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1. INTRODUCTION 

 

1.1. Pancreatic exocrine insufficiency in type 2 diabetes mellitus 

 

The exocrine and endocrine pancreata are closely linked both anatomically and 

physiologically. Pathological conditions in the exocrine tissue can cause an impairment of the 

endocrine function and vice versa [1]. Pancreatic exocrine insufficiency (PEI) is defined by a 

deficiency of exocrine pancreatic enzymes resulting in an inability to maintain normal 

digestion [2]. The primary function of pancreatic enzymes is the hydrolysis of proteins 

(trypsinogens, proelastase, mesotrypsin), carbohydrates (alfa-amylase), lipids (lipase) and 

nucleotids (DNase, RNase). Chronic pancreatitis (CP) is the most common etiology of PEI. 

Gastrointestinal and pancreatic surgical resections, cystic fibrosis, obstruction of the main 

pancreatic duct (e.g. pancreatic and ampullary tumors), decreased pancreatic stimulation (e.g. 

celiac disease), or acid-mediated inactivation of pancreatic enzymes (e.g. Zollinger-Ellison 

syndrome) can lead to PEI [3]. 

PEI has been demonstrated to be present in a considerable percentage (10–74%) of 

patients with diabetes mellitus (DM) [4, 5]. PEI has been indicated by direct or indirect 

pancreatic function tests to be present in about 50% of type 1 and 30–50% of type 2 diabetes 

mellitus (T2DM) cases [6,7]. Steatorrhoea was observed in about 60% of patients with 

diabetes mellitus and fecal elastase <100 μg/g, indicating relevant, severe damage of the 

exocrine function [8]. However, the significance of this findings was questioned and it is not 

clear, whether the presence of diabetes causes any symptoms or requires any treatment [9]. 

Abdominal symptoms such as nausea, bloating, diarrhea, steatorrhea, and weight loss can 

often occur in diabetic patients [4]. These symptoms may be attributed to the side-effects of 

the metformin they are taking, the autonomic neuropathy on bowel function, small bowel 

bacterial overgrowth, celiac disease, or PEI. Impairments of the exocrine pancreatic function 

seem to be a frequent complication of DM; however, they are largely overlooked. Greater 

knowledge and awareness are required in testing and diagnosing this condition.  

Previous studies have raised the possibility that pancreatic enzyme replacement 

therapy (PERT) in patients with DM and PEI may improve glucose metabolism, PEI related 

symptoms, nutritional parameters and incretin response [10]. However, the significance of an 

exocrine dysfunction in DM has recently been questioned [9], and no beneficial effect of 
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PERT on the glucose metabolism was observed in patients with insulin treatment for DM, 

although a reduction in mild and moderate hypoglycemia was demonstrated [11]. 

PEI has not been accurately determined to date in relation to the level of glycemic 

control. The level of pancreatic elastase-1 (PE-1) has been reported to be lower [12] or not to 

differ [13] in patients with HbA1c >8% relative to those with HbA1c ≤8%. However, for the 

proper management of DM and to prevent microvascular complications, a goal should be to 

maintain HbA1c <7% [14]. 

 

1.2. Fat accumulation in the liver, pancreas and pericardium in diabetes 

 

It is a well-known fact that insulin resistance, diabetes, and obesity cause fat 

accumulation in many organs, including the liver (nonalcoholic fatty liver disease [NAFLD]), 

pancreas (nonalcoholic fatty pancreas disease [NAFPD]), and pericardium (pericardial 

adipose tissue [PAT]) [15]. The worldwide prevalence of NAFLD ranges widely from 6.3% 

to 33% with a median of 20%, depending on the kind of assessment methods used [16–20]. 

There is a high prevalence of NAFLD in patients with T2DM (64–69%) [16, 21–24] and 

dyslipidemia (20–81%) [25, 26]. Obesity, T2DM, and dyslipidemia are risk factors for the 

development of NAFLD [22, 23, 27, 28]. The incidence rate of prediabetes mellitus (pre-DM) 

is as high as 93.3% in NAFLD, so pre-DM is a more important predictor of NAFLD than 

metabolic syndrome [29]. Moreover, it seems that the male gender is presumably a further 

risk factor for NAFLD [16]. If left untreated, NAFLD may progress through steatohepatitis to 

cirrhosis and hepatocellular carcinoma [30, 31]. 

Besides the exocrine function, the pancreas morphology has been revealed by 

ultrasonography (US), computer tomography (CT), endoscopic retrograde pancreatography or 

autopsy to be altered in many patients with DM [32–35]. NAFPD, defined as pancreatic fat 

accumulation, is a less well-studied phenomenon. Fatty pancreas is a common ultrasound 

finding with increased echogenicity of the parenchyma due to fat accumulation [36]. Previous 

studies have suggested a 16%–35% prevalence of fatty pancreas in the general population [37, 

38] It seems that age [39], obesity, hyperglycemia, and dyslipidemia are risk factors for 

NAFPD [38, 40–42]. NAFPD may increase the risk for the development of metabolic 

syndrome by causing inflammation [43], impaired pancreatic beta cell function, and finally 

hyperglycemia [44]. This relationship may explain the presence of T2DM [45] in 6.9–12.6% 

of patients with NAFPD [37, 38]. Several studies have suggested that insulin resistance is 

associated with pancreatic fat accumulation [40–42, 46, 47], nonalcoholic steatohepatitis 
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(NASH) [40, 48], and pre-DM [41]. Higher pancreatic triglyceride content in obesity can be 

detected by proton magnetic resonance spectroscopy [49], CT [50, 51] or magnetic resonance 

imaging (MRI) [52] even before the development of T2DM [49]. It has been demonstrated 

that obesity may lead to pancreatic ductal adenocarcinoma through NAFPD [43, 53, 54]. 

Evidence suggests that NAFPD plays a role in T2DM, pancreatic exocrine dysfunction, acute 

pancreatitis [55, 56], pancreatic cancer, and the formation of pancreatic fistulas after 

pancreatic surgery [57]. NAFLD and NAFPD are associated with each other because 

pancreatic fat formation is related to NASH and is a significant predictor of the presence of 

NAFLD [58]. The elevation of liver transaminases may suggest the presence of NAFLD or 

NASH. US and transient elastography are currently the most appropriate imaging modality for 

NAFLD screening, and liver biopsy is the ‘‘gold standard’’ for characterizing liver histology 

in patients with NAFLD [59]. In contrast to the liver, no biochemical marker is available for 

diagnosing NAFPD. Further, as the pancreas is a retroperitoneal organ, a pancreatic biopsy is 

more cumbersome and may be accompanied by more sampling errors and complications 

compared with a liver biopsy. Visualizing the pancreas by US is more difficult, and the 

sensitivity and specificity of US in detecting NAFPD are hampered by obesity and bloating. 

Further, in prediabetic and T2DM patients, the amount of PAT is significantly higher 

compared with that in normoglycemic patients [60, 61]. Previous reviews have demonstrated 

that, besides epicardial adipose tissue, PAT is another risk factor for the development of 

cardiovascular disease in T2DM patients [62]. 

 

Our aims were  

I. to assess the possible relationship between T2DM with poor glycemic control 

(HbA1c ≥7.0%), an exocrine pancreatic insufficiency and alterations in pancreatic 

morphology; 

II. to evaluate the incidence rate of NAFLD, NAFPD and PAT size, and the effect of 

metformin therapy on NAFLD, NAFPD and PAT in new-onset T2DM (NODM); 

III. to provide an overview of the current concepts of PEI in diabetes mellitus by 

performing a systematic review. 
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2. PATIENTS AND METHODS 

 

I. Prevalence of exocrine pancreatic insufficiency in type 2 diabetes mellitus with 

poor glycemic control. 

Patients 

Consecutive patients with T2DM followed-up in the diabetes outpatient clinic of the 

First Department of Internal Medicine, University of Szeged were prospectively recruited into 

the study between April 1, 2012 and June 30, 2013. Fasting blood glucose and serum HbA1c 

level were measured at the time of recruitment. The patients were divided into two groups, 

depending on the serum level of HbA1c: Group A: patients with poor glycemic control 

(glycosylated hemoglobin [HbA1c] ≥7%), and Group B: patients with good glycemic control 

(HbA1c <7%). The pancreatic exocrine function was evaluated via the measurement of fecal 

PE-1, and morphological examinations were performed on the pancreas. 

The diagnosis of DM was made in accordance with the criteria of the American 

Diabetes Association (ADA) [14]. CP was diagnosed only when both the morphological and 

functional diagnostic criteria were fulfilled [63]. Cases with type 3c DM, i.e. diabetes 

secondary to exocrine pancreatic diseases, were excluded. The patients were not operated on 

the pancreas.  

All patients provided their written informed consent to participation. The study 

protocol was in full accordance with the most recent revisions of the Helsinki Declaration and 

was approved by the ethics committee at the University of Szeged. 

Methods 

Fecal PE-1 was determined through the use of monoclonal antibodies (ScheBo 

Biotech AG, Giessen, Germany). PE-1 concentrations >200 μg/g in the stools indicated a 

normal exocrine pancreatic function, concentrations between 100 and 200 μg/g indicated a 

mild exocrine pancreatic insufficiency, and concentrations <100 μg/g denoted a severe 

exocrine pancreatic insufficiency [64]. 

Abdominal US and CT were performed to detect the characteristic morphological 

features of CP. US was applied for the detection of pancreatic steatosis. The liver, or the 

kidney if the liver was hyperechogenic, was used as reference point; echogenicity of the 

pancreas higher than that of the liver or kidney parenchyma was an indicator of pancreatic 
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steatosis [65]. The thickness of the pancreas was measured by US just across the spine [32, 

66]. All US examinations were carried out by the same gastroenterologist, who was blind to 

the other results on the patients. 

Statistical analysis 

 

The experimental data were analyzed statistically with the independent-samples t-test, 

the Mann-Whitney U test, the chi-square test. The linear association between two variables 

was compared by Pearson-correlation analysis. P values <0.05 were accepted as being 

statistically significant. Statistical data are expressed as means ± standard deviation (SPSS 

13.0 for Windows). 

 

II. Evaluation the incidence rate of NAFLD, NAFPD and PAT size, and the effect 

of metformin therapy on NAFLD, NAFPD and PAT in NODM. 

Patients 

 

The diagnosis of T2DM was made in accordance with the ADA criteria [67]. NODM 

is defined as DM diagnosed within the past 1 month before the date of enrollment. Patients 

were only on a low-carbohydrate diet and received no hypoglycemic agents before inclusion. 

Exclusion criteria consisted of any pancreatic, liver, or cardiovascular disease, inherited 

disorders of fat metabolism, pregnancy, malignant disease, antidiabetic medication, or alcohol 

consumption in patients’ medical records. NODM patients received no other new drugs 

beyond 1000 mg metformin twice daily after inclusion. However, a hypolipidic diet was 

recommended to patients with elevated lipid levels. 

 

Methods 

 

The follow-up period was 4 months. CT and laboratory tests (serum triglyceride, 

cholesterol, insulin level, fasting blood glucose, and HbA1c) were performed before the 

beginning of metformin therapy and 4 months afterward. Homeostatic model assessment-

estimated insulin resistance (HOMA-IR) was also calculated. PAT size and the amount of fat 

in the pancreas and liver were determined by X-ray attenuation rate during unenhanced CT 

examination (Hounsfield unit [HU]). Each region of interest (ROI) in the liver, pancreas, and 
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spleen was a round area of 1.0 cm2 as a marker of the degree of attenuation [68]. In the case 

of PAT, measurements were performed in one dedicated slice at the junction of the inferior 

vena cava and right atrium. ROIs were identified in segment VII of the liver, along the 

diaphragmatic surface of the spleen and in the body of the pancreas. Mean density was 

calculated, and General Electric Centricity PACS software was used to determine the values. 

NAFLD and NAFPD were defined when the liver-to-spleen or pancreas-to-spleen attenuation 

ratio was <1 [69, 70]. 

All the participants provided written informed consent. The study protocol was in full 

accordance with the most recent revisions of the Helsinki Declaration and was approved by 

the ethics committee at the University of Szeged. 

 

Statistical analysis 

 

Continuous measures are summarized and presented as means and standard deviations. 

Categorical data are presented as percentages. The two-sample t-test and paired samples t-test 

were used to determine differences between continuous parameters. Non-normally distributed 

data were log transformed. Data were processed with SPSS 22.0 (Armonk, NY), and a level 

of P < 0.05 was considered statistically significant. 

III. Current concepts of PEI in diabetes mellitus. Systematic review. 

Search strategy 

 

The systematic review was conducted following the preferred reporting items for 

systematic review and meta-analysis protocols (PRISMA-P) 2015 statement [71]. A 

systematic search was performed in 3 databases, Pubmed, Embase and Cohraine Library. The 

search included the following MESH terms: “diabetes mellitus” AND “pancreatic function” 

OR “pancreatic exocrine insufficiency” OR “fecal elastase” OR “secretin” OR 

“cholecystokinin” OR “steatorrhea” or “pancreatic enzyme replacement therapy”. The search 

was limited to human data and to full text English articles if appropriate. The latest date 

searched was conducted on the 31th of January 2018. 
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Study selection 

 

Selection of the studies was conducted by two investigators (Gábor Zsóri and László 

Czakó) separately. Clinical studies were eligible provided that they reported the data of 

pancreatic exocrine function in adult patients suffering from type 1 and 2 diabetes mellitus. 

Publications about type III/C diabetes were excluded. Duplicates, repeated publications, 

publications available only in abstract form, and review papers were excluded. Moreover, 

articles with inappropriate study design and patient inclusion criteria were also excluded from 

this systematic review. Remaining studies were further analyzed in full text. The reference list 

of obtained articles was also checked for additional articles. If differences were found in the 

reviewer's judgement, then a committee of three other researchers was invited to draw a 

conclusion. 
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3. RESULTS 

 

I. Prevalence of exocrine pancreatic insufficiency in type 2 diabetes mellitus with 

poor glycemic control 

A total of 106 type 2 diabetic patients were recruited between April 1, 2012 and June 

30, 2013. Five patients were excluded, because morphological examinations revealed the 

characteristic features (calcifications and dilation of the main pancreatic duct) of advanced 

CP, all of them with poor glycemic control and with a decreased PE-1 concentration. 

Consequently, 101 type 2 diabetic patients were included into the study: 59 (25 male, 34 

female, mean age: 63.6±10.4 years, range: 42–89 years) in Group A and 42 (22 male, 20 

female, mean age: 57.1±11.2 years, range: 30–83 years) in Group B. 2 patients had 

autoimmune disorders, both suffered from rheumatoid arthritis, one in Group A and one in 

Group B. In group A 12 patients were on oral antidiabetic therapy, while the other 47 patients 

received insulin treatment. The same in Group B were 23 and 15, respectively, and the rest 4 

patients were on diet only. The range of HbA1c was 7.0–11.6% in Group A and 5–6.9% in 

Group B. The BMI of the patients were comparable in the two groups (p=0.278). However, 

the mean age was significantly higher (p<0.008), and the duration of DM was significantly 

longer (p<0.006) in Group A as compared to Group B (Table 2). 

