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Abstract

Purpose To determine if quantitative MRI techniques can be helpful to evaluate chronic pancreatitis (CP) in a setting of
multi-institutional study.

Methods This study included a subgroup of participants (n=101) enrolled in the Prospective Evaluation of Chronic Pan-
creatitis for Epidemiologic and Translational Studies (PROCEED) study (NCT03099850) from February 2019 to May 2021.
MRI was performed on 1.5 T using Siemens and GE scanners at seven clinical centers across the USA. Quantitative MRI
parameters of the pancreas included T1 relaxation time, extracellular volume (ECV) fraction, apparent diffusion coefficient
(ADC), and fat signal fraction. We report the diagnostic performance and mean values within the control (n=50) and CP
(n=>51) groups. The T1, ECV and fat signal fraction were combined to generate the quantitative MRI score (Q-MRI).
Results There was significantly higher T1 relaxation time; mean 669 ms (£ 171) vs. 593 ms (£ 82) (p=0.006), ECV fraction;
40.2% (£ 14.7) vs. 30.3% (£ 11.9) (p <0.001), and pancreatic fat signal fraction; 12.2% (+5.5) vs. 8.2% (+4.4) (p <0.001)
in the CP group compared to controls. The ADC was similar between groups (p=0.45). The AUCs for the T1, ECV, and
pancreatic fat signal fraction were 0.62, 0.72, and 0.73, respectively. The composite Q-MRI score improved the diagnostic
performance (cross-validated AUC: 0.76).

Conclusion Quantitative MR parameters evaluating the pancreatic parenchyma (T1, ECV fraction, and fat signal fraction) are
helpful in the diagnosis of CP. A Q-MRI score that combines these three MR parameters improves diagnostic performance.
Further studies are warranted with larger study populations including patients with acute and recurrent acute pancreatitis
and longitudinal follow-ups.

Extended author information available on the last page of the article
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Quantitative MR parameters
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parenchyma (T1, ECV fraction
and fat signal fraction) are
helpful in the diagnosis of CP.
A Q-MRI score that combines
these three MR parameters
improves diagnostic
performance.
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Abbreviations

CP Chronic pancreatitis

MRI Magnetic resonance imaging

Q-MRI Quantitative MRI

ECV Extracellular volume

DWI Diffusion-weighted imaging

ADC Apparent diffusion coefficient

MRCP Magnetic resonance
cholangiopancreatography

CPDPC Consortium for the study of chronic pancrea-
titis, diabetes, and pancreatic cancer

MINIMAP Magnetic resonance imaging as a non-inva-
sive method for the assessment of pancreatic
fibrosis

Introduction

The histologic hallmarks of CP include fibrosis, loss of acinar
and islet cells and ductal changes [1]. Since histology is not
easily or readily available in clinical practice, cross-sectional
imaging studies, such as computerized tomography (CT) and
Magnetic Resonance Imaging (MRI) with or without Magnetic
Resonance Cholangiopancreatography (MRCP) are recom-
mended by the American College of Gastroenterology as the

first line diagnostic modalities [2]. Using MRCP for Cambridge
classification results in variable interpretation [3] with a moder-
ate interobserver agreement [4, 5]. Pancreatic ducts are a small
fraction of the entire pancreas, and ductal imaging alone does
not reflect the parenchymal fibrosis or acinar cell loss described
in histopathology. Hence, diagnosis of CP can be elusive and
delayed in patients without moderate-to-severe ductal abnor-
malities on MRCP or calcifications seen on CT. Prior retrospec-
tive studies, expert panel reviews, and consensus guidelines
have suggested that parenchymal MRI findings such as T1
signal intensity ratio and quantitative relaxation time, pancreas
volume, fat fraction, extracellular volume fraction can be help-
ful for diagnostic evaluation of CP [6—10]. In addition, quantita-
tive MR imaging offers several advantages over conventional
non-quantitative imaging, including quantitative measurement
of the tissue relaxometry values (in vivo characterization of
tissues), simplicity of analysis by allowing population-based
comparisons, and cross-platform compatibility [11].

We present the results of a multi-institutional pilot study,
Magnetic Resonance Imaging as a Non-Invasive Method for
the Assessment of Pancreatic Fibrosis (MINIMAP) [12],
funded by the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK) as an ancillary study within
the Consortium for the Study of Chronic Pancreatitis, Dia-
betes, and Pancreatic Cancer (CPDPC) [13, 14]. Our aim
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with the MINIMAP study was to explore the potential of
quantitative parenchymal MRI features serving as a non-
invasive imaging biomarker for CP [12].

