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a b s t r a c t

Background/objectives: The progression of cerebral white matter changes over time has not been
explored in chronic pancreatitis (CP). We aimed to characterize such alterations in individuals with CP at
baseline and after 7-years as compared with controls and to explore associations to risk factors and
clinical parameters.
Methods: Diffusion tensor imaging was used to evaluate 20 individuals with CP and 13 healthy controls
at baseline and after 7-years (CP: n ¼ 9, controls: n ¼ 11). Tract-based spatial statistics were used to
assess whole-brain white matter structure, extract significant fractional anisotropy (FA) clusters between
groups, mean FA skeleton, mean FA and mean diffusivity (MD). FA of the extracted significant clusters
between groups were used for regression analyses with risk factors and clinical parameters, including
duration of CP, smoking, and diabetes.
Results: At baseline, widespread reductions in FA were found in CP compared to controls involving
corpus callosum, the anterior, posterior thalamic radiation, and superior and posterior corona radiata
(cluster volume: 49,431 mm3, all P < 0.05). At baseline, also the mean FA (P ¼ 0.004) and FA skeleton
(P ¼ 0.002) were reduced in CP compared to controls. FA of the extracted significant cluster was asso-
ciated with the daily tobacco use (P ¼ 0.001) and duration of CP (P ¼ 0.010). At follow-up, the whole-
brain FA skeleton was reduced by 1.7% for both CP individuals and controls (P ¼ 0.878).
Conclusion: Individuals with CP had widespread cerebral white matter alterations at baseline that can
likely be explained by the CP disease and exposure to toxic substances. Otherwise, further progression
resembles that in healthy controls.
© 2022 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Chronic pancreatitis (CP) is a chronic inflammatory and fibrotic
disease of the pancreas, which often results in abdominal pain and
reduced quality of life [1,2]. Both environmental factors such as
excessive alcohol consumption and smoking as well as genetic risk
factors are strongly associated with CP [3]. Accumulating evidence
demonstrates that nicotine has the potential to facilitate pancreatic
fibrosis in CP by promoting the activation of pancreatic stellate cells
f Radiology, Aalborg Univer-
rk.
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[4]. In addition to alcohol, smoking also seems to be associated with
altered brain structure, particularly in the white matter [5,6].
Although it is well-known that the environmental factors (espe-
cially alcohol and smoking) are independent etiological risk factors
for CP, the microstructural white matter brain changes in CP and
the influence of these environmental factors remain unexplored.
Particularly, CP has been associated with abnormal brain structure
and function [7,8]. Some of these findings may be associated with
pain (including central sensitization), malabsorption, diabetes, and
toxic exposures that all characterize the disease [7e10]. Using
magnetic resonance imaging (MRI), accumulating evidence points
at widespread gray matter volume loss and cortical thinning,
altered cerebral metabolites, and functional brain networks in in-
dividuals with CP with chronic pain [7e10]. However, it still
his is an open access article under the CC BY license (http://creativecommons.org/
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remains unclear whether the environmental factors i.e., alcohol,
smoking and/or clinical outcomes, i.e., pain, contribute towards
microstructural white matter changes in individuals with CP.

Prospective neuroimaging studies have only sparsely been
conducted in CP. However, our recent 7-years follow-up study
provided evidence of a reduction of gray matter volume in the
precentral gyrus, putamen, and thalamus in individuals with CP
compared with the baseline [9]. In addition to gray matter changes,
diffusion tensor imaging (DTI) has shown white matter reductions
in fractional anisotropy (FA) and high mean diffusivity (MD) in CP
[11] and other diseases such as irritable bowel syndrome [12]. This
reflects diffuse white matter changes with increased mobility of
water molecules and disruption of tissue architecture [13,14].
Particularly, FA is an index of water diffusion directionality
reflecting the structure of axonal cell membranes and myelin
sheaths tracts [15]. To date, no study has examined white matter
changes using DTI in CP over a longer follow-up period and its
association with environmental risk factors as well as clinical
outcomes.

