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Background: The pancreas plays an important role in the nutrition and

metabolism of the whole body. Many disease processes including obesity,

diabetes mellitus (DM), acute or chronic pancreatitis, and pancreatic carcinoma

result in abnormality of pancreas morphology and function. Magnetic resonance

imaging (MRI) provides quantitative parameters including T1, T2, and apparent

diffusion coefficient (ADC) values for evaluating normal and abnormal pancreas.

Based on the normal range of these quantitative parameters, pancreatic

abnormality could be detected early. However, the range and the relationship

of T1, T2, and ADC values with gender and age groups using the same dataset

have not been explored.

Purpose: To establish the ranges of MRI tissue and functional parameters,

including T1, T2, and ADC values, in healthy adult pancreas and their

correlations with gender, subregion, and age.

Materials and methods: The T1, T2, and ADC values of healthy pancreas in 86

adults were measured using a 3.0-T MRI scanner. The average T1, T2, and ADC

values were obtained in the whole pancreas and subregions (head, neck, body,

and tail). Their correlations with gender and age were investigated.

Results: The T1, T2, and ADC values of the whole pancreas from all subjects were

870.07 ± 61.86 ms, 44.07 ± 6.14 ms, and 1.072 ± 0.212 × 10−3 mm2/s,

respectively. T2 values were significantly different between genders (P < 0.05).

No significant differences were found between subregions. The T1, T2, and ADC

values differed significantly among the age groups (P < 0.05). The T1 value

revealed a moderately positive correlation, while the T2 and ADC values

displayed negative correlations with age (r = 0.31, −0.45, and −0.39,

respectively). The combination of T1, T2, and ADC values achieved the highest

AUC value and showed a significant difference compared to T1, T2, and ADC

values alone in predicting age older than 45 years.
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Conclusion: This study established the normal ranges of T1, T2, and ADC. We

found that T2 is different betweenmen andwomen, and T1, T2, and ADC are age-

dependent. These results could be useful for quantitative MRI of

pancreatic disease.
KEYWORDS

pancreas, magnetic resonance imaging, quantitative parameters, T1 value, T2 value,
apparent diffusion coefficient
Introduction

The pancreas is a retroperitoneal organ with endocrine and

exocrine cells, located adjacent to the stomach and duodenum. It

plays a crucial role in nutrition and metabolism. The exocrine

pancreas secretes various enzymes that facilitate food digestion,

while the endocrine pancreas regulates blood glucose levels. Various

diseases such as obesity, diabetes mellitus (DM), acute or chronic

pancreatitis, and pancreatic carcinoma can result in abnormalities

in pancreatic morphology and function. In addition to volume

shrinkage (1) and atrophy of the focal or whole pancreas following

disease processes (2, 3), local or diffuse fat replacement of the

pancreatic parenchyma (4, 5) and localized patchy fibrosis are more

commonly observed in older individuals. The pancreatic

microstructural changes associated with aging or the presence of

disease have gained increasing attention in the fields of physiology

and metabolism. These changes often exhibit a strong correlation

with disease and can serve as prediagnosis biomarkers (3).

Therefore, accurately evaluating and quantifying the normal

ranges of these biomarkers and microstructural changes

constitutes a pressing clinical concern.

MRI is a unique technique compared with ultrasound (US) (6) and

computed tomography (CT) (4, 7) in pancreatic qualitative and

quantitative imaging, as it provides multiple parameters to investigate

the pancreatic parenchyma and fat fraction, function and metabolism,

main pancreatic duct and vascular information of normal pancreas,

and pancreatic disease with higher tissue resolution. Conventional T1-

weighted imaging (T1WI), T2-weighted imaging (T2WI), and dynamic

contrast enhancement (DCE) allow measurements of signal intensity,

pancreatic volume, and evaluation of pancreatic lesions with a contrast

agent. However, some challenges limit clinical MRI in accessing the

biological or physiological status and monitoring treatment response.

Quantitative multiparametric magnetic resonance imaging (MRI)

serves as a crucial tool for detecting pancreatic structural and

metabolic shifts related to aging and disease, emphasizing the

chemical composition and metabolism of tissues, and providing a

more accurate and direct assessment of the pathological process and

tumor microenvironment without ionizing radiation. These

parameters include T1, T2, T2*, and apparent diffusion coefficient

(ADC) values for assessing normal and abnormal pancreatic properties

(8, 9). Magnetization transfer ratio (MTR) and pH values, derived from
02
chemical exchange saturation transfer (CEST), reflect tumor hypoxia

and acidic microenvironments (10, 11). Additionally, pharmacokinetic

parameters obtained from multitasking dynamic contrast-enhanced

(DCE) sequences aid in evaluating blood supply and microvessels (12)

and can be used in differentiating chronic pancreatitis and pancreatic

ductal carcinoma (13).

Among the various parameters, T1, T2, and ADC values are the

most easily and clinically measured without an additional contrast

agent. ADC values serve as biomarkers that reflect cellular density and

composition, helping differentiate between normal and abnormal

pancreatic tissue for tumor diagnosis and grading. Although previous

studies have reported conflicting results concerning the correlation

between ADC values and aging (14, 15), T1 and T2 values have proven

advantageous in characterizing tissue properties related to pancreatic

acinar protein, endoplasmic reticulum, and pancreatic fibrosis (16, 17),

as well as defining microstructural changes, such as fat, fibrosis, and

inflammation (18). In this context, evaluating the normal ranges of

these parameters, which may be related to age and gender, becomes

essential. Prior research has primarily focused on assessing normal

pancreatic volume (19) and establishing the range of pancreatic volume

across different age groups (20). Some studies have found that the

anterior–posterior (AP) diameter, lobulation, and parenchymal fat

changes are significantly related to aging, but signal intensity showed

no significant correlation (21). However, the ranges and relationships

of T1, T2, and ADC values with gender, pancreatic region, and age

using the same dataset have not been extensively investigated. We

hypothesize that T1, T2, and ADC values can reflect the difference in

pancreatic composition between gender and age. This study aims to

establish the normal adult pancreas’ ranges for MR quantitative

parameters, including T1, T2, and ADC values, and examine their

correlations with gender, subregions, and age.
Material and methods

Study population

A total of 86 adults with normal pancreas [54 women and 32

men; mean age, 44.7 years (range, 18–90 years)] were recruited and

studied during a 3-year period from June 2018 to June 2021. The

inclusion criteria included no history of diabetes, acute or chronic
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pancreatitis, cystic lesions, benign or malignant tumors, or