Materials and methods
Study population

We enrolled a subset of adults from seven clinical cent-
ers participating in the CPDPC longitudinal cohort study
Prospective Evaluation of Chronic Pancreatitis for Epi-
demiologic and Translational Studies (PROCEED)
(NCT03099850). An IRB approval was obtained at each
center and all participants signed a written informed con-
sent form prior to the study procedures [15]. The study was
performed at seven participating centers: Indiana Univer-
sity in Indianapolis, IN, University of Pittsburgh Medical
Center in Pittsburgh, PA, The Ohio State University Wexner
Medical Center in Columbus, OH, Mayo Clinic in Roches-
ter, MN, Stanford University in Stanford, CA, Cedars-Sinai
Medical Center in Los Angeles, CA, University of California
Los Angeles Medical Center in Los Angeles, CA. The Data
Coordinating Center which provided the statistical support
was in The University of Texas MD Anderson Cancer Center
in Houston, TX. All the participants provided informed con-
sent before any study procedures were performed. The MIN-
IMAP study protocol has been published and includes the
patient enrollment algorithm with a flow diagram, inclusion/
exclusion criteria, sample size calculation, and data collec-
tion points [12]. A total of 137 control and CP group partici-
pants agreed and signed consent from February 2019 to May
2021, and 123 completed the imaging. After excluding 22
MRIs for reasons listed in Fig. 1, 101 MRIs were available
for image analysis. These MR examinations were from 50
healthy controls (no abdominal symptoms and no personal
or family history of pancreatic disease) and 51 participants
with definite CP (Cambridge stage 3 or 4 by MRCP or pres-
ence of calcifications on CT scan).

MR imaging

All MRI examinations were performed on 1.5T using Sie-
mens or GE scanners. MRI protocol is available in Table S1
of the Supplemental Materials section. The study imaging
protocol and image reconstruction steps were published
separately [12].

@ Springer

Image analysis

An image analysis scientist with 17 years of experience who
was blinded to the clinical information and cohort assign-
ment performed pancreatic volume measurement. Images
were imported into MIM (v7.05, MIM Software, Beach-
wood OH), and multi-flip angle images with and without
contrast enhancement were co-registered via manual reg-
istration and exported as DICOM files. Post-registration,
the abdominal aorta was manually segmented from arterial
phase contrast-enhanced T1-weighted VIBE-DIXON images
and image mask at the level of the pancreas were exported
as DICOM images. To compute B1 field corrected spin—lat-
tice relaxation (T1) parametric maps, registered multi-flip
angle single-shot echo-planar B1 images (i.e., 60° and
120°), T1-weighted VIBE-DIXON without (i.e., 3° and 19°
degrees) and with (i.e., 5° and 29°) contrast, along with aorta
masks were imported into custom in-house developed and
validated software. For details of B1 corrections to improve
image homogeneity not provided by the instrumentation,
voxel-wise corrections on multi-flip angle images were
computed as described in the supplemental materials. To
compute T1 maps plus and minus contrast enhancement,
voxel-wise parametric maps were computed according to
established protocols, where the details are presented in the
supplemental materials. Finally, using the T1 maps plus and
minus contrast enhancement, along with an aortic mask at
the level of the pancreas, ECV parametric maps were com-
puted per voxel, where the detailed formulation is described
in the Supplemental Materials section. Examples of T1 and
ECV maps are shown in Fig. 2.

Statistical analysis

Two-sample t-test was used to test mean differences in
MRI parameters between controls and participants with CP.
Receiver Operating Characteristics (ROC) curve analysis
was used to assess the diagnostic performance. We fit a
logistic regression with the disease status (CP vs. control)
as the dependent variable, and T1 mapping, ECV, and pan-
creatic fat signal fraction as the independent variables. Spo-
radic missing values in the ECV and pancreatic fat signal
fraction were imputed by the available data in the control
or CP groups. The linear predictor of this model forms the
optimal combination of these three MRI parameters [16],
called the Quantitative MRI (Q-MRI) score. To protect
against overfitting, we used 200 bootstrap cross-validation
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Fig. 1 Flowchart of participant [
enrollment in the Magnetic
Resonance Imaging as a Non-
invasive Method for the Assess-
ment of Pancreatic Fibrosis
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Enrollment
2019-2021
(n=137)

participants declined imag-
ing after enrollment due to the

Y

COVID-19 pandemic

MR imaging performed
(n=123)

|

l

:

Quality Control Failed )
a) Protocol violation (n=12) Quality Control Passed
b) Implant artifacts (n=5) (n=101)
c) Excessive fatty infiltration (n=3)
d) Enrollment error (n=1)
e) Incidental neoplasm (n=1)
\/
Analyze
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to calculate the area under the curve (AUC) of the Q-MRI.
The control and CP groups differed in their population
characteristics. To remove their confounding effects, we
used propensity score weighting to balance the distribu-
tion of selected demographics and behavioral covariates
between CP and control, and a weighted ROC analysis was
conducted [17]. Specifically, we estimated the propensity
score by the covariate balancing propensity score (CBPS)
algorithm [18] with inverse probability weights. The covari-
ates in the propensity score model include age, BMI, gen-
der, race (white, black, other, unreported), smoking status
(never, past, current), history of drinking alcohol (never,
past, current), drinking category (abstainer, light, moderate,
heavy, very heavy, unknown) and quadratic terms of age
and body mass index (BMI). We assessed covariate balance
before and after propensity score weighting by the standard-
ized differences (S/D), i.e., the mean difference divided by

the pooled standard deviation, expressed as a percentage.
Due to the small sample size, we did not calculate the cross-
validated AUC of Q-MRI from propensity score analysis.
We performed linear regression to study the association
between each MRI parameter and demographics, behav-
ior and clinical covariates among the CP participants. The
covariates included the variables used in propensity score
adjustment as well as additional clinical variables related
to CP, including pancreatic calcification, diabetes, and exo-
crine pancreatic dysfunction (EPD).

Results
Table 1 summarizes the demographic, behavioral, and

clinical characteristics of controls and participants with CP.
Compared with controls, participants with CP were older
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Fig.2 T1 and extracellular volume (ECV) maps in the control and
chronic pancreatitis (CP) groups. a is a T1 map and b is the ECV
map of a healthy control group participant who is a 49-year-old
female with no symptoms. ¢ is the T1 map, and d is the ECV map

(53.9+14.6 vs. 50.3 +14.0 years) and more likely to be
female (49.8% vs 42%), white (91.8% vs. 82.6%), current
smoker (18.0% vs. 12.8%), never drinker (24.0% vs. 10.6%),
or past drinker (48.0% vs. 12.8%). Among participants with
CP, diabetes, pancreatic calcifications, and EPD were pre-
sent in 28.0%, 52.0%, and 23.3%, respectively. None of the
participants in the control group had diabetes.

T1 mapping, ECV, pancreatic fat signal fraction,
and apparent diffusion coefficient (ADC)

Figure 3 and Table 2 show the differences of T1 relaxa-
tion time, ECV, pancreatic fat signal fraction and Q-MRI
between control and CP. In the CP group, there was a sig-
nificant increase in the mean (+SD) T1 relaxation time of
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of a 42-year-old female with a history of CP. Units for the T1 maps
are msec, and the ECV maps use fractions. Relatively higher T1
relaxation times and ECV fractions seen in participants with CP are
depicted as orange and red pixels

669 (171) vs. 593 (+ 82) msec, (p=0.006), ECV of 40.2%
(£14.7) vs. 30.3% (= 11.9) (p<0.001), and pancreatic fat
signal fraction of 12.2% (+5.5) vs. 8.2% (£ 4.4) (p <0.001).
However, mean ADC was very similar between groups; 1771
(£404) vs 1,703 (+443) 10°° mm?%/s, (p=0.46). The ROC
curves (Fig. 4a) showed moderately large AUC in T1 map-
ping (0.618), ECV (0.715), and pancreatic fat signal fraction
(0.727), but low AUC in ADC (0.538).

