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INTRODUCTION: Pathogenic variants (PVs) in the cystic fibrosis transmembrane conductance regulator (CFTR) gene are
commonly reported across the spectrum of pancreatitis, including acute (AP), recurrent acute (RAP),
and chronic pancreatitis (CP). We aimed to define the pooled prevalence of CFTR PVs according to
pancreatitis phenotype.
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A systematic search using synonyms for CFTR and pancreatitis was performed in Embase and Pubmed
databases. The primary outcome was the frequency of subjects with at least one CFTR PV among those

(Clopper-Pearson), and a Sidik-Jonkman random-effects model was used to calculate pooled prevalence.

Intotal, 138 studies were included in the final analysis; 17 (n = 1,873) reported populations with AP, 21
(n=1,172) with RAP, 86 (n = 13,428) with CP, and 36 (n = 4,521) with unspecified pancreatitis type.
The pooled prevalence of at least one CFTRPV was 8.0% (95% Cl: 4.3%—14.4%) of AP, 16.4% (95% CI:
10.2%-25.4%) of RAP, 15.3%(95% Cl: 12.2%-19.0%) of CP, and 25.0% (95% CI: 17.5%—-34.3%) of

unspecified pancreatitis. Heterogeneity was high in each phenotype (12 value range 88.3%-96.7%).

METHODS:
who underwent germline CFTR testing. Subgroup analyses included age, pancreatitis etiology, and
genetic testing strategy. Confidence intervals (Cls) were obtained using the exact binomial method
RESULTS:
DISCUSSION:

These findings underscore the complex landscape of CFTR PVs in pancreatitis, emphasizing the

importance of tailored approaches in addressing this genetic component across diverse patient groups
and phenotypic presentations. In addition, these data are useful for pretest genetic counseling and
provide a justification for developing CFTR-directed interventions.
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INTRODUCTION

Benign disorders of the exocrine pancreas, such as acute pan-
creatitis (AP) and chronic pancreatitis (CP), are common and
significantly affect quality of life (1-3). According to the sentinel
AP event model, recurrent attacks of AP cause progressive
damage to the pancreas and ultimately lead to CP, which may be
accompanied by pancreatogenic diabetes, exocrine pancreatic
insufficiency, and chronic pain (4). It is therefore critically im-
portant to identify the etiology of AP to better understand and
improve its natural history.

Historically, most cases of AP were attributed to gallstones or
alcohol, with a smaller proportion attributed to metabolic con-
ditions such as hypertriglyceridemia. Since the 1993 discovery of
the gene causing hereditary pancreatitis, PRSS1, genetic testing
has been increasingly used to investigate previously unexplained
AP or CP (5,6). Currently, germline genetic testing for a mini-
mum of CFTR, CTRC, PRSS1, and SPINKI is recommended for
individuals with a pancreatitis-associated disorder for which the
etiology is unclear (7). Among these genes, pathogenic variants
(PVs) in CFTR are the most common genetic risk factor of AP or
CP and have been reported at high rates among individuals with
both idiopathic CP and alcohol-related CP (8,9).

The cystic fibrosis transmembrane conductance regulator
(CFTR) ion channel is integral to maintenance of high pH and low
fluid viscosity in the pancreatic ductal system (9,10). Recent
treatment advances for persons living with cystic fibrosis (CF) have
shown that CFTR-activating drugs can improve CFTR function
assessed by sweat chloride levels, recurrences of AP, and measures
of pancreatic exocrine function (11). These data provide additional
evidence of the close relationship between CFTR function and
exocrine pancreatic function, which affects risk of pancreatitis.

Despite the importance of CFTR function in determining
pancreatitis risk, the prevalence of CFTR PVs among individuals
with exocrine pancreatic disorders has not been clearly estab-
lished. Prior case series have assessed the association between
CFTR PVs among populations with various pancreatic disorders,
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but these studies are limited by small populations, selection bias,
and/or limitations in genetic testing strategy. To determine the
prevalence of CFTR PVs, we performed a systematic review and
meta-analysis aiming to capture all cross-sectional studies where
germline CFTR testing was performed among individuals with
pancreatic disorders, including AP, recurrent AP (RAP), and CP.
We hypothesized that CFTR PVs would be highly prevalent and
that prevalence would be highest among individuals with CP.

METHODS

Search strategy

This systematic review was registered (PROSPERO registration
no. CRD42022313485) and performed according to the Meta-
Analysis Of Observational Studies in Epidemiology guidelines
(12). Literature search was conducted on May 31, 2024, in
Excerpta Medica (Embase) and the National Library of Medicine
(PubMed), using search terms relating to “CFTR” and “pancre-
atitis” (see Supplementary Table 1, http://links.Iww.com/CTG/
B302). All encountered studies were imported to a project-
specific library using the Covidence web-based platform (Mel-
bourne, Australia). This software removed duplicate entries that
were encountered in more than one database.

