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Abstract

The widespread presence of overweight and obesity increases with every decade, and the

number of people with body mass index (BMI) >30 kg/m2 has doubled in the last 30 years.

The aim of the study is to assess the correlation between MRI-evaluated ectopic fat accu-

mulation in pancreas, skeletal muscles and liver and the incidence of type 2 diabetes and

hypertension, depending on BMI and waist circumference ratio. This prospective study

included 267 consecutive patients who were referred to abdominal MRI and underwent a

standard clinical assessment with BMI and waist circumference ratio calculation. Ectopic fat

accumulation in pancreas, skeletal muscles and liver was evaluated in magnetic resonance

imaging using the fat-water separated Dixon imaging. There were statistically significant dif-

ferences in mean steatosis of all assessed organs in the group of patients with type 2 diabe-

tes or hypertension in comparison to the non-diabetic group as well as to the group without

hypertension. It has been observed that pancreas and skeletal muscles are more suscepti-

ble to fat accumulation than liver. According to our results, there is a relation between the fat

content in muscles, pancreas and liver, the incidence of type 2 diabetes and hypertension

and also body mass index and waist circumference ratio. We believe that future studies

should aim to determine whether the use of fat content measurement in certain organs

could be used as a biomarker that can enable early detection of reversible metabolic

changes, as well as their subsequent monitoring.
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Introduction

The prevalence of overweight and obesity increases with every decade, and the number of peo-

ple with body mass index (BMI) >30 kg/m2 has doubled in the last 30 years [1, 2]. It has been

proven that the presence of obesity is associated with life-threatening diseases, such as meta-

bolic syndrome (MetS), cardiovascular disease and cancer, which makes obesity one of the

most important health problems of the 21st century [2–6]. MetS, which consists of at least

three of the five abnormalities, that include diabetes or elevated fasting glucose level, central

obesity, high triglyceride level (TG), decreased high-density lipoprotein cholesterol level

(HDL) and high blood pressure, is a cluster of the most dangerous risk factors for myocardial

infarction [5, 7–10]. According to the World Health Organization (WHO) data, MetS can cur-

rently be found in approximately 20–25% of the adult population worldwide, and it is esti-

mated that this group of people is three times more likely to develop a myocardial infarction

or stroke compared to the rest of the population. Additionally, people with MetS present a

5-fold higher risk of developing type 2 diabetes (T2DM) [7]. The incidence of diabetes is

expected to double by 2025, and in 2030 diabetes will be the seventh cause of death in the

world.

Until now, T2DM has been regarded as an inexorable, inevitably progressive process. How-

ever, it is currently understood as a potentially reversible metabolic state caused by chronic,

excessive, ectopic fat accumulation [3, 11]. Recent studies evaluating the effect of weight loss

on fat content in the pancreas have shown that there is a reduction in ectopic fat infiltration,

along with a reduction in body mass. It is accompanied by a reversal of T2DM, improvement

in insulin sensitivity and normalization of glucose metabolism [2, 5, 12, 13]. These data indi-

cate that lifestyle modification can reduce morbidity and mortality due to MetS-related dis-

eases, including type 2 diabetes.

Insulin resistance is a good predictor for the clinical onset of T2DM and precedes occurring

of the disease for many years.

In the case of obesity, the level of circulating triglycerides and free fatty acids (FFAs) at

some point begins to exceed the metabolic capacity of adipose tissue, leading to their exces-

sive accumulation in other organs, including liver, pancreas and skeletal muscles. That

results in serious metabolic and clinical consequences as increased lipid accumulation inhib-

its insulin-mediated glucose uptake and thereby reduces insulin sensitivity of the organs [1–

3, 5, 12, 14–17].

It seems that magnetic resonance imaging MRI examination which allows non-invasive

assessment of lipid infiltration in various organs may become an ideal tool that can help in the

struggle against the effects of obesity. We hope that by showing a correlation between fat con-

tent in the pancreas, liver and skeletal muscles and the occurrence of metabolic disorders

developing in the course of obesity, MRI will allow early detection of reversible metabolic

changes as well as their further monitoring. We believe that in the future, the method could

also be used as a biomarker that indicating the development of pre-diabetes insulin resistance.

The aim of the study is to assess the correlation between MRI-evaluated ectopic fat accumu-

lation in pancreas, liver and skeletal muscles and the incidence of type 2 diabetes and hyper-

tension, depending on body mass index and waist circumference ratio.

Materials and methods

The study protocol was approved by the Local Ethical Committee (Independent Bioethics

Commission for Research of the Medical University of Gdansk, Poland). All participants

gave their written consent to participate in the study after they have been informed about the
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methods and purposes of the examination. All authors had been given access to the study data

and then reviewed and approved the final manuscript.

