general adiposity
and hepatic fat in women, highlighting the additional predictive value of
IPED to future T2D. These findings thus support the notion that IPFD plays
a unique role in the development of T2D through localized effect of fat
depots, most likely due to impaired B cell functions.

Sex dimorphism of obesity-related complications is well character-
ized and strengths of associations between adiposity measures and car-
diometabolic diseases vary between men and women'***”. The sex
difference of the association between IPFD and T2D is unclear. In this
analysis, a similar strength of association between IPFD and incident
T2D was found in men and women adjusted for multiple confounders.
However, adjustment of VAT led to a marked decrease of HR in women
only. Previous studies have found greater associations between VAT and
cardiometabolic risk factors in women than in men®. Another study of
the Framingham Heart Study cohort found that VAT had a markedly
stronger association with risk of CVDs compared with BMI in women
only”. Our findings indicated that the association between IPFD and
T2D in women at least partially reflected the effect of elevated VAT
associated with increased pancreatic fat content.

Notably, IPFD was found to have a stronger effect on risk of T2D in
younger men in this study. Previous studies have also reported that central
adiposity poses less risk in older men*’. Another study using the UK Biobank
cohort showed that the effect of elevated visceral fat deposition on increased
mortality decreased with age, with the highest HR found in men <50 years
old™. Genetic evidence also showed that BMI was causally related to wor-
sened cardiovascular risk factors especially in the <55-year stratum™. It
remains not fully understood why the effect of adiposity decreases with age.
Like other adiposity measures, aging is one of the major risk factors for
increased IPFD ™. The decreased effect of IPFD on T2D in older men could
potentially be explained by physiological changes in the aging process or
survival bias. However, in this study, the risk of T2D associated with
increased IPFD in older women was similar to that of younger women. It is
likely that the menopause transition, associated with changes of body
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A

Women
Model HR (95% Cl) P
Model 1 1.563 (1.32-1.78) n <0.001
Model 1+BMI 1.33 (1.12-1.57) n 0.001
Model 1+liver PDFF 1.41(1.21-1.65) | | <0.001
Model 1+VAT 1.19 (0.99-1.44) | 0.070

r T 1
1 15 2
HR (95% CI)

Fig. 2 | Sex-specific associations between IPFD and T2D. Sex-specific associations
between IPFD and T2D (N = 22703). A Cox proportional hazards models showing
associations between IPFD and T2D in women. IPFD is significantly associated with
incident T2D adjusted for BMI (p = 0.001) or liver PDFF (p < 0.001). B Cox pro-

portional hazards models showing associations between IPFD and T2D in men.

IPFD is significantly associated with incident T2D adjusted for BMI (p = 0.003), liver
PDEFF (p = 0.004) or VAT (p = 0.011). Data is presented as a hazard ratio (HR) with
95% confidence intervals (CI). P values (two-sided) were calculated with Wald test
derived from the Cox proportional hazards models. Model 1 was adjusted for age,

B
Men
Model HR (95% Cl) P
Model 1 1.35(1.17-1.55) L} <0.001
Model 1+BMI 1.25(1.08-1.44) | 0.003
Model 1+liver PDFF 1.23 (1.07-1.42) | | 0.004
Model 1+VAT 1.22 (1.05-1.43) n 0.011

r T T 1
1 1 15 175
HR (95% CI)

ethnicity, Townsend deprivation index, household income, education level, drinking
status, smoking status, physical activity, healthy diet score, systolic blood pressure,
HbA1lc, LDL, HDL, total cholesterol, triglycerides and standard polygenic risk scores
for T2D. Abbreviations: HR hazard ratio, CI confidence interval, BMI body mass
index, VAT visceral adipose tissue, PDFF proton density fat fraction. Center for the
error bars indicate hazard ratios estimated by maximizing the Cox partial likelihood
derived from the Cox proportional hazards models; the error bars indicate 95%
confidence intervals. N indicates number of participants included in analysis.