pancreatic surgery. All participants had normal amylase and

lipase levels in the biochemical tests, as well as normal CA19-9

and blood glucose levels. The exclusion criteria involved the

presence of pancreatic congenital abnormalities or deformations,

dilation of the main pancreatic duct (MPD), severe fatty infiltration

or fatty replacement of the pancreatic parenchyma on prior CT or

MRI conventional sequences, and severe pancreatic atrophy

resulting from previous pancreatitis or other pancreatic diseases

which may skew the measurements. The subjects with poor image

quality that influenced the measurements of T1, T2, and ADC

values were also excluded from our study. The study design was

approved by the ethics committee, and written informed consent

was obtained from all participants.
Conventional and quantitative
MRI sequences

All participants underwent a 3.0-T MR scan (Biograph mMR and

MAGNETOM Prisma; Siemens Healthcare Ltd., Erlangen, Germany)

using an 18-channel body phase-array coil. Non-contrast quantitative

MRI maps, including T1, T2, and ADC maps, were obtained. T1

mapping was performed using a 2D Modified Look-Locker Inversion

Recovery (MOLLI) sequence with motion correction and a 3D B1-

corrected variable flip angle (VFA) sequence for the entire abdomen,

respectively. T2 mapping was carried out using a T2-prepared FLASH

sequence, with location and slices copied from T1-MOLLI. Diffusion-

weighted imaging (DWI)was executed using a single-shot echo-planar

imaging (SS-EPI) pulse sequence with b-values of 50, 400, and 800

s/mm2.

Clinical MRI sequences were acquired simultaneously for

diagnostic reference, including coronal Half-Fourier Acquisition

Single-shot Turbo spin Echo imaging (T2 HASTE), transverse three-

dimensional T1-weighted volumetric interpolated breath-hold

examination (T1-VIBE), and DIXON fat saturation and transverse

T2 BLADE sequences. A DCE sequence was obtained for some

participants with parameters identical to those of T1-VIBE and

DIXON. Detailed parameters can be found in Supplementary Table S1.

The image quality was evaluated by an experienced radiologist

based on the image blur, artifacts, and deformation of the pancreas

on T1 mapping, T2 mapping, and ADC maps. The subjects with

poor image quality were excluded. Additionally, we evaluated the

signal-to-noise ratio (SNR) of T1 mapping derived from T1-MOLLI

and VFA.
Region of interest selection

Regions of interest (ROIs) were manually drawn three times in

the pancreatic head, neck, body, tail, and the entire pancreas,

avoiding vessels and the MPD on T1 maps by an experienced

radiologist (LW). These ROIs were then copied to the T2 and ADC

maps. As the ADC map is not totally matched with T1 mapping, we

will first locate the ADC map using free-source Horos software

(Horos v3.3.6). The average T1, T2, and ADC values for the
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different subregions and the whole pancreas were obtained from

these three measurements. Figure 1 shows the ROIs of different

subregions and the whole pancreas.
Statistical analysis

Quantitative values were analyzed using SPSS v25.0 software

(IBM Corp, Armonk, NY, United States) and expressed as mean ±

standard deviation. t-tests, one-way analysis of variance (ANOVA),

and post-hoc tests (Tukey’s test) were used to compare differences

among different subregions, genders, and age groups (≤30, 31–40,

41–50, 51–60, and ≥61 years). P-values of less than 0.05 were

considered to indicate a significant difference. Pearson’s correlation

coefficients were employed to investigate the correlations between

age and T1, T2, and ADC values. The area under the receiver

operating characteristic (ROC) curves (AUC) were performed to

predict age older than 45 years.
Results

Demographic characteristics of the
study participants

Table 1 presents the demographic information for the 86

participants enrolled in this study, including gender, age, and

ethnicity. All participants had normal blood test results for

carbohydrate-associated antigen (CA19-9), alpha-fetoprotein

(AFP), and carcinoembryonic antigen (CEA), as well as normal

amylase and lipase in their biochemical tests within 2 weeks prior to

the MRI procedure.
T1, T2, and ADC values of the whole
pancreas and the difference
between gender

The average T1, T2, and ADC values for the healthy adult pancreas

were 870.07 ± 61.86 ms, 44.07 ± 6.14 ms, and 1.072 ± 0.212 × 10−3

mm2/s, respectively (Figure 1). Table 2 (Figure 2) lists the T1, T2, and

ADC values for different genders. There were no significant differences

in T1 and ADC values between men and women (P = 0.560 and 0.298,

respectively). However, T2 values were significantly different between

female and male participants (P = 0.012).
T1, T2, and ADC values in pancreatic
subregions and comparison according to
subregions and gender

The average ± SD of the T1, T2, and ADC values for different

subregions and gender differences in each subregion are presented

in Table 3. The T1, T2, and ADC values in the pancreatic head,

neck, body, and tail were relatively consistent, with no significant

differences among the various pancreatic subregions (P = 0.391,
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0.938, and 0.456, respectively) (Figure 3). However, significant

differences were observed in T2 values in the pancreatic neck,

body, and tail between female and male participants (P = 0.011,

0.001, and 0.036, respectively).
T1, T2, and ADC values among age groups
and comparison according to age groups
and gender

The average ± SD of the T1, T2, and ADC values for different age

groups and genders are shown in Tables 4, 5, respectively. The T1, T2,

and ADC values exhibited significant differences among the age groups

(P = 0.013, 0.001, and 0.000, respectively). The T1 value was the lowest

in individuals under 30 years of age and the highest in those aged 51–60

years (P = 0.006). The T2 value was the highest in those under 30 years

old and the lowest in those over 61 years old (P = 0.000). The ADC

value was the highest in those under 30 years old and the lowest in

those aged ≥61 years (P = 0.000). The P-values for multiple

comparisons among different age groups are listed in Table 6, with

significant differences displayed in the upper part of the box (Figure 4).