We hypothesized that 1) individuals with CP with abdominal
pain would have reduced FA in widespread brain regions as
compared with healthy controls, 2) clusters of brain areas with
reduced FA in comparison to controls would be associated with risk
factors and clinical parameters, and 3) individuals with CP would
exhibit more pronounced white matter changes over time than
healthy controls. Therefore, the current longitudinal study aimed to
investigate MRI diffusion parameters using the whole-brain tract-
based spatial statistics (TBSS) approach to 1) determine micro-
structural whitematter changes in individuals with CP as compared
with healthy controls both at the regional and whole-brain level, 2)
explore the associations between observed regional microstruc-
tural white matter changes and various clinical parameters as well
as risk factors characteristics such as diabetes, CP duration, pain,
smoking, and 3) characterize white matter alterations longitudi-
nally over 7 years between individuals with CP and healthy
controls.

2. Methods

2.1. Participants and study design

Twenty individuals with CP and 13 age- and sex-matched
healthy controls were enrolled in the current study conducted at
the Centre for Pancreatic Disease, Departments of Gastroenterology
and Radiology, Aalborg University Hospital, Denmark. Individuals
with CP were recruited from our outpatient clinic as a part of
another trial assessing the effect of pregabalin on CP pain [16].
Subjects were seen on two occasions: 1) baseline visit (from 2009
to 2010) and 2) 7-year follow-up visit (from 2016 to 2017).

For individuals with CP, the inclusion criteria were as follows: 1)
diagnosis of CP based on the Mayo Clinic diagnostic criteria [17], 2)
chronic abdominal pain (�3 days per week for at least 3 months),
and individuals with stable opioid and nonopioid medication,
meaning that the individuals did not have anymajor adjustment on
the medicine within one month prior to the inclusion of the study.
Exclusion criteria for the CP group included 1) inability to undergo
MRI, 2) major illness, i.e., cancer, 3) pain syndromes other than CP,
4) ongoing alcohol or drug abuse, and 5) history of major depres-
sion or psychiatric illness. Healthy controls were recruited among
hospital staff at Aalborg University hospital and were age and sex-
matched with the individuals with CP [18]. The healthy controls did
not have any pain complaints and did not have any gastrointestinal
symptoms. They were allowed to take their ordinary medicine,
such as blood pressure medication but were excluded if they used
central nervous system (CNS) active medication. Inclusion and
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exclusion criteria were identical for both the baseline visit and 7-
year follow-up visit, and only participants who still maintained
these criteria were re-scanned.

All subjects gave written informed consent before participating
in the study. The local ethics committee approved the study of
Northern Jutland (reference numbers N-20080028MCH and N-
20090008). The study was conducted in accordance with the
Declaration of Helsinki.

2.2. Clinical data: clinical parameters and risk factors

All individuals with CP were asked to fulfill a one-week pain
diary before the baseline and follow-up visits using a visual
analogue scale (VAS). The VAS was graded on a scale of 0e10, in
which they rated the average and maximal daily pain intensities.
They also completed the short form brief pain inventory (BPI)
questionnaire at both visits [19]. The BPI questionnaire assessed the
severity of pain and its interference with daily activities with two
subscales (BPI pain and BPI interference). The pain subscale con-
sisted of four items that measured pain score over the past 24 h,
and each item was scored from 0 (no pain) to 10 (worst pain). The
interference subscale indicated the extent of pain that disrupted
daily activities with 0 (without interference) and 10 (maximum
interference). Finally, we reviewed the electronic medical records
for demographic and clinical characteristics, including etiology of
CP based on the TIGAR-O system [20], duration of CP, the status of
diabetes, and daily tobacco use (g/day), and pharmacological
treatment, including use of opioids (morphine equivalent) and use
of analgesics categorized according to the WHO-classification
(none, weak and strong analgesics).

2.3. Magnetic resonance imaging data acquisition

Imaging data were collected on a 3 T MRI scanner (Signa HDxt;
General Electrics, Milwaukee, WI, USA) equipped with an 8-
channel phased-array head coil. For each participant, a high reso-
lution 3-dimensional T1-weighted structural image was acquired,
lasting 5.5 min. Following parameters were used for the structural
scan: echo time 3.6 ms, repetition time 9.0 ms, 150 slices, a field of
view 250mm, flip angle 14�, resolution 0.78� 0.78mm,matrix size
320 � 320 mm, slice thickness 1 mm, full head coverage, no gap.

A DTI scan was conducted with the following parameters:
repetition time 9000, and the minimum echo was used to achieve
the highest image quality with the shortest time [range:
90.2e109.8 ms], 36 contiguous slices; FOV: 307 � 307 mm, matrix:
128 x 128, spatial resolution: 1.88 x 1.88 � 2.6 mm, directions: 32.

