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Purpose: This study investigates the clinical significance of ectopic fat and iron deposition in the liver and pancreas for glucose
metabolism in elderly obese patients, with a focus on their potential for early diabetes screening and intervention.

Methods: We conducted a cross-sectional study of 140 elderly obese patients (aged 65-80 years, BMI >28 kg/m?) who underwent
MRI quantification of hepatic and pancreatic fat (MRI-PDFF) and iron content (R2* values), along with measurements of visceral and
subcutaneous fat via T2-weighted imaging. Glucose metabolism was assessed through oral glucose tolerance testing and related
biomarkers.

Results: Compared to normal glucose tolerance (NGT) and impaired glucose regulation (IGR) groups, elderly obese patients with
type 2 diabetes mellitus (T2DM) showed significantly higher ectopic fat in the liver (16.6% vs 6.9—-13.4%) and pancreas (13.5% vs
8.5-9.0%), as well as increased visceral fat area (198.0cm? vs 137.8-163.9cm?). Liver fat percentage >11.8% was identified as an
independent risk factor for abnormal glucose metabolism (OR=2.05, 95% CI 1.22-3.14), with a 2.05-fold increased risk compared to
lower levels. The optimal diagnostic thresholds were determined as 11.8% for liver fat (sensitivity 83.2%, specificity 56.1%; AUC =
0.823) and 6.9% for pancreatic fat (sensitivity 72.2%, specificity 50.2%; AUC = 0.688), highlighting their clinical utility for early risk
stratification.

Conclusion: Ectopic fat deposition in the liver, particularly when exceeding 11.8%, is a significant independent risk factor for glucose
metabolism abnormalities in elderly obese patients. Our findings demonstrate that MRI-based quantification of hepatic fat provides
a valuable tool for early identification of diabetes risk, enabling targeted interventions to prevent disease progression. This study
highlights the clinical importance of monitoring ectopic fat deposition in clinical practice for elderly obese populations.
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Introduction

The global epidemic of obesity and type 2 diabetes mellitus (T2DM) among the elderly has reached alarming propor-
tions, presenting unprecedented challenges to healthcare systems worldwide. China alone reported over 35.5 million
elderly individuals with diabetes in 2019, accounting for one-quarter of the global elderly diabetic population.'? While
obesity, particularly central obesity, has been firmly established as a major risk factor for insulin resistance and T2DM,
conventional anthropometric measures such as body mass index (BMI) and waist circumference demonstrate significant
limitations in capturing the complex metabolic disturbances associated with ectopic fat deposition. This abnormal fat
accumulation in non-adipose tissues, particularly the liver and pancreas, differs fundamentally from visceral fat (defined
as adipose tissue deposited within the abdominal cavity, surrounding internal organs such as the intestines and kidneys)
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Graphical Abstract
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and subcutaneous fat (defined as fat stored beneath the skin). Ectopic fat deposition has emerged as a critical pathogenic
factor in the development of insulin resistance and glucose metabolism abnormalities through mechanisms involving
lipid overflow and lipotoxicity.

Recent advances in magnetic resonance imaging (MRI) technology have revolutionized our ability to quantify organ-
specific fat content and iron deposition.’* Techniques such as magnetic resonance imaging proton density fat fraction
(MRI-PDFF) and R2* mapping now enable precision in assessing hepatic and pancreatic fat content and iron overload,**
unlike conventional serum markers like ferritin, which are confounded by inflammation and other non-specific factors,°
thereby addressing critical limitations in current diagnostic approaches for metabolic disorders. Despite accumulating
evidence linking ectopic fat deposition to metabolic dysfunction, clinical practice continues to rely heavily on BMI and
fasting glucose measurements for risk stratification, which demonstrate inadequate sensitivity for detecting early
metabolic abnormalities, particularly in elderly populations where age-related changes in body composition complicate
risk assessment, and existing imaging modalities often fail to differentiate between metabolically distinct fat depots
(visceral vs subcutaneous), further underscoring the urgent need for more precise diagnostic tools.