Q-MRI score

Figure 3e and Table 2 compare the performance of the
Q-MRI score between the control and CP groups. The
Q-MRI was higher among the CP, with a mean value of
0.80 for CP and — 0.56 for the control group (p <0.001).
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Table 1 Baseline characteristics of controls and participants with CP

Patient characteristics Controls (n=50) CP (n=51) p-value*

Age (in years), mean (SD) 50.3 (14.0) 53.9 (14.6) 0.20

BMI (kg/m?), mean (SD) ~ 27.0(4.9) 26.9 (5.5) 0.79
Male, n (%) 26 (52.0) 21 (41.2) 0.32
Race, n (%)
White 38 (82.6)* 45(91.8)> 038
Black 5(10.9) 2 (4.1)
Asian 3 (6.5) 2 (4.1)
Smoking, n (%)
Never 29 (61.7)° 27 (54.0)! 0.72
Past 12 (25.5) 14 (28.0)
Current 6 (12.8) 9 (18.0)
Drinking, n (%)
Never 5 (10.6)° 12 (24.0)!  <0.001
Past 6 (12.8) 24 (48.0)
Current 36 (76.6) 14 (28.0)
Drinking category, n (%)
Abstainer 5(12.2)° 12 (25.0°  0.57
Light 6 (14.6) 8 (16.7)
Moderate 12 (29.3) 10 (20.8)
Heavy 13 (31.7) 14 (29.2)
Very heavy 5(12.2) 4(8.3)
Alcohol etiology, n (%)
No 42 (84.0)' N/A
Yes 8 (16.0)
Diabetes mellitus, n (%)
No 36 (72.0)! N/A
Yes 14 (28.0)
Calcifications, n (%)
No 24 (48.0)! N/A
Yes 26 (52.0)
Exocrine pancreatic dysfunction (EPD), n (%)
No 23 (76.7) NI/A
Yes 7(23.3)
Not tested”” 21

Mean (standard deviation) are reported for age and BMI. Count (col-
umn percentage) are reported for categorical variables

Superscripts indicate the counts of undocumented/unreported values,
which are excluded from the percentage calculation

*Wilcoxon test for continuous variables and Fisher exact test for cat-
egorical variables

**CP participants with no known EPD who did not undergo a per-
protocol assessment after enrollment for EPD with fecal elastase test-
ing

The estimated AUC from internal cross-validation was 0.76
(Table 2), slightly smaller than without cross-validation
(0.78; Fig. 4a) but notably higher than any of the individual
MRI parameters that make up the Q-MRI.

Propensity score adjusted ROC analysis of the four
MRI parameters

The CP and control groups differed in their demographic and
behavioral characteristics (Table 1, Table S2). Convention-
ally, an S/D less than 5% is considered an acceptable bal-
ance. In Table S2, 15 of 17 covariates had S/D of more than
5%, with a large imbalance noted in some covariates (e.g.,
88.7% in current drinking). The covariate imbalance con-
founds the association between the MRI parameters and the
CP, which motivates the use of propensity score weighting to
reduce the imbalance. The resulting weighted AUC quanti-
fies the expected difference in MRI parameters between con-
trol and CP groups when the two populations have similar
demographic and behavioral characteristics. The weighted
AUCs were 0.652, 0.676, 0.742, 0.497, and 0.748 for T1,
ECYV, pancreatic fat signal fraction, ADC, and Q-MRI,
respectively (Fig. 4b). The proposed propensity score pro-
cedure effectively reduced S/D to nearly 0. Therefore, these
results are congruent with the ROC analysis without pro-
pensity score weighting. Due to the small sample size, the
propensity score weighted AUC for Q-MRI was not calcu-
lated with cross-validation and might be slightly increased
due to overfitting. However, comparing the unweighted AUC
calculated with (0.76) or without (0.78) cross-validation, the
effect of overfitting is expected to be small.

Impact of demographic, behavioral,
and disease-related factors on MRl in CP
participants

Table 3 shows the estimated regression coefficients and
p-values of the covariates from the linear regression relating
patient characteristics to each MRI parameter. This model
was fitted to CP participants only because the calcification,
EPD, and diabetes generally do not apply to the controls.
Overall, these covariates showed little association with the
MRI parameters.
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Discussion