A
Women
Subgroup HR (95% CI) P for interaction
Age 0.225
Age<60 1.76 (1.37-2.27) L]
Age=60 1.49 (1.23-1.73) ]
BMI 0.442
BMI<30 1.49 (1.17-1.91) ]
BMI=30 1.32(1.08-1.62) n
Genetic risk 0.149
Low genetic risk 1.27 (0.75-2.13) -
Median genetic risk 1.66 (1.37-2.01) =
High genetic risk 1.42 (1.11-1.80) L}

! HR‘ (595% (o)) :

Fig. 3 | Sex-specific associations between IPFD and T2D by age, BMI and
genetic risk. Sex-specific associations between IPFD and T2D stratified by age, BMI
and genetic risk (N = 22703). A Stratified analysis of associations between IPFD and
T2D in women. B Stratified analysis of associations between IPFD and T2D in men.
Significant interaction was identified between IPFD and age group in men (p for
interaction 0.003). Data is presented as a hazard ratio (HR) with 95% confidence
intervals (CI). P for interaction (two-sided) was calculated with likelihood ratio test.
Results were adjusted for age, ethnicity, Townsend deprivation index, household

B
Men
Subgroup HR (95% ClI) P for interaction
Age 0.003
Age<60 2.18 (1.59-2.99) .
Age=60 1.24 (1.07-1.44) ]
BMI 0.313
BMI<30 1.28 (1.08-1.52) L
BMI=30 1.48 (1.18-1.87) -
Genetic risk 0.811
Low genetic risk 1.45 (0.95-2.22) -
Median genetic risk 1.36 (1.13-1.63)
High genetic risk 1.36 (1.09-1.68) -

! ' HR (952% cl) = :
income, education level, drinking status, smoking status, physical activity, healthy
diet score, systolic blood pressure, HbAlc, LDL, HDL, total cholesterol, triglycerides
and standard polygenic risk scores for T2D. Abbreviations: HR hazard ratio, CI
confidence interval, BMI body mass index. Center for the error bars indicate hazard
ratios estimated by maximizing the Cox partial likelihood derived from the Cox
proportional hazards models; the error bars indicate 95% confidence intervals. N
indicates number of participants included in analysis.

composition and lipid metabolism in women, adds to the complexity of the
association between IPFD and T2D in older women™.

Recently, the Counterpoint, Counterbalance and the Diabetes
Remission Clinical Trial (DiRECT) and other studies have shown that T2D
is potentially reversible and normalization of IPFD was found to accompany
disease remission’ . There is now growing interest in reducing IPFD as a
potential therapeutic target for reversal of T2D. Our findings support that
IPED could be included as a marker for risk stratification of T2D especially
in younger men and that reducing IPFD may potentially be beneficial for
disease prevention and treatment. Further causal research and mechanistic
studies are required to elucidate the causal effect of IPFD on T2D.

This study has several strengths. Firstly, this is a study of the UK
Biobank, which is a large-scale cohort with detailed demographic and life-
style information. Secondly, in this study, IPFD was quantified using MRI
derived PDFF, which has been confirmed to have excellent correlations with
histological findings”. Moreover, our analysis in the current study was

adjusted for more extensive potential confounders compared to previous
studies and we uniquely included VAT in the analysis to investigate the
independent associations between IPFD and T2D. Also, we included genetic
risk level for T2D in this analysis both as potential confounder and effect
modifier.

The study also has several limitations. Firstly, causal inference should
be treated with caution given the nature of the observational study. Further
investigation is required for establishment of the causal link between IPFD
and subsequent diabetes. Secondly, this study cohort was comprised mainly
of older adults, which may affect the generalizability of the results. Addi-
tionally, since the participants of the UK Biobank are mostly of white eth-
nicity, the results should be further validated in more ethnic groups.

Conclusion
In conclusion, IPFD is associated with incident T2D independent of
BM]I, hepatic fat and visceral fat in men and independent of BMI and
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hepatic fat in female in this cohort study. Our findings highlight the
significance of IPFD in the development of T2D and have implica-
tions that IPFD may be an important marker for risk stratification
and target for prevention of T2D.

Data availability

Data from the UK biobank cohort were used for this analysis. The UK
Biobank data are available for approved researchers. Access to raw data of
the UK biobank cohort can be obtained by applying at https://www.
ukbiobank.ac.uk/enable-your-research/apply-for-access. Source data for
figures are provided with the article. The source data for Fig. 2 is in Sup-
plementary Data 2 and the source data for Fig. 3 is in Supplementary Data 3.
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