For comparisons of T1, T2, and ADC values between female

and male participants in each age group, the P-values are listed in

Table 4. The T2 value was significantly higher in men than in

women aged 31–40 years (P = 0.005). The ADC value was

significantly higher in men than in women aged ≤30 years (P =

0.044). However, the T1 value did not show significant differences

between women and men in any age group.

When participants were divided into two age groups with a 45-

year cutoff, the group aged <45 years included 44 participants, and

the group aged ≥45 years included 42 participants. The T1, T2, and
Frontiers in Gastroenterology 04
ADC values were significantly different between the two groups (P =

0.004, 0.002, and 0.004, respectively). The differences between

female and male participants in the two age groups are listed in
FIGURE 1

T1 mapping, T2 mapping, and apparent diffusion coefficient (ADC) map of healthy adult pancreas. Regions of interest (ROIs) of the head, neck, body,
tail, and whole pancreas are shown on the images (free hand white solid line area). The T1, T2, and ADC values of the whole pancreas were 863.3 ±
30.7 ms, 46.30 ± 6.6 ms, and 1.070 ± 0.212 × 10−3 mm2/s, respectively.
TABLE 1 Demographic characteristics of the study participants.

Group Case number

Gender Female 54

Male 32

Age group (years) ≤30 27

31–40 15

41–50 6

51–60 16

>61 22

Ethnicity Hispanic 12

Non-Hispanic 67

Do not wish
to provide

7

Blood test Mean value
(normal range)

CA19-9 10.5 U/mL (<35 U/mL)

AFP 6 IU/mL (4.2–12 IU/mL)

CEA 2.3 ng/mL (0–5 ng/mL)

Amylase 65 U/L (20–125 U/L)

Lipase 32 U/L (<60 U/L)
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Table 6. The T1 and T2 values showed significant differences

between female and male participants in those younger than 45

years (P = 0.018 and 0.022, respectively).
Correlations of T1, T2, and ADC values
with age

The Pearson correlation coefficients of the T1, T2, and ADC values

with age were 0.313 (P = 0.004), −0.453 (P = 0.000), and −0.394 (P =

0.002), respectively (Figure 5). These results indicate that the T1 value

increased with age, while the T2 and ADC values decreased with age.

For the comparison of using T1, T2, and ADC values alone and the

combination of these parameters in predicting age older than 45 years,

the AUCs are shown in Figure 6. The combination of T1, T2, and ADC

values achieved the highest AUC value and showed a significant

difference compared to using T1, T2, and ADC values alone (0.753

vs. 0.599, 0.357, and 0.285).
T1, T2, and ADC values of the whole
pancreas between ethnicity

The average T1, T2, and ADC values were 867.21 ± 60.55 ms,

47.94 ± 3.23 ms, and 1.256 ± 0.209 × 10−3 mm2/s, respectively, for

the Hispanic group and 861.21 ± 78.02 ms, 41.72 ± 6.80 ms, and

1.028 ± 0.218 × 10−3 mm2/s, respectively, for the non-Hispanic
Frontiers in Gastroenterology 05
group. Table 7 lists the T1, T2, and ADC values of different ethnic

groups. Significant differences were demonstrated in T2 and ADC

values between different ethnic groups (P = 0.000 and

0.000, respectively).
Comparison between T1-MOLLI and B1
correction VFA sequences on T1 mapping

When comparing the T1 values measured using the MOLLI and

VFA techniques, there were no significant differences (854.52 ±

66.56 ms vs. 877.90 ± 91.38 ms, P = 0.069). However, a significant

difference (P = 0.008) was observed in the signal-to-noise ratio

(SNR = SIpancreas/SD) between the two techniques, with T1-

MOLLI demonstrating a significantly higher SNR than VFA. In

contrast, the contrast-to-noise ratio (CNR = SIpancreas − SImusle/

SD) did not exhibit a statistically significant difference (P = 0.180)

between the two techniques. This suggests that while the T1-MOLLI

technique has a higher SNR, both techniques perform similarly in

terms of CNR.
Discussion

In summary, this study established the normal ranges of T1, T2,

and ADC values for the healthy adult pancreas and investigated

their correlations with gender and age. The findings showed that T2

values were gender-dependent, with higher values observed in men

compared to women, while T1 and ADC values did not

demonstrate a significant correlation with gender. Furthermore,

the T1, T2, and ADC values were found to be age-dependent. The

T1 values had a moderately positive correlation with aging, while T2

and ADC values showed moderately negative correlations

with aging.

T1, T2, and ADC values have been demonstrated to effectively

characterize tissue properties and distinguish between normal and

abnormal tissues (22) (Supplementary Table S2). Previous research

on myocardial tissue has revealed gender-dependent T1 values, with

female patients exhibiting significantly higher T1 values than male

patients. However, our study and the one conducted by Tirkes (23)
FIGURE 2

Box plots showing the T1, T2, and ADC values of healthy adult pancreas in female and male participants. The T2 value differs significantly between
genders (P = 0.012).
TABLE 2 T1, T2, and ADC values of female and male pancreas.

Gender Mean ± standard
deviation (SD)

P

T1 value F 872.85 ± 58.10 0.560

M 864.38 ± 69.56

T2 value F 42.67 ± 6.84 0.012

M 46.17 ± 4.26

ADC value F 1.055± 0.196 0.298

M 1.115 ± 0.234
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found no significant differences in T1 values between the sexes.

