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Abstract

Obijective: Type 2 diabetes (T2D) is associated with significant end-organ damage
and ectopic fat accumulation. Multiparametric magnetic resonance imaging (MRI) can
provide a rapid, noninvasive assessment of multiorgan and body composition. The
primary objective of this study was to investigate differences in visceral adiposity,
ectopic fat accumulation, body composition, and relevant biomarkers between people
with and without T2D.

Methods: Participant demographics, routine biochemistry, and multiparametric MRI
scans of the liver, pancreas, visceral and subcutaneous adipose tissue, and skeletal
muscle were analyzed from 266 participants (131 with T2D and 135 without T2D)
who were matched for age, gender, and BMI. Wilcoxon and ;(2 tests were performed
to calculate differences between groups.

Results: Participants with T2D had significantly elevated liver fat (7.4% vs. 5.3%, p =
0.011) and fibroinflammation (as assessed by corrected T1 [cT1]; 730 milliseconds vs.
709 milliseconds, p = 0.019), despite there being no differences in liver biochemis-
try, serum aspartate aminotransferase (p = 0.35), or alanine transaminase concentra-
tion (p = 0.11). Significantly lower measures of skeletal muscle index (45.2 cm?/m? vs.
50.6 cm?/m?, p = 0.003) and high-density lipoprotein cholesterol (1.1 mmol/L vs. 1.3
mmol/L, p < 0.0001) were observed in participants with T2D.

Conclusions: Multiparametric MRI revealed significantly elevated liver fat and fibro-
inflammation in participants with T2D, despite normal liver biochemistry. This study
corroborates findings of significantly lower measures of skeletal muscle and high-

density lipoprotein cholesterol in participants with T2D versus those without T2D.

INTRODUCTION disease prevalence is projected to double by 2030 (1). T2D is often
accompanied by comorbidities, is a major risk factor for coexisting
In the UK and United States, an estimated 4.3 and 30 million peo-

ple, respectively, are diagnosed with type 2 diabetes (T2D), and

liver, renal, and eye disease, and has been noted to be an impor-
tant risk factor in COVID-19-related mortality (2). Irrespective of
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age, individuals with T2D in England require twice as much hospital
support, including inpatient costs and pharmacotherapy, as indi-
viduals without T2D, and the annual care costs for these patients
is £3 billion, which is 8% of total secondary care costs (3). Although
the pathophysiology of T2D is multifactorial, with risk factors that
have been shown to include low socioeconomic status and specific
ethnicities (4,5), obesity has been traditionally identified as a key
contributing factor. Individuals with overweight (BMI = 25-30 kg/
m2) or obesity (BMI > 30) are three and seven times more likely,
respectively, to develop T2D than individuals who are considered
to have a normal body weight (BMI < 25) (6).

Compared with computed tomography, which has been used in
the early studies on visceral and regional adiposity, multiparametric
magnetic resonance imaging (MRI) has been a remarkable advance, as
it allows for the study of the different facets of fat distribution and
ectopic fat depot phenotypes associated with T2D (7,8). For exam-
ple, South Asian individuals have been shown to accumulate greater
visceral adipose tissue (VAT) and to be significantly more likely to
develop T2D than White European individuals of a similar BMI (4,5).
Furthermore, reduced skeletal muscle mass, accumulation of VAT, and
elevated fat deposits within the liver and pancreas have all individually
been significantly associated with T2D incidence (9,10). This highlights
the need to combine multiorgan and body composition imaging for a
comprehensive phenotypical assessment of individuals with T2D.

Multiparametric MRI has been used in the UK Biobank for detect-
ing liver fat and fibrosis as indicators of potential liver damage/disease
(10-13). T1 mapping provides an MRl indicator of regional tissue water
by measuring longitudinal relaxation time, a measure of the time that
it takes for protons to re-equilibrate their spins following excitation
from a radio-frequency pulse. T1 lengthens with accordance to in-
creases in extracellular fluid and reflects the degree of tissue inflam-
mation and fibrosis. However, liver T1 is influenced by the presence of
iron, which can be measured from the T2* relaxation time. Corrected
T1 (cT1) is an algorithm developed by the imaging analysis company
Perspectum (Oxford, UK) that removes the bias introduced by ele-
vated iron on T1 (14).

cT1 and proton density fat fraction (PDFF), a measure of organ
fat, have been shown to correlate well with the characteristic histo-
logical features of nonalcoholic fatty liver disease (NAFLD) (15,16)
and to predict liver-related outcomes (17). Using MRI-derived mea-
sures of visceral, subcutaneous, and liver fat and machine-learning
clustering techniques, Wagner et al. (18) reported six distinct sub-
phenotypes of patients with T2D. Notably, the cluster with the
highest risk of T2D, renal, and vascular disease included patients
with obesity with associated insulin resistance, liver fat deposition,
and low insulin secretion.