TABLE 1. MORPHOLOGICAL FINDING OF THE PANCREAS 
 

Parameters Group A Group B P 

Number of patients 59 42 - 

Male/Female 25/34 22/20 - 

Mean age (years) 63.6±10.4 57.1±11.2 p<0.008 

Duration of DM (mean±SD) 

(years) 
13.2±8.9 8.3±7.9 p<0.006 

BMI (mean±SD) 29.74±5.65 28.43±5.23 p=0.278 

Mean BMI of patients with 

decreased PE-1 (mean±SD) 
29.99±4.58 32.29±5.29 p=0.658 
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Treatment of diabetes (oral 

antidiabetics/insulin/diet only) 
12/47/0 23/15/4 - 

Fasting plasma glucose 

(mean±SD) (mmol/l) 
10.56±3.64 7.03±1.65 p<0.001 

Mean HbA1c (range) (%) 8.3 (7-11.6) 6.2 (5-6.9) p<0.001 

DM: diabetes mellitus; BMI: body mass index; HbA1c: glycosylated haemoglobin; PE-1: 

pancreatic elastase-1. 

 

The fecal PE-1 concentration in Group A was normal in 45 patients (76.3%), while 11 

(18.6%) exhibited a mild and 3 (5.1%) a severe PEI. In Group B, the PE-1 concentration was 

normal in 39 subjects (92.9%), while 3 (7.1%) displayed a mild PEI, and none a severe 

insufficiency. The prevalence of abnormal PE-1 concentration was significantly different 

between Group A and B (23.7% vs 7.1%; p=0.033). The PE-1 level was decreased in overall 

16.8% of the cases. There were no significant differences in BMI between the patients with a 

decreased or a normal PE-1 concentration within Group A or B (Table 2). 

The PE-1 level was significantly lower in Group A than in Group B (385.9±171.1 vs 

454.6±147.3 µg/g, p<0.04, odds ratio [OR]=4.0). The PE-1 level was not correlated with 

HbA1c (r= -0.132, p=0.187), the duration of DM (r= -0.046, p=0.65), age (r=0.010, p=0.921), 

or BMI (r=0.203, p=0.059) (Fig. 1). 

 

 

Figure 1. The PE-1 level was not correlated with HbA1c. 

HbA1c: glycosylated haemoglobin; PE-1: pancreatic elastase-1. 
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US revealed pancreatic steatosis in 35 patients: 19 in Group A and 16 in Group B. 

Pancreatic steatosis was less frequent in Group A (32.2%) than in Group B (38.1%) (OR= 

0.77), but it was more common in patients with an abnormal PE-1 concentration as compared 

with those with a normal PE-1 concentration (OR=1.4) (Table 3). The PE-1 level was not 

correlated with the presence of pancreatic steatosis (r=0.117, p=0.244). There were no other 

morphological alterations of the pancreas in our patients. 

TABLE 2. MORPHOLOGICAL FINDINGS OF THE PANCREAS 

 

 The thickness of the pancreas did not differ significantly between Groups A and B, 

and there was no correlation between the PE-1 concentration and the size of the pancreas (r=-

0.061, p=0.670). 

The pancreatic morphology could not be evaluated in five subjects due to no 

compliance. 

 

II. Evaluation the incidence rate of NAFLD, NAFPD and PAT size, and the effect 

of metformin therapy on NAFLD, NAFPD and PAT in NODM 

Seventeen patients with NODM (male: 8; female: 9; mean age: 55.3±10.8 years; body 

mass index [BMI]: 31.8±5.1 kg/m2) were involved in this prospective study. The control 

group comprised 10 healthy subjects (male: 6; female: 4; mean age: 53.9±13.8 years; BMI: 

30.0±4.7 kg/m2) without DM, without the presence of any pancreatic, liver, or cardiovascular 

disease, or history of alcohol consumption and matched for age, sex, BMI, and serum lipids 

(Table 3). 

 

Morphology of 

pancreas 

Group A 

(59 cases) 

Group B 

(42 cases) 
P values 

normal 39 (66.1%) 20 (47.6%) p=0.063 

steatosis 19 (32.2%) 16 (38.1%) p=0.54 

malignancy 1 (1.7%) 1 (2.4%) p=0.809 

thickness (mm) 14.8±5.8 12.6±3.7 p=0.112 

no data (noncompliance) 0 (0%) 5 (11.9%) - 
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TABLE 3. AGE, BMI CHOLESTEROL AND TRIGLYCERIDE LEVELS IN PATIENTS 

WITH NEW-ONSET TYPE 2 DIABETES MELLITUS AND HEALTHY CONTROL 

SUBJECTS AT BASELINE 

Parameters 
Control 

(n=10) 

NODM 

(n=17) 
P values 

Age (years) 53.9±13.8 55.3±10.8 p=0.521 

BMI (kg/m²) 30.0±4.7 31.8±5.1 p=0.437 

Serum cholesterol (mmol/l) 5.1±0.9 5.7±1.9 p=0.187 

Serum triglyceride (mg/dl) 3.3±2.7 3.1±1.8 p=0.830 

BMI: body mass index. 

 

Fasting blood glucose, HbA1c, serum insulin and cholesterol, and HOMA-IR 

decreased significantly after metformin therapy compared with the baseline values (Table 4). 

However, serum triglyceride and BMI did not change. 

 

TABLE 4. THE CHANGES OF LABORATORY TEST RESULTS AND BMI FROM 

BASELINE VALUES TO 4 MONTHS AFTERWARDS DURING METFORMIN 

THERAPY IN PATIENTS WITH NEW-ONSET TYPE 2 DIABETES MELLITUS 

Parameters 
Baseline values 

(male: 8; female: 9) 

4 months afterwards 

(male: 8; female: 9) 
P values 

Fasting blood glucose 

(mmol/l) 
12.9±4.8 7.0±1.4 p=0.001 

HbA1c (%) 9.6±2.8 6.7±0.8 p<0.001 

Serum insulin (mU/l) 33.1±18.3 22.2±11.5 p=0.003 

HOMA-IR (molar 

units) 
16.6±9.0 7.1±3.1 p<0.001 

Serum cholesterol 

(mmol/l) 
4.8±1.0 4.4±1.0 p=0.016 

Serum triglyceride 

(mg/dl) 
2.9±1.1 2.4±1.3 p=0.299 

BMI (kg/m²) 31.8±5.1 31.6±4.4 p=0.757 

HbA1c: glycosylated haemoglobin; HOMA-IR: homeostatic model assessment-estimated 

insulin resistance; BMI: body mass index. 
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NAFLD was diagnosed in 64.7% (11 out of 17) of the patients with NODM and in 

10% of the control subjects based on the diagnostic criteria. NODM patients with and without 

NAFLD were compared (Table 5). The amount of fat in the liver was significantly higher in 

NODM patients with NAFLD than in those without it (25.2±12.7 vs. 55.6±9.3 HU). The 

serum cholesterol level was significantly higher in patients without NAFLD as compared with 

patients with the disease in the NODM group (p=0.002). BMI, serum triglyceride, fasting 

blood glucose level, HbA1c, and liver enzymes were not significantly different between 

patients with and without NAFLD (Table 5). 

 

TABLE 5. THE AMOUNT OF FAT IN THE LIVER, CHOLESTEROL, TRIGLYCERIDE, 

BMI, FASTING BLOOD GLUCOSE, HbA1c AND LIVER ENZYME VALUES IN NEW-

ONSET TYPE 2 DIABETES MELLITUS PATIENTS WITH AND WITHOUT NAFLD AT 

BASELINE 

HU: Hounsfield unit; NAFLD: non-alcoholic fatty liver disease; BMI: body mass index; 

HbA1c: glycosylated haemoglobin; HOMA-IR: homeostatic model assessment-estimated 

insulin resistance. 

Parameters 
Patients with NAFLD 

(male: 6; female: 5) 

Patients without 

NAFLD 

(male: 2; female: 4) 

P values 

The amount of fat in the 

liver (HU) 
25.2±12.7 55.6±9.3 p=0.002 

Serum cholesterol (mmol/l) 5.5±1.1 5.8±0.3 p=0.002 

Serum triglyceride (mg/dl) 2.7±1.4 2.9±1.5 p=0.776 

BMI (kg/m²) 31.6±5.2 29.2±5.6 p=0.233 

Aspartate 

aminotransferase (U/l) 
20.6±5.5 16.5±3.0 p=0.123 

Alanine aminotransferase 

(U/l) 
24.9±8.6 19.5±6.5 p=0.151 

Alkaline phosphatase (U/l) 76.8±18.0 83.5±24.4 p=0.717 

Gamma 

glutamyltransferase (U/l) 
43.9±15.2 46.3±25.6 p=0.901 

Total bilirubin (μmol/l) 8.1±1.7 5.9±2.5 p=0.245 

Fasting blood glucose 

(mmol/l) 
13.9±5.9 12.3±9.2 p=0.882 

HbA1c (%) 9.4±2.1 9.2±2.8 p=0.924 

HOMA-IR 17.8±8.3 11.4±9.5 p=0.368 
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The radiation absorption of the liver was significantly lower in patients with NODM 

compared with the control group (32.3±17.7 vs. 53.1±8.3 HU [p=0.001]) and significantly 

increased after metformin therapy compared with the baseline values (32.3±17.7 vs. 

47.3±12.1 HU [p=0.026]) (Fig. 2). Only six patients (35.3%) had NAFLD after the 4-month 

metformin therapy according to the diagnostic criteria. 

 

 

Figure 2. The radiation absorption of the liver in new-onset type 2 diabetic patients before 

and 4 months after the start of metformin therapy and in control subjects. The X-ray 

attenuation rate during a native CT examination was measured in new-onset type 2 diabetic 

patients before and 4 months after the start of metformin therapy and in control subjects. Data 

expressed as mean values ± SD. *P<0.05. 

CT: computer tomography; SD: standard deviation. 

 

The density of the liver was diffusely decreased in new-onset type 2 diabetic patients 

as compared with control. Metformin therapy increased liver density in the diabetic patients 

like the density in the control liver (Fig. 3). 
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Figure 3. Typical plain CT images in new-onset type 2 diabetic patients before and 4 months 

after the start of metformin therapy and in control subjects. The density of the liver was 

diffusely decreased in new-onset type 2 diabetic patients (A) as compared with control (C). 

Metformin therapy increased liver density in the diabetic patients (B) like the density in the 

control liver (C). 

 

NAFPD was diagnosed in 82.3% (14 out of 17) of the patients with NODM and in 

20% of the control subjects based on the diagnostic criteria. The amount of fat in the pancreas 

was significantly higher in the NODM patients with NAFPD than in those without it 

(30.2±6.9 vs. 45.4±3.9 HU [p<0.001]). The radiation absorption of the pancreas was 

significantly lower in the patients with NODM compared with the control group (34.0±7.9 vs. 

39.4±7.8 HU [p=0.04]) but did not change significantly after the 4-month metformin 

treatment (34.0±7.9 vs. 37.7±10.2 HU [p=0.178]) (Fig. 4). 
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Figure 4. The radiation absorption of the pancreas in new-onset type 2 diabetic patients 

before and 4 months after the start of metformin therapy and in control subjects. The X-ray 

attenuation rate during a native CT examination was measured in new-onset type 2 diabetic 

patients before and 4 months after the start of metformin therapy and in control subjects. Data 

expressed as mean values ± SD. *P<0.05. 

CT: computer tomography; SD: standard deviation. 

 

PAT size was significantly larger in the patients with NODM compared with the 

control group (2143.1±1036 vs. 1223.9±312.9 mm2 [p=0.008]) and did not change 

significantly after the metformin treatment (2143.1±1036 vs. 2048.2±997 mm2 [p=0.798]) 

(Fig. 5). 

 

 

Figure 5. The size of pericardial adipose tissue in new-onset type 2 diabetic patients before 

and 4 months after the start of metformin therapy and in control subjects. The X-ray 

attenuation rate during a native CT examination was measured in new-onset type 2 diabetic 

patients before and 4 months after the start of metformin therapy and in control subjects. Data 

expressed as mean values ± SD. *P<0.05. 

CT: computer tomography; SD: standard deviation. 
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III. Current concepts of PEI in diabetes mellitus. Systematic review 

 

Database searches yielded altogether 1055 articles (EMBASE: 67; PubMed: 701; 

Cochrane: 287). The flow-chart diagram (Fig. 6) shows the strategy and results of the study 

selection. 

 

  

Figure 6. The flow-chart diagram shows the strategy of the study selection. 

 

Prevalence of exocrine pancreatic insufficiency in diabetes mellitus 

 

There have been numerous reports in recent decades on PEI in patients with diabetes 

mellitus. In the early studies, pancreatic exocrine function was assessed with the gold-

standard method of direct pancreatic function tests (pancreozymin-secretin test). PEI was 

revealed in 52.4% (18–100%) of the cases (Table 6a) [9, 72–79]. However, these studies were 

only limited to a small number of patients because direct pancreatic function tests are 

invasive, time-consuming and expensive. 
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TABLE 6A. RESULTS OF DIRECT PANCREATIC FUNCTION TESTS IN PATIENTS 

WITH DIABETES MELLITUS 

Author Subjects/diabetes type Methods Results 

Pollard et al. 

1943 [72] 
13 

Amylase and lipase 

after pancreozymin-

secretin stimulation 

62% reduced 

Chey et al. 

1963 [73] 

50 diabetic patients; 13 

juvenile type 

Amylase and lipase 

after pancreozymin-

secretin stimulation 

Low amylase output in 

diabetes: 36%; 

in juvenile diabetes: 

77% 

Vacca et al. 

1964 [74] 

55 diabetic patients 

(22 insulin-treated) 

Diastase and 

bicarbonate after 

secretin stimulation; 

fecal fat 

73% abnormal; 

correlation with age, no 

correlation with fecal 

fat 

Frier et al. 

1976 [75] 

20 type 1, 7 type 2, 13 

controls 

Stimulation with iv 

secretin and CCK-

PZ 

PEI: 80% IDDM; 

correlation with 

diabetes duration 

Harano et al. 

1978 [76] 

53 type 2, 4 type 1, 18 

controls 

Secretin-

pancreozymin test 

Diabetes: 69% deficient 

enzyme output; 

correlation with 

diabetes control 

Lankisch et 

al. 1982 [77] 
53 type 1 

Secretin-

pancreozymin test 

Diabetes: 43% impaired 

function 

Bretzke et al. 

1984 [78] 

60 insulin-treated type 

2 diabetic patients 

Secretin-

pancreozymin test 

Diabetes: 27% “mild 

PEI” 

El Newihi et 

al. 1988 [79] 

10 type 2 diabetic 

patients with diarrhea 

and neuropathy 

Secretin and CCK 

test 

Enzyme and 

bicarbonate reduction in 

all subjects 

Hahn et al. 

2008 [9] 
33 type 1 

Secretin and CCK 

test 

33% mild enzyme 

reduction 

CCK-PZ: cholecystokinin-pancreozymin; PEI: pancreatic elastase-1; IDDM: insulin-

dependent diabetes mellitus. 