Tirkes (23) observed mild positive correlations between T1 values,

extracellular volume (ECV) of the normal pancreas, and age, as the

shorter T1 value properties diminished over time. However, our
Frontiers in Gastroenterology 06
results demonstrated a higher Pearson correlation coefficient and

measured T1 values, possibly attributable to several factors,

including variances in field strength, different imaging sequences,

and differences in age distribution. Herrmann (15) and Kiani
FIGURE 3

Box plots showing the T1, T2, and ADC values of healthy adult pancreas in different subregions. No significant differences were found between
different subregions according to one-way analysis of variance (ANOVA).
TABLE 3 T1, T2, and ADC values in different subregions of normal healthy pancreas and the differences between subregions and genders.

Subregions
Mean ± standard

deviation
P* Gender

Mean ± standard
deviation

P**

T1 value

Head 858.02 ± 100.64

0.391

F 861.37 ± 104.48
0.686

M 851.69 ± 94.66

Neck 871.23 ± 111.12
F 869.22 ± 92.97

0.851
M 875.02 ±141.17

Body 887.72 ± 110.34
F 884.94 ± 103.23

0.773
M 893.07 ± 124.79

Tail 875.81 ± 106.61
F 872.00 ± 111.12

0.702
M 882.53 ± 111.41

T2 value

Head 44.00 ± 7.18

0.938

F 43.25 ± 7.24
0.245

M 45.4 ± 7.00

Neck 43.24 ± 7.88
F 41.35 ± 7.22

0.011
M 46.91 ± 7.98

Body 43.30 ± 7.59
F 41.13 ± 7.09

0.001
M 47.45 ± 6.88

Tail 43.47 ± 7.49
F 41.91 ± 7.29

0.036
M 46.29 ± 7.17

ADC value

Head 1.097 ± 0.266

0.456

F 1.070 ± 0.260
0.867

M 1.163 ± 0.277

Neck 1.087 ± 0.259
F 1.051 ± 0.230

0.247
M 1.169 ± 0.307

Body 1.068 ± 0.227
F 1.071 ± 0.216

0.169
M 1.060 ± 0.257

Tail 1.026 ± 0.228
F 1.021 ± 0.224

0.805
M 1.036 ± 0.242
P*, differences between subregions; P**, differences between women and men for each subregion.
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Nazarlou (14) discovered that women displayed significantly higher

ADC values than men for the entire pancreas (1.13 ± 0.14 × 10−3

mm2/s vs. 1.02 ± 0.18 × 10−3 mm2/s) and various regions, which was

attributed to pancreatic exocrine function and fat volume. They also

emphasized that variations in parameters, age groups, and body

mass index values could impact ADC measurements. In contrast,

our study found no significant differences in ADC values between

genders, aligning with the results reported by Ma et al. (24). Our

research also revealed that T2 values for the entire pancreas, as well

as the pancreatic neck, body, and tail, were significantly higher in
Frontiers in Gastroenterology 07
men than in women. This discrepancy may be related to increased

pancreatic parenchyma volume, fat volume, fat/parenchyma ratio,

and focal fibrosis in men (25). The gender-dependent nature of T2

values was different from the findings of Schwenzer (9) regarding

T2* values. Discrepancies between T2 and T2* values arise because

of T2 relaxation time and magnetic field inhomogeneities.

Additionally, variations in field strength and the location of ROIs

can influence the measured results.

The T1 and ADC values showed a slight increase and decrease,

respectively, from the pancreatic head to the tail, while T2 values
TABLE 4 T1, T2, and ADC values among age groups and the differences between women and men in each age group.

Age
group

Mean ± standard
deviation (SD)

P* Gender
Mean ± standard
deviation (SD)

P**

T1 value

≤30 843.35 ± 52.57

0.013

F 876.65 ± 88.90
0.096

M 824.78 ± 47.00

31–40 862.53 ± 47.78
F 869.44 ± 44.80

0.423
M 843.52 ± 57.51

41–50 875.14 ± 39.17
F 877.48 ± 50.05

0.573
M 870.45 ± 9.55

51–60 911.89 ± 44.69
F 927.82 ± 69.96

0.906
M 929.04 ± 74.94

≥61 880.49 ± 83.23
F 865.89 ± 86.68

0.317
M 905.53 ± 76.48

T2 value

≤30 47.90 ± 2.36

0.001

F 47.91 ± 2.79
0.993

M 47.90 ± 1.85

31–40 43.18 ± 5.56
F 40.73 ± 5.27

0.005
M 52.53 ± 8.50

41–50 42.00 ± 7.88
F 39.67 ± 8.81

0.242
M 46.65 ± 3.61

51–60 44.02 ± 8.04
F 42.74 ± 9.13

0.407
M 46.48 ± 7.74

≥61 39.84 ± 5.44
F 41.03 ± 12.46

0.102
M 39.53 ± 5.29

ADC value

≤30 1.305 ± 0.251

0.000

F 1.223 ± 0.270
0.044

M 1.469 ± 0.092

31–40 1.023 ± 0.104
F 1.039 ± 0.120

0.134
M 0.900 ± 0.159

41–50 1.046 ± 0.166
F 0.996 ± 0.178

0.294
M 1.147 ± 0.115

51–60 1.024 ± 0.169
F 1.081 ± 0.128

0.415
M 0.914 ± 0.247

≥61 1.003 ± 0.174
F 0.909 ± 0.188

0.143
M 1.064 ± 0.169
P*, differences among age groups; P**, differences between women and men in every age group.
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did not differ significantly among different anatomical regions.