2.4. Diffusion tensor imaging e whole-brain tract-based spatial
statistics (baseline visit)

DTI data processing and analysis were carried out using FMRIB
Software Library (FSL) software, version 5.0.6 (fsl.fmrib.ox.ac.uk/fsl/
fslwiki). Firstly, the DTI images were visually inspected before FSL's
brain extraction tool (BET) was used for brain extraction with a
threshold of 0.2 [21], and then the masks were quality controlled.
Secondly, the DTI images were corrected for distortions andmotion
artifacts using FSL's eddy current correction. Thirdly, the FMRIB
diffusion toolbox (FDT; version 5.0) was applied to fit a diffusion
tensor model to the data for each voxel using DTIfit. Finally, FA
values were calculated and fed into the voxel-wise whole-brain
TBSS analysis [22,23].

Whole-brain TBSS analysis was performed between individuals
with CP (n ¼ 20) and healthy controls (n ¼ 13) in FSL [22,23]. The
FMRIB58 FA 1 mm standard space template image was used as the
registration target for each subject's FA image. Each subject's FA
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images were then aligned into standard 1 x 1 � 1 mm Montreal
Neurological Institute 152 space using the nonlinear registration
tool FNIRT, merged into a single 4D image. Next, the mean FA vol-
ume was estimated and thinned to generate the mean FA skeleton.
The mean FA skeleton was thresholded at 0.2. Individual subjects
aligned FA images were projected onto this skeleton, and the
resulting skeletonized FA data were fed into the voxel-wise
nonparametric permutation tests [24].

Whole-brain TBSS analysis was performed to investigate group
differences in FA using randomize, a nonparametric permutation-
based inference tool for thresholding statistical maps. Potential
differences in age and gender could have an influence on DTI
indices and were therefore included as covariates in the randomize
step. The number of permutations was set to 5,000, and the
threshold-free cluster enhancement option to correct for multiple
comparisons was chosen. Voxel-wise statistics on skeletonized FA
were conducted between groups using a series of unpaired two-
sample t-tests. The resulting significant TFCE-corrected p-value
statistical maps were thresholded at 0.95 (corresponding to
P ¼ 0.05), and a cluster extent threshold of 10 was applied. Fig. 1
shows the DTI image data processing flow chart.
2.5. Diffusion tensor imaging e whole-brain tract-based spatial
statistics (follow-up visit)

For the follow-up visit, we quantified longitudinal changes in
white matter microstructure using FSL software. The preprocessing
and TBSS pipeline were the same as described for the baseline
analysis pipeline. Two separate whole-brain TBSS analyses were
performed: 1) for individuals with CP (n ¼ 9) and 2) for healthy
controls (n ¼ 11) who completed both visits. The tool randomize in
Fig. 1. DTI image data analysis pipeline. TBSS: Tract-based spati
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FSL was used to investigate group differences in FA between follow-
up and baseline. Thus, age and gender were not included as cova-
riates in the randomize step. The voxel-wise statistics on skele-
tonized FA were conducted between follow-up and baseline
utilizing a series of paired two-sample t-tests for CP and healthy
controls, respectively. The resulting significant TFCE-corrected p-
value statistical maps were thresholded at 0.95 (corresponding to
P ¼ 0.05), and a cluster extent threshold of 10 was applied.
2.6. Extraction of FA values (baseline and follow-up visit)

For extraction of FA of significant clusters from the voxel-wise
statistics on skeletonized FA (see above), fslmeants tool incorpo-
rated in FSL software was used with the 4D skeletonized FA image
specified as the input, and the extracted FA values were imported to
SPSS statistical software, version 27 (IBM Corp., Armonk, NY, USA)
for further analysis. This was done for FA values of significant
clusters at both baseline and follow-up.
2.7. Statistical analyses

All statistical analyses for demographical data, pain diary, and
questionnaires were performed in SPSS statistical software. An
unpaired t-test was performed at both baselines and at 7-year
follow-up to examine whether groups differed in age. A Fisher's
exact test of independence was also conducted to determine
whether groups differed in sex.