We evaluated the value of four quantitative MRI parameters
for the diagnosis of CP in a prospective, multi-institutional
setting using different hardware vendors. We hypothesized
that; (a) loss of acinar cells and replacement by fibrosis
would increase the T1 relaxation time due to a decline in
the proteinaceous content, (b) measuring the ECV fraction
would reflect replacement of acinar cells by fibrosis, and (c¢)
a composite score of quantitative parameters would increase
the diagnostic performance. Helpful parenchymal features
were significantly higher in the CP group; T1 relaxation
time, ECV fraction, and fat signal fraction. Each of these
parameters showed moderately high diagnostic performance
after adjustment for covariates. A Q-MRI score that com-
bined these MR parameters improved diagnostic perfor-
mance. ADC values derived from diffusion-weighted imag-
ing were not helpful for the diagnosis of CP. We conclude
that quantitative MRI parameters can serve as an imaging
biomarker for evaluation of CP; however, further studies are
needed using larger study populations, including acute and
recurrent acute pancreatitis and longitudinal follow-ups.

The rationale for using the parenchymal features

The cardinal histopathologic features of CP are fibrosis,
loss of acinar tissue, and ductal changes [1]. Cambridge
classification used for MRCP primarily captures periductal
fibrosis and does not directly assess the fibrosis in the rest
of the parenchyma or loss of acinar cells. Since the pancre-
atic ductal system comprise only 4% of the normal pancreas
[19, 20], the diagnosis of non-calcific CP can be elusive
or delayed when using ductal imaging alone [21, 22]. MRI
parenchymal signal changes may provide a more compre-
hensive evaluation of CP [6-8], potentially earlier detection
of the pathophysiology, considering acinar cells comprise
up to 85% of the normal pancreas [23]. Prior studies sug-
gest that using ductal imaging has a moderate interobserver
agreement [4] and using parenchymal imaging features
may yield a more objective evaluation of CP [5]. Consensus
guidelines highlighted the potential benefit of parenchymal
imaging [6-8].

@ Springer

History of using T1 for evaluation of CP

The pancreas is a highly productive exocrine gland of the
digestive system secreting more than 1-2 L of proteinaceous
fluid per day containing digestive enzymes and bicarbonate
[24, 25]. Attributed to the abundance of proteinaceous mate-
rial in the acinar cells, the normal pancreas shows a rela-
tively higher T1 signal intensity than other solid organs in
the upper abdomen [26, 27]. Several publications reported
the benefit of the T1 signal intensity ratio (SIR) for the diag-
nosis and staging of CP [22, 26-29]. Some studies reported
correlation of the T1 SIR specifically with pancreatic exo-
crine dysfunction measured by the endoscopic pancreatic
function tests [21, 28]. We identified three publications
that correlated histopathology on surgical specimens with
MRI parenchymal features (T1 SIR, T1 relaxation time,
diffusion-weighted imaging, and MR elastography) [26, 30,
31]. These studies found a significant correlation of MRI
parenchymal findings with the degree of fibrosis. Based on
these reports, the T1 relaxation time reflects changes seen
in histopathology.

The rationale for using quantitative MR imaging

The majority of the T1 and T2 sequences in clinical practice
are not quantitative and are referred to as T1-weighted or
T2-weighted images. There are limitations in conventional
MR imaging in which the tissue contrast depends on multi-
ple factors, including acquisition parameters, receiver coil
geometry, and sensitivity and signal amplifier gains. Varia-
tion in signal intensity is commonly observed by choosing
pulse sequence and manipulating acquisition parameters
(e.g., flip angle, echo time, repetition time, inversion time,
etc.). These limitations preclude direct comparison of inten-
sity values among subjects or different time points. Quan-
titative MR techniques plot an image by measuring tissue-
specific properties in each voxel [32]. This would allow a
more useful interpretation of signal intensity changes with
the benefit of cross-platform compatibility and a more accu-
rate comparison when using longitudinal time points. These
benefits give quantitative MRI the potential to be a non-
invasive imaging biomarker for solid organ pathologies. A
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(A) Boxplot of T1 mapping (relaxation time) (B) Boxplot of Extracellular volume fraction
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«Fig. 3 Box-and-whisker plot of the four MRI parameters and Q-MRI
score in control and CP groups. a T1 mapping (relaxation time in
msec); b Extracellular volume (ECV) fraction; ¢ Pancreatic fat sig-
nal fraction; d Apparent diffusion coefficient (ADC); e Q-MRI
score of control and CP participants. T1 mapping (p=0.0056), ECV
(p=0.0004), pancreatic fat signal fraction (p=0.0002), and Q-MRI
score (p <0.0001) are statistically significantly different between con-
trols and CP participants, but not ADC (p=0.4575). The boxplots
show the 25th and 75th quantiles and the mean

few quantitative MRI studies have been published reporting
the alterations of T1 in a variety of pathologic conditions in
the abdomen [10, 33, 34]. These studies focused on detecting
tissue fibrosis, such as those seen with cirrhosis [35-37], CP
[9], primary sclerosing cholangitis [38], and chronic kidney
failure [39].