In this study, we collect MRI-derived measures of body compo-
sition and ectopic fat deposition within the liver and pancreas and
compare them between individuals with and without T2D who were
matched for age, gender, and BMI. Notably, we report on liver health
using a novel T2*-corrected measure of liver T1 (cT1) as a measure
of fibroinflammation, which has been shown to correlate well with
features of NAFLD.

Study Importance

What is already known?

» Type 2 diabetes (T2D) is associated with end-organ
damage and an increased risk of nonalcoholic fatty liver
disease.

» People with T2D have higher relative volumes of vis-
ceral adipose tissue and greater ectopic fat deposition
(including more liver fat) compared with age- and BMI-

matched people without T2D.

What does this study add?

» We report significantly elevated magnetic resonance
imaging (MRI)-derived measures of liver fat and a novel
T2*-corrected measure of liver fibroinflammation (cT1)
in people with T2D compared with age- and BMI-
matched people without T2D, a difference not revealed

by routine liver biochemistry.

How might these results change the direction of
research or the focus of clinical practice?

» Our findings emphasize the utility of multiparametric
MRI for investigating previously unrecognized liver dis-
ease in people with T2D that is not detectable by rou-
tine laboratory testing.

» We further corroborate findings of significantly lower

skeletal muscle mass in people with T2D.

METHODS
Study population

MRI data and participant demographics were acquired retrospec-
tively from the UK Biobank study (https://www.ukbiobank.ac.uk/),
a general population-based cohort that conducted MRI scanning of
the brain, heart, and abdomen in people aged 40 to 69 years from
across the UK. Accompanying participant demographic data, col-
lected through an online data access application (application number:
9914), included measures of age, gender, BMI, waist circumference,
and routine biochemistry results, including serum/plasma high-
density lipoprotein (HDL), triglycerides, aspartate aminotransferase
(AST), alanine transaminase (ALT), and glycated hemoglobin (HbA1c)
concentrations.

In total, there were 318 participants with self-reported T2D and
accompanying MRI data enrolled in the UK Biobank study. Of these
participants, 237 (162 male individuals, 75 female individuals) were
selected, with an age range of 41 to 70 years and a BMI range of 18.5
to 45.9. Each participant with T2D was then paired with a partici-
pant with no self-reported diabetes of any type, matched for gender,
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age (+5 years), and BMI (+1 kg/mz). Data from 474 participants (237
with T2D and 237 without T2D) were collected for MRI analysis
(Supporting Information Figure S1).

Image acquisition protocol

MRI scans were performed using a Siemens Aera 1.5-T scanner
(Siemens AG, Munich, Germany). For the liver, a single transverse
section positioned at the porta hepatis was selected. A Shortened
Modified Look-Locker Inversion and a multiecho-spoiled gradi-
ent echo sequence was performed to quantify liver T1 and iron/
fat, respectively. The full liver imaging protocol has been detailed
elsewhere (13,19). Abdominal water- and fat-separated images were
obtained from the two-point Dixon protocol. This imaging protocol
results in a series of consecutive “slabs,” each comprising a contigu-
ous set of sections. The contrasts and brightness of the slabs were
adjusted automatically prior to processing the entire acquired vol-
ume. PDFF maps of the pancreas were reconstructed from the dedi-
cated pancreas gradient-recalled echo (GRE) 10-echo acquisition
(echo time [TE], = 2.38 milliseconds, ATE = 2.38 milliseconds) using
a magnitude-based multipoint water-fat separation algorithm (20).