At baseline, unpaired t-tests were performed to determine sig-
nificant differences in DTI parameters (extracted mean FA skeleton,
mean FA, and mean MD) between CP and healthy individuals.
Moreover, putative associations between FA of significant clusters
al statistic. FA: Fractional anisotropy. MD: Mean diffusivity.
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and 1) duration of CP, 2) use of analgesics, 3) diabetes, 4) toxic-
metabolic etiology of CP, 5) BPI pain score, 6) BPI interference, 7)
daily tobacco use, and 8) average pain (VAS score) were analyzed
using univariate regression analyses for individuals with CP only.
Then, multivariate regression analysis with backward stepwise
elimination (cutoff value of P ¼ 0.1) was performed to evaluate
independent predictors. No regression analyses were performed at
follow-up due to the low sample size.

Paired t-tests were performed to compare the extracted mean
FA skeleton, mean FA, and mean MD between baseline and 7-year
follow-up for CP (n ¼ 9) and healthy controls (n ¼ 11).

Finally, the absolute differences (D) between both visits were
calculated for FA skeleton, FA, and MD for both individuals with CP
and healthy controls. Then, unpaired t-tests were performed for all
three variables to assess any significant changes on D FA skeleton, D
FA, and D MD between individuals with CP and healthy controls.

3. Results

3.1. Demographic and clinical characteristics

Demographic and clinical data are presented in Table 1. Twenty
individuals with CP with a mean age of 52.2 (standard deviation
(SD) 11.9) years and 13 healthy controls with a mean age of 47.3 (SD
Table 1
Demographic and clinical characteristics of individuals with chronic pancreatitis (CP) an

BASELINE Individuals with CP (n ¼ 20)

Age, mean (SD), years 52.2 (11.9)
Sex, n (%)
Males 12 (60)
Females 8 (40)
Etiology of CP, n (%)
Toxic-metabolic 11 (55)
Idiopathic 5 [25]
Genetic 2 [10]
Recurrent and severe acute

pancreatitis
1 [5]

Obstructive 1 [5]
Duration of CP, mean (SD), years 8.3 (7.3)
Diary pain score, mean (SD), (VAS 0e10)
Average pain 3.6 (1.9)
Maximal pain 4.8 (2.1)
Brief Pain Inventory short form, mean (SD)
Pain score: 3.1 (1.7)
Interference: 3.7 (2.1)
Analgesic group, n (%):
None 4 [20]
Weak analgesics 5 [25]
Opioids 11 (55)
Use of opioids, mean (SD), morphine

equivalent
62.2 (72.7)

Diabetes mellitus, n (%) 6 (18.2)
Daily tobacco use, mean (SD), g/day 14.25 (12.1)

FOLLOW-UP Individuals with CP baseline
(n ¼ 9)

Individuals with
(n ¼ 9)

Age mean (SD), years 58.5 (7.3) 65.4 (7.2)
Duration of CP, mean (SD), years 11.8 (9.1) 18.9 (9.0)
Diary pain score, mean (SD), (VAS 0e10)
Average pain 3.3 (2.1) 3.2 (2.9)
Maximal pain 4.8 (2.1) 4.8 (3.3)
Brief Pain Inventory short form, mean (SD)
Pain score: 3.5 (1.7) 2.9 (3.1)
Interference: 3.1 (2.2) 2.5 (2.6)
Opioids. mean (SD), morphine

equivalents
52.7 (83.3) 41.1 (84.9)

Diabetes mellitus, n (%) 2 (22.2) 4 (44.4)

Descriptive statistical values are represented as percentages (%) or mean (standard devia
follow-up comparisons included 9 CP and 11 controls. * Between CP and healthy contro
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10.9) years underwent brain MRI at baseline. Both groups were
comparable in age and sex at baseline. Based on the medical re-
cords, only four CP individuals used CNS active drugs, see
Supplementary material 1 for more information on medication of
CP individuals at baseline. Nine individuals with CP and 11 healthy
controls completed the follow-up visit, in which a significant age
difference was present (P ¼ 0.017). None of the individuals with CP
had any psychiatric disorders during the follow-up period. Drop-
out for follow-up was 55% (n ¼ 11) for individuals with CP and
15% (n ¼ 2) for healthy controls. Drop-out reasons for individuals
with CP were the following: Moved to another place (n ¼ 2),
declining to participate (n ¼ 4), death (n ¼ 3), and continued
excessive alcohol drinking (n ¼ 2). The drop-out reason for healthy
control was due to poor data quality (n ¼ 2). No significant differ-
ences were found in FA skeleton, FA, and MD between individuals
with CP who completed the study (n ¼ 9) and drop-out individuals
with CP (n ¼ 11) based on the baseline scan (all P > 0.05), see
Supplementary material 2.