 

Therefore, a less invasive, cost-effective test was needed to evaluate pancreatic 

exocrine function in DM. Fecal elastase-1 (FE-1) test measures fecal levels of elastase-1, a 

proteolytic enzyme produced by pancreatic acinar cells. FE-1 correlates with the output of 

other pancreatic enzymes, it is highly stable in feces and easy to measure [80]. FE-1 

demonstrated good sensitivity and specificity in moderate and severe PEI [81, 82]. Nowadays, 

therefore, FE-1 measurement has become a screening tool in determining PEI. The prevalence 

of PEI has been demonstrated with FE-1 measurement with an average of 40% (26–74%) in 

type 1 diabetes and with an average of 27% (10–56%) in type 2 diabetes (Table 6b) [4, 5, 9, 

83–96]. 
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TABLE 6B. RESULTS OF INDIRECT PANCREATIC FUNCTION TESTS IN PATIENTS 

WITH DIABETES MELLITUS 

Author Subjects/diabetes type Methods Results 

Hardt and Kloer 

1998 [83] 
128 type 1 and 2 

Fecal chymotrypsin 

Fecal elastase 1 

45% <6 U/I 

46% <200μg/g 

Hardt et al. 2000 [5] 
39 type 1 

77 type 2 
Fecal elastase 1 

74% <200μg/g 

36% <200μg/g 

Icks et al. 2001 [84] 112 type 1 Fecal elastase 1 54.5% <200μg/g 

Rathmann et al. 2001 

[85] 
544 type 2 Fecal elastase 1 30.3% <200μg/g 

Hardt et al. 2003 [86] 
323 type 1 

697 type 2 
Fecal elastase 1 

51% <200μg/g 

35% < 200μg/g 

Nunes et al. 2003 [87] 42 type 1 and 2 Fecal elastase 1 36% <200μg/g 

Cavalot et al. 2004 

[88] 
66 type 1 Fecal elastase 1 26% <200μg/g 

Yilmaztepe et al. 

2005 [89] 
32 type 2 Fecal elastase 1 28% <200μg/g 

Ewald et al. 2007 

[90] 
546 type 2 Fecal elastase 1 21.1% <100μg/g 

Hahn et al. 2008 [9] 33 type 1 Fecal elastase 1 33% <200μg/g 

Larger et al. 2012 

[91] 
195 type 1, 472 type 2 Fecal elastase 1 23% <200μg/g 

Vujasinovic et al. 

2013 [92] 
50 type 1, 100 type 2 Fecal elastase 1 5.4% <200μg/g 

Terzin et al. 2014 

[93] 
101 type 2 Fecal elastase 1 16.8% <200μg/g 

Cummings et al. 

2015 [4] 
288 type 2 Fecal elastase 1 10% <200μg/g 

Shivaprasad et al. 

2015 [94] 
89 type 1, 95 type 2 Fecal elastase 1 31% <200μg/g 

Kangrga et al. 2016 

[95] 
315 type 2 Fecal elastase 1 

5.1% <100μg/g and 

5.1% <200μg/g 

Oscarsson et al. 2017 

[96] 
10 type 1, 38 type 2 Fecal elastase 1 33% <200μg/g 

 

The prevalence of PEI in both types of diabetes is very heterogenous. However, most 

of these studies did not exclude cases with previous pancreatic disease, thus leading to a 

possible bias. In two recent studies, the prevalence of PEI in DM was less frequent than in 

previous studies, probably because pancreatic (type 3c, according to the new classification of 

ADA: type 4 [97]) diabetes was excluded [92, 93]. Low FE-1 was measured in only 5.4% of 

150 consecutive type 1 and 2 diabetic patients after excluding patients with excessive alcohol 

consumption, medical history of abdominal surgery, other known reasons for malabsorption, 

previous pancreatic disease and DM lasting <5 years [92]. In another recent study, PEI was 

diagnosed with FE-1 measurement in 16.8% of type 2 diabetic patients after excluding 
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patients with an abnormal pancreatic morphology [93]. Indeed, the prevalence of chronic 

pancreatic diseases among diabetic patients might be high because recent discussions have 

suggested that pancreatic diabetes (type 4) has been underestimated in the past and that it 

might cause about 8% of all diabetes cases [98]. 

 

Prevalence of morphologic changes of the exocrine pancreas in diabetes mellitus 

 

Several studies have examined the morphologic changes of the exocrine pancreas in 

DM. In nearly 50% of type 1 DM patients, the pancreas is atrophic and fibrotic, with fatty 

infiltration and loss of acinar cells on histological examination [99, 100]. Reduced pancreas 

size in patients with DM was demonstrated by abdominal US, CT or MRI [101–107]. Ductal 

changes are detected by endoscopic retrograde cholangiopancreatography (ERCP) in 76% of 

diabetics. Interestingly, these ductal changes do not correlate with DM type, DM duration or 

age (Table 2) [99–112]. 

 

TABLE 7. THE PREVALENCE OF MORPHOLOGIC CHANGES OF THE EXOCRINE 

PANCREAS IN DIABETES MELLITUS 

Author Year Subjects Methods Results 

Blumenthal 

HT et al. 

[108] 

1963 3,821 autopsy cases Morphology 

Prevalence of pancreatitis: 

- In diabetics: 11.2%; 

- In non-diabetics: 5.3% 

Putzke HP et 

al. [109] 
1986 

100 diabetic and  

100 non-diabetic  

autopsy cases 

Histopathology 

Lipomatosis: 

- In diabetics: 75%; 

- In controls: 60% 

Gilbeau JP 

et al. [101] 
1992 20 type 1, 37 type 2 CT scans 

Pronounced lobulation, small 

size compared to controls 

Alzaid A et 

al. [103] 
1993 14 type 1, 43 type 2 Ultrasound 

Small size compared to 

controls; 

type1<type2<controls 

Nakanishi K 

et al. [104] 
1994 36 type 1, 43 type 2 ERCP 

Changes like CP: 

- type 1: 40% 

- type 2: 9% 

Klöppel G et 

al. [100] 
1996 type 1 Histology 

Fibrosis, atrophy, fatty 

infiltration 

Foulis AK et 

al. [99] 
1997 type 1 Histology 

Fibrosis, atrophy, fatty 

infiltration 
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Altobelli E et 

al. [102] 
1998 60 type 1 Ultrasound 

Small size compared to 

controls; dependent on 

duration 

Hardt PD et 

al. [105] 
2002 38 type 1, 118 type 2 ERCP 

Changes like CP: 

type 1>type 2, up to 75% 

Williams et 

al. [111] 
2007 

12 male patients with 

type 1 and 12 healthy 

controls 

MRI 

Pancreatic volume showed a 

48% reduction in long-

standing type 1 diabetes as 

compared with age-matched 

normal subjects. 

Bilgin M et 

al. [106] 
2009 82 type 1 and type 2 MRI/MRCP Changes like CP 

Philippe et 

al. [107] 
2011 

24 type 1 and 28 type 

2 
CT scans 

The pancreatic volume, 42cm 

(25–57cm), was decreased in 

most patients 

Williams et 

al. [112] 
2012 

20 male 

recent-onset type 1 

diabetes patients and 

24 male healthy 

controls 

MRI 
Pancreatic volume is reduced 

by 26% in type 1 diabetes 

Burute N et 

al. [110] 
2014 

32 type 2 and 50 

normoglycemic 

individuals 

MRI 

Patients with type 2 DM had 

significantly lower pancreatic 

volume than normoglycemic 

individuals (p<0.001) 

CT: computer tomography; ERCP: endoscopic retrograde cholangiopancreatography; MRI: 

magnetic resonance imaging; MRCP: magnetic resonance cholangiopancreatography; CP: 

chronic pancreatitis. 
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4. DISCUSSION 

 

I. Prevalence of exocrine pancreatic insufficiency in type 2 diabetes mellitus with 

poor glycemic control 

The present study has demonstrated that PEI revealed by fecal PE-1 determination is 

more frequent in T2DM patients with poor glycemic control. The impaired exocrine 

pancreatic function cannot be explained by an alteration in the size of the pancreas or by 

pancreatic steatosis. 

A decreased level of PE-1 has been reported to be present in about 50% of patients 

with type 1 DM and in 30-50% of those with T2DM [6, 7, 113, 114]. However, the 

relationship between PEI and the level of glycemic control has not yet been accurately 

determined. As far as we are aware, only one publication and a letter (reporting on 37 and 16 

patients, respectively) are available on this topic [12, 13]. The concentration of PE-1 has been 

demonstrated to correlate with HbA1c, and to be lower in patients with HbA1c >8% than in 

those with HbA1c ≤8% [12]. On the other hand, no correlation has been revealed between the 

level of PE-1 and HbA1c, and the level of PE-1 does not differ between patients with HbA1c 

>8% and those with HbA1c ≤8% [13]. Nevertheless, the ADA recommends that an HbA1c 

level of 7% should be regarded as the threshold in differentiating between good and poor 

glycemic control [14]. Furthermore, both studies recruited type 1 DM patients. There is no 

available data about the relationship between an exocrine pancreatic insufficiency and the 

level of glycemic control in T2DM. We therefore evaluated the pancreatic exocrine function 

via the measurement of fecal PE-1 in consecutive T2DM patients, who were grouped as 

demonstrating either poor (HbA1c ≥7%), or good (HbA1c <7%) glycemic control. Diabetic 

patients in whom the characteristic morphologic features of CP were revealed, and therefore, 

type 3c diabetes was diagnosed, were excluded from the study. 

PEI was observed in 16.8% (17/101) of the patients with T2DM in our study, which 

seems to be lower than those in previous reports [6, 7, 113, 115]. However, morphological 

examinations of the pancreas were performed in all diabetic patients in our study, and CP 

cases misdiagnosed as T2DM, were excluded. Otherwise, the PEI would have count 20.8% 

(22/106) of our patients, which is consistent with previous reports [6, 7, 113, 115]. PE-1 

concentration < 100 µg/g was recently recommended to indicate PERT in patients with any 

pancreatic or extrapancreatic disease or condition potentially causing PEI [116]. There were 

only 3 patients (2.9 % of the recruited cases) with PE-1 < 100 µg/g in our patient cohort, all of 
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them in Group A. This value is much lower than those reported in previous studies, but 

corresponds with the result of a recent paper, where marked PEI was remarkably low (2.7%) 

in diabetic patients [117]. An HbA1c level of 7% was applied in our study as the threshold in 

differentiating between good and poor glycemic control [14]. Since patients with PE-1 <100 

µg/g were having HbA1c level between 7 and 8%, choosing a threshold value of HbA1c level 

of 8% in differentiating between poor and good glycemic control, the mean PE-1 level would 

not differ significantly between Group A and B (410.8±150.3 vs. 416.4±172.2 ug/g, p=0.874). 

There were more cases with a decreased PE-1 level among the patients with poor 

glycemic control as compared with the patients with good glycemic control. Morphological 

alterations of the pancreas have been demonstrated in both type 1 and type 2 DM patients 

[32–35]. Atrophy of the pancreas and an exocrine pancreatic deficiency has been shown to be 

related events in DM, based on morphological and histological studies [66, 118, 119]. 

Pancreatic atrophy was frequent in our study, but the diameter of the pancreas body did not 

differ between patients with poor or good glycemic control (Table 2). Theoretically, the 

accumulation of fat in acinar cells could cause an exocrine dysfunction in pancreatic steatosis 

[120], though there is only sparse relevant literature [121, 122]. Furthermore, it has been 

hypothesized that pancreatic steatosis may play an important role in the pathogenesis of 

T2DM by leading to damage to the islet cells [123]. Nevertheless, there was no correlation 

between the occurrence of pancreatic steatosis and a decreased PE-1 level in our study. 

Overall, the more frequent pancreatic exocrine dysfunction among T2DM patients can not be 

explained either by pancreatic atrophy or by pancreatic steatosis. 

The BMI can not be responsible for the pancreatic exocrine dysfunction in the patients 

with poor glycemic control, since it did not differ between Groups A and B. The duration of 

the disease was significantly longer in Group A as compared to Group B, however, no 

significant correlation was exhibited between the PE-1 level and the disease duration in our 

patient cohort. Previous studies have yielded contradictory findings on the correlation of the 

PE-1 level and the duration of the disease in type 1 DM: three papers demonstrated no 

correlation [13, 113, 115], whereas the duration of DM correlated with the PE-1 level in 

another two series [6, 12]. Indeed, the 3 patients in Group A with severe exocrine 

insufficiency had average disease duration of 20 years, which is substantially longer than the 

disease duration in Group B. Diabetic microangiopathy produces inadequate perfusion and 

ischemia of the exocrine pancreas, which may lead to pancreatic fibrosis. The longer the 

duration of diabetes, the bigger the chance is for developing diabetic microangiopathy. 

Although, the mean age of our patients was significantly higher in Group A as compared to 
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Group B, no significant correlation was revealed between the PE-1 level and the age of the 

patients either. The serum level of HbA1c was significantly higher and the PE-1 concentration 

was significantly lower in Group A as compared to Group B. Acute hyperglycemia has been 

demonstrated to inhibit both basal and cholecystokinin-stimulated pancreatic enzyme 

secretion [124]. Poor glycemic control may therefore impair the exocrine pancreatic function 

via the mechanism of glucotoxicity at the acinar cells. The lack of trophic effect of high local 

concentrations of insulin may cause impaired secretion of digestive enzymes in the pancreas 

[124]. Although, serum insulin level was not measured in our study, there were significantly 

more insulin dependent patients in Group A as compared to Group B (80% vs. 36%), 

suggesting that the deficit of insulin is more expressed in patients with low PE-1 

concentrations. Taken together, hyperglycemia, lack of insulin, the higher age and longer 

diabetes duration through the development of diabetic neuropathy and pancreatic arteriopathy 

might all have a contributory role in the development exocrine pancreatic dysfunction in 

diabetes [7, 115]. 

An impaired exocrine pancreatic function might influence glucose control, since the 

exocrine and endocrine pancreata are closely linked both anatomically and physiologically [1, 

124]. Since the oral administration of free fatty acids leads to increases in basal and 

stimulated insulin secretion by beta-cells [114], qualitative fat maldigestion in diabetic 

patients with PEI might contribute to the poor metabolic control in DM. Furthermore, the 

absorption of nutriments is unpredictable without adequate enzyme replacement therapy; the 

glucose-lowering effect of insulin occurs earlier than the glucose-elevating effect of 

nutriments, thereby leading to hypoglycemia [125, 126]. PERT has been demonstrated to 

increase glucagon-like peptide-1 (GLP-1), glucosedependent insulinotropic polypeptide and 

insulin secretion and lowers plasma glucose level in patients with CP and PEI [10, 127]. 

