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Abstract

Purpose—To determine the diagnostic performance of parenchymal MRI features differentiating
CP from controls.

Methods—This prospective study performed abdominal MRI scans at seven institutions, using
1.5 T Siemens and GE scanners, in 50 control and 51 definite CP participants, from February 2019
to May 2021. MRI parameters included the T1-weighted signal intensity ratio of the pancreas (T1
score), arterial-to-venous enhancement ratio (AVR) during venous and delayed phases, pancreas
volume, and diameter. We evaluated the diagnostic performance of these parameters individually
and two semi-quantitative MRI scores derived using logistic regression: SQ-MRI Model A (T1
score, AVR venous, and tail diameter) and Model B (T1 score, AVR venous, and volume).

Results—When compared to controls, CP participants showed a significantly lower mean T1
score (1.11 vs. 1.29), AVR venous (0.86 vs. 1.45), AVR delayed (1.07 vs. 1.57), volume (54.97
vs. 80.00 ml), and diameter of the head (2.05 vs. 2.39 cm), body (2.25 vs. 2.58 cm), and tail

(1.98 vs. 2.51 cm) (p < 0.05 for all). AUCs for these individual MR parameters ranged from 0.66
to 0.79, while AUCs for the SQ-MRI scores were 0.82 and 0.81 for Model A (T1 score, AVR
venous, and tail diameter) and Model B (T1 score, AVR venous, and volume), respectively. After
propensity-matching adjustments for covariates, AUCs for Models A and B of the SQ-MRI scores
increased to 0.92 and 0.93, respectively.

Conclusion—Semi-quantitative parameters of the pancreatic parenchyma, including T1 score,
enhancement ratio, pancreas volume, diameter and multi-parametric models combining these
parameters are helpful in diagnosis of CP. Longitudinal analyses including more extensive
population are warranted to develop new diagnostic criteria for CP.

Graphical Abstract
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Introduction

Chronic pancreatitis (CP) is a multifactorial, fibroinflammatory syndrome resulting in
chronic pain, exocrine and endocrine pancreatic insufficiency, reduced quality of life, and

a shorter life expectancy [1]. The incidence and prevalence of chronic pancreatitis are
rising, and no curative treatment is available yet [1]. Computerized tomography (CT) and
magnetic resonance imaging (MRI) with magnetic resonance cholangiopancreatography
(MRCP) are recommended as the first-line diagnostic modalities for CP [2]. The Cambridge
classification was developed for endoscopic retrograde cholangiopancreatography (ERCP)
in the 1980s [3] and has been adopted for MRCP [4]. This classification primarily captures
evidence of periductal fibrosis and does not reflect the parenchymal fibrosis or loss of
acinar tissue (included in the histopathologic triad for diagnosis of CP) [5]. This is a critical
limitation since the ductal system comprises only 4% of the pancreas whereas acinar cells
are over 80% [6-8]. Besides, age-related increases in pancreatic duct diameter have been
reported in subjects without CP [9]. Furthermore, there is variability in the interpretation of
ductal changes [10], measurements [11] and moderate interobserver agreement for assessing
Cambridge grade [12, 13]. Due to these limitations, the diagnosis of CP can be elusive

or delayed [14, 15]. Potential for pancreatic parenchymal features (such as T1 signal
intensity ratio (SIR) using T1-weighted images, T1 relaxation time using MR relaxometry,
pancreas volume, pancreatic steatosis, and extracellular volume fraction) to provide superior
diagnostic value has been previously suggested by retrospective studies, expert panel
reviews and mentioned in consensus statements [16—18]. However, these parameters have
yet to be evaluated in a prospective, multi-institutional setting to be incorporated into

the diagnostic criteria. We present the results of the Magnetic Resonance Imaging as a
Non-Invasive Method for the Assessment of Pancreatic Fibrosis (MINIMAP) study [19],
which is an ancillary study within the Consortium for the Study of Chronic Pancreatitis,
Diabetes, and Pancreatic Cancer (CPDPC) [20]. The MINIMARP is the first prospective,
multi-institutional study exploring the potential of parenchymal MRI features as an imaging
biomarker for CP [19].
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Materials and methods