To address these critical gaps, this study aims to: (1) investigate the relationship between ectopic fat deposition
(specifically in the liver and pancreas) and iron deposition with abnormal glucose metabolism (including impaired
glucose regulation and T2DM) in elderly obese patients; (2) compare the relative contributions of different fat depots,

particularly visceral fat versus ectopic fat, to metabolic dysfunction; and (3) establish a more accurate risk stratification
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model for early diabetes detection in high-risk populations through integrating MRI assessments with glucose metabolic
profiling. By employing advanced MRI techniques to quantify organ-specific fat and iron deposition, our study
hypothesizes that organ-specific fat accumulation, when exceeding defined thresholds, serves as an independent risk
factor for glucose metabolism abnormalities, offering superior predictive value compared to traditional markers. The
novelty of our research approach lies in its simultaneous assessment of both fat and iron deposition in metabolically
active organs, providing a more comprehensive understanding of the pathophysiological mechanisms underlying glucose
dysregulation, while its focus on elderly obese patients - an understudied yet high-risk population - addresses a critical
gap in current research and offers potential implications for personalized diabetes prevention strategies. The findings
from this investigation could ultimately inform clinical guidelines regarding the implementation of MRI-based biomar-
kers for early intervention and risk management in geriatric metabolic disorders.

Materials and Methods
Study Subjects

This study is a cross-sectional research. Elderly obese patients who visited the Nutrition Department of the Xiangya
Hospital of Central South University from Oct 2022 to Aug 2024 were prospectively recruited. Inclusion criteria: (1)
Age between 65 and 80 years; (2) Body mass index (BMI)>28 kg/m?; (3) Ability to cooperate with various
examinations. Exclusion criteria: (1) Patients with a prior confirmed diagnosis of diabetes who have already started
medication; (2) Patients with malignant tumors; (3) Acute infections; (4) Hemochromatosis; (5) Chronic inflammatory
diseases; (6) Concurrent hepatitis; (7) Unexplained elevation of liver enzymes; (8) Iron-deficiency anemia with iron
supplementation; (9) Blood donors or transfusion recipients within the past 6 months; (10) History of cardiovascular
events within the past 6 months; (11) Acute or chronic blood loss; (12) Excessive alcohol consumption (males with
weekly alcohol intake >140 grams, females >70 grams); (13) Use of medications affecting weight or weight fluctuation
>5% in the past 3 months.

Research Methods
General Data Collection

Data were collected on patients’ age, sex, height, weight, waist circumference, hip circumference, details of physical
activity and medication information.

Biochemical Indicators

All patients underwent oral glucose tolerance test (OGTT). Fasting venous blood samples were collected, and biochem-
ical indicators such as liver and kidney function tests and blood lipids were measured using a fully automated
biochemical analyzer (Hitachi 7600, Japan). Serum ferritin was determined using chemiluminescent microparticle
immunoassay (CMIA) technology. Blood glucose and glycosylated hemoglobin were measured using the enzyme
electrode method (Aikola GA-1172, Japan), and insulin was measured using electrochemiluminescence (Roche 601,
Germany).

Calculation Formulas

The insulin resistance index (HOMA-IR) was calculated as: HOMA-IR = (fasting plasma glucose X fasting insulin) / 22.5
and beta-cell function (HOMA-P) was calculated as: HOMA-B= 20 x fasting insulin / (fasting plasma glucose - 3.5).”
The insulin sensitivity was calculated using the insulin sensitivity index (ISI), which is calculated as: ISI = 10,000 /
\(fasting plasma glucose x fasting insulin x 2-hour postload glucose x 2-hour postload insulin).” Units for FPG are
mmol/L and for FINS are pU/mL. The triglyceride index (TyG) was calculated as: TyG = Ln[(fasting triglycerides (mg/
dL) x fasting plasma glucose (mg/dL)) / 2].”

Assessment of Dietary Intake
Usual food and nutrient intake was estimated based on repeated 24-h food lists (24H-FL). Up to three 24H-FL per
participant were used to assess the foods consumed on the previous day and consisted of 246 food items. Energy and
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nutrient intakes were estimated by means of the China food composition table The present analysis includes macro-
nutrients (carbohydrates, protein, fat) as well as related subcategories (fiber) and selected micronutrients (iron).

