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Noninvasive Assessment of Abdominal Adipose Tissues and
Quantification of Hepatic and Pancreatic Fat Fractions in Type 2
Diabetes Mellitus

Manoj Kumar Sarma, PhD?, Andres Saucedo, MS1, Christine Hema Darwin, MD?, Ely
Richard Felker, MD!, Kavya Umachandran, MS?, Daniel Kohanghadosh, BS1, Edward Xu,
BS!, Steve Raman, MDY, Michael Albert Thomas, PhD?

1Radiological Sciences, David Geffen School of Medicine at UCLA, Los Angeles, CA, United
States

2Medicine, David Geffen School of Medicine at UCLA, Los Angeles, CA, United States

Abstract

The purpose of this study was to evaluate adipose tissue distribution and hepatic and pancreatic fat
content using a 6-point Dixon MRI technique in type 2 diabetes mellitus (T2DM), and to assess
associations between fat distributions and biochemical markers of insulin resistance. Intra-
abdominal MRI was investigated in 14 T2DM patients, 13 age- and sex-matched healthy controls
(HC) and 11 young HC using a 3T Prisma MRI scanner. All T2DM subjects completed a fasting
comprehensive metabolic panel, and demographic measurements were taken according to
standardized methodologies. We observed excellent correlation (/2 = 0.94) between hepatic fat
fraction quantified using 6-point Dixon MRI and gold standard MRS, establishing the accuracy
and reliability of the Dixon technique. Significantly increased visceral adipose tissue (VAT)
volumes were found in T2DM patients compared to age-matched HC (1569.81 + 670.62 cm?3 vs.
1106.60 + 566.85 cm?3, p=0.04). We also observed a trend of increasing subcutaneous adipose
tissues (SAT), and total abdominal fat (TAT) volumes in T2DM compared to age-matched HC.
Hepatic fat fraction percentage (HFF%) was 44.6% higher in T2DM compared to age-matched HC
and 64.4% higher compared to young HC. Pancreatic fat fractions in the head and body/tail were
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higher in T2DM patients compared to both healthy cohorts. We also observed correlations
between fat contents of the liver and pancreas in T2DM patients, and association between
biochemical markers of T2DM with HFF, indicating a risk for non-alcoholic fatty liver disease
among T2DM. In summary, this study provides evidence of T2DM patients having increased liver
and pancreatic fat, as well as increased adipose tissues.

Keywords
T2DM; abdominal fat; Dixon; MRI; adipose tissue; hepatic fat fraction

Introduction:

Type 2 diabetes mellitus (T2DM) is evolving globally at an alarming rate and is a chronic
and heterogeneous metabolic disorder in which almost every aspect of the body’s
metabolism is altered [1]. It has reached epidemic proportions in many populations. It is
estimated that approximately 366 million people will have diabetes by 2030 and more than
90% of them T2DM [2]. In obese adults, the prevalence of T2DM is three to seven times
higher than in normal-weight adults [3]. Two distinctive features of T2DM are insulin
resistance (IR) and compromised function of the pancreatic p-cell such that insulin secretion
is insufficient to match the degree of IR [4]. The molecular mechanisms causing IR have yet
to be elucidated explicitly, but there is growing evidence that glucose and fatty acid
metabolism are closely linked and that IR is associated with disturbances in this relationship
[5]. In addition to hyperglycemia, T2DM individuals almost invariably manifest a serious
breakdown in lipid dynamics, often reflected by higher levels of circulating free fatty acids
(FFASs) and triglycerides (TG), and there is reduced esterification and re-esterification of
fatty acids in adipose tissues (AT) in IR subjects, which promotes ectopic accumulation of
lipids in non-adipocyte tissues such as muscle and liver [6]. Hence, investigation of
alterations in lipid metabolism can improve our understanding of the molecular mechanisms
and development of metabolic disorders like IR, obesity and diabetes.