This prospective study includes 267 consecutive patients of Caucasian origin (119 men

and 148 women) who were referred to abdominal MRI for various non-malignant reasons (as

non-specific abdominal pain, pancreas or liver observation) and underwent a standard clinical

evaluation, a physical examination and biochemical tests. All examinations were performed

between January and August 2018. We measured the height and body weight of the partici-

pants to calculate the Body Mass Index by dividing the weight in kilograms by the square of

the height in metres:

BMI ¼
weight ðkgÞ
½height ðmÞ2�

The commonly accepted BMI ranges were used: underweight—less than 18.5 kg/m2, nor-

mal weight from 18.5 to 24.9, overweight from 25 to 29.9 and obese� 30 kg/m2. Waist circum-

ference was measured at a level midway between the lowest rib margin and the iliac crest of

the pelvis in the horizontal position.

MetS was defined according to the criteria modified by the National Cholesterol Education

Program Adult Treatment Panel III Guidelines [18].

Central obesity was defined using the ethnicity-specific values for waist circumference in

Europe which is� 80 cm for women and� 94 cm for men.

Because of the different reference values of the waist circumference depending on the

gender, a universal for both groups numerical value defined in per cent and called Waist Cir-

cumference Ratio (WCR) was introduced [19]. WCR [%] represents the ratio of the waist cir-

cumference of the patient to the reference value, which is 80 cm for a woman and 94 cm for a

man. In other words:

WCR ¼

waist circumference
80

� 100% for woman

waist circumference
94

� 100% for man

8
>><

>>:

For both women and men, the WCR for limit values of waist circumference is 100%, with

normal waist circumference <100%, for central obesity >100%.

To determine the deviation from the normal values of the waist circumference in centime-

ters, we used a variable which was labelled as circumference deviation (CD). The CD repre-

sents the deviation of the waist circumference from the reference value and is the difference

expressed in centimeters between the patient’s waist circumference and the reference value

(different for women and men—80 vs 94 cm).

Elevated TG level was confirmed when the range limit of 150 mg/dL was exceeded. As a

low HDL cholesterol level less than 40 mg/dL for men and less than 50 mg/dL for women was

assumed. Hypertension (HT) was diagnosed if systolic or diastolic blood pressure was elevated

above 130/85 mmHg or in the case of previously diagnosed HT treatment. Impaired fasting

glucose level was defined as� 100 mg/dL or in the case of previously diagnosed type 2 diabetes

mellitus treatment.

Abdominal MRI examinations were performed using 1.5 T Siemens Magnetom Aera sys-

tem. All subjects underwent an identical imaging protocol on the same MR scanner.

Ectopic fat accumulations in the pancreas, liver and skeletal muscles were evaluated in MRI

using the fat-water separated Dixon imaging technique which leads to fat and water signal

selection using the chemical shift between the resonance frequencies of protons bound in the
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fat and water. This technique automatically generates pixel-wise parametric maps that specify

fat content based on ’only water’ and ’only fat’ images. After selecting a specific area in the

organ, using regions of interest (ROIs), the numerical values of the signal intensity (SI) on the

generated fat and water images can be obtained. Based on the acquired signal intensity values,

the content of fat fractions in individual organs can be calculated.

Quantitative assessment of the fat accumulation was achieved by computing the percentage

value of the fat fraction which is the fat signal intensity divided by the sum of the fat and water

signals and then multiplied by 100. In other words fat fraction (FF) is computed as follows:

FF ¼
SIðFÞ

SIðW þ FÞ
x 100%

where SI is the signal intensity contributions from water (W) and fat (F). This method corre-

lates better with histopathologically confirmed steatosis than conventional dual in-phase and

out-of-phase magnetic resonance imaging.

Regions of interest (ROIs) were placed manually within the target organs and then copied to

ensure that the size and location are the same on both fat-only (F) and water-only (W) images.

To measure pancreatic fat and water signals, 3 circular regions of interest (ROIs) were

drawn into three anatomical parts of the pancreas. To avoid contamination from volume aver-

aging with extrapancreatic adipose tissue ROIs were placed in the pancreatic parenchyma in a

way that they would be surrounded by pancreatic tissue not only within the imaging plane but

also on the slices above and below. When ROIs were selected the pancreatic duct and vessels

were also carefully avoided. The mean of all ROIs in each part of the pancreas (the head, body

and tail) was calculated to determine the average fat fraction.

The hepatic fat content was assessed by using ROIs which were as large as possible with a

homogeneous parenchyma signal, in order to avoid inclusion of visible extra- and intrahepatic

vessels and enlarged bile ducts.