3.2. Baseline

3.2.1. Whole-brain white matter microstructure
3.2.1.1. Whole-brain TBSS analysis. Whole-brain TBSS revealed that
individuals with CP, as compared to healthy controls, had
d healthy controls.

Healthy controls (n ¼ 13) P-
value

47.3 (10.9) 0.239
0.503

7 (54)
6 (46)

0 (0)
N/A

CP follow-up Healthy controls baseline
(n ¼ 11)

Healthy controls follow-up
(n ¼ 11)

P-
value

47.2 (11.5) 54.1 (11.0) 0.017*

0 (0) 1 (9.1) 0.127

tion (SD)). n: numbers. Baseline comparisons included 20 CP and 13 controls, while
ls at the follow-up visit. VAS: Visual analogue scale. CP: chronic pancreatitis.
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significantly lower mean FA in one large cluster consisting of
several white matter regions throughout the corpus callosum
(genu, body, and splenium) and in the anterior, posterior thalamic
radiation, and superior and posterior corona radiata (TFCE cor-
rected P ¼ 0.001, MNI coordinates (41, �16, �24), cluster volume:
49,431 mm3), see Fig. 2. There were no regions with significantly
increased mean FA as compared with healthy controls.

3.2.1.2. Group differences in the whole-brain mean FA skeleton, mean
FA, and mean MD. As compared with healthy controls, individuals
with CP showed a reduction in terms of whole-brain mean FA
skeleton (P¼ 0.002), see Table 2. Similarly, declines were also found
for individuals with CP in mean FA (P ¼ 0.004), but not for mean
MD (P ¼ 0.884), see Table 2.

3.2.2. Association between microstructural white matter changes
and clinical variables/risk factors

A significant associationwas observed at baseline between FA of
the extracted significant cluster (from the voxel-wise statistics on
skeletonized FA of whole-brain TBSS analysis, see above) and daily
tobacco use (g/day) (coefficient: -0.00130 per g/day, P ¼ 0.019), see
Table 3. No relationship was found between FA of the extracted
significant cluster and 1) duration of CP, 2) pain VAS score, 3) BPI
pain score, 4) BPI interference score, 5) quality of life score, 6)
diabetes, and 7) toxic-metabolic etiology of CP. In the multivariate
model with backward stepwise elimination, an independent asso-
ciation to FA of the extracted significant cluster was found for daily
tobacco use (coefficient: -0.00215 per g/day, P ¼ 0.001) and dura-
tion of CP (coefficient: -0.000222 per year, P ¼ 0.010), and with R2

for the multivariate model of 0.45.

3.3. Follow-up after 7 years

3.3.1. Whole-brain white matter microstructural changes
3.3.1.1. Whole-brain TBSS analysis. TBSS analysis revealed no sig-
nificant clusters of regional changes in whole-brain white matter
over time for individuals with CP and healthy controls (both
P > 0.05, TFCE corrected).

3.3.1.2. Group differences in whole-brain mean FA skeleton, mean FA,
and mean MD. Compared with baseline, the whole-brain mean FA
was reduced for individuals with CP (P ¼ 0.043) at the follow-up
visit, see Table 4. No significant changes were found for the mean
FA skeleton and mean MD. Compared to baseline, healthy controls
Fig. 2. Microstructural white matter changes between individuals with chronic pancreatitis
from tract-based spatial statistics analysis, showing the main white matter tract map with
fractional anisotropy value between individuals with chronic pancreatitis and healthy cont
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had reduced whole-brain FA skeleton (P < 0.001) and mean FA
(P ¼ 0.005) at the follow-up visit. No changes were observed for
mean MD between baseline and follow-up, see Table 4. Individual
data on mean FA skeleton is shown in Fig. 3.

At the follow-up visit, both individuals with CP and healthy
controls showed a 1.7% reduction in mean FA of skeletonized white
matter. No differences in the 7-year changes (D FA skeleton, Dmean
FA, and D mean MD) were observed between the individuals with
CP and healthy controls (all P > 0.4), see Table 4.