Quantitative evaluation of distributions of adipose tissues in various compartments within
the body is important for the study of patients with diabetes and metabolic syndrome.
Imaging techniques such as Dual energy X-ray Absorptiometry (DXA), Computed
Tomography (CT) and Magnetic Resonance (MR) methods (MR Imaging (MRI) and MR
Spectroscopy (MRS)) have been used to assess body fat composition [7]. DXA can only
differentiate bone, fat, and lean soft tissues; CT allows the determination of subcutaneous
and visceral adipose tissues, and the amount of fat deposition in the liver and skeletal muscle
[7]. MR offers the possibility to perform these adipose tissue measurements without ionizing
radiation [7] and allows for a more accurate quantification of pancreatic and hepatic fat
fractions [4].

Several studies [8, 9] have indicated that individuals with T2DM have more visceral adipose
tissues (VAT), intermuscular adipose tissues and less subcutaneous adipose tissues (SAT)
than non-diabetic healthy control subjects. VAT have a greater capability to generate free
fatty acids and have higher insulin-stimulated glucose uptake compared with SAT [10]. Most

Magn Reson Imaging. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarma et al.

Page 3

studies have found that VAT is closely associated with IR in T2DM, and this association
continues to be observed in non-diabetes [11].

A clinical spectrum of liver abnormalities collectively known as non-alcoholic fatty liver
disease (NAFLD) is often associated with T2DM [12]. The prevalence of NAFLD is found
to be as high as 75% in patients with T2DM.12 Excess intra-abdominal fat found in T2DM
patients is associated with excess liver fat and ectopic fat deposition [9, 13, 14].

Compared to the liver, the pancreas appears more susceptible to fat accumulation [15]. Some
cross-sectional studies using MRS or MRI have shown that subjects with T2DM have
altered pancreatic fat content compared to non-diabetic healthy subjects [16]. Evidence that
non-alcoholic fatty pancreas disease (NAFPD) is associated with T2DM [17] is also
emerging. Because of increasing IR, pancreatic beta cells produce more insulin to meet the
demand, resulting in beta cell apoptosis and consequent increase of adipose tissues [17].
Moreover, hyperglycemia via malonyl coenzyme A (malonyl-CoA) inhibits functional
carnitine palmitoyltransferase-1 activity and shunts fatty acid oxidation in the cell
mitochondria, promoting intracellular triglyceride accumulation and development of
NAFPD, which further decreases beta cell function in T2DM patients [18].

The objectives of the present study were to: 1) quantify subcutaneous adipose tissue (SAT),
visceral adipose tissue (VAT), hepatic fat fraction (HFF) and pancreatic fat fraction (PFF),
and to compare fat contents between T2DM, age-matched healthy controls, and young
healthy controls using the 6-point Dixon MRI technique [19] ; 2) compare Dixon-MRI with
gold-standard MRS in HFF to evaluate its ability to accurately quantify abdominal fat; 3)
assess associations between adipose fat distributions and lipid parameters and IR markers in
T2DM.

Materials and Methods:

Participants/Subjects

This study received approval from the Institutional Review Board. Of 46 enrolled subjects,
38 subjects were included in the present analysis with complete image acquisition and
sufficient image quality in terms of SNR and artifacts. Among them, 14 were classified as
T2DM patients (age = 57.5 + 7.2 years, range 43-66), 13 as age-matched healthy controls
(HC) (age = 58.8 + 7.7 years, range 44-67), and 11 as young HC (age = 27.7 £ 2.2 years,
range 24-31). Detailed demographics are provided in Table 1. We also added the young HC
to study the reliability of 6-point Dixon compared with the other two groups.

Study criteria

All subjects had no history of cardiovascular or neuromuscular disease. The medical history
of T2DM participants was reviewed and screened. We excluded participants if they had: 1)
any acute infections; 2) presence of definite diabetic micro- and macro-angiopathy; 3)
treatment with any medications that alter insulin sensitivity; 4) severe renal disease, severe
hepatic disease, malignancy, chronic inflammatory disease; 5) poor control of T2DM
indicated by a Hemoglobin A1C (HbA1c) of more than 9.0%. Study inclusion criteria for
healthy controls were the following: 1) good health with sedentary lifestyles; 2) without a
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family history of diabetes; 3) with regular menstrual cycles in women. Patients with
claustrophobia were excluded. Subjects with any metallic material in the body such as
pacemakers, defibrillators and aneurysm clips and certain prostheses contraindicated for
MRI were also excluded.