Extracellular volume fraction

The extracellular matrix increases due to adverse tissue
remodeling leading to tissue fibrosis [10, 34]. It has been
shown to be helpful for the evaluation of myocardial fibrosis
[40-42] and cirrhosis [34, 37]. Since most of the current
gadolinium-based contrast agents are extracellular dur-
ing the late enhancement phase, T1 shortening of the tis-
sues reflects their concentration in the extracellular space.
Based on this pharmacokinetic property, ECV imaging can
dichotomize tissues into their intracellular and extracellular
components by using T1 relaxation times obtained before
and after MR contrast enhancement. Further details of our
ECYV imaging methodology were previously published [12].
T1 and ECV values of the normal pancreas [43] and the use-
fulness of ECV imaging for the diagnosis of CP have been

previously reported [10]. The Higher ECV fraction seen in
CP in this study agrees with previous publications.

Fatty infiltration and CP

Fatty infiltration (steatosis) can be seen in the liver, heart,
and muscles due to metabolic changes (e.g., high triglyc-
erides and free fatty acids) [44]. Histopathologic studies
have reported evidence of fatty infiltration in CP [1, 45,
46]. Pancreatic steatosis has a reported prevalence of as
high as two-thirds of individuals with type 2 diabetes [44].
Our results agree with previous publications that reported a
higher fat signal fraction of the pancreas measured by MRI
in CP patients [47].

Diffusion-weighted imaging

Apparent diffusion coefficient in this study were very similar
in the control and CP groups. Our finding contrasts with
prior study performed on 3.0 T [48] which reported higher
values in healthy patients than in either mild or severe CP
groups (P <0.01). It is well known that diffusion-weighted
imaging is highly dependent on the imaging parameters as
well as the magnet strength. Therefore, it is difficult to do a
direct comparison of two studies performed using different
imaging parameters and magnet strength.

Caveats
There are various T1 mapping sequences available for

use [49]. We used 3D dual flip angle gradient echo tech-
nique, which is more suitable for abdominal imaging since

Table2 MRI parameters and Q-MRI score in controls and participants with CP

Controls (n=50) Definite CP (n=51) p-value* AUC
Mean (SD, Q25, Q50, Q75) Mean (SD, Q25, Q50, Q75)
T1 relaxation time (msec) 593 (81.9, 546.8, 593.1, 649.5) 669 (170.6, 529.3, 673.4, 800.7) 0.006 0.618
ECV fraction (%) 30.3 (11.9, 22.3, 27.9, 39.0)! 40.2 (14.7,31.6,37.9, 47.7)! <0.001 0.715
ADC (107 mm?/s) 1771 (404, 1517, 1797, 2019)'? 1703 (434, 1399, 1773, 1981)* 0.458 0.538
Fat signal fraction (%) 8.2(4.4,52,7.5,10.4) 12.2(5.5,7.7,10.9, 15.2)° <0.001 0.727
Q-MRI score —0.56 (0.86, — 1.24, — 0.61, — 0.04) 0.80 (1.46, — 0.32, 0.62, 1.81) <0.001 0.760%*

Data reported as mean (standard deviation, 25th quantile, median, 75th quantile)

Superscripts indicate the missing values

*Two-sample 7-test

**This cross-validated AUC of the Q-MRI score was calculated by 200 bootstrap cross-validation
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(A) ROC curve of the MRI parameters and Q-MRI* score
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Fig.4 ROC curve comparison of the four MRI parameters and the
Q-MRI score with or without propensity score adjustment. ROC
curve of T1 relaxation time, ECV fraction, ADC, pancreatic fat sig-
nal fraction, and Q-MRI score before (a) or after (b) propensity score
adjustment. Q-MRI": the ROC curve of Q-MRI is illustrated in this
figure without cross-validation