4. Discussion

4.1. Summary

To the best of our knowledge, this is the first study to examine
whole-brain white matter changes using TBSS analysis between
individuals with CP and healthy controls at baseline and over a 7-
year follow-up period. This investigation yielded two major find-
ings. The first was that microstructural organization, as assessed by
FA, was decreased at baseline in widespread regions of the brain in
individuals with CP as compared to healthy volunteers. Moreover,
the duration of CP and daily tobacco use were associated with these
altered microstructural white matter measures. The second finding
was that individuals with CP observed after 7 years had no signif-
icant further reduction of white matter changes compared to con-
trols, both assessed with whole-brain and regional analysis. Our
data suggest that the cerebral white matter alterations probably
already had occurred in the earlier stages of CP, likely due to the CP
disease itself and including toxic substances, i.e., smoking.

4.2. White matter changes in CP individuals at baseline

Given that FA reflects the structure of axonal cell membranes
and myelin sheaths, a reduced FA may result from several condi-
tions such as demyelination, axonal loss, gliosis, and inflammation
[25]; hence our data implicate loss of white matter integrity and
axonal injury [26]. Our observation of reduced white matter FA in
CP as compared with healthy controls is concordant with other DTI
studies [26e29] on individuals with CP [28], chronic pain patients
with irritable bowel syndrome (IBS) [12], participants with expo-
sure to smoking [29], and participants with exposure to alcohol
[30]. Ellingson et al. found that IBS patients had reduced FA in
thalamic regions, the basal ganglia, and sensory/motor regions as
compared with healthy controls, suggesting that IBS patients with
and healthy controls at the baseline visit. Representative slices (X and Y coordinates)
green. Red represented the white matter fiber bundle skeleton area with decreased

rols. P: Posterior. S: Superior. A: Anterior. R: Right. L: Left.



Table 2
Group differences in the whole-brain mean FA skeleton, mean FA, and mean MD between individuals with chronic pancreatitis (CP) and healthy controls.

DTI parameter Individuals with CP (n ¼ 20) Healthy controls (n ¼ 13)

Whole-brain TBSS analysis
Whole-brain (mean±SD) (mean±SD) P-value

FA skeleton 0.414 ± 0.029 0.443 ± 0.013 0.002*
FA 0.253 ± 0.019 0.272 ± 0.011 0.004*
MD (x 10�4 mm2/s) 1.82 ± 0.22 1.83 ± 0.39 0.884

SD: standard deviation. FA: fractional anisotropy. MD: mean diffusivity. * Significant difference.

Table 3
Univariate and multivariate analysis of disease characteristics and risk factors possible associated with decreased FA (based on the extracted significant cluster between CP
individuals and healthy controls). All individuals with CP (n ¼ 20) from baseline visits were included in the models.

Model Variables Coefficient (95% confidence interval) P-value

Significant FA cluster
Univariate model Duration of CP �.0000131 (�.0001902 .000164) 0.878

Analgesic use .00316 (�.01560 .02190) 0.727
Diabetes �.0174 (�.0482 .0134) 0.249
Toxic-metabolic etiology .000092 (�.029472 .029656) 0.995
BPI pain �.00271 (�.01126 .00583) 0.512
BPI interference �.000916 (�.008507 .006675) 0.802
Tobacco �.00130 (�.00236 -.00024) 0.019*
VAS mean .00147 (�.00671 .00964) 0.710

Backward stepwise model Tobacco �.00215 (�.00331 -.00099) 0.001*
Duration of CP �.000221 (�.000383 -.000060) 0.010*

FA: Fractional anisotropy. CP: Chronic pancreatitis. VAS: Visual analogue scale. BPI: brief pain inventory. * Significant difference.

Table 4
Group changes in whole-brain mean FA skeleton, mean FA, and mean MD at follow-up compared to baseline.