Clinical and biochemical data

All T2DM subjects completed a fasting comprehensive metabolic panel (serum creatinine
(Crn), aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin
(TB), fasting glucose (Glc), HbAlc, total cholesterol (TC), triglyceride (TG), high-density
lipoprotein (HDL), and low-density lipoprotein (LDL) levels), and measurements of
demographics (age, gender, and BMI) by standardized methodologies.

MRI and Single Voxel 1H MRS

All MRI studies were performed on a 3T Prisma MRI scanner (Siemens Medical Solution,
Erlangen, Germany) in a head-first supine position using a matrix array coil and a spinal
phased-array coil in the scanner bed. After initial localizer scans, abdominal MRI was
performed using a 3D GRE VIBE 6-point Dixon sequence. The acquisition parameters were:
matrix size = 320x240, FOV~ 360x270 mm?, slice thickness = 3 mm, TR=8.85 ms,
bandwidth = 1080 Hz/px, flip angle = 59, shortest possible TE’s (equidistant with TE; =
1.23 ms and an echo time shift of 1.23 ms), average = 1, and a GRAPPA (GeneRalized
Autocalibrating Partially Parallel Acquisitions) acceleration factor of 2 with an acquisition
duration of 18 — 21 seconds. Thirty-eight or fifty-two axial slices were acquired between
vertebral levels T12 and L5, depending on the subject’s height. To avert local and global
water/fat swaps, the standard 6-point Dixon sequence used an enhanced water-fat partition
and a denoising algorithm based on linear principal component analysis [19]. Furthermore, it
used a multi-peak fat model with a complex-based water-fat separation algorithm. Using the
water-only and fat-only images extracted from the multi-point Dixon data, fat fractions and
water fractions were calculated by the in-line MR image reconstruction software as
parametric maps. The 6-point Dixon sequence incorporates To* into the signal model as a
degree of freedom to calculate the fat fraction thereby incorporating correction for To*
decay as part of the signal fitting.

For single-voxel 1H MRS of the liver, a 15-second breath-hold, T,-corrected multi-echo
spectroscopic sequence (HISTO, High speed multiple echo acquisition) [20] was performed
using stimulated echo acquisition mode [21]. A 30x30x30 mm3 voxel was placed in the
right lobe (Figure 1(A)) and care was taken to avoid any vascular and biliary structures.
Other acquisition parameters included: TR = 3000 ms, TE = 12, 24, 36, 48, and 72 ms, 1024
acquired spectral data points, bandwidth = 1200 Hz, and average = 1. The long TR
minimizes the effects of T, weighting.

Data Processing and Analysis

We used an image analysis software, namely S/iceOmatic (\er. 5.0, Tomovision, Canada), to
quantify abdominal fat (Figure 1(B)). A single trained observer guided by an experienced
radiologist performed the image analysis. The VAT and SAT areas (cm?2) were computed
automatically from the respective tissue regions in each slice by summing the pixels from
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the given tissue and multiplying by the pixel surface area. Finally, tissue volume (cm?3) for
each slice was calculated by multiplying the tissue area (cm?) by slice thickness. To quantify
hepatic fat fraction (HFF) and pancreatic fat fraction (PFF) percentage (%), the liver and the
pancreas were segmented using the region growing algorithm in S/iceOmatic. A discussion
about the SliceOmatic segmentation procedure can be found in [4]. Pancreatic regions were
segmented into three parts: head, body and tail. An overall average fat fraction across the
liver and the head and body/tail of the pancreas was computed. To avoid segmentation error,
we did not calculate PFF separately in the body and tail. Figure 1(C), 1(D) and 1(E)
illustrate examples of SliceOmaticimage segmentations of liver, and the pancreas head,
body and tail in a 27 year-old young healthy control. The mean pixel value obtained through
the software was scaled down by a factor of 1000 to counteract scaling performed during
image acquisition on the MRI scanner.

For HISTO, after completion of each scan, the system automatically performed post-
processing using the vendor-provided software package and generated MRS maps and a
report with fat fraction values. It calculated the fat fraction based on the ratio of areas under
fat peaks to the sum of areas under water and fat peaks. An exponential least-squares fitting
algorithm was used to estimate peak amplitudes (~area) of water and fat at each TE. We
obtained the HISTO HFF values from the system-generated reports. A representative MR
spectrum at TE = 12 ms is shown in Figure 1(E).