Magnetic Resonance Imaging (MRI)

All patients underwent MRI examinations performed by a professional radiologist with 8 years of experience, in a fasting
state, utilizing the MRI imaging system (INGENIA ELITION X, Philips Medical System, Nederland) and multi-echo Dixon
sequence technology. Eight 100 mm? regions of interest (ROI) were selected in the right lobe of the liver to obtain the average
liver fat content (liver MRI-PDFF, %) and liver iron content (liver MRI-R2*sec™"); for the head, body, and tail of the pancreas,
a 100 mm? ROI was selected and averaged to obtain pancreatic fat content (pancreatic MRI-PDFF, %) and pancreatic iron
content (pancreatic MRI-R2*sec ). Using Slice O matic software, subcutaneous and visceral fat at the level of the L3

vertebra’s transverse process from T2-weighted imaging sequence were outlined to obtain the corresponding areas (cm?).

Statistical Analysis

All results were statistically processed using R software (version 3.5.3) and SPSS 24.0. Count data were expressed as rates
(%), while measurement data were represented as mean + standard deviation or median (Q1, 03). ANOVA or Kruskal-Wallis
H-test was used for comparing differences in means among three groups. Pairwise comparisons among three groups were
conducted using post-hoc Bonferroni correction. The correlation between serological indicators and imaging results was
analyzed using Pearson or Spearman correlation analysis. Receiver operating characteristic (ROC) curves were plotted for
liver and pancreatic fat content and iron deposition regarding abnormal glucose metabolism. Logistic regression analyzed the
relationship between ectopic fat deposition and abnormal glucose metabolism: variables with a P-value <0.1 from univariate
regression entered multivariate regression models. A P < 0.05 was considered statistically significant.

Results

Baseline Characteristics

A total of 140 elderly obese patients were included in this study. Based on the OGTT results, they were divided into three
groups: 46 cases of T2DM, 44 cases of impaired glucose regulation (IGR), and 50 cases with normal glucose tolerance
(NGT). No statistically significant differences among the three groups in terms of total energy, protein, fat, cholesterol,
fiber, and iron intake, as well as physical activity levels and medication use. T2DM group showed significantly higher
carbohydrate intake than NGT/IGR groups (Supplementary Table 1).

Clinical Parameters: Glucose metabolism deterioration from NGT to T2DM was marked by rising fasting, 0.5h/2h
post-OGTT glucose, and HOMA-IR, alongside elevated triglycerides/cholesterol, reduced HOMA-B/ISI, and increased
serum ferritin vs NGT/IGR (Table 1, Supplementary Table 2).

MRI: Glucose metabolism deterioration from NGT to T2DM showed progressive increases in visceral, hepatic, and

pancreatic fat/iron deposition, with decreasing subcutaneous fat. The T2DM group exhibited significantly higher hepatic/
pancreatic fat/iron than NGT (Table 2, Supplementary Table 3 and Figure 1).

ROC Analysis for Predictive Performance
Hepatic ectopic fat deposition showed excellent predictive ability for glucose metabolism abnormalities (4UC=0.823,
95% CI: 0.705-0.940, P<0.05), with optimal cutoff at 11.8% fat content (sensitivity=83.2%, specificity=56.1%).

Pancreatic ectopic fat deposition showed moderate predictive value (AUC=0.688, 95% CI: 0.532-0.845, P<0.05),
with optimal cutoff at 6.9% fat content (sensitivity=72.2%, specificity=50.2%) (Figure 2A).

For iron deposition markers: Liver MRI-R2* demonstrated good predictive performance (4AUC=0.756, 95% CI.
0.607-0.905, P<0.05), with optimal cutoff at 49.9 s™! (sensitivity=70.8%, specificity=47.7%). Pancreatic MRI-R2*
showed fair predictive value (AUC=0.663, 95% CI: 0.504-0.822, P<0.05), with optimal cutoff at 31.3 s™! (sensitiv-
ity=64.0%, specificity=40.2%) (Figure 2B).
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Table 1 Comparison of Clinical Characteristics Among Elderly Obese Patients with Different Glucose Metabolism States

Normal Glucose Tolerance | Impaired Glucose Regulation | Type 2 Diabetes Mellitus P value
(n=50) (n=44) (n=46)