PERT may be beneficial in DM with PEI by increasing meal-stimulated insulin secretion via 

incretins release. However, no beneficial effect of PERT on the glucose metabolism was 

observed in patients with insulin treatment for DM, although a reduction in mild and moderate 

hypoglycemia was demonstrated [11]. Nevertheless, PERT may be useful in T2DM patients 

with low PE-1, in whom diabetes could not be adequately controlled. 
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II. Evaluation the incidence rate of NAFLD, NAFPD and PAT size, and the effect 

of metformin therapy on NAFLD, NAFPD and PAT in NODM 

This study demonstrates that NAFLD and NAFPD are already present and PAT 

volume is increased in patients with NODM. Metformin therapy effectively decreased the 

amount of fat in the liver but did not affect the amount of fat in the pancreas or PAT volume. 

NAFLD is the most common liver disorder worldwide and contributes significantly to 

overall mortality and to cardiovascular and liver-related mortality in particular. The main risk 

factor is T2DM; NAFLD can be demonstrated in 64–69% of T2DM patients [16, 21–23]. It is 

likely that NAFLD is the hepatic manifestation of metabolic syndrome, where insulin 

resistance is the main risk factor [128]. On the other hand, NAFLD may progress to an 

inflammatory complication, NASH. The high incidence of NASH in patients with T2DM may 

lead to further complications, such as liver cirrhosis and hepatocellular carcinoma [30, 31]. 

Given the expected rise in the prevalence of T2DM, NAFLD is projected to be the principal 

etiology for liver transplantation within the next decade [21]. Further, NAFLD is believed to 

be an independent determinant of cardiovascular disease [129]. 

Metabolic syndrome and obesity are commonly associated with NAFLD. However, 

the links between NAFLD, insulin resistance, and T2DM are not fully understood [21]. 

NAFLD can predict the incidence of diabetes independently of traditional risk factors, 

including obesity, peripheral insulin resistance, and metabolic syndrome [130]. Moreover, 

diabetes promotes or worsens hepatic steatosis, thus fueling a vicious cycle. 

PAT plays a role in myocardial energy metabolism through the connection with the 

coronary arteries and the myocardium [131, 132]. Increased pericardial fat volume was 

demonstrated as a risk factor for coronary artery disease [133] and the development of 

cardiovascular disease in T2DM patients [62]. In the Jackson heart study, PAT was associated 

with elevated levels of fasting glucose, triglycerides, C-reactive protein, systolic blood 

pressure, and lower levels of high-density lipoprotein [132]. Moreover, PAT was also linked 

to metabolic syndrome, hypertension, T2DM, and metabolic syndrome [132]. Further, Iozzo 

found increased PAT volume in T2DM patients [61]. We demonstrated that PAT volume is 

already higher in NODM; however, metformin therapy did not affect PAT volume. The latter 

finding is in line with a previous study, where 24-week-long metformin treatment did not 

change PAT size [134]. The mechanisms of metformin are complex and are still not fully 

understood. Metformin works directly or indirectly on the liver to reduce hepatic glucose 

production, affects the gut to increase glucose utilization and the level of GLP-1, and alters 
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the microbiome [135]. The GLP-1 receptor is also expressed in the adipose tissue, and GLP-1 

promotes adipogenesis by upregulation of adipocyte-specific markers and transcription factors 

[136]. This may explain why metformin did not decrease PAT volume, although it had a 

beneficial effect on metabolic parameters. 

In our study, a T2DM patient cohort was selected to analyze the effect of insulin 

resistance on the prevalence of NAFLD. The control subjects did not have DM or any 

pancreatic, liver, or cardiovascular disease, or history of alcohol consumption, but they were 

matched for age, sex, BMI, and serum lipids. Therefore, NODM was the only variable in our 

study that could influence the prevalence of NAFLD. Patients with NODM were enrolled in 

this prospective study if they had been diagnosed within 1 month, they consumed no alcohol, 

and their medical records showed no pancreatic, liver, or cardiovascular disease, inherited 

disorders of fat metabolism, antidiabetic medication or pregnancy, or malignant disease. The 

aims of the study were (1) to analyze the effect of early phase insulin resistance on the 

development of NAFLD and NAFPD and (2) to investigate the effect of newly introduced 

metformin therapy on the degree of fat content in the liver and pancreas and on PAT size. 

Sixty-nine percent and 62% of T2DM patients had NAFLD as defined by ultrasound 

in two previous studies [22, 23], and 87% of the NAFLD cases were confirmed histologically 

in the latter study. However, these studies featured a cross-sectional design that included 

diabetic patients with variable disease lengths. We involved NODM patients diagnosed within 

1 month before enrollment in our study. Overall, 64.7% of newly diagnosed diabetic patients 

in our investigation had NAFLD. This means that NAFLD is already present in the early 

phase of DM. The high prevalence of NAFLD in our study can be explained by the fact that 

our patients had several risk factors. They were generally overweight and had elevated 

cholesterol and triglyceride levels. However, BMI, serum cholesterol, and triglyceride levels 

were also above normal in the control group, and there were no significant differences 

between the control group and the DM group. In contrast, only 10% of the control subjects 

had NAFLD. Further, the radiation absorption of the liver was significantly lower, indicating 

a higher amount of fat in the liver in patients with T2DM compared with the control group. 

This increased amount of fat, therefore, can be attributed to insulin resistance after excluding 

other risk factors. It was demonstrated that insulin resistance is already present at least 5 years 

before overt diabetes in populations with a high prevalence of T2DM [137]. The high 

prevalence of NAFLD can also be explained by the fact that we defined fatty liver by 

measuring radiation absorption on CT, which is more sensitive, specific, and operator-

independent compared with ultrasound. 
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NAFPD has been poorly investigated compared with NAFLD, although interest is 

increasing among researchers. Reports on the relationship between NAFPD and b-cell 

function are inconsistent. Some studies indicate that pancreatic lipid content is negatively 

associated with insulin secretion in nondiabetic subjects [45] or individuals with prediabetes 

[44], whereas others suggest that there is no relationship between b-cell function and 

pancreatic fat in prediabetic [138] or diabetic subjects [45]. 

Pancreatic fat content can be studied with multiple diagnostic modalities. A 

histological examination requires a pancreatic biopsy. However, this is invasive, and there are 

complications associated with it. Ultrasonography is cheap and easily available, but a 

relatively insensitive measure of pancreatic fat content. More recently, expensive MRI 

techniques have been used to assess pancreatic fat deposition. A native CT scan was 

employed in our study to measure the amount of pancreatic steatosis using radiation 

absorption correlated to the spleen. 

Diabetic patients have been demonstrated to have higher pancreatic fat content as 

measured by magnetic resonance spectroscopy [45, 49] and dual-echo magnetic resonance 

chemical shift imaging [139]. In contrast, Saisho et al. found that pancreatic fat content was 

not significantly increased in T2DM [140]. Overall, 82.3% of NODM patients were diagnosed 

as having NAFPD based on the diagnostic criteria, whereas NAFPD was only detected in 

20% of the control population in our study. Since the control group was matched for age, sex, 

BMI, and serum lipids with the T2DM group, NAFPD may be a consequence of insulin 

resistance. 

Newly (<1 month) diagnosed T2DM patients were enrolled in the study to assess the 

effect of metformin on NAFLD and NAFPD. Metformin is the first-line agent for the 

treatment of diabetes and the most popular antidiabetic agent worldwide. The effects of 

metformin on NAFLD have been evaluated in several studies, with some of them showing a 

beneficial effect on aminotransferase levels or liver histological alterations [16, 141–143]. To 

our knowledge, no study has ever evaluated the effect of metformin on hepatic fat content 

measured by tissue attenuation during unenhanced CT examination. Four-month-long 

metformin treatment significantly reduced fat content in the liver in our study. Metformin also 

improved glycemic control and insulin resistance, as measured by HOMA-IR, and lowered 

serum cholesterol level, the results of which can partly be attributed to its beneficial effects. 

However, metformin therapy did not reduce pancreatic fat content and PAT size. 
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III. Current concepts of PEI in diabetes mellitus. Systematic review 

 

Pathophysiology of PEI in diabetes mellitus 

 

The mechanism of PEI in diabetes is multifactorial (Fig. 7). 

 

Figure 7. The mechanism of pancreatic exocrine insufficiency in diabetes mellitus 

 

Pancreas atrophy is a related event in DM and plays a central role in the development 

of PEI. (1) Insulin has a trophic effect on pancreatic acinar tissue through the insulin-acinar 

portal system, so its decreased locally high level could lead to pancreatic atrophy [144]. 

Moreover, decreased pancreatic volume and PEI were shown to correlate in patients with DM 

[107, 145, 146]. (2) Acute hyperglycemia was demonstrated to inhibit basal and 

cholecystokinin-stimulated pancreatic enzyme secretion with an insulin-independent 

mechanism [147]. (3) Pancreatic stellate cells (PSCs) play a pivotal role in pancreatic fibrosis. 

Hyperglycemia was demonstrated to promote proliferation and activation of PSCs and to 

stimulate collagen production of PSCs via the protein kinase seCp38 mitogen-activated 

protein kinase pathway, resulting in pancreatic fibrosis [148]. (4) The islet hormones (e.g. 

glucagon and somatostatin) can regulate exocrine tissue, so the lack of these hormones causes 

dysregulation of enzyme synthesis and resultant exocrine insufficiency. (5) Diabetic 

microangiopathy leads to insufficient perfusion through local microangiopathy, resulting in 

ischemia of the exocrine pancreas, which could lead to pancreatic fibrosis, atrophy and PEI 
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[93]. (6) Autonomic neuropathy may give rise to impaired enteropathic reflexes and PEI [91, 

149, 150]. Moreover, (7) viral infections [151], (8) autoimmunity [152], or (9) genetic 

changes, as single-base deletion in the variable number of tandem repeats containing exon 11 

of the carboxyl ester lipase gene [153] could increase simultaneous damage to exocrine and 

endocrine tissue.  

The higher prevalence of PEI in type 1 diabetes can be explained by the more severe 

insulin deficiency, longer disease duration, and higher rate of microvascular complications 

characterized by type 1 DM.  

The correlation between diabetes duration and the prevalence of PEI is contradictory. 

Previous studies have described an association or at least a weak correlation between low FE-

1 level in T2DM and age of onset of diabetes, relatively long diabetes duration, and relatively 

high HbA1c concentration, suggesting that exocrine dysfunction is a long-term complication 

of diabetes [86, 154]. However, studies have demonstrated that there is no relationship 

between fecal elastase concentration and diabetes duration [155]. Otherwise, an inverse 

correlation was described between diabetes duration and HbA1c levels, and a positive 

correlation was reported between C-peptide and FE-1 levels [154]. A long-term follow-up 

study suggested that a mild to moderate exocrine pancreatic insufficiency is due to an early 

event in the course of DM and does not progress [156]. 

Nowadays the role of signaling proteins in pancreatic inflammation and diabetes 

induced pancreatic insufficiency is getting more attention. In a previous study the levels of 

total PKB, p70S6K, 4 E-BP1, ERK1/2, and NF-kappaB in the diabetic pancreas compared to 

control were significant decreased, however, the phosphorylation of p70S6K1, 4 E-BP1, 

ERK1/2, and protein ubiquitination were increased significantly compared to control group 

[157]. Presumable, that these factors are liable for decreased enzyme synthesis and pancreatic 

atrophy. 

 

Symptoms of PEI in diabetes mellitus 

 

The main clinical symptoms of PEI are due to the maldigestion and malabsorption of 

fat, including steatorrhea, abdominal pain, flatulence, bloating and weight loss [4]. As a 

consequence of malnutrition, PEI is associated with low serum levels of micronutrients, lipid 

soluble vitamins (vitamins A, D, E, and K), trace elements, albumin, prealbumin and 

lipoproteins [2, 93, 158–169]. The low level of serum vitamin D leads to osteoporosis and an 

increased risk of fractures [170]. Protein-energy malnutrition and malabsorption of vitamin D 
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and other micronutrients may result in a higher risk of infection due to their associated effects 

on innate and adaptive immune responses [171]. 

Although PEI seems to be frequent in DM, data on the occurrence of the symptoms of 

PEI in diabetes are limited. Gastrointestinal (GI) symptoms are common (27–87%) in patients 

with type 1 and type 2 DM [172–174]. In a recent study by Cummings et al. [4], 24% of 

diabetic patients had one or more GI symptoms consistent with a diagnosis of PEI (Bristol 

stool type 5–7, steatorrhea or weight loss). Among these patients, 42% had a low FE-1, 

indicating PEI. It can be concluded that FE-1 screening is beneficial in patients with GI 

symptoms, suggesting the presence of PEI. Furthermore, steatorrhea was a poor marker of 

PEI in diabetes in this study, since only the minority of patients with steatorrhea had a low 

fecal elastase level. One would logically expect that diabetic patients with PEI experience 

weight loss, lower body weight and BMI. However, there were no significant differences in 

BMI between diabetic patients with a decreased or normal PE-1 concentration [4, 93]. 

Inconsistent with these findings, the size of the pancreas did not correlate with BMI among 

diabetic patients in another study [101]. Furthermore, PEI detected by low FE-1 

concentrations is frequent even in obese diabetic patients [87, 175], and diabetic individuals 

with excess weight (BMI >25) may be at increased risk for PEI [89]. 

 

Diagnosis of PEI 

 

PEI is suggested by clinical symptoms or poor glycemic control despite an adequate 

diet, antidiabetic therapy and patient adherence [88, 93]. Determination of FE-1 is the most 

convenient way to diagnose PEI. Decreased FE-1 concentration has previously been 

demonstrated to be a sensitive method in moderate and severe PEI (sensitivity: 87% and 95%, 

respectively) and correlated significantly with the direct pancreatic function test, fat digestion, 

and the Cambridge severity classification of chronic pancreatitis [176–178]. FE-1 

concentration correlates with the severity of PEI: a level of less than 200 mg/g stool indicates 

moderate PEI, while a level of less than 100 mg/g stool indicates severe PEI [179]. FE-1 is 

not sufficiently sensitive in mild PEI, but if FE-1 level is decreased, there is a strong chance 

of revealing changes in the pancreatic duct system and steatorrhea [178, 180]. 

PEI can also be diagnosed with a 13C mixed triglyceride breath test by measuring the 

concentration of 13CO2 in expired air after administering the radiolabeled test meal 

containing a known amount of fat [181]. Its accuracy is similar to FE-1 in diagnosing PEI 

[182]. 
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Coefficient of fat absorption (CFA) is another gold standard test for PEI [183], 

although it has not been evaluated in DM. During the 72-h stool collection period, the patient 

consumes 100 g of fat per day. Fat malabsorption is diagnosed at >7 g of fat/100 g of 

stool/day, with severe steatorrhea at 15 g/day. However, the diet is cumbersome, the 3-day 

stool collection is inconvenient for both patients and laboratory staff, and therefore CFA is not 

used in daily clinical practice. It is utilized to evaluate the effectiveness of pancreatic enzyme 

replacement therapy (PERT) in PEI [184]. 

Direct pancreatic function tests are considered the gold standard in diagnosing PEI, 

and they definitely have advantages over indirect tests. However, direct tests are rather time-

consuming and expensive to perform, very inconvenient for patients, and only available in a 

few academic centers. 