Statistical Analyses

All statistical analyses were performed with SPSS (V25.0, IBM, Chicago, IL) software. A p
value <0.05 was considered statistically significant. The independent samples #tests were
performed to assess differences between T2DM and healthy control groups for demographic
and clinical parameters (Table 1). The Student’s t-test was used to determine differences in
continuous variables. General linear models were used to determine whether there were
statistically significant differences in the mean value of regional abdominal adiposity
measurements (i.e., visceral fat area and subcutaneous fat) between the groups after
adjustment for covariates, including sex, age, and BMI. Pearson correlation coefficients were
used to assess the simple correlation between the regional abdominal adiposity
measurements and the clinical, metabolic parameters. This was followed by partial
correlation analysis controlling for covariates, such as age, gender, BMI, and HbAlc.

To determine the agreement between the HFF measurements obtained from the single voxel
MRS and those obtained using FF maps, linear correlation, Pearson’s product-moment
correlation coefficient (/), and the Bland—Altman method [22] were used. For Bland—Altman
analyses, differences between HFF for the two measurements were plotted against their
means with the repeatability coefficient (RC), which allows calculation of the 95% limits of
agreement. The repeatability coefficient was defined as 1.96 times the standard deviation of
the difference between two measurements.
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No significant age difference was observed between T2DM and age-matched HC. There

were no statistically significant differences in BMI across the T2DM, age-matched HC, and

young HC groups (Table 1).

Abdominal fat distribution

MRS vs MRI

Figure 2 shows volumes of VAT, SAT and total abdominal fat (TAT) for the three groups.
Significantly increased VAT volumes were found in T2DM patients compared to age-
matched HC (1569.81 + 670.62 cm?3 vs. 1106.60 + 566.85 cm?3, p=0.04). We also observed a
trend of increasing SAT and TAT volumes in T2DM compared to age-matched HC (1959.87
+858.17 cmd vs. 1662.96 + 940.86 cm?3, p=0.50and 3529.69 + 1362.14 cm?3 vs. 2769.56 +
1344.22 cm3, p=0.18, respectively). Compared to young HC, when age, BMI and gender
were used as covariates in MANCOVA, T2DM showed a trend of higher VAT (1569.81 +
670.62 cm3 vs. 905.13 + 456.76 cm?3), SAT (1959.87 + 858.17 cm3 vs. 1787.01+ 1248.34
cm3), and TAT (3529.69 + 1362.14 cm3 vs. 2692.14 + 1558.29 cm3).

Figure 3 summarizes comparison results for HFF% obtained from the abdominal MRI data
and the single voxel MRS sequence HISTO from all 38 subjects. As shown in Figure 3(A),
HFF from 6-point Dixon MRI (HFFpixon) Showed a strong agreement and correlation with
HFF from HISTO (HFFH;sTo) (slope = 0.77, intercept = 1.40%, A2 = 0.94) and was
statistically significant (0 < 0.0001). Figure 3(B) illustrates the associated Bland—Altman
plot, where the solid line represents the mean measurement bias and the dashed lines
represent the 95% confidence interval. The mean measurement bias between HFFpjxon and
HFFHisTto was 0.38% (range: —4.3% to 2.9%). This was not significantly different from zero
(95% confidence interval: —2.8 to 3.6).

Liver fat content

Figure 4(A) shows HFF% differences between the three groups with a median HFF% of
4.7% [IQR: 4.08-8.00], 3.4% [IQR: 3.06-3.99] and 2.7% [IQR: 1.71-3.18] in T2DM, age-
matched HC and young HC, respectively. Group-wise comparison with BMI and gender as
covariates further revealed a trend of elevated HFF% in T2DM compared to age-matched
HC (7.12+6.05 vs. 3.95+1.64, p=0.086) and significantly increased HFF% in T2DM
compared to young HC (7.12+6.05 vs. 2.53+0.99, p=0.019). When age was further added as
a covariate, we did not observe any significant difference between T2DM and young HC
(p=0.678).