Two additional round ROIs were drawn on the bilateral paraspinal muscles at the lumbar

vertebra 3 level, that is the level which is considered the best for both skeletal and visceral fat

assessment in healthy middle-aged adults, as well as subcutaneous adipose tissue [20]. The

average fat fraction for muscles is the arithmetic mean of the fat fraction in the right and left

paraspinal muscle (Figs 1–6).

All measurements were carried out by two independent observers.

The general exclusion criteria were as follows: the use of steatogenic medications, signifi-

cant systemic illnesses, age younger than 18 years, alcohol intake of more than 10g per day in

the previous one year and the lack of consent to participate in the study.

Statistical analysis

To assess the interdependence between the analyzed variables, Pearson’s correlation coeffi-

cients were calculated and regression lines presented with appropriate scatter plots. Differ-

ences between mean values in independent groups were examined using parametric Welch’s t-

test or ANOVA. Additionally, in case of more than two groups, results of HSD post-hoc test

were introduced. Normality assumption of data set was checked by Shapiro-Wilk test. The

level of significance was set at α = 0.05. All statistical analyses were performed with Statistica

version 13.1 (Dell Inc. 2016, data analysis software system).

Results

The study includes 267 consecutive patients (119 men aged from 18 to 83, mean 52, and 148

women aged from 19 to 82, mean 55).

MRI-evaluated ectopic fat accumulation with reference to diabetes mellitus and hypertension
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Using the ICC test—the intraclass correlation coefficient, a high agreement between observ-

ers was found—the intraclass correlation was 0.987.

The mean BMI in the group of men was 26 kg/m2 (range from 15.92 to 40.40) and similarly

26 kg/m2 (range from 17.42 to 38.16) in women. Of all subjects, 133 patients had normal BMI,

79 were overweight, and 55 were obese.

It was found that the average steatosis of pancreas, muscles and liver in patients with nor-

mal BMI was 5.98%, 5.25% and 3.66% respectively, in overweight patients 9.36%, 7.56% and

5.88%, and in obese patients 11.69%, 10.93% and 8.26% (Table 1).

Patients with normal BMI had an average waist circumference smaller than the reference

values by 2.48 cm, overweight patients greater than the reference values by 10.7 cm, and in

obese patients, the waist circumference exceeded the reference values by an average of 24.33

cm (Table 2).

Using a variable determining the patient’s waist circumference deviation from the reference

value (CD), a statistically significant, moderately positive correlation between the degree of

steatosis of particular organs, and expressed in centimeters difference between the waist cir-

cumference of the patient and the reference value was found (Table 3).

Analyzing the obtained values, the best correlation between the increase in the waist cir-

cumference in centimeters and the fat accumulation in muscles was demonstrated. It was

revealed that increasing the waist circumference by 1 cm in relation to the reference values

leads to an increase in steatosis of muscles by 0.211%. It has also been shown that when the

waist circumference increases by 1 cm, the steatosis of the pancreas increases by 0.162% and

the liver by 0.147%.

Fig 1. Example of the ectopic fat accumulation measurements in the pancreas, liver and skeletal muscles on the

fat-water separated Dixon image in a healthy patient with BMI 21 and normal waist circumference. Measurements

visible on the image with fat saturation represent only water signal (calculated mean fat fraction: liver– 2%, pancreas–

4%, muscles– 3%).

https://doi.org/10.1371/journal.pone.0226889.g001
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Of all patients, 93 had type 2 diabetes, and 91 had hypertension. In 56 people both diabetes

and hypertension were diagnosed.

The average fat accumulation in pancreas, skeletal muscles and liver was estimated at

10.49%, 9.80% and 6.64% in diabetic patients, whereas in non-diabetic patients the fat content

was significantly lower and amounted to 6.93%, 5.64% and 4.54%, respectively.

In hypertensive patients, the mean fat accumulation in pancreas was 10.76%, while 9.82%

in muscles and 6.37% in liver.

The mean steatosis of pancreas, skeletal muscles and liver in patients without hypertension

was significantly lower and amounted to 6.98%, 5.83% and 4.77%, respectively.

The smallest, although statistically significant, differences were found in the liver (Table 4,

Figs 7 and 8).

The differences between steatosis of pancreas, skeletal muscles and liver between three

groups of patients: (1) patients with both diabetes and hypertension (DM & HT group), (2)

patients with either diabetes or hypertension (DM or HT group) and (3) patients with no dia-

betes and no hypertension (None group), were also assessed.

Among patients with both diabetes and hypertension (DM & HT group), the average stea-

tosis of pancreas, skeletal muscles and liver was respectively 11.39%, 10.61% and 6.70% and in

the case of patients with type 2 diabetes only or hypertension only (DM or HT group), the fat

accumulation was 7.32%, 6.16% and 4.90% respectively.