Image analysis protocol
Liver

Liver MRI scans were analyzed using Perspectum’s LiverMultiScan
technology. This software automatically delineates the liver from cT1,
T2* and PDFF image maps, excluding major vessels within the image
section using a previously published deep-learning approach (21).
Manual analysis of pancreas and body composition images was com-

pleted by two trained analysts who were blinded to group allocation.

Pancreas

Pancreas images were analyzed by manually placing, on PDFF maps
when possible, a single region of interest of 10 mm within the head,
body, and tail of the pancreas, avoiding blood vessels and ducts.

Adipose tissue volumes and muscle mass

For delineation of subcutaneous adipose tissue (SAT), VAT, and skel-
etal muscle index (SMI), a single two-dimensional section positioned at
the third lumbar (L3) vertebrae was extracted from whole-body Dixon
MRI. The L3 section was selected because this region has been shown
to be strongly associated with whole-body skeletal muscle distribu-
tion and to accurately estimate total SAT and VAT volumes (22-24).
Cross-sectional areas of SAT, VAT, and skeletal muscle were manually
segmented using ITK-SNAP software (version 3.8.0) (25), and these are
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reported as centimeters squared. SMI was calculated by indexing the
centimers squared values of lean muscle to the squared height of the
participant (centimeters squared/meters squared). Figure 1 shows sam-

ple MRI scans.

Assessment of organ dysfunction

NAFLD and nonalcoholic steatohepatitis (NASH) were defined
based on the following liver biomarkers and thresholds (26,27):
NAFLD = liver fat by PDFF > 5.56%; and NASH = liver fat by PDFF >
10% and cT1 > 825 milliseconds. Elevated pancreatic fat was defined
based on a pancreatic fat value of >7%. Elevated AST and ALT were
defined based on the following thresholds: AST > 37 IU/L for male
individuals and >31 IU/L for female individuals; and ALT > 50 IU/L
for male individuals and >35 IU/L for female individuals.

Statistical analysis

Statistical analysis was performed using the R software platform (version
3.6.1, the R Project for Statistical Computing, the R Foundation, Vienna,
Austria). Three-dimensional modeling of participant features was com-
pleted using the Plotly open-source graphical library in R. Descriptive
statistics, which report medians and interquartile ranges (IQR), are dis-
played in order to summarize participant characteristics. Wilcoxon and
;(2 tests were performed to calculate the significance (p value) of differ-
ences in biomarkers between participants with T2D and those without
T2D. P < 0.05 was deemed significant following a Bonferroni correction.
To calculate the associations between participant biomarkers and T2D,
we performed univariate and stepwise multivariate logistic regression
modeling using the brglm2 package in the R software platform (version
3.6.1). Model inputs included the following: pancreas fat, liver fat, liver
cT1, VAT, SAT, SMI, HDL-cholesterol (HDL-C), triglycerides, AST, ALT,
BMI, waist circumference, age, and gender. Risk scores and confidence
intervals (Cl) were calculated against the odds ratios of participants who
had self-reported T2D. Spearman correlation tests were calculated to

investigate the relationships between biomarkers.

RESULTS
Population characteristics

A total of 474 participants (237 with T2D and 237 without T2D) with
accompanying MRI scans were selected from the UK Biobank online
resource. Measures of MRI-derived body composition and pancreas fat
were successfully obtained from 452 (224 with T2D and 228 without
T2D) and 400 (197 with T2D and 203 without T2D) participants, respec-
tively (Supporting Information Figure S1). The most common reason for
pancreas MRI report failure was nonvisualization of the pancreas due to
fat occlusion or image artifact. After excluding any participants with miss-
ing data, 266 remained (131 with T2D and 135 without T2D), and they
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FIGURE 1 Example magnetic resonance images of body composition segmentation (top left), pancreas (with example of typical region of
interest placement [H = head, B = body, T = tail; top right]), liver corrected T1 (cT1) (middle), and liver proton density fat fraction (bottom).
SAT, subcutaneous adipose tissue; SMI, skeletal muscle index; VAT, visceral adipose tissue

were included in the final analysis. Overall, participants in both groups

were well matched for BMI, waist circumference, gender, and age (Table 1).