Study population

We invited eligible participants who enrolled in the CPDPC longitudinal cohort study,
Prospective Evaluation of Chronic Pancreatitis for Epidemiologic and Translational Studies
(PROCEED) (NCT03099850) [21] at seven enrolling centers to undergo a research MRI
for the MINIMARP study. Enrolling centers were Indiana University in Indianapolis, IN;
the University of Pittsburgh Medical Center in Pittsburgh, PA; The Ohio State University
Wexner Medical Center in Columbus, OH; Mayo Clinic in Rochester, MN; Stanford
University in Stanford, CA; Cedars-Sinai Medical Center in Los Angeles, CA; The
University of California Los Angeles Medical Center in Los Angeles, CA and data
coordinating center was at The University of Texas MD Anderson Cancer Center in
Houston, TX. Institutional review board approval was obtained at each center, and all
participants signed a written informed consent form prior to the study procedures. The
MINIMAP study protocol has been published and describes the enrollment algorithm with
a flow diagram, inclusion/exclusion criteria, sample size calculation, and data collection
points [19]. One hundred thirty-seven controls and CP participants agreed and signed
consent forms between February 2019 and May 2021, and 123 completed the imaging. After
excluding 22 MRIs for the reasons listed in Fig. 1, 101 MRI examinations were available
for image analysis. There were 50 controls (no pancreas disease, no abdominal symptoms,
and no personal or family history of pancreatic disease) and 51 participants with confirmed
CP (history of recurrent pancreatitis with Cambridge grade 3 or 4 by MRCP or presence of
calcifications on CT scan) [21]. The MINIMAP study published the results of quantitative
MRI features in a separate paper [22].

MR imaging
All MRI examinations were performed on 1.5 T Siemens (Siemens Healthcare, Malvern,

PA) or GE (GE Healthcare, Chicago, IL) scanners. The MRI protocol can be found in Table
S1 of the supplemental materials section [19].

Image analysis

Image data collection was performed by a former MRI technologist, a professional image
analysis scientist (SAP) with 18 years of experience. He was blinded to any clinical
information or cohort assignment and data collection was supervised by radiologist (TT).
After the images were imported into MIM (v7.05, MIM Software, Beachwood, OH),
different sequences were co-registered via manual registration and exported as DICOM
files. The region of interest (ROI) size was at least 1 ¢ m? and enlarged by the size of the
anatomical region of the pancreatic head, body, and tail. A simple average was used for the
analysis. Unenhanced T1-weighted (T1W) signal intensities were measured by placing an
ROI in a homogenous area of the pancreas. The spleen was used as a reference organ to
calculate the T1 SIR (or T1 score) (Fig. 2A and B) using the formula:

T1W signal pancreas unenhanced

TISIR (score) = T1W signal spleen unenhanced

Abdom Radiol (NY). Author manuscript; available in PMC 2023 November 15.
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Avrterial-to-venous enhancement ratio (AVR) was calculated by measuring the T1W signal
during the unenhanced, arterial, venous, and 5-min delayed phases using the formula:

T1W signal arterial-T1W signal unenhanced

AVR = T1W signal venous or delayed-T1W signal unenhanced

The diameter of the pancreas was measured in the thickest portion of the head, body, and
tail of the pancreas with a caliper tool placed perpendicular to the main pancreatic duct
(axis of the pancreas) [23] (Fig. 2C and D). The largest diameter of the pancreas located

to the right side of the superior mesenteric artery was considered the head. The body of
the pancreas was measured anterior to the left lateral margin of the vertebral body, and the
tail was measured distal to the left lateral margin of the left kidney. The pancreas volume
was measured using MIM software by manual segmentation on arterial phase T1-weighted
post-contrast series. Each voxel’s x, y, and z dimensions were multiplied by the number of
voxels in the region of interest to compute the final volume (Fig. 2E).

Statistical analysis

We used two-sample #tests to compare the mean values of individual MRI parameters
between the controls and CP participants. We used receiver operating characteristics (ROC)
curve analysis to assess the performance of each MRI parameter for the diagnosis of CP.

We fitted a logistic regression with disease status (CP vs. control) as the dependent variable
and various MRI parameters as independent variables. The linear predictor of this logistic
model is the optimal composite score since combining multiple parameters maximizes the
area under the ROC curve (AUC) as long as the logistic regression model is correctly
specified [24]. We derived two semi-quantitative MRI (SQ-MRI) scores based on different
logistic regression models. Model A included the T1 score, AVR venous, and the diameter
in the tail, while Model B included the T1 score, AVR venous, and the pancreas volume.
These two models were selected from pre-specified candidate models with various MRI
parameters. The results of all candidate models can be found in Table S2 of the supplemental
section. Based on the fitted regression coefficients, the two SQ — MRI scores were computed
as follows:

SQ-MRI scone A = 7.7395 — (2.2772 X T1 scone)
—(1.9308 x AVR venous)
—(1.2621 x tail diameter)

SQ — MRI scone B = 5.9813 — (2.1114 x T1 score)
—(1.7270 x AVR venous)
—(0.0219 x pancreas volume)

Unlike the ROC analysis on individual MRI parameters, we used cross-validation when
calculating the AUC of SQ-MRI since SQ-MRI was derived from an estimated statistical
model and was necessary to protect against overfitting. Specifically, a bootstrap sample
taken from the original dataset was used to estimate the logistic model. The AUC was
calculated by applying that model to participants not selected for the bootstrap dataset. This
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process was repeated 200 times randomly, and the average AUC was the cross-validated
AUC for the SQ-MRI score.

Demographics and behavioral covariates may confound the association between MRI
parameters and disease status (CP or control). To reduce the confounding effect, we used
propensity score weighting to balance the distribution (Table 1) between CP and controls,
followed by a ROC analysis on propensity score weighted data [25]. The propensity scores
were estimated by the covariate balancing propensity score (CBPS) algorithm [26] with
inverse probability weighting. We also used linear models to study the association between
each MRI parameter and pre-specified demographics, behavioral, and clinical covariates.
This analysis was limited to CP participants as the covariates included variables-related
explicitly to CP.

Demographic, behavioral risk factors and clinical findings of the study population are listed
in Table 1.

MRI parameters in controls vs. CP

The boxplot distribution of the seven MRI parameters is shown in Fig. 3A-G. The test
statistics, their significance levels, and the summary statistics of these parameters in the
two groups are reported in Table 2. Compared with the controls, CP participants had a
significantly lower mean T1 score, AVR venous, AVR delayed, volume, and diameter in

the head, body, and tail. Enhancement in the arterial phase was higher in the control group
than in the CP participants (o = 0.0003). The mean enhancement in the venous and delayed
phases was not significantly different between the two groups (p=0.07 and p = 0.06,
respectively). Figure 4A compares the ROC curves of the various MRI parameters and

their corresponding AUCs. Table S3 in the supplemental materials shows the sensitivity and
specificity for selected thresholds of the MRI parameters.

SQ-MRI scores

Table 2, Fig. 3H, and | compare the SQ-MRI scores (Models A and B) between the control
and CP groups. The estimated AUC from internal cross-validation was 0.82 for Model A and
0.81 for Model B (Table 2), which are less than without cross-validation but higher than the
individual MRI parameters that compose the SQ-MRI scores.

Propensity score-adjusted ROC analysis

Figure 4B compares the weighted ROC curves for seven MRI parameters. Propensity score-
adjusted AUCs for T1 score, AVR venous, AVR delayed, pancreas volume, and head,

body, and tail diameters were 0.82, 0.87, 0.84, 0.85, 0.74, 0.69, and 0.77, respectively.

The propensity score-adjusted AUCs for SQ-MRI scores showed the highest diagnostic
performance: 0.92 for Model A and 0.93 for Model B.

Abdom Radiol (NY). Author manuscript; available in PMC 2023 November 15.
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Impact of demographic and disease-related risk factors on MRI parameters in CP

Table 3 shows that T1 score, AVR venous, AVR delayed, pancreas volume, and head
diameter did not correlate with any of the covariates (p> 0.05). There were sporadic
statistically significant associations, suggesting that these MRI parameters quantify
independent aspects of physiological conditions that are not explained by other patient
characteristics.

Discussion

This is the first prospective study aimed to evaluate whether parenchymal MRI features can
differentiate CP participants from controls. We assessed the TIW SIR (or T1 score), AVR in
venous and delayed phases, volume, and diameter in the head, body, and tail of the pancreas.
We evaluated the diagnostic performance of these parameters individually and also by two
semi-quantitative MRI scores derived using logistic regression: SQ-MRI Model A (T1 score,
AVR venous, and tail diameter) and SQ-MRI Model B (T1 score, AVR venous, and volume).
We found that each parameter was significantly lower in the CP group. Both composite
scores achieved better diagnostic performance compared to individual parameters, with an
AUC value of 0.82 or 0.81. Propensity score-adjusted AUCs for SQ-MRI scores showed
superior diagnostic performance: 0.92 for Model A and 0.93 for Model B. This study
performed imaging at multiple centers using different MRI vendors; therefore, there is a
high likelihood that our results will be reproducible compared to previous studies.