Even greater statistically significant differences in ectopic fat accumulations in the assessed

organs were demonstrated between the group of patients with both diabetes and hypertension

(DM & HT), and patients with no diabetes and no hypertension (None group), whose fat accu-

mulation was 6.43%, 5.13% and 4.31% respectively.

Fig 2. Example of the ectopic fat accumulation measurements in the pancreas, liver and skeletal muscles on the

fat-water separated Dixon image in a healthy patient with BMI 21 and normal waist circumference. Measurements

visible on the image without fat saturation represent the sum of the fat and water signal (calculated mean fat fraction:

liver– 2%, pancreas– 4%, muscles– 3%).

https://doi.org/10.1371/journal.pone.0226889.g002
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As previously, the smallest, although statistically significant, differences were found in the

liver (Table 5, Figs 9 and 10).

Comparison of these values with the average steatosis in three BMI groups indicates that all

values correspond to the BMI groups of people who are overweight or obese. BMI of 25 or

above was calculated to be present in 73% of diabetic patients (68 out of 93 patients with diabe-

tes, 32 of them being overweight and 36 obese), 74% of patients with hypertension (67 out of

91, 29 –overweight, 38 obese), and 75% of patient who suffered both from diabetes and hyper-

tension (42 out of 56, 19 overweight and 23 obese).

Comparing the BMI and WCR values, statistically significant differences between the group

of patients with diabetes (T2DM = 1) or with hypertension (HT = 1) and the group of patients

without diabetes (T2DM = 0) or without hypertension (HT = 0) were found.

In patients with diabetes, the mean BMI was 28.02 kg/m2 and WCR 116.63%, while in non-

diabetic group the mean BMI values was 24.86 kg/m2 and WCR 104.39%.

In patients with hypertension, the mean BMI was 27.65 kg/m2 and WCR 116.29% while in

non-hypertensive patients these values were significantly lower and reached 25.19 kg/m2 and

105.16% respectively (Table 6).

Both in diabetes and hypertension, it was shown that the waist circumference was on aver-

age higher than the reference value by over 16%.

Discussion

According to WHO data, 3.2 million people worldwide die of complications related to diabetes

each year, mainly due to the increased risk of cardiovascular diseases accounting for 80 per

cent of those deaths [7, 17].

Fig 3. Example of the fat accumulation measurements in the liver and skeletal muscles on the fat-water separated

Dixon image in a patient with BMI 29 and increased waist circumference, in whom diabetes and hypertension

were diagnosed. Measurements visible on the image with fat saturation represent only water signal (calculated mean

fat fraction: liver– 21%, pancreas– 13%, muscles– 11%).

https://doi.org/10.1371/journal.pone.0226889.g003
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Fig 4. Example of the ectopic fat accumulation measurements in the liver and skeletal muscles on the fat-water

separated Dixon image in a patient with BMI 29 and increased waist circumference, in whom diabetes and

hypertension were diagnosed. Measurements visible on the image without fat saturation represent the sum of the fat

and water signal (calculated mean fat fraction: liver– 21%, pancreas– 13%, muscles– 11%).

https://doi.org/10.1371/journal.pone.0226889.g004

Fig 5. Color-coded T2 fat signal fraction map depicts areas of fat accumulation on the example of a healthy

patient with BMI 21 where the dark blue color corresponds to the lowest fat content and the red to the highest fat

content (calculated mean fat fraction: Liver– 2%, pancreas– 4%, muscles– 3%).

https://doi.org/10.1371/journal.pone.0226889.g005

MRI-evaluated ectopic fat accumulation with reference to diabetes mellitus and hypertension
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For years, MRI has been considered the most reliable and accurate method of non-invasive

assessment of fat accumulation in the liver. Various MR techniques are used, such as magnetic

resonance spectroscopy, in-phase and out-of-phase imaging, and finally a method of separat-

ing water and fat signals, based on chemical shift, used in our work and proposed by Dixon in

1984 (fat-water separated Dixon imaging technique). In the present study, we have assessed

ectopic fat accumulation in pancreas, skeletal muscles and liver in 267 consecutive patients

with obesity, overweight and normal BMI, in correlation with the presence of type 2 diabetes,

hypertension and abdominal obesity.

Fig 6. Color-coded T2 fat signal fraction map depicts areas of fat accumulation on the example of a patient with

BMI 29 who was diagnosed with diabetes and hypertension where the dark blue color corresponds to the lowest

fat content and the red to the highest fat content (calculated mean fat fraction: Liver– 21%, pancreas– 13%,

muscles– 11%).

https://doi.org/10.1371/journal.pone.0226889.g006

Table 1. Characteristics of the subjects included in the study divided on the basis of BMI (normal weight—BMI 18.5–24.9, overweight—BMI 25.0–29.9 and obese—

BMI� 30) in terms of fat accumulation value in pancreas, muscle and liver.