Gender (Male) 26 (52.0) 24 (54.5) 23 (50.0) 0911
Age, years 68.2 (65.3,72.2) 68.3 (65.8, 71.1) 68.5 (65.8,71.8) 0.092
BMI, kg/m2 29.2 (28.0, 31.3) 29.4 (28.2, 32.0) 29.8 (28.0, 32.5) 0.152
Waist-to-hip ratio 0.97+0.12 0.97+0.04 0.99+0.26 0.195
Hypertension 12 (24.0) 8 (18.2) 15 (32.6) 0.281
Triglycerides, mmol/L 2.0 (1.1, 29) 2.7 (2.0, 4.5) 3.2 (25, 49) 0.007+**
TC, mmol/L 4.9 (3.3, 6.0) 49 (3.9, 6.2) 6.0 (5.1, 7.6) 0.040%*
Ferritin, pg/L 96.4 (63.9, 182.0) 122.5 (78.4, 256.0) 289.0 (185.6, 498.5) <0.00 | *##*
Triglyceride index 3.9+0.7 42 10.7 4.8+1.3 <0.00 | *#¥*
Fasting blood glucose, 5.3 (45,5.9) 5.8 (5.6, 7.0) 9.8 (7.9, 13.5) <0.00 | *#¥*
mmol/L
OGTT-0.5 h, mmol/L 8.8 (8.0, 9.7) 10.0 (9.0, 11.0) 15.7 (12.0, 18.3) <0.00 | *#*
OGTT-2 h, mmol/L 6.6 (5.2,7.1) 9.8 (8.2, 10.5) 18.8 (14.9, 21.4) <0.00 | *#*
HOMA-IR 4.5 (3.6, 5.7) 4.8 (3.8, 84) 6.6 (4.2, 10.4) 0.005%*
HOMA-B, % 242.3 (187.4, 346.2) 184.2 (136.7, 274.2) 69.2 (33.0, 92.3) <0.00 | ##*
ISl 46.6 (30.1, 64.0) 26.6 (16.7, 44.1) 21.2 (10.1, 31.2) <0.00 | ##*

Notes: Normal distribution is expressed as: MeanStandard Deviation; Skewed distribution is expressed as: Median (Q/, Q3); Count data were expressed as rates (%).

*P<0.05, *¥P<0.01, ***P<0.001.

Abbreviations: BMI, body mass index; TC, Total Cholesterol; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; HOMA-, Homeostasis Model Assessment

of Beta Cell Function; IS, Insulin Sensitivity Index.

Table 2 Comparison of Ectopic Fat and Iron Deposition Among Elderly Obese Patients with Different

Glucose Metabolism States

NGT IGR T2DM P value
Subcutaneous fat area, cm2 | 278.8 (200.1, 335.6) | 232.9 (180.3, 330.4) | 171.2 (115.2, 225.0) | <0.00***
Visceral fat area, cm2 137.8 (90.3, 165.5) 163.9 (99.2, 199.8) | 198.0 (158.8, 359.4) 0.01*
Liver fat percentage, % 6.9 (5.8, 13.9) 13.4 (9.2, 22.8) 16.6 (12.6, 33.8) 0.008%**
Liver iron, sec-1 46.6 (39.8, 59.2) 58.1 (47.5, 63.3) 65.6 (52.3, 67.2) 0.01*
Pancreatic fat percentage, % 85 (5.7, 11.2) 9.0 (5.9, 19.1) 13.5 (6.9, 29.0) <0.00 | ##+*
Pancreatic iron, sec-1| 272 (24.0, 35.3) 29.2 (23.0, 38.9) 34.4 (28.4, 39.6) <0.00 | ##*

Notes: Skewed distribution is expressed as: Median (Q/, Q3). *P<0.05, **P<0.01, ***P<0.001.
Abbreviations: NGT, Normal Glucose Tolerance; IGR, Impaired Glucose Regulation; T2DM, Type 2 Diabetes Mellitus.