Analysis of participants with T2D versus those
without T2D

Biochemistry

As anticipated, participants in the group with T2D reported signifi-
cantly higher HbA1c values (p < 0.001) but significantly lower HDL-C
(b < 0.001) compared with participants without T2D. We observed no
significant differences in triglycerides (p = 0.26), AST (p = 0.35), or ALT
(b = 0.11). Prevalence of elevated AST and ALT was similar between
the groups with T2D and without T2D (p = 0.71, p = 0.23, respec-
tively; Table 2).

MRI-derived measurements: liver, pancreas, and body
composition metrics

Participants in the group with T2D reported significantly higher
MRI-measured liver fat (p = 0.011) and liver cT1 (p = 0.019).

We observed no significant differences in MRI-measured
pancreas fat (p = 0.22), VAT (p = 0.35), or SAT (p = 0.43; Table 2).
Prevalence of significant pancreas steatosis and liver steatosis
was high but not significantly different between participants
with or without T2D (38% vs. 40%, 64% vs. 47%, respectively;
Table 3). However, we observed that prevalence of NASH was
significantly greater in participants with T2D and obesity com-
pared with participants without T2D (Supporting Information
Figures S2 and S3).

Furthermore, significantly lower SMI values were observed in
the group with T2D (p = 0.003).
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TABLE 1 Anthropometrics and demographic characteristics of study population

Participants with T2D Participants without T2D p value
n 131 135 -
Age (y) 56 (52-63) 57 (53-63) 0.66
Ethnicity (% White British) 84% 96% 0.37
Gender (% male) 68% 73% 0.67
BMI (kg/m?) 29.4(27-33.9) 29.7 (26.8-33.5) 0.97
WC (cm) 99 (91-106) 97 (91-109) 0.56
DBP (mm Hg) 84 (77-90) 85 (78-92) 0.34
SBP (mm Hg) 142 (129-151) 142 (131-155) 0.42
Self-reported hypertension (%) 50 42 0.40
Note: Data are median (IQR).
Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood pressure; T2D, type 2 diabetes; WC, waist circumference.
TABLE 2 Biochemical and imaging characteristics
Participants with T2D Participants without T2D p value
Biochemical
HbA1c (mmol/L) 42.9 (38.6-51.3) 36.1(32.9-38.3) <0.001
HDL (mmol/L) 1.1(1-1.3) 1.3(1.1-1.5) <0.001
Triglycerides (mmol/L) 1.8 (1.3-2.6) 1.7 (1.2-2.4) 0.26
ALT (IU/L) 29.9 (20.6-36.6) 25.9 (19.3-34.6) 0.11
AST (IU/L) 25.3(21.6-30.7) 26.6(22.9-32.5) 0.35
Imaging
VAT (cm?) 219.2 (170.9-297.4) 215.1 (149.4-278.8) 0.35
SAT (cm?) 244.3(185.5-322.9) 271.4 (181.3-366.1) 0.43
SMI (cm?/m?) 45.2(38.1-52.9) 50.6 (42.6-55.9) 0.003
Liver cT1 (ms) 730 (685-786) 709 (671-753) 0.019
Liver fat (%) 7.4 (4.1-13.8) 5.3(2.7-10.6) 0.01
Pancreas fat (%) 6.1(4.2-9.6) 5.8(3.1-8.9) 0.22

Note: Data are median (IQR). Significant p values are in bold.

Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase; cT1, corrected T1; HbA1c, glycated hemoglobin; HDL, high-density
lipoprotein; SAT, subcutaneous adipose tissue; SMI, skeletal muscle index; T2D, type 2 diabetes; VAT, visceral adipose tissue.

Correlation analysis

cT1 showed moderate positive correlations with BMI and VAT
(p: 0.41, p < 0.001; p: 0.41, p < 0.001, respectively; Table 4). BMI
showed moderate positive correlations with all MRI-measured met-
rics of fat, except for pancreas fat, which correlated weakly. VAT
positively correlated with MRI-measured liver fat but correlated only

weakly with pancreas fat.