Vietti Violi (26) observed variation in T2 values across different

anatomical locations, with the highest values noted in the tail of the

pancreas. They also reported a significant correlation between T2

values and age, pancreatic main duct dilation, and diffuse pancreatic

disease. In contrast, our study did not identify this trend, as we

specifically selected normal pancreases based on conventional

clinical MR imaging and blood test. Ding et al. (27) reported

significant differences in mean ADC values among the three

anatomical regions, which could be due to variations in

embryological origin and cell composition (28). Specifically, the

lower part of the pancreatic head and uncinate process originate

from the ventral pancreas and fuse with the dorsal pancreas, while

the rest of the pancreas is derived from the dorsal pancreas,

resulting in differences in cell composition, tissue structure, and

blood supply, leading to discrepancies in the disease spectrum. The

pancreatic tail primarily accumulates islet cells, which have slower
Frontiers in Gastroenterology 08
synthesis, secretion, and higher cellular density, while the pancreatic

head mainly consists of acinar cells, containing rough endoplasmic

reticulum and acinar proteins, leading to a lower T1 relaxation time

than those observed in the other pancreatic anatomical regions,

chronic pancreatitis, PDAC (29), and other abdominal organs (30).

Notably, the pancreatic exocrine compartment, including the acinar

and ductal epithelia, accounts for over 90% of the total pancreatic

parenchyma, while the remaining fraction includes endocrine cells,

blood vessels, lymphatic vessels, and other structures. Therefore,

there were no significant differences in the T1, T2, and ADC values.

The study’s key finding was the correlation between T1, T2, and

ADC values and age. The gradual increase in T1 values was observed

due to the loss of shorter T1 properties and peaked between 51 and 60

years of age, showing a moderately positive correlation with age.

However, T2 and ADC values decreased with age beyond 30 years,

mainly due to alterations in fat volume, fat/parenchymal ratio (31, 32),

pancreatic stiffness, structure, and function. These changes correlated

with the characteristics of T2 and ADC values. Previous studies have

reported reductions in total and parenchymal volumes, diffuse atrophy,

and lobular atrophy with fat replacement of the pancreatic parenchyma

over the decades (33). Saisho’s study (25) showed that the total

pancreatic and parenchymal volumes linearly increased with age (r =

0.9, P < 0.0001) from childhood to adolescence, reached a plateau at

20–60 years, and then declined. On the other hand, the fat/parenchyma

ratio gradually increased after 20 years of age and showed significant

differences after 30 years of age. Our study included patients aged 18

years and above, with 75% between 20 and 60 years of age, and

observed stable parenchymal volume but increased fat/parenchymal

ratio. Additionally, previous studies on the elderly have reported age-

related dilation of the MPD, calcification, focal fibrosis, and senile

pancreatitis (21). Pancreatic exocrine function has also been evaluated

in elderly individuals. However, multiple factors influenced the trends

and differences in T1, T2, and ADC values. Notably, our findings

differed from those of Ma et al. (15, 23, 24), who did not observe a

significant correlation between ADC values and age, which could be
TABLE 5 The P-values of multiple comparisons among different
age groups.

T1 value T2 value ADC value

≤30 31–40 0.848 0.134 0.004

41–50 0.752 0.152 0.046

51–60 0.006 0.299 0.003

≥61 0.226 0.000 0.000

31–40 41–50 0.992 0.993 0.999

51–60 0.169 0.996 1.000

≥61 0.901 0.527 0.998

41–50 51–60 0.703 0.948 0.999

≥61 0.999 0.927 0.986

51–60 ≥61 0.554 0.300 0.998
TABLE 6 T1, T2, and ADC values of the <45-year age group and ≥45-year age group.

Age group Mean ± standard deviation P* Gender Mean ± standard deviation P**

T1 value

<45 851.71 ± 51.76

0.004

F 874.30 ± 71.23
0.018

M 829.46 ± 48.49

≥45 891.35 ± 67.12
F 891.79 ± 79.12

0.535
M 907.37 ± 68.72

T2 value

<45 46.20 ± 4.39

0.002

F 45.09 ± 5.21
0.022

M 49.22 ± 4.87

≥45 41.51 ± 7.03
F 41.17 ± 10.17

0.669
M 42.45 ± 6.35

ADC value

<45 1.167 ± 0.231

0.004

F 1.131 ± 0.212
0.356

M 1.308 ± 0.369

≥45 1.010 ± 0.168
F 0.969 ± 0.173

0.239
M 1.043 ± 0.184
P*, differences between age groups; P**, differences between women and men in each age group.
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attributed to the relatively low b-value in their study, leading to different

ADC values.

In participants younger than 30 years, men had significantly

higher ADC values than women, possibly due to differences in the

integrity of the pancreatic microstructure and cell density. However,

when the participants were regrouped with a 45-year cutoff, the T1

value was significantly prolonged, and the T2 and ADC values

significantly decreased after 45 years of age. Furthermore,

significant gender differences were observed in individuals

younger than 45 years, as men exhibited greater fluid secretion

due to higher levels of gender hormones. Pancreatic exocrine

function is also sensitive to alcohol consumption and smoking in

men (34). The gradual loss of the T1 relaxation property, diffuse and

patchy pancreatic fibrosis, and changes in fluid quantification

contribute to the differences between gender and age groups.

When combining T1, T2, and ADC values, we observed the
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highest predictive performance for ages older than 45 years

compared to using T1, T2, or ADC values individually. These

results indicate that combining three parameters may be more

accurate in identifying age-related changes in tissue characteristics

within the target population. This has the potential to provide more

reliable diagnostic assessments in clinical practice; aids in risk

stratification and early detection of age-related pathologies; leads

to more personalized and effective interventions, particularly in age-

dependent conditions; and leads to a better understanding of the

biological mechanisms underlying aging and age-related diseases.