Variable ANOVA results

BMI group N Mean Median SD F p

Pancreas fat fraction 18.5–24.9 133 5.98 5,00 3,99 30.035 <0.001

25.0–29.9 79 9.36 8,00 5,66

� 30 55 11.69 10,00 5,58

Muscles fat fraction 18.5–24.9 133 5.25 4.00 4.14 20.275 <0.001

25.0–29.9 79 7.56 7.00 5.31

� 30 55 10.93 8.00 8.46

Liver fat fraction 18.5–24.9 133 3.66 2.83 2.67 18.244 <0.001

25.0–29.9 79 5.88 4.10 6.19

� 30 55 8.26 5.88 6.62

BMI—Body Mass Index.

https://doi.org/10.1371/journal.pone.0226889.t001

MRI-evaluated ectopic fat accumulation with reference to diabetes mellitus and hypertension
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It was estimated that the average steatosis of the pancreas, muscles and liver in patients with

normal BMI was 5.98%, 5.25% and 3.66% respectively (Table 1).

The obtained values are consistent with other works assessing pancreatic fat content by

magnetic resonance imaging.

For example, Heber [4] determined the average fat content in pancreas at 5.2%, Kuhn [21]

at 4.4%, and Singh [17] considers that a cutoff point of 6.2% may be recommended for further

studies as the threshold for normal fat content in the pancreas. Also, the hepatic fat accumula-

tion value obtained by us in patients with normal BMI does not exceed the widely accepted

hepatic fat threshold determined on the basis of liver biopsy and imaging examinations at 5%

[17, 22, 23]. That value is the recommended fat threshold which makes it possible to diagnose

non-alcoholic fatty liver disease (NAFLD).

In the available literature, we did not find any information on the cut-off points of fat accu-

mulation in skeletal muscles.

Analyzing the obtained values of fat infiltration of pancreas, muscles and liver in people

with overweight and obesity, a significant increase in fat accumulation was observed along

with an increase in BMI. The organ most susceptible to fat deposition with the increase in

BMI was the pancreas. It correlates with a study conducted on mice, which after 3–15 weeks of

being on a high-fat diet, increased fat content in the pancreas but not in the liver [3, 24]. Inter-

estingly, our study showed that muscles are also more susceptible to fat accumulation than the

liver.

Table 2. Deviation of waist circumference from reference value (CD, circumference deviation) in obese, overweight and normal BMI patients.

Variable Descriptive statistics for CD

BMI group N Mean Min Max SD

CD (cm) Normal 133 -2.48 -24.00 22.00 9.91

overweight 79 10.70 -9.00 33.00 9.46

obese 55 24.33 8.00 51.00 9.29

CD—circumference deviation; BMD—Body Mass Index.

https://doi.org/10.1371/journal.pone.0226889.t002

Table 3. Correlations between the degree of steatosis of particular organs and the value of variable determining

patient’s waist circumference deviation from the reference value (CD).

Variable Pearson’s linear correlation coefficients (p-value)

Steatosis of pancreas [%] Steatosis of muscles [%] Steatosis of liver [%]

CD (cm) 0.429 (p<0.001) 0.500 (p<0.001) 0.405 (p<0.001)

CD—circumference deviation.

https://doi.org/10.1371/journal.pone.0226889.t003

Table 4. Fat accumulation in pancreas, skeletal muscles and liver in the group of patients with diabetes or hypertension in comparison to the non-diabetic and non-

hypertension group.

Variable Welch’s t-test for independent groups T2DM = 1, without T2DM = 0, HT = 1, without HT = 0

T2DM = 0 T2DM = 1 P HT = 0 HT = 1 P

Pancreas fat fraction % 6.931 10.495 <0.001 6.983 10.764 <0.001

Muscle fat fraction % 5.637 9.796 <0.001 5.834 9.818 <0.001

Liver fat fraction% 4.540 6.643 0.003 4.769 6.374 <0.019

T2DM—type 2 diabetes mellitus; HT—hypertension.

https://doi.org/10.1371/journal.pone.0226889.t004
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Considering the importance of the waist circumference, which has recently been observed

as more indicative of the metabolic syndrome profile than BMI, and the validity of abdominal

obesity as a risk factor for severe disease processes including type 2 diabetes [4, 25–27] we

decided to introduce gender-specific variables. The first one, defining the patient’s waist cir-

cumference deviation from the reference value expressed in centimeters and the second,

shown in per cent and described as WCR [19]. It was calculated that in the obese group, the

waist circumference was on average 24 cm higher compared to the norm, while in the over-

weight group it was almost 11 cm larger than the reference values (Table 2). Regarding the

reference values, 1 cm increase of the waist circumference resulted in the enlargement of mus-

cles steatosis by 0.211%, pancreas by 0.162% and liver by 0.147%. It confirms the previously

obtained result that the liver is less susceptible to steatosis compared with the pancreas and

skeletal muscles (Table 3).