Eligibility criteria and study selection

Three investigators independently screened the titles and
abstracts for relevance and appropriate study type, with each
reference screened by 2 investigators. Disputes were resolved by
discussion with the senior author. Studies were considered for
inclusion if they met the following criteria: (i) human subjects; (ii)
cohort, case-control, case series, or retrospective observational
study design; (iii) included CFTR genetic testing results; (iv)
patients were not members of the same family; (v) full text of
abstract or manuscript available in English language; and (vi)
study population was not limited to participants with known CF.
Conference abstracts were eligible for inclusion. After irrelevant
studies were excluded, the remaining studies underwent full-text
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review by 2 investigators, which included review of reference lists
to identify additional studies which might be relevant. Articles
were excluded at this stage if they were review articles, case
reports, or presented duplicate or overlapping data. Studies with
insufficient data to calculate pooled prevalence were excluded.

Data collection and organization

Two investigators independently performed data extraction
from each study, with conflicts resolved by the senior author.
Extracted data included first author, year of publication,
country in which the study was completed, mean (SD) or
median (interquartile range) age of subjects, number of sub-
jects included, and number of subjects with a CFTR PV. Spe-
cific variants in CFTR were not recorded due to the high
frequency of missingness; therefore, pathogenicity of variants
was determined by each study author and could not be re-
evaluated according to current definitions. We recorded
pancreatitis type, age category (pediatric, adult, or mix of pe-
diatric and adult subjects), and any special population features
such as comorbid pancreas divisum when they were provided.
Studies which did not denote the chronicity of pancreatitis or
grouped patients with AP and CP together were classified as
pancreatitis not otherwise specified (NOS). Genetic testing
modality data were reviewed by 2 investigators and recorded as
one of the following categories: (i) targeted panel, (ii) full gene
sequencing, (iii) a mix of both targeted and full sequencing, or
(iv) not reported.

Quality assessment

The Joanna Briggs critical appraisal instrument for studies
reporting prevalence data was used to evaluate the quality and
risk of bias for each study (13). Two reviewers independently
conducted this assessment for each study. This instrument
objectively assesses quality in 9 areas ranging from sampling
time frame, selection method, and data analysis, among others.
After objectively assessing each area, each article is assigned
an overall appraisal as include, exclude, or seek further
information.

Prevalence of CFTR Pathogenic Variants

Statistical analysis

Descriptive statistics elucidated the frequency and percentages of
CFTR PVs. Individual study confidence intervals (Cls) for PV
prevalence were obtained using the Clopper-Pearson Exact
Method. A logit transformation was used to stabilize the var-
iances; however, these results were back-transformed to the
original proportion scale for interpretation. Owing to anticipated
heterogeneity among meta-analyses, a random-effects model was
used. This was quantitatively assessed considering various het-
erogeneity measures (1%, I, and H?) across different methods
(Sidik-Jonkman, restricted maximal likelihood, DerSimonian-
Laird, and Hedges). Largely, these methods agreed on the overall
effect size, and each confirmed high heterogeneity. Conforming
with standard practices for meta-analyses, we report the most
commonly used heterogeneity measure, I, to quantify the total
amount of variation. For these analyses, I* values were 80% or
higher, indicating very high levels of heterogeneity. This was
consistently observed across all methods, affirming the need for
a random-effects model for pooled prevalence calculations. The
Sidik-Jonkman approach was chosen to better handle between-
study variation (7?), offering a more conservative model with
wider Cls, increasing the likelihood of capturing the true preva-
lence. Forest plots depicted individual pooled prevalence with
corresponding 95% Cls, whereas funnel plots were generated to
visually inspect potential publication bias or systematic hetero-
geneity. These statistical analyses were executed using STATA
version 18 (StataCorp, College Station, TX).

Pooled prevalence estimates derived from subgroup analyses
were used to calculate odds ratios. These estimates were used in
combination with the observed event totals to calculate Cls and
asses statistical significance through 2-sided a levels of 0.05. The
analyses compared prevalence differences between adult and
pediatric population, idiopathic and nonidiopathic etiology, and
genetic testing strategy. To minimize heterogeneity, studies that
overlapped categories (i.e., included both pediatric and adult
subjects) or had indeterminate classifications were excluded from
these analyses. Calculations for odds ratios (ORs) and 95% con-
fidence intervals (CIs) were performed using Microsoft Excel
Version 2407 (Microsoft, Redmond, WA).