Logistic Regression Confirming Independent Predictive Role

Multivariate logistic regression revealed that both hepatic fat percentage >11.8% (OR=2.05, 95% CI: 1.22-3.14,
P=0.035) and subcutaneous fat area <287.5 cm? (OR=1.80, 95% CI: 1.44-4.85, P=0.006) independently predicted

increased risk of abnormal glucose metabolism in elderly obese patients (Table 3).
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Figure | MRI images of visceral and subcutaneous fat areas, as well as liver and pancreatic fat content and iron deposition in elderly obese patients with normal glucose

tolerance and type 2 diabetes.
Note: normal glucose tolerance (NGT) patient (68 years old, male, BMI=30.6 kg/m?); type 2 diabetes mellitus (T2DM) patient (68 years old, male, BMI=30.5 kg/m?).
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Figure 2 Area Under the ROC Curve for Predicting Glucose Metabolism Abnormalities (IGR and T2DM) in Elderly Obese Patients Using MRI-Detected Ectopic Fat and
Iron Deposition. (A) Area under the ROC curve for predicting glucose metabolism abnormalities based on MRI-detected liver and pancreatic fat; (B) Area under the ROC
curve for predicting glucose metabolism abnormalities based on MRI-detected liver and pancreatic iron deposition.

Abbreviations: IGR, Impaired Glucose Regulation; T2DM, Type 2 Diabetes Mellitus.

Notably, when using the clinically established cutoff of 10% for hepatic fat (>10% indicating moderate/severe fatty
liver), the results remained robust (OR=1.90, 95% CI: 1.14-3.21, P=0.040) (Supplementary Table 4).

Correlation Analyses
Correlation analyses uncovered several significant relationships. In terms of ectopic fat - glucose metabolism, liver MRI -

PDFF was positively correlated with HOMA - IR (r = 0.59, P < 0.001) and OGTT glucose at all timepoints (P < 0.002),
while negatively correlated with ISI (» = —0.44, P < 0.05). Pancreatic MRI - PDFF was negatively correlated with
HOMA - B (r=-0.327, P = 0.0001) and positively correlated with OGTT glucose at all timepoints (P < 0.002).
Regarding iron deposition - glucose metabolism, liver MRI - R2* was positively correlated with HOMA - IR (» = 0.31,
P =0.002) and OGTT glucose at all timepoints (P < 0.001), and negatively correlated with ISI (» = - 0.32, P < 0.001).
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Table 3 Logistic Regression Analysis of the Relationship Between Ectopic Fat and Iron
Deposition, and Glucose Metabolism Abnormalities in Elderly Obese Patients

Univariate Regression Multivariate Regression
OR (95% CI) P OR (95% CI) P
Age 3.83 (0.88-8.80) 0.212
Gender 0.80 (0.47-1.23) 0.370
Body mass index 0.52 (0.40-1.42) 0.621
Physical activity 0.62 (0.35-1.40) 0.320
Medication use 0.89 (0.22-5.73) 0.650
Total energy intake 1.23 (0.87-1.69) 0.165
Fat intake 1.12 (0.54-1.51) 0.185
Carbohydrates intake 1.42 (0.83-2.45) | 0.082* 1.20 (0.69—1.44) 0.138
Ferritin 3.80 (1.90-6.94) | 0.01** 2.12 (0.75-4.80) 0.082
Liver fat percentage 4.29 (2.04-7.20) | 0.001*%¢ | 2.05 (1.22-3.14) | 0.035%*
Liver iron deposition 4.27 (2.16-7.85) 0.0 1%* 2.29 (0.84-5.57) 0.128
Pancreatic fat percentage | 1.74 (1.02-3.70) | 0.030** | 0.94 (0.50-2.17) 0.751
Pancreatic iron deposition | 1.78 (0.88-3.29) | 0.085* 1.17 (0.35-2.25) 0.351
Visceral fat area 3.66 (1.50-9.67) | 0.030%* | 1.51 (0.67-5.18) 0.241
Subcutaneous fat area 4.80 (2.48-7.97) | 0.005%% | 1.80 (1.44—4.85) | 0.006**+*
Notes: Dependent variable: Normal glucose metabolism = 0; Abnormal glucose metabolism = | (including
impaired glucose tolerance and type 2 diabetes mellitus). Independent variables: Gender, Female = 0, Male = I;