Univariate and multivariate analysis

Univariate modeling revealed that either liver fat > 5% (p = 0.01)
or >10% (p = 0.01) and elevated liver cT1 (p = 0.01) were associ-
ated with a diagnosis of T2D. We observed a significant reduction
in SMI (p = 0.01) and HDL-C (p < 0.001) with a diagnosis of T2D.
Stepwise multivariate analysis, including the significant variables

TABLE 3 Abnormalities of organ structure/function

People Control p

with T2D individuals value
NAFLD (%) 64 47 0.10
NASH (%) 11 7 0.35
Elevated pancreatic fat (%) 38 40 0.34
Elevated AST (%) 16 14 0.71
Elevated ALT (%) 16 10 0.23

Abbreviations: ALT, alanine transaminase; AST, aspartate
aminotransferase; NAFLD, nonalcoholic fatty liver disease; NASH,
nonalcoholic steatohepatitis; T2D, type 2 diabetes.

listed earlier, revealed that reduced SMI (p < 0.001) and HDL-C (p
< 0.001) remained significantly associated with T2D, with an odds
ratio of 0.94 (95% Cl: 0.91-0.97) and 0.15 (95% Cl: 0.06-0.40),
respectively.
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TABLE 4 Spearman correlation analysis

Biomarker interaction p p value
BMI: VAT 0.52 <0.001
BMI: SAT 0.69 <0.001
BMI: SMI 0.34 <0.001
BMI: liver fat 0.42 <0.001
BMI: liver cT1 0.41 <0.001
BMI: pancreas fat 0.25 <0.001
VAT: liver fat 0.54 <0.001
VAT: liver cT1 0.41 <0.001
VAT: pancreas fat 0.28 <0.001
VAT: SAT 0.27 <0.001
SAT: liver fat 0.33 <0.001
SAT: liver cT1 0.30 <0.001
SAT: pancreas fat 0.19 0.001
HbA1c: liver fat 0.19 0.001
HbAlc: liver cT1 0.24 <0.001
HbA1c: pancreas fat 0.19 0.001
HbAlc: BMI 0.19 0.001
HbA1lc: VAT 0.15 0.016
HbAlc: SAT 0.04 0.47

HbA1c SMI -0.08 0.21

HbAlc: HDL -0.23 <0.001
AST: liver cT1 0.16 0.005
ALT: liver cT1 0.28 <0.001

Note: Significant p values are in bold.

Abbreviations: ALT, alanine transaminase; AST, aspartate
aminotransferase; cT1, corrected T1; HbA1lc, glycated hemoglobin;
HDL, high-density lipoprotein; SAT, subcutaneous adipose tissue; SMI,
skeletal muscle index; VAT, visceral adipose tissue.

DISCUSSION

We report MRI-derived measures of the liver, pancreas, and body
composition in participants with and without T2D from the UK
Biobank. We highlight that participants with self-reported T2D have
evidence of significantly greater liver damage, as measured by signif-
icantly greater levels of liver fibroinflammation and determined by
MRI-derived measures of liver fat and cT1, with significantly reduced
skeletal muscle mass, as determined by MRI-derived measures of
SMI, compared with BMI-, age-, and gender-matched participants.
Notably, in the group with T2D, we report evidence of signifi-
cantly greater liver damage in participants with obesity versus those
with normal weight, despite similar HbAlc levels, which suggests
that weight has a greater contribution than glycemia to NAFLD.
This is consistent with Pavlides et al. (17), who also showed this
finding in patients with T2D and obesity versus those with T2D and
a normal weight with a similar age and BMI to those in the present
analysis. Monitoring HbA1c is a key component in the management
of T2D and is one of the decision-making tools in pharmacological
intensification and setting patient targets (National Institute for

Health & Care Excellence [NICE] guideline: NG28). However, our
findings emphasize the need for a multimodality approach to T2D
care that extends beyond considering glycemic control and cardio-
renal complications to additionally consider liver health aside from
the conventional screening approaches that focus predominantly
on the cardiometabolic renal axes. Furthermore, we observed sig-
nificantly greater liver fat and cT1 in the group with T2D, despite
no differences in ALT or AST, biomarkers frequently used for the
assessment of liver health. This has been reported previously in
BMI-matched patients with and without T2D with a similar BMI
to those in the present analysis (28). This highlights potential lim-
itations of biochemical tests for the assessment of coexisting liver
disease in patients with T2D, and more sophisticated tools are
needed to assess and stage accurately.