Pancreas fat content

Figure 4(B-D) shows differences of PFF% in the pancreatic head (PFFpeag%), the
pancreatic body plus pancreatic tail (PFFgogy-+T4i1%) and the mean (mPFF%) between the
three groups. PFFHeaq%, PFFBody-+Tail% and mPFF% were higher in T2DM patients
(PFFHead%: 5.1% [IQR: 3.6-7.5]; PFFgody+Til%: 6.0% [5.1-9.12]; mPFF%: 5.7% [4.8—
8.8]) compared to both age-matched HC (PFFeaq%: 4.1% [IQR: 3.7-5.1]; PFFgody-+Tail%:
5.5% [4.7-6.8]; mPFF%: 4.9% [4.0-5.8]) and young HC (PFFHead%: 3.9% [IQR: 2.5-4.2];
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PFFBody+Tail%: 4.1% [3.8-4.7]; mPFF%: 4.1% [3.1-4.3]). These differences for T2DM
were also observed in a group-wise comparison with BMI and gender as covariates (T2DM
vs. age-matched HC: p = 0.09, p = 0.08 and p = 0.06 for PFFpeaq, PFFRody+T4il%, and mPFF
respectively; T2DM vs. young HC: p = 0.007, p = 0.006 and p = 0.004 for PFFeaq,
PFFgody+Tail and mPFF respectively). After adjusting for age along with gender and BMI,
observed significant differences for PFFeaq, PFFRody+Tai%, and mPFF between T2DM
patients and young HC were attenuated (p = 0.57, p = 0.87 and p = 0.71 for PFFgaq,
PFFgody+Tail and mPFF, respectively).

Correlation Analysis in T2DM

Table 2 shows the Pearson correlation analysis for the association of the regional abdominal
adipose tissue distribution with serum creatinine, hepatic and lipid parameters and the
association between different fat measures in T2DM patients. BMI was positively correlated
with SAT, VAT, TAT, and HFF% (p<0.05). We further examined the association through
partial correlation analysis adjusted for age, gender, and HbAlc. BMI was significantly and
positively associated with SAT (r = 0.64, p = 0.04), TAT (r = 0.66, p = 0.03), and HFF% (r =
0.59, p = 0.05), whereas BMI was marginally associated with VAT (r = 0.56, p = 0.07). No
correlation was found between BMI and pancreatic fat content.

A higher level of HFF% was associated with higher amounts of SAT, VAT, TAT, PFF% in
pancreatic head and body/tail, and mean PFF%. However, after adjusting for gender, age,
BMI, and HbAlc, only pancreatic fat fraction in body/tail and mean pancreatic fat fraction
remained significantly correlated with HFF%.

The serum creatinine level demonstrated a negative correlation with SAT, TAT, and HFF%.
We also observed a positive correlation between hepatic fat fraction percentage and serum
ALT and AST levels. After controlling for gender, age, BMI, and HbAlc, these correlations
were sustained.

We did not observe a correlation between serum triglycerides, total cholesterol, LDL, HDL,
total bilirubin and adipose tissue distribution quantified by MRI in the T2DM patients.

Discussion:

The purpose of the current study was to use abdominal MRI to obtain measurements of
various adipose tissue distributions including SAT, VAT, HFF and PFF in a cohort of adults
with T2DM, and to compare these findings with those in non-diabetic age-matched and
young healthy subjects. This is the first study to use the six-point Dixon method to compare
body fat composition between subjects with T2DM and matched non-diabetic control
subjects.

MRS has long been considered as the clinical, non-invasive gold-standard technique for /n
vivo fat quantification [20]. We observed excellent correlation between hepatic fat fraction
estimated by 6-point Dixon MRI and HISTO-MRS. This proves the accuracy and reliability
for estimating various fat fractions using 6-point Dixon MRI. Compared to MRS, Dixon
MRI offers greater spatial resolution and anatomical detail, is less susceptible to respiratory
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motion and is better suited for quantifying fat in smaller organs such as the pancreas.
Although scan time is limited to a single breath-hold, all subjects in this study were able to
undergo 6-point Dixon MRI due to its relatively short duration. In some cases, By
inhomogeneity and sensitivity of the body coil-array to abdominal organs, which is subject-
dependent, can make the water-fat separation more susceptible to error, such as water-fat
swaps. However, only a small fraction of subjects exhibited severe artifacts and were
excluded from the study, as mentioned above.