Age, < 68.0 years = 0, = 68.0 years = |; Physical activity, no activity or sporadically=0, regularly more than Ih/
week =I; Medication use, no=0, yes=I; Total energy intake, <1850kcal=0, = 1850kcal=I; Fat, <78.0g=0, 2
78.0g=1; Carbohydrates, <280g=0, = 280g=1; Body Mass Index, < 29.0 kg/m? = 0, = 29.0 kg/m? = |; Ferritin, <
184.5 ng/L = 0, 2 184.5 ug/L = I; Liver fat percentage, < 11.8% = 0, 2 11.8% = |; Pancreatic fat percentage, <
6.9% =0, 2 6.9% = |; Liver iron deposition, <49.9 s™' =0, 249.9 s™' = |; Pancreatic iron deposition, < 31.3 s™'
=0,231.3s"'=1|; Visceral fat area, < 128.0 cm? =0, = 128.0 cm? = |; Subcutaneous fat area, = 287.5 cm? =0, <
287.5 cm? = |; * P<0.10, ** P<0.05, *** P<0.01.

Abbreviation: OR(95% Cl), Odds Ratio (95% Confidence Interval).

Pancreatic MRI - R2* was negatively correlated with HOMA - B (» = - 0.287, P = 0.001) and positively correlated with
OGTT glucose at all timepoints (P < 0.006).

In the aspect of fat - iron deposition, there was a strong positive correlation between MRI - PDFF and MRI - R2*showing
a significant positive correlation between liver MRI-PDFF and liver MRI-R2* (r=0.77, P<0.001), as well as between pancreatic
MRI-PDFF and pancreatic MRI-R2* (+=0.70, P=0). For iron biomarker validation, both liver MRI - R2* and pancreatic MRI -
R2* were strongly positively correlated with serum ferritin (r = 0.69 and 0.45, respectively, P < 0.001).

Discussion

This study identifies hepatic and pancreatic ectopic fat deposition as predictors of abnormal glucose metabolism
(including IGR and T2DM) in elderly obese patients, with hepatic fat demonstrating superior predictive value. These
findings carry significant clinical implications for early screening and targeted interventions, particularly through the lens
of altered adipose tissue distribution and fat redistribution between storage compartments.
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Clinical Implications and Early Screening

MRI-derived hepatic fat percentage >11.8% was an independent predictor of glucose metabolism abnormalities
(OR=2.05, 95% CI: 1.22-3.14, P=0.035), while subcutaneous fat area <287.5 cm? was an independent risk factor
(OR=1.80, 95% CI: 1.44-4.85, P=0.006). These thresholds enable non-invasive risk stratification, facilitating early
intervention before B-cell dysfunction develops. The clinical significance of these findings lies in their ability to identify
high-risk individuals through readily available imaging modalities. Notably, the association between reduced subcuta-
neous fat area and increased diabetes risk highlights the importance of adipose tissue distribution patterns, where
a smaller subcutaneous fat depot may reflect impaired capacity for healthy fat storage, leading to ectopic fat deposition
in more metabolically active organs like the liver. This concept of fat redistribution from protective subcutaneous
compartments to harmful visceral and ectopic sites provides a mechanistic framework for understanding the observed
associations.

Pathogenic Role of Ectopic Fat Deposition

Hepatic fat deposition showed stronger associations with glucose metabolism than pancreatic fat or visceral fat. Liver fat
percentage >11.8% increased diabetes risk by 2.05-fold, consistent with meta-analyses linking MAFLD to T2DM
(HR=1.97, 95% CI: 1.80-2.15) and prospective studies showing 58% T2DM incidence in MAFLD patients within 5
years.®® This pronounced association underscores the liver’s central role in glucose metabolism and its particular
vulnerability to fat accumulation in the context of obesity.'”!" Pancreatic fat, while correlated with B-cell dysfunction
in univariate analysis, lost significance after adjusting for liver fat (P=0.751), suggesting its role is secondary to hepatic
fat deposition.'* "> This hierarchical relationship among different fat depots emphasizes the primacy of hepatic fat
accumulation in disrupting metabolic homeostasis. The pattern of fat redistribution we observed, characterized by
increased hepatic fat deposition and decreased subcutaneous fat area, aligns with the concept of pathological fat
redistribution away from protective storage sites toward metabolically harmful locations.