 

Therapy of PEI 

 

PERT is applied in PEI to prevent the symptoms of malabsorption, such as steatorrhea, 

and to provide physiologic nutrition by correcting maldigestion. Only a very limited number 

of publications have investigated the effectiveness of PERT in PEI associated with diabetes, 

and the results are contradictory. Three small trials studied the efficacy of PERT in patients 

with diabetes mellitus secondary to chronic pancreatitis [185, 186]. Treatment with PERT 

demonstrated a significant reduction in post-prandial plasma glucose and glycosylated 

hemoglobin at 6 months versus baseline values in patients with diabetes due to tropical 

calculous pancreatitis [187]. In contrast, PERT did not improve mean glucose values; it 

produced potentially life-threatening disturbances in glucose control among insulin-dependent 

diabetic patients due to chronic pancreatitis [188]. However, a recent double-blind, 

randomized, placebo-controlled trial of PERT in patients with PEI due to chronic pancreatitis 

demonstrated that the efficacy outcomes and adverse event profile for PERT were comparable 

between patients with and without diabetes [189]. A larger multicenter, double-blind, 

randomized, placebo-controlled trial demonstrated that PERT was safe, but has no effect on 

glycemic control in insulin-treated diabetic patients with FE-1 <100 mg/g [90]. Reduction in 

mild to moderate hypoglycemic episodes was revealed after 16 weeks of treatment with four 

capsules of 10 000 FIP units of pancreatin with main meals and two capsules of 10 000 FIP 

units of pancreatin with snacks, suggesting a more stable control of insulin therapy. However, 

this study might be criticized. First, patients were selected according to the presence of PEI 

irrespective of PEI-related symptoms. Second, the applied dose of pancreatin might be low. 



37 
 

Recent guidelines [166, 188–190] recommend a starting dose of PERT to be 50 000 IU lipase 

per main meal and 25 000 IU per snack, and this may be titrated up according to symptoms. 

However, recent evidence suggests that even this dose of PERT may not be sufficient to 

normalize nutrition [189, 191]. 

Nutrient-induced glucose-dependent insulinotropic polypeptide (GIP) response is 

diminished in patients with PEI [192]. PERT has been demonstrated to reverse an impaired 

GIP response and therefore to restore the incretin effect of fat [192]. This effect of PERT may 

be beneficial in the glycemic control of diabetic patients with PEI.  

However, while diabetic patients with reduced FE-1 may not complain about PEI-

related gastrointestinal symptoms, they still might suffer from qualitative fat maldigestion, for 

example, lack of vitamin D, as has been proposed recently [193]. Furthermore, patients with 

diabetes mellitus have an increased risk of bone fractures [194]. PERT has been demonstrated 

to increase serum vitamin D level in diabetic patients with PEI, an effect which would be 

beneficial to reducing the increased risk of bone fracture [90]. 

However, there are several limitations to this systematic review. Firstly, the prevalence 

of PEI in both types of diabetes is very heterogenous, ranging between 5.1 and 80%. 

Secondly, studies applied the gold standard direct pancreatic function test in the measurement 

of PEI are limited to a small number of patients because of the invasive nature of the test. 

Thirdly, most of these studies did not exclude cases with previous pancreatic disease, thus 

leading to a possible bias. Fourth, PEI seems to be frequent in DM, data on the occurrence of 

the symptoms of PEI in diabetes are limited. Furthermore, only a very limited number of 

publications have investigated the effectiveness of PERT in PEI associated with diabetes, and 

the results are contradictory. 

The currently available evidence is limited to answering the question of whether PERT 

is efficacious in glycemic control in patients with diabetes and PEI. Without doubt, there is a 

need for further randomized clinical trials in the field. For the moment, we can only suggest 

searching for PEI in diabetic patients by looking for abdominal symptoms that may be related 

to PEI and by analyzing serum nutritional factors and vitamin D level. If the test is positive, a 

trial of PERT is recommended. The response of abdominal symptoms, serum nutritional 

factors and parameters of glucose metabolism should be followed. In the case of positive 

response, long-term PERT is suggested. 
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5. NEW RESULTS ESTABLISHED IN THE THESIS 
 

I. Prevalence of exocrine pancreatic insufficiency in type 2 diabetes mellitus with 

poor glycemic control 

 

1) PEI demonstrated by fecal PE-1 determination is more frequent in T2DM patients with 

poor glycemic control. 

2) The impaired exocrine pancreatic function cannot be explained by an alteration in the size 

of the pancreas or by pancreatic steatosis. 

 

II. Evaluation the incidence rate of NAFLD, NAFPD and PAT size, and the effect 

of metformin therapy on NAFLD, NAFPD and PAT in NODM 

 

1) NAFLD, NAFPD, and increased PAT were detected in the majority of patients with 

NODM. 

2) Metformin therapy decreased the amount of fat in the liver in parallel with an improvement 

in the metabolic parameters and may, thus, be beneficial for preventing the late 

consequences of NAFLD. 

 

III. Current concepts of PEI in diabetes mellitus. Systematic review 

 

1) PEI is detected in almost 50% of diabetic patients by direct or indirect pancreatic function 

tests. 

2) Morphological changes in the pancreas is revealed in approximately 50% of diabetic 

patients. 

3) Determination of FE-1 is the most appropriate methods to diagnose PEI in symptomatic 

diabetic patients 

4) The currently available evidence is limited to answering the question of whether PERT is 

efficacious in glycemic control in patients with diabetes and PEI. 
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6. SUMMARY 

 

BACKGROUND: The exocrine and endocrine pancreata are closely linked both anatomically 

and physiologically. Pathological conditions in the exocrine tissue can cause an impairment of 

the endocrine function and vice versa. Abdominal symptoms such as nausea, bloating, 

diarrhea, steatorrhea, and weight loss can often occur in diabetic patients. These symptoms 

may be attributed to the side-effects of the metformin they are taking, the autonomic 

neuropathy on bowel function, small bowel bacterial overgrowth, celiac disease, or pancreatic 

exocrine insufficiency (PEI). Impairments of the exocrine pancreatic function seem to be a 

frequent complication of diabetes mellitus (DM); however, they are largely overlooked. 

Greater knowledge and awareness are required in testing and diagnosing this condition. 

It is a well-known fact that insulin resistance, diabetes, and obesity cause fat 

accumulation in many organs, including the liver (nonalcoholic fatty liver disease [NAFLD]), 

pancreas (nonalcoholic fatty pancreas disease [NAFPD]), and pericardium (pericardial 

adipose tissue [PAT]). Several studies have suggested that insulin resistance is associated with 

pancreatic fat accumulation, nonalcoholic steatohepatitis (NASH), and pre-DM. Besides 

epicardial adipose tissue, PAT is another risk factor for the development of cardiovascular 

disease in type 2 DM (T2DM) patients. Our aims were (i) to assess the possible relationship 

between T2DM with poor glycemic control (HbA1c ≥7.0%), an exocrine pancreatic 

insufficiency and alterations in pancreatic morphology; (ii) to evaluate the incidence rate of 

NAFLD, NAFPD and PAT size, and the effect of metformin therapy on NAFLD, NAFPD and 

PAT in new-onset diabetes mellitus (NODM); (iii) to provide an overview of the current 

concepts of PEI in diabetes mellitus by performing a systematic review. 

PATIENTS AND METHODS: For these purposes we carried out two different clinical 

studies and one systematic review. In our first study, patients with type 2 DM treated in our 

clinic were prospectively recruited into In our first study. Pancreatic diabetes was excluded. 

Cases with HbA1c ≥7% formed Group A (n=59), and with HbA1c <7% Group B (n=42). The 

fecal level of pancreatic elastase-1 (PE-1) was measured and morphological examinations of 

the pancreas were performed. In the second study, seventeen patients with NODM and 10 

subjects used as a control group were involved in the study. Computed tomography (CT) and 

laboratory tests were performed before the beginning of metformin therapy and 4 months 

afterward. PAT and the amount of fat in the pancreas and liver were determined by X-ray 

attenuation during unenhanced CT examination and compared with the values for the control 

subjects. In our third study, which was performed in 2018, clinical studies were eligible 
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provided that they reported the data of pancreatic exocrine function in adult patients suffering 

from type 1 and 2 diabetes mellitus. Publications about type III/C diabetes were excluded. 

Duplicates, repeated publications, publications available only in abstract form, and review 

papers were excluded. Moreover, articles with inappropriate study design and patient 

inclusion criteria were also excluded from this systematic review. Remaining studies were 

further analyzed in full text. The reference list of obtained articles was also checked for 

additional articles. If differences were found in the reviewer's judgement, then a committee of 

three other researchers was invited to draw a conclusion. 

RESULTS AND CONCLUSIONS: the first study has demonstrated that the PE-1 level was 

significantly lower in Group A than in Group B (385.9±171.1 µg/g, vs. 454.6±147.3 µg/g, 

p=0.038). The PE-1 level was not correlated with HbA1c (r=-0.132, p=0.187), the duration of 

DM (r=-0.046, p=0.65), age (r=0.010, p=0.921), BMI (r=0.203, p=0.059), or pancreatic 

steatosis (r=0.117, p=0.244). The size of the pancreas did not differ significantly between 

Groups A and B. PEI demonstrated by fecal PE-1 determination is more frequent in T2DM 

patients with poor glycemic control. The impaired exocrine pancreatic function cannot be 

explained by an alteration in the size of the pancreas or by pancreatic steatosis. The second 

study has suggested that metabolic parameters improved significantly after metformin 

therapy. NAFLD was diagnosed in 64.7% of the patients with NODM and in 10% of the 

control subjects. The radiation absorption of the liver was significantly lower in the patients 

with NODM compared with the control group and significantly higher after metformin 

therapy compared with the baseline values. Only six patients (35.3%) had NAFLD after 

metformin therapy. NAFPD was diagnosed in 82.3% of the patients with NODM and in 20% 

of the control subjects. The radiation absorption of the pancreas was significantly lower in the 

patients with NODM compared with the control group but did not change significantly after 

treatment. PAT size was significantly larger in the patients with NODM and did not change 

significantly after metformin treatment. NAFLD, NAFPD, and increased PAT were detected 

in the majority of patients with NODM. Metformin therapy decreased the amount of fat in the 

liver in parallel with an improvement in the metabolic parameters and may, thus, be beneficial 

for preventing the late consequences of NAFLD. The prevalence and symptoms of PEI in 

diabetes mellitus, the pathomechanism, and difficulties of diagnosis and therapy of PEI are 

summarized in our systematic review. The currently available evidence is limited to 

answering the question of whether pancreatic enzyme replacement therapy (PERT) is 

efficacious in glycemic control in patients with diabetes and PEI. Without doubt, there is a 

need for further randomized clinical trials in the field. For the moment, we can only suggest 



41 
 

searching for PEI in diabetic patients by looking for abdominal symptoms that may be related 

to PEI and by analyzing serum nutritional factors and vitamin D level. If the test is positive, a 

trial of PERT is recommended. The response of abdominal symptoms, serum nutritional 

factors and parameters of glucose metabolism should be followed. In the case of positive 

response, long-term PERT is suggested. 

  



42 
 

7. ACKNOWLEDGMENTS 

 

I would like to express my deepest appreciation to Prof. Dr. László Czakó, my tutor 

at First Department of Medicine, for his support, guidance, and introducing me to the 

experimental work and to his colleagues: Dr. Dóra Illés, Dr. Emese Ivány, Dr. Viktória 

Terzin, PhD and Dr. Balázs Kui, PhD. 

 

I would also like to thank my colleagues from the First Department of Medicine and 

co-authors for giving me supportive advices in my work and helping with patient screening. 

 

I am very grateful to all of them for their contribution of time and ideas; without them 

this work could not be completed. 

 

I dedicate this thesis to my family and friends for their support, patience, and love. 

  



43 
 

8. REFERENCES 

1. Owyang C. Endocrine changes in pancreatic insufficiency. The pancreas: biology, 

pathobiology and diseases. 1993 New York Raven Press: 803–813. 

2. Struyvenberg MR, Martin CR, Freedman SD. Practical guide to exocrine pancreatic 

insufficiency - breaking the myths. BMC Med 2017;15(1):29. 

3. Domínguez-Munoz JE. Pancreatic exocrine insufficiency: diagnosis and treatment. J 

Gastroenterol Hepatol 2011;26(2):12–16. 

4. Cummings MH, Chong L, Hunter V, Kar PS, Meeking DR, Cranston ICP. 

Gastrointestinal symptoms and pancreatic exocrine insufficiency in type 1 and 2 

diabetes. Practical Diabetes 2015;32:54–58. 

5. Hardt PD, Krauss A, Bretz L, Porsch-Ozcürümez M, Schnell-Kretschmer H, Maser E, et 

al. Pancreatic exocrine function in patients with type-1 and type- 2 diabetes mellitus. 

Acta Diabetol 2000;37(3):105–110. 

6. Hardt PD, Hauenschild A, Nalop J, Marzeion AM, Jaeger C, Teichmann J, et al. High 

prevalence of exocrine pancreatic insufficiency in diabetes mellitus. A multicenter study 

screening fecal elastase-1 concentrations in 1,021 diabetic patients. Pancreatology 

2003;3:395–402. 

7. Hardt PD, Ewald N. Exocrine pancreatic insufficiency in diabetes mellitus: a 

complication of diabetic neuropathy or a different type of diabetes? Exp Diabetes Res 

2011;2011:761950. 

8. Hardt PD, Hauenschild A, Jaeger C, Teichmann J, Bretzel RG, Kloer HU, et al. High 

prevalence of steatorrhea in 101 diabetic patients likely to suffer from exocrine 

pancreatic insufficiency according to low fecal elastase 1 concentrations: a prospective 

multicenter study. Dig Dis Sci 2003;48:1688–1692. 

9. Hahn JU, Kerner W, Maisonneuve P, Lowenfels AB, Lankisch PG. Low fecal elastase 1 

levels do not indicate exocrine pancreatic insufficiency in type-1 diabetes mellitus. 

Pancreas 2008;36:274–278. 

10. Kuo P, Stevens JE, Russo A, Maddox A, Wishart JM, Jones KL, et al. Gastric 

emptying, incretin hormone secretion, and postprandial glycemia in cystic fibrosis - 

effects of pancreatic enzyme supplementation. J Clin Endocrinol Metab. 2011;96:851–

855. 



44 
 

11. Ewald N, Bretzel RG, Fantus IG, Hollenhorst M, Kloer HU, Hardt PD et al. Pancreatin 

therapy in patients with insulin-treated diabetes mellitus and exocrine pancreatic 

insufficiency according to low fecal elastase 1 concentrations. Results of a prospective 

multi-centre trial. Diabetes Metab Res Rev 2007;23:386–391. 

12. Cavalot F, Bonomo K, Perna P, Bacillo E, Salacone P, Gallo M et al. Pancreatic 

elastase-1 in stools, a marker of exocrine pancreas function, correlates with both 

residual β-cell secretion and metabolic control in type 1 diabetic subjects. Diabetes 

Care 2004;27:2052–2054. 