DTI parameter CP individuals Healthy controls

Whole brain TBSS
Whole brain Baseline (n ¼ 9) Follow-up (n ¼ 9) P-value Baseline (n ¼ 11) Follow-up (n ¼ 11) P-value

FA skeleton 0.477 ± 0.02 0.4693 ± 0.022 0.079 0.497 ± 0.01 0.489 ± 0.017 <0.001*
FA 0.254 ± 0.013 0.249 ± 0.014 0.043* 0.271 ± 0.012 0.264 ± 0.012 0.005*
MD (x 10�4 mm2/s) 1.80 ± 0.20 1.76 ± 0.21 0.231 1.88 ± 0.37 1.77 ± 0.23 0.215

D (change over 7 years) D FA skeleton �0.0079 ± 0.0118 �0.0086 ± 0.007 0.878
D FA �0.0054 ± 0.0067 �0.0082 ± 0.0075 0.408
D MD 0.0000 ± 0.00001 0.0000 ± 0.00003 0.417

CP: Chronic pancreatitis. Data are provided as mean ± SD. n: numbers. FA: fractional anisotropy. MD: mean diffusivity. D: delta. * Significant difference.

Fig. 3. Individual data on whole-brain mean FA skeleton changes over time in individuals with chronic pancreatitis and healthy controls. FA: Fractional anisotropy.
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chronically recurring visceral pain have long-term microstructural
changes in regions associated with the integration of sensory in-
formation and cortico-thalamic modulation [12]. The finding of
lower FA in the posterior thalamic radiation in individuals with CP
at baseline could also be indicative of long-term neural reorgani-
zation of chronic pain pathways and regions associated with sen-
sory integration. Reduced white matter FA in the widespread areas
of frontal and temporal regions has also been observed in depres-
sion, indicating loss of integrity within frontal and temporal white
matter tracts [31]. A possible explanation of reduced FA in in-
dividuals with CP could also be related to cognitive disturbances in
individuals with CP [32], but this should be investigated in future
studies.

In the present study, the reduction of FA in the extracted sig-
nificant cluster was associated with daily use of tobacco. This
finding is consistent with DTI studies conducted in participants
with exposure to smoking [5], suggesting that nicotine and other
toxic substances can impact the microstructure of white matter in a
specific area of the brain [5]. Previous DTI studies on subjects with
exposure to alcohol provide strong evidence of widespread
reduction of FA in tracts of the corpus callosum, internal and
external capsule, cingulate, fornix, longitudinal fasciculi, fronto-
occipital, and cortico-striatal regions [33]. Often, individuals with
CP with alcohol use also have a high prevalence of smoking [34].
Thus, it can be speculated that the relationship between smoking
and the development/progression of FA changes in CP is biased
since it is difficult to separate the effects of toxic exposures [34].
Since we did not collect any quantitative data on alcohol use and
given that tobacco and alcohol use is typically linked, we can in our
study only conclude on a general potential toxic effect on the brain.

In contrast to the previous study by Frøkjær et al. [11], demon-
strating a negative correlation between pain and FA in individuals
with CP, we found no such association. Lack of association between
brain changes and pain has also been demonstrated in previous
structural and functional MRI studies with individuals with CP [7,9].
These studies suggest that the alcoholic etiology of CP is likely the
primary driver of the brain alterations, potentially obscuring and
hindering the association between brain structure and pain from
being discovered. This might also explain the lack of association
between FA changes and pain in the current study, given that toxic
factors, i.e., smoking, were associated with white matter alteration.

4.3. Microstructural white matter changes over time

In our previous neuroimaging study with the same cohort of
individuals with CP, we have reported reduced gray matter volume
and reduced cortical thickness over a 7-year follow-up period as
compared to the healthy controls [9]. Given that individuals with CP
have gray matter changes, reflecting alterations in neurons and glia
cells, it is also expected that the corresponding white matter den-
sity connected to the neurons should be affected [9,27]. However,
our results did not reveal significant progression in white matter
changes over time compared with healthy controls. Hence, our data
could suggest that gray matter and white matter changes may
represent different pathophysiological processes in individuals
with CP. Thus, the pathophysiological features of CP in the early
disease stages may be characterized by white matter reduction.

In contrast, the graymatter changes probably evolve slowly over
time during the later stages of CP. Furthermore, the lack of further
FA reduction in white matter over time in individuals with CP with
longer-lasting disease indicates that white matter has a less influ-
ential role than gray matter for the further progression of estab-
lished CP. Similar findings have also been observed in other studies,
such as migraine [12,35].