In the present study we obtained statistically significant differences in mean steatosis of all

the assessed organs in the group of patients with diabetes or hypertension in comparison with

the group without diabetes and hypertension (Table 4, Figs 7 and 8).

Both in the case of T2DM and HT, the differences were more considerable for the pancreas

and muscles (p<0.001), and once again smaller, although also statistically significant, for the

liver (p<0.019).

Fig 7. The average fat accumulation in pancreas, skeletal muscles and liver in the group of patients with type 2 diabetes (DM).

https://doi.org/10.1371/journal.pone.0226889.g007
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Dividing all patients into three groups, the first of which were patients with both diabetes

and hypertension (DM & HT group), the second patients with only diabetes or only hyper-

tension (DM or HT group) and the third one with non-diabetic and non-hypertensive sub-

jects (None group), statistically significant differences were found between fat infiltration of

the assessed organs (Table 5, Figs 9 and 10). In the case of patients diagnosed with both dia-

betes and hypertension (DM & HT group), the average steatosis of the pancreas, skeletal

muscles and liver was significantly higher not only than in the group without diabetes and

hypertension (None group), but also in patients diagnosed only with diabetes or hyperten-

sion (DM or HT group). Again, the differences were highest for the pancreas and muscles

Fig 8. The average fat accumulation in pancreas, skeletal muscles and liver in the group of patients with hypertension (HT).

https://doi.org/10.1371/journal.pone.0226889.g008

Table 5. Fat accumulation in pancreas, skeletal muscles and liver in the group of patients with both diabetes and hypertension (DM and HT) in comparison to the

patients with either diabetes or hypertension (DM or HT group) and patients with no diabetes and no hypertension (None group).

Variable Welch’s t-test for independent groups

DM&HT DM or HT P DM&HT None p

Pancreas fat fraction % 11.393 7.321 <0.001 11.393 6.430 <0.001

Muscle fat fraction % 10.607 6.156 <0.001 10.607 5.132 <0.001

Liver fat fraction% 6.697 4.898 0.038 6.697 4.309 0.008

https://doi.org/10.1371/journal.pone.0226889.t005
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(p<0.001), and distinctly smaller although statistically significant for the liver (p<0.008 and

p<0.038 respectively).

Analyzing BMI and WCR values in patients with diabetes and hypertension, significantly

higher BMI values were observed in both cases compared to the healthy group. A similar asso-

ciation occurred in the case of WCR, which in both diabetes and hypertension was over 16%

higher concerning the reference values (Table 6).

Despite the lack of work showing cut-off points for clinical symptoms in the case of pancre-

atic steatosis, the results clearly show that in patients with diabetes and hypertension, the fat

accumulation in individual organs is statistically more significant.

The obtained results are in line with the work of Pitt, Lingvay, Wang and Yu [3, 28–30]

who also found higher fat content in the pancreas in people with T2DM compared with non-

diabetic subjects. In the work of Wu [31], including 557 people, it was demonstrated that peo-

ple with steatosis of the pancreas are more likely to develop hypertension, dyslipidemia and

hyperglycemia in comparison with subjects without ectopic fat accumulation. According to

Yamazaki [16] in the study involving up to 813 people, it was shown that fat content in pan-

creas is positively associated with T2DM in univariate analysis but with potentially confound-

ing factors such as age, sex, BMI or alcohol abuse. Also, the number of met MetS criteria,

Fig 9. The differences between average fat accumulation in pancreas, skeletal muscles and liver between the group of patients with both diabetes

and hypertension (DM and HT) and patients with either diabetes or hypertension (DM or HT group).

https://doi.org/10.1371/journal.pone.0226889.g009
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which include both diabetes and hypertension, increases with the degree of fatty infiltration in

the individual organs, which is mentioned, inter alia, in the works of Lee, Sepe and Lesmana

[15, 32, 33].

In contrast to the paper of Tushuizen [34] in our study, similarly to other studies [3, 14,

32, 35, 36], fat content in pancreas correlates with both BMI and waist circumference.