Imported
n=3528
T Duplicate
v n=2086
Abstracts screened
n=1442
T Irrelevant
v n=964
Full texts reviewed
n=478 340 excluded:
T 115 Wrong study design
y 73  Non-pancreatitis population
Included 63  Duplicate or overlapping data
n=138 54  Non-CFTR outcomes
19  Non-English language
16 Inadequate data reporting

Figure 1. Study flow diagram, according to the Preferred Reporting ltems for Systematic Review and Meta-Analysis (PRISMA) reporting standards.
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Number of CFTR Proportion Weight
Study successes Total with 95% CI (%)
Abu-El-Haija 2019 6 54 —— A111 [ .0419, .2263] 6.57
Ariga 2013 30 211 - 1422  .098, .1967] 7.18
Bas 2023 4 13 = 3077 [ .0909, .6143] 5.97
Felley 2004 2 10 O 2 .0252, .5561] 5.25
Grzybowska-Chlebowczyk 2018 3 51 l— .0588 [ .0123, .1624] 5.99
Jalaly 2017 27 59 —l— 4576 .3272, .5925] 7.05
Joergensen 2010 3 28 —l—— A071[ .0227, .2823] 5.93
Kostuch 2002 0 41— 0] 0, .086] 3.20
Koziel 2015 5 221 Ik .0226 [ .0074, .052] 6.50
Martonosi 2023 6 190 I .0316 [ .0117, .0675] 6.62
Martonosi 2023 4 178 I} .0225[ .0062, .0565] 6.32
Pernigo 2024 99 322 - 3075 .2575, .361] 7.29
Pezzilli 2003 2 34 W— .0688 [ .0072, .1968] 5.49
Poddar 2015 2 24 ——— .0833[ .0103, .27] 545
Sanchez-Ramirez 2007 0 36 H—— 0[ 0, .0974] 3.20
Yin 2022 2 355 W .0056 [ 6.8e-04, .0202] 5.56
Zoller 2007 5 46 —W— 1087 [ .0362, .2357] 6.43
Overall — 0799 .0428, .1442]
Heterogeneity: 7> = 1.56, I = 91.58%, H’ = 11.88
Test of 6, = 6;: Q(16) = 177.03, p = 0.00
Testof 6 =0:z=-7.22, p =0.00
000 020 040 0.0

Random-effects Sidik—Jonkman model

Sorted by: _meta_id

95% prediction interval

Figure 2. Forest plot illustrating the prevalence of pathogenic variants in CFTR among 17 studies which included 1,873 subjects with acute pancreatitis

(AP). CFTR, cystic fibrosis transmembrane conductance regulator.

RESULTS

Study selection

From the original 3,528 references identified through our da-
tabase search, 2,086 duplicates were excluded. Title and abstract
screening excluded 964 irrelevant studies. The remaining
studies underwent full-text review, and 340 additional pub-
lications were excluded because of incorrect study design (n =
115), nonpancreatitis population (n = 73), duplicate or over-
lapping cohorts (n = 63), non-CFTR outcomes (n = 54), non-
English language (n = 19), or inadequate data reporting (n =
16) (Figure 1).

In total, 138 studies that discussed CFTR PV prevalence in
cohorts with pancreatitis were included in our final analysis.
Studies recruited from various countries and were published
between 1998 and 2024 (see Supplementary Table 2, http://
links.Iww.com/CTG/B302). Within these studies, 17 reported
populations with AP, 21 with RAP, 86 with CP, and 36 with
pancreatitis that was incompletely defined or mixed AP and
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CP participants together, which were categorized as pancrea-
titis NOS. All studies had an acceptable risk of bias according
to the Joanna Briggs tool. There was a high level of missing data
in published studies: most studies did not report participants’
ages or report specific CFTR variants. Heterogeneity was high
across all studies and could not be resolved statistically even
with random-effects models given the limited data in most
reports. Abstracts were excluded in a sensitivity analysis,
and no significant differences in pooled prevalence were
identified (see Supplementary Table 7, http://links.lww.com/
CTG/B302).