it acquires volumetric T1 maps of the entire abdomen in
one breath-hold [49]. If we used 2D T1 mapping techniques
(e.g., MOLLI), we could only acquire three images of the
abdomen per breath-hold [49]. While 3D imaging provides
better spatial resolution, it may require B1 correction since
it is sensitive to B1 + field inhomogeneity encountered over
a large field of view, especially at higher magnetic field
strengths [50]. Therefore, B1 correction was incorporated
into our imaging protocol. Standardizing the quantitative
imaging parameters was necessary by optimizing the dual
flip angle selection across different scanners and manufac-
turers. We verified the correct flip angle selections by per-
forming T1 phantom tests before certifying the accuracy of
each scanner. ECV imaging is dependent on physiologic and
imaging parameters (e.g., renal function, contrast dose, and
delay time) [51] and also different relaxivity properties of
gadolinium contrast agents [52] which can cause variability
in measured T1 relaxation times. Our imaging protocol used
the same contrast agent, manufacturer-recommended dos-
age, and 12-min delay time to avoid the influence of these
factors [12].

The relatively smaller sample size was the main limitation
of this pilot study. While we limited imaging to 1.5 T magnet
strength, larger population studies in the future should allow
evaluation using different magnet strengths.

Conclusion

Quantitative parenchymal imaging of the pancreas (T1 rela-
tion time, extracellular volume (ECV) fraction, and fat signal
fraction) are helpful parameters that reflect the parenchymal
changes in chronic pancreatitis (CP). Generating a quantita-
tive MRI score by combining these parameters may increase
diagnostic performance. Further studies are needed to vali-
date these results in larger cohorts, including participants
with acute and recurrent acute pancreatitis. The Consortium
for the Study of Chronic Pancreatitis, Diabetes, and Pancre-
atic Cancer (CPDPC) is interested in assessing longitudinal
trends in these MRI parameters to understand their utility as
an imaging biomarker of disease progression. When tested
in a high pre-test probability population, these imaging bio-
markers are expected to be even more accurate. In future
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Table 3 Linear regression models on the association between covariates and each of the four MRI parameters fitted to data from participants

with established CP
Tl ECV Fat signal fraction ADC
Estimate p-value Estimate p-value Estimate p-value Estimate p-value

Intercept 955.5 <0.001 0.578 0.008* 0.036 0.640 21834 0.003*
Age (years) -2.63 0.153 —0.001 0.524 0.001 0.231 - 0466 0934
Gender (Male vs. female) —130.8 0.025%* 0.023 0.690 —0.007 0.768 —185.7 0.299
Race

White vs. Asian - 2559 0.050 —-0.115 0.380 —0.051 0.297 43.96 0.939

Black vs. Asian -23.0 0.895 —0.238 0.188 —0.050 0.454 - 3214 0.621
BMI (kg/m?) 3.16 0.560 —0.002 0.706 0.003 0.236 - 11.74 0.520
Smoking

Current vs Never 103.0 0.179 0.002 0.978 0.008 0.783 —65.04 0.790

Past vs. Never —48.7 0.472 —0.092 0.192 0.037 0.156 —269.4 0.255
Drinking

Current vs. Never 64.3 0.662 —0.046 0.762 —-0.038 0.502 148.2 0.738

Past vs. Never 34.8 0.797 —0.057 0.684 - 0.059 0.258 348.1 0.394
Drinking category

Light vs Abstainer —37.6 0.782 0.073 0.607 0.065 0.223 - 1129 0.781

Moderate vs Abstainer - 655 0.627 0.099 0.476 0.068 0.200 —35.10 0.934

Heavy vs. Abstainer —80.6 0.571 0.167 0.259 0.011 0.835 -19.27 0.965

Very heavy vs. Abstainer —83.0 0.578 0.229 0.140 0.113 0.059 21.50 0.961
Diabetes (Yes, vs. No) —444 0.480 -0.074 0.255 0.006 0.803 -197.2 0.346
Calcification (Yes vs No) 190.9 0.004 0.028 0.668 —0.025 0.312 19.94 0.920
EPD

Yes vs. No 91.7 0.233 0.116 0.145 0.046 0.144 —290.1 0.211

Not tested vs. No - 63.7 0.312 0.030 0.638 0.051 0.040%* -2774 0.160
“Statistically significant at a critical value of 0.05
studies, combining these parenchymal features with ductal Declarations

features should be explored to further increase the diagnostic
performance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00261-022-03654-7.
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