We observed no significant differences in measures of pan-
creas fat or VAT between participants with and without T2D. This
is in contrast to findings by Nadarajah et al. (29), who reported sig-
nificantly greater pancreatic fat in patients with T2D versus control
patients with a similar BMI to those in the present study. However,
patients were not matched for age, and those in the group with
T2D were significantly older (mean difference of 7.5 years), which
may have been a confounding factor. Elevated pancreatic fat and
VAT, but not SAT, is associated with a significant increase in cir-
culating insulin and glucose in BMI-matched individuals (30,31).
Although our findings do not corroborate this, existing literature
has highlighted the role of ectopic fat in the liver, pancreas, and
VAT in driving T2D and, therefore, the need to phenotype patients
beyond BMI alone.

NAFLD is present (when assessed for properly) in 55.5% of pa-
tients with T2D worldwide, with 37.3% demonstrating coexisting
NASH and 17.3% having biopsy-confirmed advanced fibrosis (32).
However, the presence of NASH is often overlooked. There are
implications to its diagnosis with NAFLD in the context of coex-
isting T2D, which significantly increases the likelihood of disease
progression to NASH than to NAFLD alone (32,33), and having a
synergistic risk (concomitant NAFLD and T2D mellitus) of nonliver
comorbidities, both cardiovascular and renal (34-36). Providing
priority referrals for the assessment of liver health in high-risk pa-
tients with T2D may allow for the early detection of disease and
delivery of personalized care. Excess liver fat can be significantly
reduced through lifestyle modifications such as physical activity
and dietary modification (37). However, in a select number of pa-
tients with advanced disease, lifestyle modifications alone may
not be sufficient, and these patients will require more-intensive
treatment strategies.

Our work demonstrates that participants with T2D had sig-
nificantly lower measures of SMI, which is consistent with previ-
ous work (38). Skeletal muscle plays a critical role in postprandial
glucose disposal through insulin-stimulated recruitment of the
glucose transporter protein 4 (GLUT-4), allowing for uptake of
glucose into the skeletal muscle cells (myocytes) (39). Insulin re-
sistance in skeletal muscle, as typically observed in T2D, results in
impaired insulin-stimulated glucose disposal and has been shown
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to manifest long before evident hyperglycaemia (40). Skeletal mus-
cle insulin resistance also occurs during normal aging processes,
with a ~5% to 10% loss of skeletal muscle mass per year and a 4%
decline in basal metabolic rate reported after the age of 50 years
(41,42). Resistance training is an effective method for ameliorat-
ing age-related declines in insulin sensitivity, with benefits regard-
ing GLUT-4 translocation and insulin sensitivity being reported
(43,44). Importantly, a review by Mesinovic et al. (45) highlighted
that the effect of common glucose-lowering medications on muscle
mass remains unclear, and they particularly considered such agents
as glucagon-like peptide 1 (GLP-1) receptor agonists that can be as-
sociated with significant weight loss. Understanding these effects
is of great clinical importance to ensure that high-risk patients with
T2D are not receiving therapies that may exacerbate further loss
of skeletal muscle.

The association between HDL-C and T2D has been well-
established, and our finding of significantly lower HDL-C levels
in participants with T2D is in agreement with previous work (46).
Although research investigating the role of HDL-C in T2D patho-
physiology has been conflicting, HDL-C is reported to directly alter
glucose metabolism (47), skeletal muscle glucose uptake, and B-cell
insulin secretion (48).

We acknowledge limitations in our analysis and those of the UK
Biobank. The large majority of UK Biobank participants are of White
ethnicity and are less likely to live in socioeconomically deprived areas,
and there is evidence of a “healthy-volunteer” selection bias (49).
Therefore, it may be unsuitable to generalize our findings to the gen-

eral population. Additionally, the number of patients per group is small.

CONCLUSION

This study combines MRI-derived measures of organ health and
body composition with biochemical measures to study phenotypic
differences in participants with and without T2D. We show that
participants with T2D have evidence of significantly greater liver
damage combined with reduced skeletal muscle mass. We highlight
the limitations of routine biochemical tests and the need to screen
for coexisting NAFLD in patients with T2D. As the burden of T2D
and, in parallel, NAFLD and associated hepatic and extrahepatic
complications continues to grow, it is imperative to stratify high-risk
patients with coexisting diseases and multiorgan abnormalities and
provide more personalized care before irreversible complications

develop.O
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