13. Mueller B, Radko F, Diem P. Pancreatic elastase-1 in stools, a marker of exocrine 

pancreas function, correlates with both residual β-cell secretion and metabolic control in 

type 1 diabetic subjects: response to Cavalot et al. Diabetes Care 2005;28:2809–2810. 

14. American Diabetes Association. Executive summary: Standards of medical care in 

diabetes – 2009. Diabetes Care 2009;32(Suppl 1):6–12. 

15. Eguchi Y, Eguchi T, Mizuta T, Ide Y, Yasutake T, Iwakiri R, et al. Visceral fat 

accumulation and insulin resistance are important factors in nonalcoholic fatty liver 

disease. J Gastroenterol 2006;41:462–469. 

16. Vernon G, Baranova A, Younossi ZM. Systematic review: The epidemiology and 

natural history of non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in 

adults. Aliment Pharmacol Ther 2011;34:274–285. 

17. Williams CD, Stenger J, Asike MI, Torres DM, Shaw J, Contreras M, et al. Prevalence 

of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis among a largely 

middle-aged population utilizing ultrasound and liver biopsy: A prospective study. 

Gastroenterology 2011;140:124–131. 

18. Browning JD, Szczepaniak LS, Dobbins R, Nuremberg P, Horton JD, Cohen JC, et al. 

Prevalence of hepatic steatosis in an urban population in the United States: Impact of 

ethnicity. Hepatology 2004;40:1387–1395. 

19. Williamson RM, Price JF, Glancy S, Perry E, Nee LD, Hayes PC, et al. Prevalence of 

and risk factors for hepatic steatosis and nonalcoholic Fatty liver disease in people with 

type 2 diabetes: The Edinburgh Type 2 Diabetes Study. Diabetes Care 2011;34:1139–

1144. 

20. Bedogni G, Miglioli L, Masutti F, Tiribelli C, Marchesini G, Bellentani S. Prevalence of 

and risk factors for nonalcoholic fatty liver disease: The Dionysos nutrition and liver 

study. Hepatology 2005;42:44–52. 

http://care.diabetesjournals.org/search?author1=Franco+Cavalot&sortspec=date&submit=Submit
http://care.diabetesjournals.org/search?author1=Katia+Bonomo&sortspec=date&submit=Submit
http://care.diabetesjournals.org/search?author1=Paolo+Perna&sortspec=date&submit=Submit
http://care.diabetesjournals.org/search?author1=Bruno+Mueller&sortspec=date&submit=Submit
http://care.diabetesjournals.org/search?author1=Fajfr+Radko&sortspec=date&submit=Submit


45 
 

21. Richard J, Lingvay I. Hepatic steatosis and type 2 diabetes: Current and future treatment 

considerations. Expert Rev Cardiovasc Ther 2011;9:321–328. 

22. Leite NC, Salles GF, Araujo AL, Villela-Nogueira CA, Cardoso CR. Prevalence and 

associated factors of non-alcoholic fatty liver disease in patients with type-2 diabetes 

mellitus. Liver Int 2009;29: 113–119. 

23. Prashanth M, Ganesh HK, Vima MV, John M, Bandgar T, Joshi SR, et al. Prevalence of 

nonalcoholic fatty liver disease in patients with type 2 diabetes mellitus. J Assoc 

Physicians India 2009;57:205–210. 

24. Bellentani S. The epidemiology of non-alcoholic fatty liver disease. Liver Int 

2017;37:81–84. 

25. Gaggini M, Morelli M, Buzzigoli E, DeFronzo RA, Bugianesi E, Gastaldelli A. Non-

alcoholic fatty liver disease (NAFLD) and its connection with insulin resistance, 

dyslipidemia, atherosclerosis and coronary heart disease. Nutrients 2013;5:1544–1560. 

26. Assy N, Kaita K, Mymin D, Levy C, Rosser B, Minuk G. Fatty infiltration of liver in 

hyperlipidemic patients. Dig Dis Sci 2000;45:1929–1934. 

27. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. The diagnosis 

and management of non-alcoholic fatty liver disease: Practice Guideline by the 

American Association for the Study of Liver Diseases, American College of 

Gastroenterology, and the American Gastroenterological Association. Hepatology 

2012;55(6):2005–2023. 

28. Musso G, Gambino R, Cassader M, Pagano G. Meta-analysis: Natural history of non-

alcoholic fatty liver disease (NAFLD) and diagnostic accuracy of non-invasive tests for 

liver disease severity. Ann Med 2011;43:617–649. 

29. Zelber-Sagi S, Lotan R, Shibolet O, Webb M, Buch A, Nitzan-Kaluski D, et al. Non-

alcoholic fatty liver disease independently predicts prediabetes during a 7-year 

prospective follow-up. Liver Int 2013;33:1406–1412. 

30. Sanyal AJ, Banas C, Sargeant C, Luketic VA, Sterling RK, Stravitz RT, et al. 

Similarities and differences in outcomes of cirrhosis due to nonalcoholic steatohepatitis 

and hepatitis C. Hepatology 2006;42:132–138. 

31. Adams LA, Lymp JF, Sauver JST, Sanderson SO, Lindor KD, Feldstein A, et al. The 

natural history of nonalcoholic fatty liver disease: A population-based cohort study. 

Gastroenterology 2005;129:113–121. 

32. Fonseca AV, Berger LA, Beckett AG, Dandona P. Size of pancreas in diabetes mellitus: 

a study based on ultrasound. Br Med J (Clin Res Ed) 1985;291:1240–1241. 



46 
 

33. Gilbeau JP, Poncelet V, Libon E, Derue G, Heller FR. The density, contour and 

thickness of the pancreas in diabetics: CT findings in 57 patients. Am J Roentgenol 

1992;159:527–531. 

34. Hardt PD, Killinger A, Nalop J, Schnell-Kretschmer H, Zekorn T, Klör HU. Chronic 

pancreatitis and diabetes mellitus. A retrospective analysis of 156 ERCP investigations 

in patients with insulin-dependent and non-insulin-dependent diabetes mellitus. 

Pancreatology 2002;2:30–33. 

35. Olsen RS. The incidence and clinical relevance of chronic inflammation in the pancreas 

in autopsy material. Acta Pathol Microbiol Scand A 1978;86:361–365. 

36. Li S, Su L, Lv G, Zhao W, Chen J. Transabdominal ultrasonography of the pancreas is 

superior to that of the liver for detection of ectopic fat deposits resulting from metabolic 

syndrome. Medicine (Baltimore) 2017;96:8060. 

37. Wang CY, Ou HY, Chen MF, Chang TC, Chang CJ. Enigmatic ectopic fat: Prevalence 

of nonalcoholic fatty pancreas disease and its associated factors in a Chinese population. 

J Am Heart Assoc 2014;3:000297. 

38. Lesmana CRA, Pakasi LS, Inggriani S, Aidawati ML, Lesmana LA. 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. 

39. Li J, Xie Y, Yuan F, Song B, Tang C. Noninvasive quantification of pancreatic fat in 

healthy male population using chemical shift magnetic resonance imaging: Effect of 

aging on pancreatic fat content. Pancreas 2011;40:295–299. 

40. Wu W-C, Wang C-Y. Association between non-alcoholic fatty pancreatic disease 

(NAFPD) and the metabolic syndrome: Case–control retrospective study. Cardiovasc 

Diabetol 2013;12:77. 

41. Ou H-Y, Wang C-Y, Yang Y-C, Chen MF, Chang CJ. The association between 

nonalcoholic fatty pancreas disease and diabetes. PLoS One 2013; 8(5):62561. 

42. Sepe PS, Ohri A, Sanaka S, Berzin TM, Sekhon S, Bennett G, et al. A prospective 

evaluation of fatty pancreas by using EUS. Gastrointest Endosc 2011;73:987–993. 

43. Pitt HA. Hepato-pancreato-biliary fat: The good, the bad and the ugly. HPB (Oxford) 

2007;9:92–97. 

44. Heni M, Machann J, Staiger H, Schwenzer NF, Peter A, Schick F, et al. Pancreatic fat is 

negatively associated with insulin secretion in individuals with impaired fasting glucose 



47 
 

and/or impaired glucose tolerance: A nuclear magnetic resonance study. Diabetes Metab 

Res Rev 2010;26:200–205. 

45. Tushuizen ME, Bunck MC, Pouwels PJ, Bontemps S, van Waesberghe JH, Schindhelm 

RK, et al. Pancreatic fat content and beta-cell function in men with and without type 2 

diabetes. Diabetes Care 2007;30:2916–2921. 

46. Pacifico L, Di Martino M, Anania C, Andreoli GM, Bezzi M, Catalano C, et al. 

Pancreatic fat and b-cell function in overweight/obese children with nonalcoholic fatty 

liver disease. World J Gastroenterol 2015;21:4688–4695. 

47. Targher G, Rossi AP, Zamboni GA, Fantin F, Antonioli A, Corzato F, et al. Pancreatic 

fat accumulation and its relationship with liver fat content and other fat depots in obese 

individuals. J Endocrinol Invest 2012;35:748–753. 

48. Musso G, Cassader M, De Michieli F, Rosina F, Orlandi F, Gambino R. Nonalcoholic 

steatohepatitis versus steatosis: Adipose tissue insulin resistance and dysfunctional 

response to fat ingestion predict liver injury and altered glucose and lipoprotein 

metabolism. Hepatology 2012;56:933–942. 

49. Lingvay I, Esser V, Legendre JL, Price AL, Wertz KM, Adams-Huet B, et al. 

Noninvasive quantification of pancreatic fat in humans. J Clin Endocrinol Metab 

2009;94:4070–4076. 

50. Yu TY, Wang CY. Impact of non-alcoholic fatty pancreas disease on glucose 

metabolism. J Diabetes Investig 2017;8:735–747. 

51. Katz DS, Hines J, Math KR, Nardi PM, Mindelzun RE, Lane MJ. Using CT to reveal 

fat containing abnormalities of the pancreas. AJR Am J Roentgenol 1999;172:393–396. 

52. Kovanlikaya A, Mittelman SD, Ward A, Geffner ME, Dorey F, Gilsanz V. Obesity and 

fat quantification in lean tissues using three-point Dixon MR imaging. Pediatr Radiol 

2005;35:601–607. 

53. Bracci PM. Obesity and pancreatic cancer: Overview of epidemiologic evidence and 

biologic mechanisms. Mol Carcinog 2012;51:53–63. 

54. Hori M, Takahashi M, Hiraoka N, Yamaji T, Mutoh M, Ishigamori R, et al. Association 

of pancreatic fatty infiltration with pancreatic ductal adenocarcinoma. Clin Translat 

Gastroenterol 2014;13(5):53. 

55. Papachristou GI, Papachristou DJ, Avula H, Slivka A, Whitcomb DC. Obesity increases 

the severity of acute pancreatitis: Performance of APACHE-O score and correlation 

with the inflammatory response. Pancreatology 2006;6:279–285. 



48 
 

56. Martinez J, Johnson CD, Sanchez-Paya J, de Madaria E, Robles-Díaz G, Pérez-Mateo 

M. Obesity is a definitive risk factor of severity and mortality in acute pancreatitis: An 

updated meta-analysis. Pancreatology 2006;6:206–209. 

57. Pietro A, Addeo JRD, Francois P, Oussoultzoglou E, Fuchshuber PR, Sauvanet A, et al. 

Pancreatic fistula after a pancreaticoduodenectomy for ductal adenocarcinoma and its 

association with morbidity: A multicenter study of the French Surgical Association. 

HPB (Oxford) 2014;16:46–55. 

58. Van Geenen EJ, Smits MM, Schreuder TC, van der Peet DL, Bloemena E, Mulder CJ. 

Nonalcoholic fatty liver disease is related to nonalcoholic fatty pancreas disease. 

Pancreas 2010;39:1185–1190. 

59. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. American 

Gastroenterological Association; American Association for the Study of Liver Diseases; 

American College of Gastroenterology. The diagnosis and management of nonalcoholic 

fatty liver disease: Practice guideline by the American Gastroenterological Association, 

American Association for the Study of Liver Diseases, and American College of 

Gastroenterology. Gastroenterology 2012;142:1592–1609. 

60. Yang FS, Yun CH, Wu TH, Hsieh YC, Bezerra HG, Liu CC, et al. High pericardial and 

periaortic adipose tissue burden in pre-diabetic and diabetic subjects. BMC Cardiovasc 

Disord 2013;13:98. 

61. Iozzo P. Myocardial, perivascular, and epicardial fat. Diabetes Care 2011;34:371–379. 

62. Noyes AD, Dua K, Devadoss R, Chhabra L. Cardiac adipose tissue and its relationship 

to diabetes mellitus and cardiovascular disease. World J Diabetes 2014;5:868–876. 

63. DiMagno MJ, DiMagno EP. Chronic pancreatitis. Curr Opin Gastroenterol 

2010;26:490–498. 

64. Dominguez-Munoz JE, Hieronymus C, Sauerbruch T Malfertheiner P. Fecal elastase 

test: evaluation of a new noninvasive pancreatic function test. Am J Gastroenterol 

1995;90:1834–1837. 

65. Worthen NJ, Beabeau D. Normal pancreatic echogenicity: relation to age and body fat. 

Am J Roentgenol 1982;139:1095–1098.  

66. Goda K, Sasaki E, Nagata K, Fukai M, Ohsawa N, Hahafusa T. Pancreatic volume in 

type 1 and type 2 diabetes mellitus. Acta Diabetol 2001;38:145–149. 

67. American Diabetes Association. Diagnosis and classification of diabetes mellitus. 

Diabetes Care 2010;33:62–69. 



49 
 

68. Ohgi K, Okamura Y, Yamamoto Y, Ashida R, Ito T, Sugiura T, et al. Perioperative 

computed tomography assessments of the pancreas predict nonalcoholic fatty liver 

disease after pancreaticoduodenectomy. Medicine (Baltimore) 2016;95:25–35. 

69. Zeb I, Li D, Nasir K, Katz R, Larijani VN, Budoff MJ. Computed tomography scans in 

the evaluation of fatty liver disease in a population based study: The multi-ethnic study 

of atherosclerosis. Acad Radiol 2012;19:811–818. 

70. Smits MM, van Geenen EJ. The clinical significance of pancreatic steatosis. Nat Rev 

Gastroenterol Hepatol 2011;8:169–177. 

71. Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. PRISMA-P 

Group. Preferred reporting items for systematic review and meta-analysis protocols 

(PRISMA-P) 2015 statement. Syst Rev 2015;4:1. https://doi.org/10.1186/2046-4053-4-

1. 

72. Pollard HM, Miller L, Brewer WA. External secretion of the pancreas and diabetes. Am 

J Dig Dis 1943;10(1):20–23. 

73. Chey WY, Shay H, Shuman CR. External pancreatic secretion in diabetes mellitus. Ann 

Intern Med 1953;59:812–821. 

74. Vacca JB, Henke WJ, Knight WA. The exocrine pancreas in diabetes mellitus. Ann 

Intern Med 1964;61:242–247. 

75. Frier BM, Saunders JHB, Wormsley KG, Bouchier IAD. Exocrine pancreatic function 

in juvenile-onset diabetes mellitus. Gut 1976;17:685–691. 