The pancreas is a highly productive exocrine gland of the digestive system secreting more
than 1-2 liters of proteinaceous fluid per day containing digestive enzymes and bicarbonate
[27, 28]. Attributed to the abundance of proteinaceous material in the acinar cells, the
normal pancreas exhibits a relatively higher T1W signal intensity than other solid organs in
the abdomen, as seen in Fig. 2A [29, 30]. The loss of T1W signal in our CP participants
(average 1.11) vs. controls (average 1.29), as seen in Fig. 2B, corresponds to the loss of
acinar cells replaced by fibrosis. This association is supported by studies that included
surgical histopathology [29, 31-33] and reported a correlation of parenchymal MRI features
(T1 SIR, T1 relaxation time, diffusion-weighted imaging, enhancement ratio, and MR
elastography) with the degree of fibrosis. In addition to fibrosis, some studies have reported
lower T1W signals in patients with exocrine pancreatic dysfunction (EPD) [14, 15, 34]. In
one of these studies, including 60 surgical specimens, the T1 score and AVR had a higher
correlation for pancreatic fibrosis than the Cambridge score [33]. If the spleen is removed or
deemed unreliable (e.g., iron deposition), the T1 score can be obtained using the paraspinal
muscle as a reference organ [35].

Diminished pancreatic size is a common, albeit non-specific feature of CP [5, 9]. Our study
shows that the mean pancreas volume in CP participants was lower, 54.97 ml, compared

to 80.0 ml in controls. A study by Szczepaniak et al. using MRI to evaluate the normal
pancreas reported that the mean in vivo volume was 72.7 ml [36]. Schrader et al. used

CT and reported the mean pancreas volumes to be 64.9 ml in CP patients and 82.3 ml

in controls [37]. Faghih et al. used CT to assess pancreas volume in patients undergoing
total pancreatectomy with islet cell autotransplantation [38]. The mean pancreatic volume
for patients with RAP, indeterminate CP, and definite CP were 65.7 ml, 61.8 ml, and 54.9
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ml, respectively. DeSouza et al. demonstrated a progressive loss of pancreas volume in 123
patients with RAP. The pancreas volume using MRI was significantly reduced in those
with = 3 AP episodes (70.2 ml) but not in those with one (85.8 ml) or two episodes (80.7
ml) compared with the healthy control group (87.7 ml) [39]. A more recent MRI study

[9] measured pancreatic diameter in participants with no pancreas disease and reported a
near-perfect inter-correlation coefficient (over 0.95) between the two readers. In addition to
CP, an age-related decrease in pancreatic size has also been reported [9, 23, 40].

Our results showed that the arterial phase enhancement of the pancreas was lower in CP
participants. However, enhancement in the venous and delayed phases was not significantly
different between the two groups. The impaired hemodynamics of the pancreas has been
shown in animal models with acute and chronic pancreatitis [41, 42]. A limited number of
human studies have evaluated the enhancement characteristics in CP. One study compared
AVR in 36 patients with suspected CP undergoing ePFT and reported no difference between
the normal and abnormal ePFT groups [34]. The second study included 26 subjects with
suspected CP and reported the correlation (7= 0.466) between the AVR and the degree of
duodenal filling after secretin administration [15].

The statistically small sample size was the main limitation of this pilot study. Based on
results of this study, more extensive studies are needed including RAP participants and
longitudinal analyses. Due to the small sample size, the weighted AUCs for the SQ-MRI
scores were not calculated with internal cross-validation and might be slightly overfitted.
However, the effect of overfitting is expected to be very mild, since the observed overfitting
from the AUC of the SQ-MRI scores in the analysis above, without propensity score
adjustment is small (Model A: 0.82 vs. 0.85 with/without cross-validation; Model B: 0.81
vs. 0.84 with/without cross-validation). Image non-uniformity in MRI can be a problem,
primarily due to B1 field inhomogeneity, which results in inconsistent flip angles across the
image planes [43]. Hardware vendors provide standard methods to minimize inhomogeneity,
such as the B1 normalization filter and phase array uniformity correction filter (e.g., pre-
scan normalization) [43, 44]. Our study used B1 maps to improve potential problem of
image homogeneity.