Acute pancreatitis

Among studies including participants with AP, germline genetic
testing for CFTR was conducted in a total of 1,873 participants.
The overall pooled prevalence of pathogenic CFTR variants was
8.0% (95% CI: 4.3%-14.4%; 1> = 89.2%) (Figure 2). No partic-
ipants with AP were diagnosed with CF.
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Table 1. Odds ratio of identifying a pathogenic variantin CFTR in etiology, age, and genetic testing strategy subgroups according to disease

phenotype
AP RAP
Etiology
Idiopathic 5.77 (3.54-9.42), P < 0.0001 0.99 (0.71-1.36), n.s
Other Reference Reference
Age
Pediatric 0.85(0.43-1.70), n.s 0.97 (0.68-1.37), n.s
Adult Reference Reference

Genetic testing strategy
Full sequencing 2.16(1.47-3.15), P < 0.0001
Targeted panel Reference

Data are reported as odds ratio (95% confidence interval), Pvalue.

1.82 (1.09-3.04), P = 0.023

Reference

CP Pancreatitis, NOS

147 (1.33-1.63), P<0.0001 1.63(1.41-1.88), P < 0.0001

Reference Reference

1.21 (1.06-1.37), P = 0.0044

Reference

2.62 (2.20-3.12), P < 0.0001

Reference

1.46 (1.31-1.64), P< 0.0001  2.82 (2.29-3.48), P < 0.0001

Reference Reference

AP, acute pancreatitis; CFTR, cystic fibrosis transmembrane conductance regulator; CP, chronic pancreatitis; NOS, not otherwise specified; RAP, recurrent acute

pancreatitis.

In subgroup analyses, CFTR PVs were significantly more
prevalent among participants with idiopathic pancreatitis com-
pared with other etiologies (OR: 5.77, 95% CI: 3.54-9.42, P <
0.0001). The pooled prevalence in idiopathic pancreatitis was
27.1% (95% CIL: 9.61%-56.6%) compared with 6.06% for other
etiologies (95% CI: 3.21%-11.4%). More PVs were detected by full
sequencing than targeted panels (OR: 2.16, 95% CI: 1.47-3.15,
P < 0.0001). There were no significant differences in the preva-
lence of CFTR PVs according to age category (Table 1, see Sup-
plementary Table 3, http://links.Iww.com/CTG/B302).

Recurrent acute pancreatitis

Among studies including participants with RAP, germline ge-
netic testing for CFTR was conducted in a total of 1,172 partic-
ipants. The pooled prevalence of pathogenic CFTR variants was
16.4% (95% CI: 10.2%-25.4%; I* = 88.3%) (Figure 3). A total of 7
participants were diagnosed with CF (0.6%).

In subgroup analyses, CFTR PVs were significantly more
prevalent when full sequencing was used compared with
targeted panel testing (OR: 1.82, 95% CI: 1.09-3.04, P =
0.023), but there were no significant differences in the prev-
alence of CFTR PVs according to etiology or participant age
(Table 1, see Supplementary Table 4, http://links.lww.com/
CTG/B302).

Chronic pancreatitis

Among studies including participants with CP, germline genetic
testing for CFTR was conducted in a total of 13,428 participants.
The pooled prevalence of CFTR PVs was 153% (95% CI:
12.2-19.0%; I* = 95.7%) (Figure 4, see Supplementary Figure 1,
http://links.lww.com/CTG/B302). A total of 17 participants were
diagnosed with CF (0.13%).

In subgroup analyses, CFTR PVs were significantly more
prevalent among participants with idiopathic etiology compared
with other etiologies (OR: 1.47, 95% CI: 1.33-1.63, P < 0.0001)
and among pediatric participants compared with adult partic-
ipants (OR: 1.21,95% CI: 1.06-1.37, P = 0.004). Studies using full
sequencing showed a higher prevalence of CFTR PV than those
which used targeted panel testing (OR: 1.46, 95% CI: 1.31-1.64,

American College of Gastroenterology

P < 0.0001) (Table 1, see Supplementary Table 5, http://links.
Iww.com/CTG/B302).

Pancreatitis, not otherwise specified

Among studies including participants with pancreatitis which was
not clearly defined as AP, RAP, or CP, germline genetic testing for
CFTR was conducted in a total of 4,521 participants. The pooled
prevalence of CFTR PVs was 25.0% (95% CI: 17.5%-34.3%; I* =
96.7%) (Figure 5, see Supplementary Figure 2, http://links.Iww.
com/CTG/B302). A total of 61 participants were diagnosed with
CF (1.4%).

In subgroup analyses, CFTR PV's were more prevalent among
idiopathic etiology than other etiologies (OR: 1.63, 95% CI:
1.41-1.88, P < 0.0001) and among pediatric participants com-
pared with adult participants (OR: 2.62, 95% CI: 2.20-3.12, P <
0.0001). Finally, studies using full sequencing showed a higher
prevalence of CFTR PVs than those which used targeted panel
testing (OR: 2.82, 95% CI: 2.29-3.48, P < 0.0001) (Table 1, see
Supplementary Table 6, http://links.Iww.com/CTG/B302).