Accumulation of abdominal fat can increase IR, leading to a greater risk of cardiovascular
disease and mortality. There have been conflicting reports about the role of VAT in T2DM.
Our preliminary results of increased SAT and VAT reaffirm that central obesity is connected
with the evolution of T2DM following IR. VAT was greater in the T2DM group than the
older and young healthy subjects, but the difference between groups was larger for the
young control group. Growing evidence suggests that VAT accumulation may play an
important role in the etiology of T2DM.

SAT was higher in the T2DM group compared to both age-matched controls and young
healthy subjects. The decrease of SAT in older controls compared to the young control group
may be due to the effect of aging. Cell proliferation was found to decrease with aging in
subcutaneous tissue [8]. Gallagher et al. [8] observed that aging was associated with less
SAT and more VAT in both the T2DM and control groups. The presence of less VAT and
more SAT would be expected to reduce the risk of IR in young subjects. In addition, we
observed SAT and VAT in almost equal percentages in T2DM (Figure 2).

In the current study, T2DM patients had significantly greater hepatic fat content than both
age-matched older healthy controls and young healthy individuals, indicating that T2DM is
associated with increased fat accumulation in the liver. We observed that HFF percentage
was 44.6% higher in individuals with T2DM compared to age-matched healthy controls and
64.4% higher compared to young healthy controls. In fact, we observed almost the same
trend for HFF percentage from MRS-HISTO data — 55.2% higher in individuals with T2DM
compared to age-matched healthy controls and 66.4% higher compared to young healthy
controls. These results are consistent with the findings by Bozzetto et al. [9], which
determined liver fat content by proton magnetic resonance spectroscopy (*H-MRS) in 13
diabetic obese, 10 non-diabetic obese, and nine normal-weight controls. Similar results were
also obtained by Kelley et al. [13] using computerized tomography and by Kotronen et al.
[14] using 1H-MRS. The increased HFF% observed here reflects the high occurrence of
NAFLD in T2DM patients. The liver is the central organ for lipid and glucose metabolism,
both of which are additionally regulated by insulin [23]. Elevated circulating free fatty acid
levels in T2DM, in part related to diminished suppression of adipose tissue lipolysis by
insulin, result in increased uptake of free fatty acids in the liver [24]. The synthesis of excess
triglycerides in the liver is driven by this supply of fatty acids and the accumulation of
excess liver fat is further exacerbated by impaired hepatic fatty acid oxidation secondary to
insulin resistance. Additionally, impaired very low-density lipoprotein (VLDL) secretion,
which commonly occurs with insulin resistance, further contributes to hepatic fat
accumulation.
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1H MRS and computerized tomography (CT) have been used for non-invasive measurements
of pancreatic fat content in humans [17]. 1H MRS relies upon accurate respiratory triggering
to acquire data solely from pancreatic tissue. On the other hand, CT provides less accurate
data. Given its non-ionizing nature and high soft tissue contrast, MRI is particularly suited to
gain insights into the role of pancreatic fat content. We observed that T2DM patients had
24.4% and 24.0% higher pancreatic fat fraction in the head and body/tail, respectively, than
age-matched healthy controls. Compared to young healthy controls, T2DM patients had
42.5% and 42.7% higher PFF in the head and body/tail, respectively. Increased PFF in
T2DM is important because of its effect on insulin sensitivity. In most affected individuals,
T2DM is characterized by the co-occurrence of insulin resistance in target tissues and
inadequate insulin production from the pancreatic islets. This impaired insulin secretory
capacity of beta cells might be the underlying mechanism for increased PFF observed in our
study. Though pancreatic fat fraction in the body/tail was higher than in head in all the three
groups, we observe a significant difference between the two in the healthy groups only.

BMI, a measure of total body mass, has been found to be an efficient predictor of T2DM
according to multiple epidemiologic studies [25]. We observed VAT and SAT were
positively correlated to BMI in T2DM patients. Using ultrasonography, Roopakala et al. [26]
showed better correlation of BMI to SAT than VAT in normal subjects. This was evident in
our T2DM population as correlation of BMI with VAT was less significant when adjusting
for age, gender, and HbAlc.