Therapeutic Implications: Liver-First Approach and Iron Modulation

The liver’s central role in glucose metabolism dysfunction supports prioritizing liver-targeted interventions (eg, lifestyle
modifications, pioglitazone) to reduce hepatic fat and improve insulin sensitivity.'®'" Elevated liver/pancreas MRI-R2*
(iron deposition markers) correlated with insulin resistance and predicted glucose abnormalities (AUC=0.756—-0.663).
Given iron overload’s documented role in B-cell toxicity, therapies modulating iron homeostasis (eg, phlebotomy, iron
chelators) may warrant investigation.'® ' The preferential accumulation of fat in the liver and associated iron deposition
create a particularly detrimental metabolic environment that could be specifically targeted for intervention. This liver-first
approach is supported by our finding that hepatic fat percentage was the most robust predictor of abnormal glucose
metabolism among all evaluated fat depots.

Pancreatic Fat: Driver or Consequence?

Pancreatic fat’s association with glucose abnormalities diminished after adjusting for liver fat (P=0.751), supporting the
hypothesis that pancreatic fat reflects systemic metabolic dysregulation rather than directly driving B-cell dysfunction.'*”
!> This finding reinforces the concept that pancreatic fat deposition is more likely a consequence of systemic metabolic
disturbances, particularly hepatic fat accumulation, rather than a primary driver of B-cell dysfunction. The secondary role
of pancreatic fat underscores the importance of addressing hepatic fat deposition as the primary therapeutic target.

Iron Overload and Diabetes Pathogenesis

Elevated serum ferritin and organ iron deposition (liver/pancreas R2*) correlated with insulin resistance and glucose
abnormalities. Liver iron deposition was linked to increased liver fat content, while pancreatic iron deposition correlated
with pancreatic fat. These findings align with studies showing iron overload induces oxidative stress, steatosis, and -cell
dysfunction, providing mechanistic plausibility for its role in diabetes pathogenesis.'®'® The association between iron
deposition and metabolic dysfunction further supports the concept of a detrimental adipose tissue redistribution pattern,
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where increased iron accumulation in metabolically active organs exacerbates the metabolic consequences of fat
misallocation.

Fat Redistribution and Adipose Tissue Dysfunction

An emerging concept from our findings is the critical role of altered adipose tissue distribution in the pathogenesis of
abnormal glucose metabolism. The significant association between reduced subcutaneous fat area (<287.5 cm?) and
increased diabetes risk highlights the loss of protective fat storage capacity, forcing excess fat to accumulate in more
metabolically harmful locations such as the liver. This fat redistribution pattern, characterized by decreased subcutaneous
fat and increased hepatic fat deposition, creates a metabolically precarious state that predisposes to insulin resistance and
B-cell dysfunction. The concept of adipose tissue dysfunction extending beyond simple fat quantity to include fat
distribution patterns provides a more nuanced understanding of metabolic disease pathogenesis and offers new avenues
for risk stratification and intervention.

Limitations and Future Directions

As a cross-sectional study, causality remains inferred. Longitudinal trials are required to validate MRI biomarkers’
predictive durability and therapeutic impact. Mechanistic studies should clarify pancreatic fat’s role in diabetes
progression. Future research should focus on elucidating the mechanisms underlying fat redistribution and its meta-
bolic consequences, as well as evaluating interventions targeting this pathological process. Additionally, studies
investigating the potential benefits of strategies to restore healthy fat distribution patterns, such as interventions
promoting subcutaneous fat expansion or reducing hepatic fat accumulation, could provide valuable insights for
clinical management.

Conclusion

These findings reveal that fat redistribution from protective subcutaneous depots to harmful visceral/ectopic sites drives
metabolic dysfunction. MRI-derived thresholds (hepatic fat >11.8%, subcutaneous fat <287.5 cm?) enable early risk
stratification before B-cell dysfunction becomes irreversible, highlighting the need for prospective biomarker validation,
interventions targeting hepatic fat/iron modulation, and mechanistic studies to inform therapeutic strategies for high-risk
elderly populations.
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