76. Harano Y, Kim CI, Kang M, Shichiri M, Shimizu Y, Li H, et al. External pancreatic 

dysfunction associated with diabetes mellitus. J Lab Clin Med 1978;91:780–790. 

77. Lankisch PG, Manthey G, Otto J, Talaulicar M, Willms B, Creutzfeldt W. Exocrine 

pancreatic function in insulin dependent diabetes mellitus. Digestion 1982;25:210–216. 

78. Bretzke G. Diabetes mellitus und exocrine pancreas function. Zeitschrift fur die 

Gesamte Innere Medizin und Ihre Grenzgebiete 1984;39(16):388–390. 

79. Newihi EH, Dooley CP, Saad C, Staples J, Zeidler A, Valenzuela JE. Impaired exocrine 

pancreatic function in diabetics with diarrhea and peripheral neuropathy. Dig Dis Sci 

1988;33(6):705–710. 

80. Domínguez-Mu~noz JE, D Hardt P, Lerch MM, Löhr MJ. Potential for screening for 

pancreatic exocrine insufficiency using the fecal Elastase-1 test. Dig Dis Sci 

2017;62(5):1119–1130. 



50 
 

81. Lüth S, Teyssen S, Forssmann K, K€olbel C, Krummenauer F, Singer MV. Fecal 

elastase-1 determination: ‘gold standard’ of indirect pancreatic function tests? Scand J 

Gastroenterol 2001;36(10):1092–1099. 

82. Martínez J, Laveda R, Trigo C, Frasquet J, Palaz_on JM, P_erez-Mateo M. Fecal 

elastase-1 determination in the diagnosis of chronic pancreatitis. Gastroenterol Hepatol 

2002;25(6):377–382. 

83. Hardt PD, Kloer HU. Diabetes mellitus and exocrine pancreatic disease. Pancreatic 

Disease 1998;2:235–241. 

84. Icks A, Haastert B, Giani G, Rathmann W. Low fecal elastase-1 in type I diabetes 

mellitus. Zeitschrift fur Gastroenterologie 2001;39(10):823–830. 

85. Rathmann W, Haastert B, Icks A, Giani G, Hennings S, Mitchell J, et al. Low fecal 

elastase 1 concentrations in type 2 diabetes. Scand J Gastroenterol 2001;36:1056–1061. 

86. Hardt PD, Hauenschild A, Nalop A, Marzeion AM, Jaeger C, Teichmann J, et al. High 

prevalence of exocrine pancreatic insufficiency in diabetes mellitus. A multicenter study 

screening fecal elastase 1 concentrations in 1,021 diabetic patients. Pancreatology 

2003;3(5):395–402. 

87. Nunes AC, Pontes JM, Rosa A, Gomes L, Carvalheiro M, Freitas D. Screening for 

pancreatic exocrine insufficiency in patients with diabetes mellitus. Am J Gastroenterol 

2003;98(12):2672–2675. 

88. Cavalot F, Bonomo K, Perna P, Bacillo E, Salacone P, Gallo M, et al. Pancreatic 

elastase-1 in stools, a marker of exocrine pancreas function, correlates with both 

residual b-cell secretion and metabolic control in type 1 diabetic subjects. Diabetes Care 

2004;27(8):2052–2054. 

89. Yilmaztepe A, Ulukaya E, Ersoy C, Yilmaz M, Tokullugil HA. Investigation of fecal 

pancreatic elastase-1 levels in type 2 diabetic patients. Turk J Gastroenterol 

2005;16(2):75–80. 

90. Ewald N, Bretzel RG, Fantus IG, Hollenhorst M, Kloer HU, Hardt PD. Pancreatin 

therapy in patients with insulin-treated diabetes mellitus and exocrine pancreatic 

insufficiency according to low fecal elastase 1 concentrations. Results of a prospective 

multi-centre trial. Diabetes Metabol Res Rev 2007;23(5):386–391. 

91. Larger E, Philippe MF, Barbot-Trystram L, Radu A, Rotariu M, Nob_ecourt E, et al. 

Pancreatic exocrine function in patients with diabetes. Diabet Med 2012;29:1047–1054. 



51 
 

92. Vujasinovic M, Zaletel J, Tepes B, Popic B, Makuc J, Epsek LM, et al. Low prevalence 

of exocrine pancreatic insufficiency in patients with diabetes mellitus. Pancreatology 

2013;13:343–346. 

93. Terzin V, Varkonyi T, Szabolcs A, Lengyel C, Takacs T, Zsori G, et al. Prevalence of 

exocrine pancreatic insufficiency in type 2 diabetes mellitus with poor glycemic control. 

Pancreatology 2014;14(5):356–360. 

94. Shivaprasad C, Pulikkal AA, Kumar KM. Pancreatic exocrine insufficiency in type 1 

and type 2 diabetics of Indian origin. Pancreatology 2015;15(6):616–619. 

95. Kangrga RN, Ignjatovic SD, Dragasevic MM, Jovicic S_Z, Majkic-Singh NT. 

Pancreatic elastase levels in feces as a marker of exocrine pancreatic function in patients 

with diabetes mellitus. Lab Med 2016;47(2):140–148. 

96. Oscarsson J, Nilsson CA, Kvarnstrom M, Lindkvist B. Type 2 diabetes and pancreatic 

exocrine function: associations between fecal elastase-1 levels and gastrointestinal 

symptoms, plasma nutritional markers, and uptake of free versus esterified omega-3 

fatty acids in a randomized, open-label, crossover study. Gastroenterology 2017;152(5). 

suppl. 1:899. 

97. American Diabetes Association. Classification and diagnosis of diabetes. Diabetes Care 

2017;40(1):11–24. 

98. Hardt PD, Brendel MD, Kloer HU, Bretzel RG. Is pancreatic diabetes (type 3c diabetes) 

underdiagnosed and misdiagnosed? Diabetes Care 2008;31:165–169. 

99. Foulis AK, McGill M, Farquharson MA, Hilton DA. A search for evidence of viral 

infection in pancreases of newly diagnosed patients with IDDM. Diabetologia 

1997;40(1):53–61. 

100. Klöppel G, Clemens A. Insulin-dependent diabetes mellitus. Current aspects of 

morphology, etiology and pathogenesis. Pathologe 1996;17(4):269–275. 

101. Gilbeau JP, Poncelet V, Libon E, Derue G, Heller FR. The density, contour, and 

thickness of the pancreas in diabetics: CT findings in 57 patients. AJR Am J Roentgenol 

1992;159(3):527–531. 

102. Altobelli E, Blasetti A, Verrotti A, Di Giandomenico V, Bonomo L, Chiarelli F. Size of 

pancreas in children and adolescents with type I (insulin-dependent) diabetes. J Clin 

Ultrasound 1998;26(8):391–395. 

103. Alzaid A, Aideyan O, Nawaz S. The size of the pancreas in diabetes mellitus. Diabet 

Med 1993;10(8):759–763. 



52 
 

104. Nakanishi K, Kobayashi T, Miyashita H, Okubo M, Sugimoto T, Murase T, et al. 

Exocrine pancreatic ductograms in insulin-dependent diabetes mellitus. Am J 

Gastroenterol 1994;89(5):762–766. 

105. Hardt PD, Killinger A, Nalop J, Schnell-Kretschmer H, Zekorn T, Klör HU. Chronic 

pancreatitis and diabetes mellitus. A retrospective analysis of 156 ERCP investigations 

in patients with insulin-dependent and non-insulindependent diabetes mellitus. 

Pancreatology 2002;2(1):30–33. 

106. Bilgin M, Balci NC, Momtahen AJ, Bilgin Y, Klör HU, Rau WS. MRI and MRCP 

findings of the pancreas pancreatic exocrine function determined by fecal elastase 1. J 

Clin Gastroenterol 2009;43(2):165–170. 

107. Philippe MF, Benabadji S, Barbot-Trystram L, Vadrot D, Boitard C, Larger E. 

Pancreatic volume and endocrine and exocrine functions in patients with diabetes. 

Pancreas 2011;40:359–363. 

108. Blumenthal HT, Probstein JG, Berns AW. Interrelationship of diabetes mellitus and 

pancreatitis. Arch Surg 1963;87:844–850. 

109. Putzke HP, Friedrich G. Pancreatopathy in diabetes mellitus. Zentralbl Allg Pathol 

1986;131(1):37–41. 

110. Williams AJ, Chau W, Callaway MP, Dayan CM. Magnetic resonance imaging: a 

reliable method for measuring pancreatic volume in type 1 diabetes. Diabet Med 

2007;24:35–40. 

111. Williams AJ, Thrower SL, Sequeiros IM, Ward A, Bickerton AS, Triay JM, et al. 

Pancreatic volume is reduced in adult patients with recently diagnosed type 1 diabetes. J 

Clin Endocrinol Metab 2012;97:2109–2113. 

112. Burute N, Nisenbaum R, Jenkins DJ, Mirrahimi A, Anthwal S, Colak E, et al. Pancreas 

volume measurement in patients with Type 2 diabetes using magnetic resonance 

imaging-based planimetry. Pancreatology 2014;14(4):268–274. 

113. Hardt PD, Krauss A, Bretz L, Porsch-Ozcürümez M, Schnell-Kretschmer H, Mäser E, et 

al. Pancreatic exocrine function in patients with type 1 and type 2 diabetes mellitus. 

Acta Diabetol 2000;37:105–110. 

114. Wuesten O, Balz CH, Bretzel RG, Kloer HU, Hardt PD. Impact of oral fat load on 

insulin output and glucose tolerance in healthy controls and obese patients without 

diabetes mellitus. Diabetes Care 2005;28:360–365. 

115. Larger E, Philippe MF, Barbot-Trystram L, Radu A, Rotariu M, Nobécourt E, et al. 

Pancreatic exocrine function in patients with diabetes. Diabet Med 2012;29:1047–1054. 



53 
 

116. Pezzilli R, Andriulli A, Bassi C, Balzano G, Cantore M, Delle Fave G, et al. Exocrine 

Pancreatic Insufficiency collaborative (EPIc) Group: Exocrine pancreatic insufficiency 

in adults: a shared position statement of the Italian Association for the Study of the 

Pancreas. World J Gastroenterol. 2013;19:7930–7946. 

117. Vujasinovic M, Zaletel J, Tepes B, Popic B, Makuc J, Epsek Lenart M, et al. Low 

prevalence of exocrine pancreatic insufficiency in patients with diabetes mellitus. 

Pancreatology. 2013;13:343–346. 

118. Philippe MF, Benabadji S, Barbot-Trystram L, Vadrot D, Boitard C, Larger E. 

Pancreatic volume and endocrine and exocrine functions in patients with diabetes. 

Pancreas 2011;40:359–363. 

119. Löhr M, Klöppel G: Residual insulin positivity and pancreatic atrophy in relation to 

duration of chronic type 1 (insulin-dependent) diabetes mellitus and microangiopathy. 

Diabetologia 1987;30:757–762. 

120. Smits MM, van Geenen EJM. The clinical significance of pancreatic steatosis. Nat Rev 

Gastroenterol Hepatol 2011;8:169–177. 

121. Aubert A, Gornet JM, Hammel P, Lévy P, O'Toole D, Ruszniewski P, et al. Diffuse 

primary fat replacement of the pancreas: an unusual cause of steatorrhea. Gastroenterol 

Clin Biol 2007;31:303–306. 

122. Lozano M, Navarro S, Pérez-Ayuso R, Llach J, Ayuso C, Guevara MC, et al. 

Lipomatosis of the pancreas: an unusual cause of massive steatorrhea. Pancreas 

1988;3:580–582. 

123. Gulcan E, Gulcan A, Ozbek O. Is there a role of pancreatic steatosis together with 

hypertrigliceridemia on the pathogenesis of diabetes in a patient with type 2 diabetes 

mellitus? Med Hypotheses 2007;68:912–29. 

124. Lam WF, Gielkens HA, Coenraad M, Souverijn JH, Lamers CB, Masclee AA. Effect of 

insulin and glucose on basal and cholecystokinin-stimulated exocrine pancreatic 

secretion in humans. Pancreas 1999;18:252–258. 

125. Gröger G, Layer P: Exocrine pancreatic function in diabetes mellitus. Eur J Gastroent 

Hepatol 1995;7:740–746. 

126. Czakó L, Hegyi P, Rakonczay Z, Wittmann T, Otsuki M. Interactions between the 

endocrine and exocrine pancreas and its clinical relevance. Pancreatology 2009;9:351–

359. 

127. Knop FK, Vilsbøll T, Larsen S, Højberg PV, Vølund A, Madsbad S, et al. Increased 

postprandial responses of GLP-1 and GIP in patients with chronic pancreatitis and 

http://www.ncbi.nlm.nih.gov/pubmed/16954337
http://www.ncbi.nlm.nih.gov/pubmed/16954337


54 
 

steatorrhea following pancreatic enzyme substitution. Am J Physiol Endocrinol Metab 

2007;292:324–330. 

128. Gao X, Fan JG for the Study Group of Liver and Metabolism, Chinese Society of 

Endocrinology. Diagnosis and management of non-alcoholic fatty liver disease and 

related metabolic disorders: Consensus statement from the Study Group of Liver and 

Metabolism, Chinese Society of Endocrinology. J Diabetes 2013;5:406–415. 

129. Targher G, Day CP, Bonora E. Risk of cardiovascular disease in patients with 

nonalcoholic fatty liver disease. N Engl J Med 2010;363:1341–1350. 

130. Cusi K. The role of adipose tissue and lipotoxicity in the pathogenesis of type 2 

diabetes. Curr Diab Rep 2010;10:306–315. 

131. Iacobellis G, Corradi D, Sharma AM. Epicardial adipose tissue: Anatomic, 

biomolecular and clinical relationships with the heart. Nat Clin Pract Cardiovasc Med 

2005;10:536–543. 

132. Liu J, Fox CS, Hickson D, Sarpong D, Ekunwe L, May WD, et al. Pericardial adipose 

tissue, atherosclerosis, and cardiovascular disease risk factors: The Jackson heart study. 

Diabetes Care 2010;33:1635–1639. 

133. Greif M, Becker A, von Ziegler F, Lebherz C, Lehrke M, Broedl UC, et al. Pericardial 

adipose tissue determined by dual source CT is a risk factor for coronary 

atherosclerosis. Arterioscler Thromb Vasc Biol 2009;5:781–786. 

134. Jonker JT, Lamb HJ, van der Meer RW, Rijzewijk LJ, Menting LJ, Diamant M, et al. 

Pioglitazone compared with metformin increases pericardial fat volume in patients with 

type 2 diabetes mellitus. J Clin Endocrinol Metab 2010;95:456–460. 

135. Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin. Diabetologia 

2017;60:1577–1585. 

136. Yang J, Ren J, Song J, et al. Glucagon-like peptide 1 regulates adipogenesis in 3T3-L1 

preadipocytes. Int J Mol Med 2013;31:1429–1435. 