NAFLD has been regarded as one of the physiological abnormalities of the metabolic
syndrome associated with T2DM [27]. Previous studies reported that BMI is independently
associated with liver fat content in T2DM patients, which leads to a higher risk of NAFLD
[28]. Consistent with this, we found that BMI had a positive association with HFF% in
T2DM which seems to confirm that weight gain and obesity are sensitive biomarkers of high
hepatic fat.

In our pilot analysis, we observed positive correlations of the hepatic fat fraction percentage
with SAT, VAT, TAT, pancreatic fat fraction in head, body/tail, and mean pancreatic fat
fraction. However, the pancreatic fat fraction in body/tail and the mean pancreatic fat
fraction only remained significantly associated with the hepatic fat fraction percentage when
adjusted for gender, age, BMI, and HbA1c. This coupling of fat content of the liver and
pancreas in T2DM patients was observed by Sijens et al. [29] in healthy volunteers. Patel et
al. [30] showed correlation between pancreas MRI-proton-density-fat-fraction (PDFF), liver
MRI-PDFF, and histological steatosis in patients with biopsy-proven NAFLD. This
correlation seems to confirm the pathophysiological changes that occur in the liver and
pancreas due to increased fat deposition.

Even though both transaminase enzymes such as aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) are widely distributed in other tissues of the body, activities
of ALT outside the liver are low and, therefore, ALT is considered the best specific marker
of hepatocellular injury [31]. Our results indicate a positive correlation between hepatic fat
fraction percentage and serum ALT and AST levels. Our findings are in concordance with
results obtained from many other studies. A report by Pinhas-Hamiel et al. [32] found that
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ALT was elevated in about 20% of children and adolescents with T2DM, which may be due
to NAFLD. Close association of ALT and liver fat was reported by Westerbacka J et al. [33]
Other reports are also in agreement regarding an association between elevated ALT activity
and fatty liver [34] in obesity, insulin resistance, and T2DM [35]. Higher activity of ALT
and AST was reported in T2DM patients by Mathur et al. [36].

Our pilot results also indicate a negative correlation of creatinine levels with SAT, TAT, and
percentage of hepatic fat fraction. It has been shown that serum creatinine is the only
substance metabolized by skeletal muscle which is closely associated with total skeletal
muscle mass [37]. A negative correlation of serum creatinine levels with percentage of body
fat in body composition analysis was reported by Moon et al. [38], and a negative correlation
of serum creatinine with increased risk of T2DM was reported in the Kansai Healthcare
Study [39]. Also, Hjelmeszth et al. [40] reported that low serum creatinine is a predictor of
T2DM in Caucasian morbidly obese patients, and that there is an inverse association
between serum creatinine and T2DM.

A limitation of the present study is that it was cross sectional only. While we noted
significant differences in VAT, HFF and PFF of T2DM patients compared to healthy
subjects, longitudinal studies will be required to determine whether the observed changes are
of primary importance in the development of insulin resistance, impaired glucose tolerance,
and prediabetes progression to T2DM. Another limitation of our study is due to small
sample size. However, despite this limitation, it is important to state that most of the
differences between T2DM and healthy subjects had statistical significance, and the
statistical power of the analysis was acceptable. Also, for Dixon MRI HFF was calculated as
the average of the fat fraction over the whole liver and for MRS it was determined over the
ROI in the right lobe. Despite this we got excellent correlation between the two methods.

Conclusions:

In conclusion, type-2 diabetes is associated with increased amounts of adipose tissues and
visceral fat deposits in the liver and pancreas, which might be a contributing factor to insulin
resistance in T2DM. Higher liver and pancreas fat contents are likely due to the expression
of a more generalized alteration of fat distribution, as it involves key target sites for insulin
action such as muscle, liver and beta cells. With its ability to measure fat from different
compartments of the abdomen in a single scan, 6-point Dixon can be a reliable substitute for
gold standard MRS.
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Figure 1:
The yellow box in (A) indicates the location of the MRS voxel in the liver. (B) SliceOmatic

segmentation to delineate the subcutaneous (green) and visceral (blue) adipose tissues in a
27 year-old young healthy control; segmented (C) liver, (D) pancreas head and (E) pancreas
body/tail respectively (brown area: body, green area: tail). (F) 1H MRS spectrum (CH2 peak
at 1.3 ppm is main signal of lipids) obtained from a 40 year-old male subject from the VOI
in the liver (A) using the HISTO sequence.
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Figure 2:
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TAT