In the literature we can find information about the lack of a confirmed connection

between pancreatic fat infiltration and beta cell function regardless of the glucose tolerance

status, and the pancreas steatosis is not independently associated with future appearance of

Fig 10. The differences between average fat accumulation in pancreas, skeletal muscles and liver between the group of patients with both diabetes

and hypertension (DM and HT) and patients with no diabetes and no hypertension (None group).

https://doi.org/10.1371/journal.pone.0226889.g010

Table 6. Mean value of BMI and WCR in the group of patients with diabetes or hypertension in comparison to the non-diabetic and non-hypertension group.

Variable Welch’s t-test for independent groups T2DM = 1, without T2DM = 0, HT = 1, without HT = 0

T2DM = 0 T2DM = 1 P HT = 0 HT = 1 p

BMI 24.860 28.023 <0.001 25.187 27.655 <0.001

WCR 104.387 116.631 <0.001 105.156 116.287 <0.001

BMI—Body Mass Index; WCR—waist circumference ratio; T2DM—type 2 diabetes mellitus; HT—hypertension.

https://doi.org/10.1371/journal.pone.0226889.t006
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T2DM [3, 14, 16, 37]. Also, Kühn [21] did not prove a relationship between the content of fat

accumulation in the pancreas and impaired glucose metabolism.

On the other hand, it is confirmed that people with steatosis of the pancreas are character-

ized by insulin resistance and that is believed to be a good predictor of T2DM and may precede

the clinical onset of diabetes for many years [3, 6, 14].

It seems, therefore, that non-invasive MRI examination allowing the assessment of lipid con-

tent in individual organs may become an ideal tool to help struggle with obesity consequences.

Of course, further researches are required to show what the clinical implications of fat accu-

mulation in particular organs are, both regarding their damage and systemic effects, and an

attempt should be made to determine the cut-off points for clinical symptoms in the case of

fatty infiltration of individual organs.

Conclusions

In conclusion, we have revealed that there is a relation between the fat content in muscles, pan-

creas and liver, the incidence of type 2 diabetes and hypertension and also body mass index

and waist circumference ratio.

It is uncertain whether the use of fat content measurement in some organs could also be

used as a biomarker, which would be able to indicate the insulin resistance that develops dur-

ing obesity, or whether MRI can enable early detection of reversible metabolic changes, as well

as their subsequent monitoring.

It seems that future studies should aim at establishing whether the measurement of fat con-

tent in some organs can also be used for the abovementioned purposes.
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21. Kühn JP, Berthold F, Mayerle J et al. Pancreatic Steatosis Demonstrated at MR Imaging in the General

Population: Clinical Relevance. Radiology. 2015; 276(1):129–36. https://doi.org/10.1148/radiol.

15140446 PMID: 25658037

22. Reeder SB, Cruite I, Hamilton G et al. Quantitative Assessment of Liver Fat with Magnetic Resonance

Imaging and Spectroscopy. J Magn Reson Imaging. 2011; 34(4):729–49. https://doi.org/10.1002/jmri.

22580 PMID: 22025886

23. Szczepaniak LS, Nurenberg P, Leonard D et al. Magnetic resonance spectroscopy to measure hepatic

triglyceride content: prevalence of hepaticsteatosis in the general population. Am J Physiol Endocrinol

Metab. 2005; 288(2):E462–8. https://doi.org/10.1152/ajpendo.00064.2004 PMID: 15339742

24. Pinnick KE, Collins SC, Londos C et al. Pancreatic ectopic fat is characterized by adipocyte infiltration

and altered lipid composition. Obesity (Silver Spring). 2008; 16(3):522–30.

25. Mathieu P, Boulanger MC, Després JP. Ectopic visceral fat: a clinical and molecular perspective on the

cardiometabolic risk. Rev Endocr Metab Disord. 2014; 15(4):289–98. https://doi.org/10.1007/s11154-

014-9299-3 PMID: 25326657

26. Fox CS, Massaro JM, Hoffmann U et al. Abdominal visceral and subcutaneous adipose tissue compart-

ments: association with metabolic risk factors in the Framingham Heart Study. Circulation. 2007; 116

(1):39–48. https://doi.org/10.1161/CIRCULATIONAHA.106.675355 PMID: 17576866

27. Camhi SM, Bray GA, Bouchard C et al. The relationship of waist circumference and BMI to visceral,

subcutaneous, and total body fat: sex and race differences. Obesity (Silver Spring). 2011; 19(2):402–8.