Tirkes (35) observed slightly lower precision in VFA measurements

compared to MOLLI in a 1.5-T MR scanner, with significant

differences in measured T1 values. In our study utilizing a 3.0-T

scanner, we found no significant discrepancies between T1-MOLLI

and VFA measurements. However, the image quality of T1-MOLLI

surpassed that of VFA.
FIGURE 4

Box plots showing T1, T2, and ADC values of healthy adults’ pancreas in different age groups (upper row) and different genders (lower row) in every
age group. P-values showing significant differences between different age groups and different genders in every age group according to ANOVA are
listed in the upper box.
FIGURE 5

The correlations of T1, T2, and ADC values of healthy adult pancreas with age. Pearson correlation coefficients were 0.313 (P = 0.004), −0.453 (P =
0.000), and −0.394 (P = 0.002), respectively.
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A significant difference between Hispanic and non-Hispanic

subjects was found for T2 and ADC values. Nevertheless, the

imbalanced number of subjects in each group may impact the

comparison. Ethnicity dependence of MR parameters needs further

investigation with a larger and more balanced cohort.

However, this study has several limitations. Firstly, the sample size

for each age group was small, especially for the 41–50-year group.

Although the study did not fully match the number of patients across

age and gender, the observed trends in T1, T2, and ADC values with

age and gender were consistent with previous studies. Secondly,

previous research suggests that body mass index (BMI) influences

ADC values (14), which was not investigated in this study.
Conclusions

This pilot study established the normal ranges of T1, T2, and

ADC. We found that T2 is different between men and women, and
Frontiers in Gastroenterology 10
T1, T2, and ADC values are age-dependent. These results could be

useful for quantitative MRI of pancreatic disease.
Data availability statement

The original contributions presented in the study are included

in the article Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The studies involving humans were approved by the Cedars-

Sinai Institutional Review Board. Written informed consent was

obtained from the individual(s) for the publication of any

potentially identifiable images or data included in this article.
Author contributions

LW: Conceptualization, Data curation, Formal analysis,

Methodology, Writing – original draft. LL: Data curation, Writing –

review & editing. JZ: Data curation, Writing – review & editing. CW:

Writing – review & editing. YZ: Data curation, Writing – review &

editing. YY: Data curation, Writing – review & editing. CZ: Writing –

review & editing. CJ: Formal analysis, Writing – review & editing. TJ:

Writing – review & editing. SG: Writing – review & editing, YX:

Writing – review & editing. SP: Writing – review & editing. QY:

Writing – review & editing. DL: Conceptualization, Formal analysis,

Funding acquisition, Project administration, Resources, Writing –

review & editing.
Funding

The author(s) declare that financial support was received for the

research, authorship, and/or publication of this article. This

research was supported by the Biomedical Imaging Research

Institute and Division of Digestive and Liver Diseases of Cedars-

Sinai Medical Center and the National Institutes of Health (NIH

R01 CA260955, US U01 DK108314-05).
Acknowledgments

The authors thank all the subjects who participated in this

study. In addition, they would also like to thank Qinglei Shi and all

the technicians who assisted with the MR scans.
Conflict of interest

Author CZ was employed by the company Siemens

Healthineers Ltd.
FIGURE 6

Receiver operating characteristic (ROC) curves comparing T1, T2,
and ADC values used alone, as well as their combination for
predicting age older than 45 years. Among the individual
parameters, T1 exhibited the highest area under the curve (AUC)
value of 0.599. Combining all three parameters achieved a
significant improvement in AUC value of 0.753 compared to using
T1, T2, and ADC values alone.
TABLE 7 T1, T2, and ADC values of the pancreas in different
ethnic groups.

Ethnicity Mean ± standard
deviation (SD)

P-value

T1 value Hispanic 867.21±60.55 0.542

Non-Hispanic 861.20±78.02

T2 value Hispanic 47.94±3.23 0.000

Non-Hispanic 41.72±6.80

ADC value Hispanic 1.256±.209 0.000

Non-Hispanic 1.028±.218
frontiersin.org

https://doi.org/10.3389/fgstr.2024.1426687
https://www.frontiersin.org/journals/gastroenterology
https://www.frontiersin.org


Wang et al. 10.3389/fgstr.2024.1426687
The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Gastroenterology 11
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fgstr.2024.1426687/

full#supplementary-material
References
1. Kipp JP, Olesen SS, Mark EB, Frederiksen LC, Drewes AM, Frøkjær JB. Normal
pancreatic volume in adults is influenced by visceral fat, vertebral body width and age.
Abdominal Radiol. (2019) 44:958–66. doi: 10.1007/s00261-018-1793-8

2. Virostko J, Williams J, Hilmes M, Bowman C,Wright JJ, Du L, et al. Pancreas Volume
Declines During the First Year after Diagnosis of Type 1 Diabetes and Exhibits Altered
Diffusion at Disease Onset. Diabetes Care. (2019) 42:248–57. doi: 10.2337/dc18-1507

3. Nakahodo J, Kikuyama M, Nojiri S, Chiba K, Yoshimoto K, Kamisawa T, et al.
Focal parenchymal atrophy of pancreas: an important sign of underlying high-grade
pancreatic intraepithelial neoplasia without invasive carcinoma, I.E., carcinoma in situ.
Pancreatology. (2020) 20:1689–97. doi: 10.1016/j.pan.2020.09.020

4. Kim SY, Kim H, Cho JY, Lim S, Cha K, Lee KH, et al. Quantitative assessment of
pancreatic fat by using unenhanced ct: pathologic correlation and clinical implications.
Radiology. (2014) 271:104–12. doi: 10.1148/radiol.13122883

5. Miura S, Takikawa T, Kikuta K, Hamada S, Kume K, Yoshida N, et al. Focal
parenchymal atrophy of the pancreas is frequently observed on pre-diagnostic
computed tomography in patients with pancreatic cancer: A case-control study.
Diagnostics (Basel). (2021) 11:1–14. doi: 10.3390/diagnostics11091693

6. Janssen J, Papavassiliou I. Effect of aging and diffuse chronic pancreatitis on
pancreas elasticity evaluated using semiquantitative eus elastography. Ultraschall Med.
(2014) 35:253–8. doi: 10.1055/s-0033-1355767