137. Weyer C, Bogardus C, Mott DM, Pratley RE. The natural history of insulin secretory 

dysfunction and insulin resistance in the pathogenesis of type 2 diabetes mellitus. J Clin 

Invest 1999;104:787–794. 

138. van der Zijl NJ, Goossens GH, Moors CC, van Raalte DH, Muskiet MH, Pouwels PJ, et 

al. Ectopic fat storage in the pancreas, liver, and abdominal fat depots: Impact on beta-

cell function in individuals with impaired glucose metabolism. J Clin Endocrinol Metab 

2011;96: 459–467. 

http://www.ncbi.nlm.nih.gov/pubmed/16954337


55 
 

139. Chai J, Liu P, Jin E, Su T, Zhang J, Shi K, et al. MRI chemical shift imaging of the fat 

content of the pancreas and liver of patients with type 2 diabetes mellitus. Exp Ther 

Med 2016;11:476–480. 

140. Saisho Y, Butler AE, Meier JJ, Monchamp T, Allen-Auerbach M, Rizza RA, et al. 

Pancreas volumes in humans from birth to age one hundred taking into account sex, 

obesity, and presence of type-2 diabetes. Clin Anat 2007;20:933–942. 

141. Haukeland JW, Konopski Z, Eggesbo HB, von Volkmann HL, Raschpichler G, Bjøro 

K, et al. Metformin in patients with non-alcoholic fatty liver disease: A randomized, 

controlled trial. Scand J Gastroenterol 2009;44:853–860. 

142. Tock L, Damaso AR, De Piano A, Carnier J, Sanches PL, Lederman HM, et al. Long-

term effects of metformin and lifestyle modification on nonalcoholic fatty liver disease 

obese adolescents. J Obes 2010;201:pii:831901. 

143. Li Y, Liu L, Wang B, Wang J, Chen D. Metformin in non-alcoholic fatty liver disease: 

A systematic review and meta-analysis. Biomed Rep 2013;57–64. 

144. Barreto SG, Carati CJ, Toouli J, Saccone GT. The islet-acinar axis of the pancreas: 

more than just insulin. Am J Physiol Gastrointest Liver Physiol 2010;299(1): 10–22. 

145. Goda K, Sasaki E, Nagata K, Fukai M, Ohsawa N, Hahafusa T. Pancreatic volume in 

type 1 and type 2 diabetes mellitus. Acta Diabetol 2001;38:145–149. 

146. Löhr M, Klöppel G. Residual insulin positivity and pancreatic atrophy in relation to 

duration of chronic type 1 (insulin-dependent) diabetes mellitus and microangiopathy. 

Diabetologia 1987;30:757–762. 

147. Lam WF, Gielkens HA, Coenraad M, Souverijn JH, Lamers CB, Masclee AA. Effect of 

insulin and glucose on basal and cholecystokinin-stimulated exocrine pancreatic 

secretion in humans. Pancreas 1999;18:252–258. 

148. Nomiyama Y, Tashiro M, Yamaguchi T, Watanabe S, Taguchi M, Asaumi H, et al. 

High glucose activates rat pancreatic stellate cells through protein kinase C and p38 

mitogen-activated protein kinase pathway. Pancreas 2007;3:364–372. 

149. Hardt PD, Ewald N. Exocrine pancreatic insufficiency in diabetes mellitus: a 

complication of diabetic neuropathy or a different type of diabetes? Exp Diabetes Res 

2011;2011:761950. 

150. el Newihi H, Dooley CP, Saad C, Staples J, Zeidler A, Valenzuela JE. Impaired 

exocrine pancreatic function in diabetics with diarrhea and peripheral neuropathy. Dig 

Dis Sci 1988;33(6):705–710. 

151. Gamble DR, Taylor KW. Coxsackie B virus and diabetes. Br Med J 1973;3(1):289–290. 



56 
 

152. Kobayashi T, Nakanishi K, Kajio H, Morinaga S, Sugimoto T, Murase T, et al. 

Pancreatic cytokeratin: an antigen of pancreatic exocrine cell autoantibodies in type 1 

(insulin-dependent) diabetes mellitus. Diabetologia 1990;33(6):363–367. 

153. Raeder H, Johansson S, Holm PI, Haldorsen IS, Mas E, Sbarra V, et al. Mutations in the 

CEL VNTR cause a syndrome of diabetes and pancreatic exocrine dysfunction. Nat 

Genet 2006;38(1):54–62. 

154. Ewald N, Raspe A, Kaufmann C, Bretzel RG, Kloer HU, Hardt PD. Determinants of 

exocrine pancreatic function as measured by fecal elastase-1 concentrations (FEC) in 

patients with diabetes mellitus. Eur J Med Res 2009;14(3):118–122. 

155. Rathmann W, Haastert B, Glasbrenner BJ, Berglind N, Nicholas J, Wareham NJ. 

Inverse association of HbA1c with faecal elastase 1 in people without diabetes. 

Pancreatology 2015;15(6):620–625. 

156. Creutzfeldt W, Gleichmann D, Otto J, Stockmann F, Maisonneuve P, Lankisch PG. 

Follow-up of exocrine pancreatic function in type-1 diabetes mellitus. Digestion 

2005;72:71–75. 

157. Patel R, Atherton P, Wackerhage H, Singh J. Signaling proteins associated with 

diabetic-induced exocrine pancreatic insufficiency in rats. Ann N Y Acad Sci 2006 

Nov;1084:490–502. 

158. Lindkvist B, Domínguez-Munoz JE, Luaces-Regueira M, Castineiras-Alvarino M, 

Nieto-Garcia L, Iglesias-Garcia J. Serum nutritional markers for prediction of pancreatic 

exocrine insufficiency in chronic pancreatitis. Pancreatology 2012;12:305–310. 

159. Hartmann D, Felix K, Ehmann M, et al. Protein expression profiling reveals distinctive 

changes in serum proteins associated with chronic pancreatitis. Pancreas 

2007;35(4):334–342. 

160. Haas S, Krins S, Knauerhase A, Löhr M. Altered bone metabolism and bone density in 

patients with chronic pancreatitis and pancreatic exocrine insufficiency. JOP 

2015;16(1):58–62. 

161. Sikkens EC, Cahen DL, Koch AD, Braat H, Poley JW, Kuipers EJ, Bruno MJ. The 

prevalence of fat-soluble vitamin deficiencies and a decreased bone mass in patients 

with chronic pancreatitis. Pancreatology 2013;13(3):238–242. 

162. Johnson EJ, Krasinski SD, Howard LJ, Alger SA, Dutta SK, Russell RM. Evaluation of 

vitamin A absorption by using oil-soluble and water-miscible vitamin A preparations in 

normal adults and in patients with gastrointestinal disease. Am J Clin Nutr 

1992;55:857–864. 



57 
 

163. Nakamura T, Takebe K, Imamura K, Tando Y, Yamada N, Arai Y, et al. Fatsoluble 

vitamins in patients with chronic pancreatitis (pancreatic insufficiency). Acta 

Gastroenterol Belg 1996;59:10–14. 

164. Teichmann J, Mann ST, Stracke H, Lange U, Hardt PD, Klor HU, et al. Alterations of 

vitamin D3 metabolism in young women with various grades of chronic pancreatitis. 

Eur J Med Res 2007;12:347–350. 

165. Dujsikova H, Dite P, Tomandl J, Sevcikova A, Precechtelova M. Occurrence of 

metabolic osteopathy in patients with chronic pancreatitis. Pancreatology 2008;8:583–

586. 

166. Domínguez-Munoz JE, Iglesias-García J, Vilarino-Insua M, Iglesias-Rey M. 13C-mixed 

triglyceride breath test to assess oral enzyme substitution therapy in patients with 

chronic pancreatitis. Clin Gastroenterol Hepatol 2007;5:484–488. 

167. Girish BN, Rajesh G, Vaidyanathan K, Balakrishnan V. Zinc status in chronic 

pancreatitis and its relationship with exocrine and endocrine insufficiency. JOP 

2009;10:651–656. 

168. Dutta SK, Procaccino F, Aamodt R. Zinc metabolism in patients with exocrine 

pancreatic insufficiency. J Am Coll Nutr 1998;17:556–563. 

169. Glasbrenner B, Malfertheiner P, Buchler M, Kuhn K, Ditschuneit H. Vitamin B12 and 

folic acid deficiency in chronic pancreatitis: a relevant disorder? Klin Wochenschr 

1991;69:168–172. 

170. Tignor AS, Wu BU, Whitlock TL, Lopez R, Repas K, Banks PA, et al. High prevalence 

of low-trauma fracture in chronic pancreatitis. Am J Gastroenterol 2010;105(12):2680–

2686. 

171. Bresnahan KA, Tanumihardjo SA. Undernutrition, the acute phase response to 

infection, and its effects on micronutrient status indicators. Adv Nutr 2014;5(6):702–

711. 

172. Gustafsson RJ. Esophageal dysmotility is more common than gastroparesis in diabetes 

mellitus and is associated with retinopathy. Rev Diabet Stud 2011;8:268–275. 

173. Krishnan B, Babu S, Walker J, Walker AB, Pappachan JM. Gastrointestinal 

complications of diabetes mellitus. World J Diabetes 2013;4(3):51–63. 

174. Koch CA, Uwaifo GI. Are gastrointestinal symptoms related to diabetes mellitus and 

glycemic control? Eur J Gastroenterol Hepatol 2008;20(9):822–825. 



58 
 

175. Teichmann J, Riemann JF, Lange U. Prevalence of exocrine pancreatic insufficiency in 

women with obesity syndrome: assessment by pancreatic fecal elastase 1. ISRN 

Gastroenterol 2011:951686. 

176. L€oser C, Möllgaard A, F€olsch UR. Faecal elastase 1: a novel, highly sensitive, and 

specific tubeless pancreatic function test. Gut 1996;39:580–586. 

177. Leeds JS, Oppong K, Sanders DS. The role of fecal elastase 1 in detecting exocrine 

pancreatic disease. Nat Rev Gastroenterol Hepatol 2011;8:405–415. 

178. Hardt PD, Marzeion AM, Schnell-Kretschmer H, Wüsten O, Nalop J, Zekorn T, et al. 

Fecal elastase 1 measurement compared with endoscopic retrograde 

cholangiopancreatography for the diagnosis of chronic pancreatitis. Pancreas 

2002;25:6–9. 

179. Dominguez-Munoz JE, Hieronymus C, Sauerbruch T, Malfertheiner P. Fecal elastase 

test: evaluation of a new noninvasive pancreatic function test. Am J Gastroenterol 

1995;90:1834–1837. 

180. Hardt PD, Hauenschild A, Jaeger C, Teichmann J, Bretzel RG, Kloer HU, et al. High 

prevalence of steatorrhea in 101 diabetic patients likely to suffer from exocrine 

pancreatic insufficiency according to low fecal elastase 1 concentrations: a prospective 

multicenter study. Dig Dis Sci 2003;48:1688–1692. 

181. Domínguez-Munoz JE, Nieto L, Vilarino M, Lourido MV, Iglesias-García J. 

Development and diagnostic accuracy of a breath test for pancreatic exocrine 

insufficiency in chronic pancreatitis. Pancreas 2016;45(2):241–247. 

182. Gonzalez-Sanchez V, Amrani R, Gonz_alez V, Trigo C, Pico A, de-Madaria E. 

Diagnosis of exocrine pancreatic insufficiency in chronic pancreatitis: 13Cmixed 

triglyceride breath test versus fecal elastase. Pancreatology 2017;17(4):580–585. 

183. Lindkvist B. Diagnosis and treatment of pancreatic exocrine insufficiency. World J 

Gastroenterol 2013;19(42):7258–7266. 

184. Berry AJ. Pancreatic enzyme replacement therapy during pancreatic insufficiency. Nutr 

Clin Pract 2014;29:312–321. 

185. Mohan V, Poongothai S, Pitchumoni CS. Oral pancreatic enzyme therapy in the control 

of diabetes mellitus in tropical calculous pancreatitis. Int J Pancreatol 1998;24(1):19–

22. 

186. O’Keefe SJ, Cariem AK, Levy M. The exacerbation of pancreatic endocrine 

dysfunction by potent pancreatic exocrine supplements in patients with chronic 

pancreatitis. J Clin Gastroenterol 2001;32(4):319–323. 



59 
 

187. Whitcomb DC, Bodhani A, Beckmann K, Sander-Struckmeier S, Liu S, Fuldeore M, et 

al. Efficacy and safety of pancrelipase/pancreatin in patients with exocrine pancreatic 

insufficiency and a medical history of diabetes mellitus. Pancreas 2016;45(5):679–686. 

188. Working Party of the Australasian Pancreatic Club, Smith RC, Smith SF, Wilson J, 

Pearce C, Wray N, et al. Summary and recommendations from the Australasian 

guidelines for the management of pancreatic exocrine insufficiency. Pancreatology 

2016;16(2):164–180. 

189. Löhr JM, Oliver MR, Frulloni L. Synopsis of recent guidelines on pancreatic exocrine 

insufficiency. United European Gastroenterol J 2013;1(2):79–83. 

190. Thorat V, Reddy N, Bhatia S, Bapaye A, Rajkumar JS, Kini DD, et al. Randomised 

clinical trial: the efficacy and safety of pancreatin enteric-coated minimicrospheres 

(Creon 40000 MMS) in patients with pancreatic exocrine insufficiency due to chronic 

pancreatitis - a double-blind, placebo controlled study. Aliment Pharmacol Ther 

2012;36:426–436. 

191. Sikkens EC, Cahen DL, van Eijck C, Kuipers EJ, Bruno MJ. Patients with exocrine 

insufficiency due to chronic pancreatitis are undertreated: a Dutch national survey. 

Pancreatology 2012;12(1):71–73. 

192. Ebert R, Creutzfeldt W. Reversal of impaired GIP and insulin secretion in patients with 

pancreatogenic steatorrhea following enzyme substitution. Diabetologia 

1980;19(3):198–204. 

193. Teichmann J, Lange U, Hardt P. Decreased pancreatic elastase 1 content: an 

independent risk factor of the osteoporosis in elderly women. Bone 2001;28:194. 

194. Jackuliak P, Payer J. Osteoporosis, fractures, and diabetes. Internet J Endocrinol 

2014:820615. 

  



60 
 

 

 

 

9. ANNEXES 

 

 

 

 

Annex I. 
 

  



61 
 

 



62 
 

 



63 
 

 



64 
 

 



65 
 

 
  



66 
 

 

 

Annex II. 
  



67 
 

 



68 
 

 



69 
 

 



70 
 

 



71 
 

 



72 
 

 



73 
 

 
  



74 
 

 

 

Annex III. 

  



75 
 

 



76 
 

 



77 
 

 



78 
 

 



79 
 

 



80 
 

 



81 
 

 


	ABBREVIATIONS03
	2. PATIENTS AND METHODS010
	III. Current concepts of PEI in diabetes mellitus. Systematic review012
	I. Prevalence of exocrine pancreatic insufficiency in type 2 diabetes mellitus with poor glycemic control027
	I. Prevalence of exocrine pancreatic insufficiency in type 2 diabetes mellitus with poor glycemic control038