Absolute volumes of visceral fat (VAT), subcutaneous fat (SAT) and total abdominal fat
(TAT) for the three groups: type-2 diabetes (T2DM), age-matched healthy controls (HC) and

young HC. * Significant at the p=0.05 level.

Magn Reson Imaging. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sarma et al.

HFF% (6-point Dixon) >

Page 16

35 5
B¢ +1.96 SD
=11 . e
31 e
o | @
25 - E 6 2 .‘.‘
Wi g e *
20 - Teo * oo Mean
15 y=0766x+1.3951 &G , | oo e 3
R2=0.94 £a .l
aidl = . -1.96 SD
3 - - ===
5 4 Y
_4 4
*
0 T T T T T T ] -5 ; . ; : :
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
HFF% (MRS-HISTO) Average of HISTO and Dixon HFF%

Figure 3:
(A) Correlation of HFF% between T,*-corrected 6-point Dixon sequence and MRS

measurement with HISTO sequence in 38 subjects. (B) Bland—Altman plot for assessment of
agreement of HFF% between the HISTO and Dixon data with dashed lines representing the
95% confidence interval and solid line-representing mean.
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Figure 4:
Comparison of (A) HFF%, (B) PFF% in the head of the pancreas, (C) PFF% in the body and

tail of the pancreas, and (D) average PFF% between type-2 diabetes (T2DM), age-matched
healthy controls (HC) and young HC.
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Table 1:

Page 18

Characteristics of the Study Population. TG: Triglycerides; TC: Total cholesterol; LDL: Low-density
lipoprotein cholesterol; HDL: High density cholesterol; Crn: Creatinine; Glc: Glucose; AST: Aspartate
aminotransferase; ALT: Alanine aminotransferase; TB: Total bilirubin.

Variables T2DM (n = 14) Controls p-value
Age-matched HC (n= | Young HC (n =11) T2DM vs Age- T2DM vs Young
13) matched HC HC
BMI (kg/m2) 263+3.7 257+18 251+35 0.60 0.39
Age (years) 575+7.2 58.8+7.7 2717422 0.66 <0.0001
Gender (Male:Female) 6:8 6:7 8:3 0.87 0.14

Comprehensive metabolic panel results for T2DM patients

HbA1lc (%), N=13 82+21 - - - -
TG (mg/dL), N=12 146.8 + 63.6 - - - -
TC (mg/dL), N=9 183.8 +70.1 - - - -
LDL (mg/dL), N=11 104.8 £56.5 - - - -
HDL (mg/dL), N=9 57.7+242 - - - -
Crn (mg/dL), N=10 08+0.2 - - - -
Glc (mg/dL), N=10 160.4 + 64.3 - - - -
AST (IU/L), N=8 21.3+18.7 - - - -
ALT (IU/L), N=8 23.9+19.7 - - - -
TB, N=8 06+0.1 - - - -
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Pearson correlation between the clinical variables and fat content in T2DM patients.

Table 2:

Clinical Parameter ¥ | Fat Measurements ¥ | Correlation Coefficients (r) | p-value
BMI SAT 0.59 003
VAT 0.56 0.04%
TAT 0.65 0.01™*
HFF% 0.58 003*
HFF% SAT 0.56 0.04%*
VAT 0.58 0.03%
TAT 0.64 0.01™*
PFFHead% 0.69 0.01%"
PFFBody+Tail%0 0.77 <0.01™*
mPFF% 0.78 <0.01*"
Creatinine SAT 065" 0.04%
VAT -0.46 0.18
TAT -0.66 0.04%
HFF% -0.74 0.01%
AST HFF% 0.82 0.01%
ALT HFF% 0.84 0.01™**

*
Significant at 0.05 level;

Ak
Significant at 0.01 level.
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