Our results verify the benefit of parenchymal MR imaging in diagnosing CP and underscore
the necessity for a new comprehensive diagnostic criteria to include parenchymal and

ductal features. Semi-quantitative parameters of the pancreatic parenchyma (T1 score,
enhancement ratio, volume, and diameter) are significantly lower in CP compared to
controls. Longitudinal analyses including more extensive population are warranted to
develop new diagnostic criteria for CP.

Conclusion

This prospective, multi-institutional, multi-vendor study verifies that parenchymal MRI
features, including T1 score, arterial-to-venous enhancement ratio, pancreas volume,
diameter and multi-parametric logistic regression models combining these parameters
provide high diagnostic performance for CP. Future studies are warranted using more
extensive study populations and longitudinal analyses. We should be able to develop a
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more comprehensive imaging biomarker combining the parenchymal and ductal features.
Such a biomarker for CP would allow population-based comparisons and cross-platform
compatibility when used in clinical practice or clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Flowchart of participant enrollment in the MINIMAP study
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N\ . " T1 Score = 675/523 = 1.29 | .‘, ,

—

Fig. 2.

Mgasuring T1 SIR (T1 Score) of the pancreas. A 46-year-old female in the control group
with no known pancreas disease. Axial, unenhanced, fat-suppressed T1W gradient-echo
image shows the region of interest measurements of the pancreatic tail and spleen. The
T1-weighted signal intensity of the pancreas is higher than that of the spleen (T1 score:
1.29). B 26-year-old female with CP. Axial, unenhanced, fat-suppressed T1W gradient-echo
image. T1 signal intensity of the pancreas is significantly lower (T1 Score of 1.04) compared
to the control participant in A. C 38-year-old male with CP. This post-contrast TIW image
obtained during the arterial phase shows pancreatic head diameter measurement. Calipers
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were placed perpendicular to the pancreatic duct. D 38-year-old male with CP. Measurement
of pancreatic diameter in the pancreatic body and tail is shown on the post-contrast

T1W image obtained during the arterial phase. Calipers were placed perpendicular to the
pancreatic duct. E 38-year-old male with CP. Measurement of the pancreatic volume shown
on contrast-enhanced T1W image with fat suppression. Contours were drawn manually at
multiple levels using an independent workstation
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Fig. 3.

Boxplot of the MRI parameters and SQ-MRI scores in control and CP participants. The
SQ-MRI scores using Model A and Model B are significantly higher in CP
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(A) ROC curve of the MRI parameters
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(B) ROC curve of the MRI parameters
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Fig. 4.
Comparison of ROC curves of the seven MRI parameters with (A) and without (B)

propensity score adjustment. The ROC analysis suggests that all seven MRI parameters
can be helpful in the evaluation of CP. The propensity score adjustment quantifies the
expected difference in MRI parameters between the CP and control groups with similar but
not identical demographic characteristics
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Table 1

Baseline characteristics of participants in the control and CP groups.

Control CP p *

n 50 51
Age 50.3 (14.0) 53.9 (14.6) 0.20
BMI (kg/m?) 27.0(49) 269(55) 079
Male 7 (%) 26(520) 21(412) 032
Race 1 (%)

White 38(82.6)* 45(91.8)> 0.38

Black 5 (10.9) 2(4.0)

Asian 3(6.5) 2(4.1)
Smoking 7 (%)

Never 29 (61.7)2 27 (54.01 0.72

Past 12 (25.5) 14 (28.0)

Current 6 (12.8) 9 (18.0)
Drinking status 77 (%)

Never 5 (10.6)3 12 (4.0t  <0.001

Past 6 (12.8) 24 (48.0)

Current 36 (76.6) 14 (28.0)
Alcohol intake 77 (%)

Abstainer 5(12.2)° 12 (25.00° 057

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 of CP 77(%)

Yes NA 8(16.0)  N/A
Diabetes mellitus present /7 (%)

Yes NA 14 (28.0)t  NIA
Calcification ¥n (%)

Yes NA 26 (52.00 N/A
Exocrine pancreatic dysfunction (EPD) present /7 (%)

No NA 23(76.7)  NIA

Yes 7(23.3)

Not tested 7 21

Mean (standard deviation) is reported for age and BMI. Count (column percentage) is reported for categorical variables. Superscript numbers
indicate the counts of missing values, which are excluded from the percentage calculation

*
Wilcoxon test for continuous variables and Fisher exact test for categorical variables were used

Yo
Calcifications were assessed on CT
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7LParticipants in the “EPD not tested” group include those with no known EPD at enroliment who did not undergo a per-protocol assessment with
fecal elastase testing
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