28. Pitt HA. Hepato-pancreato-biliary fat: the good, the bad and the ugly. HPB (Oxford). 2007; 9(2):92–7.

29. Lingvay I, Esser V, Legendre JL et al. Noninvasive quantification of pancreatic fat in humans. J Clin

Endocrinol Metab. 2009; 94(10):4070–6. https://doi.org/10.1210/jc.2009-0584 PMID: 19773401

30. Wang CY, Ou HY, Chen MF et al. Enigmatic ectopic fat: prevalence of nonalcoholic fatty pancreas dis-

ease and its associated factors in a Chinese population. J Am Heart Assoc. 2014; 3(1):e000297.

https://doi.org/10.1161/JAHA.113.000297 PMID: 24572250

31. Wu WC, Wang CY. Association between non-alcoholic fatty pancreatic disease (NAFPD) and the meta-

bolic syndrome: case-control retrospective study. Cardiovasc Diabetol. 2013; 12:77. https://doi.org/10.

1186/1475-2840-12-77 PMID: 23688357

32. Sepe PS, Ohri A, Sanaka S et al. A prospective evaluation of fatty pancreas by using EUS. Gastrointest

Endosc. 2011; 73(5):987–93. https://doi.org/10.1016/j.gie.2011.01.015 PMID: 21521567

33. Lesmana CR, Pakasi LS, Inggriani S et al. Prevalence of Non-Alcoholic Fatty Pancreas Disease

(NAFPD) and its risk factors among adult medical check-up patients in a private hospital: a large cross

sectional study. BMC Gastroenterol. 2015; 15:174. https://doi.org/10.1186/s12876-015-0404-1 PMID:

26652175

34. Tushuizen ME, Bunck MC, Pouwels PJ et al. Pancreatic fat content and beta-cell function in men with

and without type 2 diabetes. Diabetes Care. 2007; 30(11):2916–21. https://doi.org/10.2337/dc07-0326

PMID: 17666465

35. Heni M, Machann J, Staiger H et. al. Pancreatic fat is negatively associated with insulin secretion in indi-

viduals with impaired fasting glucose and/or impaired glucose tolerance: a nuclear magnetic resonance

study. Diabetes Metab Res Rev. 2010; 26(3):200–5. https://doi.org/10.1002/dmrr.1073 PMID:

20225188

36. van der Zijl NJ, Goossens GH, Moors CC et al. Ectopic fat storage in the pancreas, liver, and abdominal

fat depots: impact on β-cell function in individuals with impaired glucose metabolism. J Clin Endocrinol

Metab. 2011; 96(2):459–67. https://doi.org/10.1210/jc.2010-1722 PMID: 21084401

37. Begovatz P, Koliaki C, Weber K et. al. Pancreatic adipose tissue infiltration, parenchymal steatosis and

beta cell function in humans. Diabetologia. 2015; 58(7):1646–55. https://doi.org/10.1007/s00125-015-

3544-5 PMID: 25740696

MRI-evaluated ectopic fat accumulation with reference to diabetes mellitus and hypertension

PLOS ONE | https://doi.org/10.1371/journal.pone.0226889 January 27, 2020 17 / 17

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1148/radiol.15140446
https://doi.org/10.1148/radiol.15140446
http://www.ncbi.nlm.nih.gov/pubmed/25658037
https://doi.org/10.1002/jmri.22580
https://doi.org/10.1002/jmri.22580
http://www.ncbi.nlm.nih.gov/pubmed/22025886
https://doi.org/10.1152/ajpendo.00064.2004
http://www.ncbi.nlm.nih.gov/pubmed/15339742
https://doi.org/10.1007/s11154-014-9299-3
https://doi.org/10.1007/s11154-014-9299-3
http://www.ncbi.nlm.nih.gov/pubmed/25326657
https://doi.org/10.1161/CIRCULATIONAHA.106.675355
http://www.ncbi.nlm.nih.gov/pubmed/17576866
https://doi.org/10.1210/jc.2009-0584
http://www.ncbi.nlm.nih.gov/pubmed/19773401
https://doi.org/10.1161/JAHA.113.000297
http://www.ncbi.nlm.nih.gov/pubmed/24572250
https://doi.org/10.1186/1475-2840-12-77
https://doi.org/10.1186/1475-2840-12-77
http://www.ncbi.nlm.nih.gov/pubmed/23688357
https://doi.org/10.1016/j.gie.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21521567
https://doi.org/10.1186/s12876-015-0404-1
http://www.ncbi.nlm.nih.gov/pubmed/26652175
https://doi.org/10.2337/dc07-0326
http://www.ncbi.nlm.nih.gov/pubmed/17666465
https://doi.org/10.1002/dmrr.1073
http://www.ncbi.nlm.nih.gov/pubmed/20225188
https://doi.org/10.1210/jc.2010-1722
http://www.ncbi.nlm.nih.gov/pubmed/21084401
https://doi.org/10.1007/s00125-015-3544-5
https://doi.org/10.1007/s00125-015-3544-5
http://www.ncbi.nlm.nih.gov/pubmed/25740696
https://doi.org/10.1371/journal.pone.0226889
http://mostwiedzy.pl