7. Janssens LP, Takahashi H, Nagayama H, Nugen F, Bamlet WR, Oberg AL, et al.
Artificial intelligence assisted whole organ pancreatic fat estimation on magnetic
resonance imaging and correlation with pancreas attenuation on computed
tomography. Pancreatology. (2023) 23(5):556–62. doi: 10.1016/j.pan.2023.04.008

8. Hill DV, Tirkes T. Advanced mr imaging of the pancreas. Magn Reson Imaging
Clin N Am. (2020) 28:353–67. doi: 10.1016/j.mric.2020.03.003

9. Schwenzer NF, Machann J, Haap MM, Martirosian P, Schraml C, Liebig G, et al.
T2* Relaxometry in liver, pancreas, and spleen in a healthy cohort of one hundred
twenty-nine subjects-correlation with age, gender, and serum ferritin. Invest Radiol.
(2008) 43:854–60. doi: 10.1097/RLI.0b013e3181862413

10. Wang L, Zhou Z, Gaddam S, Wang N, Xie Y, Deng Z, et al. Chemical exchange
saturation transfer for pancreatic ductal adenocarcinoma evaluation. Pancreas. (2022)
51:463–8. doi: 10.1097/mpa.0000000000002059

11. Tang Y, Xiao G, Shen Z, Zhuang C, Xie Y, Zhang X, et al. Noninvasive detection
of extracellular ph in human benign and Malignant liver tumors using cest mri. Front
Oncol. (2020) 10:578985. doi: 10.3389/fonc.2020.578985

12. WangN,GaddamS,WangL,XieY, FanZ,YangW, et al. Six-dimensional quantitative
dce mr multitasking of the entire abdomen: method and application to pancreatic ductal
adenocarcinoma.Magn Reson Med. (2020) 84:928–48. doi: 10.1002/mrm.28167

13. Wang N, Gaddam S, Xie Y, Christodoulou AG, Wu C, Ma S, et al. Multitasking
dynamic contrast enhanced magnetic resonance imaging can accurately differentiate
chronic pancreatitis from pancreatic ductal adenocarcinoma. Front Oncol. (2022)
12:1007134. doi: 10.3389/fonc.2022.1007134

14. Kiani Nazarlou A, Faeghi F, Abdkarimi MH, Asghari JafarAbadi M. Adc values
in diffusion-weighted mri and their relationship with age, gender and bmi in healthy
people’s pancreases. Br J Radiol. (2015) 88:20140449. doi: 10.1259/bjr.20140449

15. Herrmann J, Schoennagel BP, Roesch M, Busch JD, Derlin T, Doh LK, et al.
Diffusion-weighted imaging of the healthy pancreas: adc values are age and gender
dependent. J Magn Reson Imaging. (2013) 37:886–91. doi: 10.1002/jmri.23871

16. Tirkes T, Lin C, Fogel EL, Sherman SS, Wang Q, Sandrasegaran K. T1 mapping
for diagnosis of mild chronic pancreatitis. J Magnetic Resonance Imaging. (2017)
45:1171–6. doi: 10.1002/jmri.25428
17. Tirkes T, Lin C, Cui E, Deng Y, Territo PR, Sandrasegaran K, et al. Quantitative
mr evaluation of chronic pancreatitis: extracellular volume fraction and mr
relaxometry. Am J Roentgenology. (2018) 210:533–42. doi: 10.2214/ajr.17.18606

18. Wang L, Gaddam S, Wang N, Xie Y, Deng Z, Zhou Z, et al. Multiparametric
mapping magnetic resonance imaging of pancreatic disease. Front Physiol. (2020) 11:8.
doi: 10.3389/fphys.2020.00008

19. Garcia TS, Rech TH, Leitão CB. Pancreatic size and fat content in diabetes: A
systematic review and meta-analysis of imaging studies. PloS One. (2017) 12:e0180911.
doi: 10.1371/journal.pone.0180911

20. DeSouza SV, Singh RG, Yoon HD, Murphy R, Plank LD, Petrov MS. Pancreas
volume in health and disease: A systematic review and meta-analysis. Expert Rev
Gastroenterol Hepatol. (2018) 12:757–66. doi: 10.1080/17474124.2018.1496015

21. Sato T, Ito K, Tamada T, Sone T, Noda Y, Higaki A, et al. Age-related changes in
normal adult pancreas: mr imaging evaluation. Eur J Radiol. (2012) 81:2093–8.
doi: 10.1016/j.ejrad.2011.07.014

22. Mayer P, Linnebacher A, Glennemeier-Marke H, Marnet N, Bergmann F,
Hackert T, et al. The microarchitecture of pancreatic cancer as measured by
diffusion-weighted magnetic resonance imaging is altered by T cells with a tumor
promoting th17 phenotype. Int J Mol Sci. (2020) 346:1–16. doi: 10.3390/ijms21010346

23. Tirkes T, Mitchell JR, Li L, Zhao X, Lin C. Normal T(1) relaxometry and
extracellular volume of the pancreas in subjects with no pancreas disease: correlation
with age and gender. Abdom Radiol (NY). (2019) 44:3133–8. doi: 10.1007/s00261-019-
02071-7

24. Ma C, Pan CS, Zhang HG, Wang H, Wang J, Chen SY, et al. Diffusion-weighted
mri of the normal adult pancreas: the effect of age on apparent diffusion coefficient
values. Clin Radiol. (2013) 68:e532–e7. doi: 10.1016/j.crad.2013.05.100

25. 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) 20:933–42. doi: 10.1002/
ca.20543

26. Vietti Violi N, Hilbert T, Bastiaansen JAM, Knebel JF, Ledoux JB, Stemmer A,
et al. Patient respiratory-triggered quantitative T2 mapping in the pancreas. J Magn
Reson Imaging. (2019) 50(2):410–6. doi: 10.1002/jmri.26612