The lack of further progression of whole-brain white matter
877
changes as compared to healthy controls could likely be explained
by the neurotoxic effects of both alcohol and smoking. Hudkins
et al. proposed a model whereby FA would rise during the early
years of smoking and then decline with continued smoking in later
years [29]. We found reduced FA in widespread regions for in-
dividuals with CP as compared with healthy controls at baseline,
which was furthermore negatively correlated with the use of to-
bacco. This indicates that the individuals with CP in our studymight
have been exposed to smoking (and likely also alcohol) for a long
period before they were included in the study. Although we do not
have systematic data regarding smoking at follow-up, it is pre-
sumed that the individuals with CP during the 7-year follow-up
may have quit smoking as this is highly recommended as part of
the treatment, and are well-treated, which could explain the lack of
accelerated white matter decline at 7-year follow-up. Also, the CP
individuals included were not allowed to have ongoing alcohol
misuse, meaning that the individuals with CP might also mimic the
healthy controls in terms of lifestyle at the time point of the follow-
up investigation for this study. However, this should be confirmed
by future studies collecting lifestyle data systematically. Overall,
our data suggest minimal white matter decline over time that
mimics the normal aging seen in healthy controls. Due to the lack of
systematic data regarding lifestyle, it is not possible to compre-
hensively explain the potential factors normalizing the further
decline in FA compared to healthy controls. We are confident that
FA changes observed at baseline can be explained by CP accom-
panied by risk factors and poor lifestyle. However, there is sub-
stantial uncertainty regarding the lifestyle change during the
follow-up period. Thus, it is challenging to uniquely identify the
factors driving the microstructural white matter changes. Given
that the individuals with CP and healthy controls developed
comparably regarding FA at follow-up, some of the individuals with
CP may have gone through lifestyle changes. To confirm this, future
studies need to systematically collect lifestyle changes during the
follow-up period.

4.4. Limitations

There are several limitations of this study. Firstly, it should be
noted that systematic data regarding daily alcohol use was not
collected for both individuals with CP and healthy controls, and
similarly, data on how long individuals with CP have been absti-
nence before being included in the study was not collected either;
thus, our findings should be interpreted cautiously, and our results,
should be confirmed by future studies collecting lifestyle data
systematically. Secondly, the sample size for the follow-up study
was relatively small due to a high drop-out rate (55% for individuals
with CP and 15% for healthy controls). The fact that about half of the
CP individuals discontinued may have contributed to the DTI re-
sults at the 7-year follow-up, as these could potentially have been
those where microstructural white matters progressed the most,
leading to selection bias with potential under-estimation of FA
during the follow-up period. However, speculations can be raised
about whether CP individuals who dropped out were more sick
than the individuals who completed both visits, since we found no
differences on all the DTI parameters between drop-out group and
non-drop-out group. Thus, it remains unknown if drop-out of in-
dividuals with CP are the reason for not detecting progression in
white matter abnormalities. Thirdly, some individuals with CPwere
taking medications with effects on the brain, including opioids,
which may have impacted our findings. However, in the current
study, only four of the twenty CP individuals used CNS active drugs,
and we consider that our findings are not driven by those four in-
dividuals. Similarly, other confounding factors may potentially be
relevant to the main findings, i.e., minor psychiatric conditions like
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anxiety. Fourthly, to assess whether smoking uniquely is associated
with reduced FA in CP, a control group of individuals with CP who
are non-smokers should be included in future studies. Fifthly, the
TBSS approach is primarily suitable for detecting large fiber bun-
dles; thus, small fibers may be underestimated. Finally, newer DTI
protocols would be more optimal, i.e., an increased number of di-
rections and additional measures such as radial and axial diffusivity
may provide more specific data than a composite measure of FA.

4.5. Conclusion

Our findings in individuals with longstanding CP and chronic
abdominal pain showed significant widespread alterations inwhite
matter integrity compared to healthy controls. In addition, these
white matter changes were associated with tobacco use and the
duration of CP. Progression of whole-brain FA was seen for both
healthy controls and individuals with CP after 7 years, and a ten-
dency of FA skeleton decline in individuals with CP. Taken together,
the cerebral white matter alterations probably already had
occurred in the earlier stages of CP, likely explained by the neuro-
toxic effects of smoking and previous alcohol misuse, even though
the impact of chronic pain cannot be excluded. The results provide
a basis for understanding the longitudinal natural history of
microstructural brain changes in individuals with CP. However,
future research is needed to confirm our findings in larger cohorts.
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