27. Ding X, Xu H, Zhou J, Xu J, Mei H, Long Q, et al. Reproducibility of normalized
apparent diffusion coefficient measurements on 3.0-T diffusion-weighted imaging of
normal pancreas in a healthy population. Med (Baltimore). (2019) 98:e15104.
doi: 10.1097/md.0000000000015104

28. Wang M, Gorelick F, Bhargava A. Sex differences in the exocrine pancreas and
associated diseases. Cell Mol Gastroenterol Hepatol. (2021) 12:427–41. doi: 10.1016/
j.jcmgh.2021.04.005

29. Tirkes T, Dasyam AK, Shah ZK, Fogel EL. Role of standardized reporting and
novel imaging markers in chronic pancreatitis. Curr Opin Gastroenterol. (2021)
37:512–9. doi: 10.1097/mog.0000000000000766

30. de Bazelaire CM, Duhamel GD, Rofsky NM, Alsop DC. Mr imaging relaxation
times of abdominal and pelvic tissues measured in vivo at 3.0 T: preliminary results.
Radiology. (2004) 230:652–9. doi: 10.1148/radiol.2303021331

31. Yoon J, Kim KG, Kim YJ, Lim S, Park YH, Kim D, et al. Distribution and
characteristics of pancreatic volume using computed tomography volumetry. Healthc
Inform Res. (2020) 26:321–7. doi: 10.4258/hir.2020.26.4.321

32. Li L, Wang S, Wang F, Huang G-N, Zhang D, Wang G-X. Normal pancreatic
volume assessment using abdominal computed tomography volumetry. Medicine.
(2021) 100:e27096. doi: 10.1097/md.0000000000027096
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fgstr.2024.1426687/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgstr.2024.1426687/full#supplementary-material
https://doi.org/10.1007/s00261-018-1793-8
https://doi.org/10.2337/dc18-1507
https://doi.org/10.1016/j.pan.2020.09.020
https://doi.org/10.1148/radiol.13122883
https://doi.org/10.3390/diagnostics11091693
https://doi.org/10.1055/s-0033-1355767
https://doi.org/10.1016/j.pan.2023.04.008
https://doi.org/10.1016/j.mric.2020.03.003
https://doi.org/10.1097/RLI.0b013e3181862413
https://doi.org/10.1097/mpa.0000000000002059
https://doi.org/10.3389/fonc.2020.578985
https://doi.org/10.1002/mrm.28167
https://doi.org/10.3389/fonc.2022.1007134
https://doi.org/10.1259/bjr.20140449
https://doi.org/10.1002/jmri.23871
https://doi.org/10.1002/jmri.25428
https://doi.org/10.2214/ajr.17.18606
https://doi.org/10.3389/fphys.2020.00008
https://doi.org/10.1371/journal.pone.0180911
https://doi.org/10.1080/17474124.2018.1496015
https://doi.org/10.1016/j.ejrad.2011.07.014
https://doi.org/10.3390/ijms21010346
https://doi.org/10.1007/s00261-019-02071-7
https://doi.org/10.1007/s00261-019-02071-7
https://doi.org/10.1016/j.crad.2013.05.100
https://doi.org/10.1002/ca.20543
https://doi.org/10.1002/ca.20543
https://doi.org/10.1002/jmri.26612
https://doi.org/10.1097/md.0000000000015104
https://doi.org/10.1016/j.jcmgh.2021.04.005
https://doi.org/10.1016/j.jcmgh.2021.04.005
https://doi.org/10.1097/mog.0000000000000766
https://doi.org/10.1148/radiol.2303021331
https://doi.org/10.4258/hir.2020.26.4.321
https://doi.org/10.1097/md.0000000000027096
https://doi.org/10.3389/fgstr.2024.1426687
https://www.frontiersin.org/journals/gastroenterology
https://www.frontiersin.org


Wang et al. 10.3389/fgstr.2024.1426687
33. Choi CW, Kim GH, Kang DH, Kim HW, Kim DU, Heo J, et al. Associated
factors for a hyperechogenic pancreas on endoscopic ultrasound. World J
Gastroenterol. (2010) 16:4329–34. doi: 10.3748/wjg.v16.i34.4329

34. Tiscornia OM, Mingorance FNL, Repetti JA, Bank S, Tiscornia-Wasserman PG.
Exocrine pancreas function-sex, age, estrogenic and cholinergic tone-preliminary
Frontiers in Gastroenterology 12
clinical value of citrates “Magic powder. Acta Gastroenterológica Latinoamericana.
(2019) 49:324–30.

35. Tirkes T, Zhao X, Lin C, Stuckey AJ, Li L, Giri S, et al. Evaluation of variable flip angle,
molli, sasha, and ir-snapshot pulse sequences for T(1) relaxometry and extracellular volume
imagingof thepancreasand liver.Magma. (2019)32:559–66.doi: 10.1007/s10334-019-00762-2
frontiersin.org

https://doi.org/10.3748/wjg.v16.i34.4329
https://doi.org/10.1007/s10334-019-00762-2
https://doi.org/10.3389/fgstr.2024.1426687
https://www.frontiersin.org/journals/gastroenterology
https://www.frontiersin.org

	Multiparametric quantitative MRI of healthy adult pancreas: correlations with gender and age
	Introduction
	Material and methods
	Study population
	Conventional and quantitative MRI sequences
	Region of interest selection
	Statistical analysis

	Results
	Demographic characteristics of the study participants
	T1, T2, and ADC values of the whole pancreas and the difference between gender
	T1, T2, and ADC values in pancreatic subregions and comparison according to subregions and gender
	T1, T2, and ADC values among age groups and comparison according to age groups and gender
	Correlations of T1, T2, and ADC values with age
	T1, T2, and ADC values of the whole pancreas between ethnicity
	Comparison between T1-MOLLI and B1 correction VFA sequences on T1 mapping

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