DISCUSSION

In this systematic review and meta-analysis including >10,000
participants across 138 separate studies, we demonstrate that
CFTR PVs are prevalent among individuals with pancreatitis,
ranging from 8.0% to 25.0%. Among individuals with a single AP
episode, 8.0% had atleast one CFTR PV, whereas individuals with
recurrent AP or CP had nearly 2-fold higher prevalence at 16.4%—
15.3%, respectively. Subgroups of patients may have higher
prevalence, such as those with idiopathic AP for whom preva-
lence is as high as 30.6%. These estimates reflect a clinically sig-
nificant subpopulation of individuals with pancreatitis for whom
a genetically predisposing risk factor can be identified.

Our systematic review identified several important insights
into germline CFTR variants among individuals with pancreatitis.
First, the included studies are extremely heterogeneous. Various
factors, including differences in study design, population de-
mographics, and genetic testing methodologies likely contribute
to this variability. This means a careful interpretation of the
pooled prevalence data is required, considering specific study

Clinical and Translational Gastroenterology
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Number of CFTR Proportion Weight
Study successes Total with 95% CI (%)
Abu-El-Haija 2019 1 31 B .0323 [ 8.2e-04, .167] 3.46
Appak 2018 2 9 B 2222 [ .0281, .6001] 4.17
Bas 2023 2 26 — .0769[ .0095, .2513] 4.40
Ockenga 2000 3 9 B .3333[ .0749, .7007] 4.50
Bishop 2005*** 6 16 —B— 375  .152, .6457] 5.19
Cruz 2021 9 128 W .0703[ .0327, .1293] 5.74
Frulloni 2003 4 54 — .0741[ .0206, .1789] 5.18
Gurakar 2022 20 59 —— 339 .2208, .4739] 5.93
Loddo 2014 4 4 u 1 .3976, 11 2.28
Lucidi 2011 21 53 —— 3962 [ .2645, .54] 5.92
Nabi 2020 3 144 I .0208 [ .0043, .0597] 4.95
Palermo 2016 7 29 —— 2414 103, .4354] 5.47
Phillips 2018 5 45 B— A111 [ 0371, .2405] 5.34
Sanchez-Ramirez 2007 1 19 —— .0526 [ .0013, .2603] 3.42
Segal 2008 4 33 1212 .034, .282] 5.13
Sobczynska-Tomaszewska 2006 1 40 B— .025[ 6.3e-04, .1316] 3.47
Uc 2022 138 365 E 3 3781 [ .3281, .43] 6.23
Wen 2019 2 6 L 3333 [ .0433, .7772] 3.94
Werlin 2015 10 67 - 1493 [  .074, .2574] 5.75
Wilschanski 2011 3 21 —— 1429 [ .0305, .3634] 4.81
Xiao 2017 3 14 —— 2143 [ .0466, .508] 4.71
Overall <> 1641 [ 1015, .2542]
Heterogeneity: 1° = 1.26, I’ = 88.30%, H’ = 8.55
Test of 8, = 8;: Q(20) = 121.71, p = 0.00
Testof 8=0:z=-5.78, p =0.00
0.00 0.50 1.00
Random-effects Sidik—Jonkman model
Sorted by: _meta_id

Figure 3. Forest plot illustrating the prevalence of pathogenic variants in CFTR among 21 studies which included 1,172 subjects with recurrent acute
pancreatitis (RAP). CFTR, cystic fibrosis transmembrane conductance regulator.

contexts when integrating these findings. Second, the methods of
germline genetic testing are variable which, in part, reflects the
development of more sophisticated genetic testing methods and
the increasing availability of these tests worldwide. We broadly
categorized these testing strategies to full sequencing or targeted
panel testing for our subgroup analysis, which generally dem-
onstrated increased detection of PVs with full sequencing rather
than targeted panels. Notably, some studies used targeted panels
which included the American College of Medical Genetics and
Genomics recommended 23 variant panel (14), others used
targeted panels to only assess a few specific variants (15,16),
while others used more extensive panels (17). Future work will
be required to develop the impact of each genetic testing strategy
with greater resolution. Third, participant ages were not

Clinical and Translational Gastroenterology

consistently reported in the selected studies, which dictated the
need to dichotomize this variable into pediatric and adult age
categories. Studies that did report mean or median participant
age generally reported age at the time of genetic testing rather
than age at disease onset. Fourth, specific variants were reported
in some, but not all, studies. Those studies that did report spe-
cific variants very rarely included a local control population to
permit calculation of pancreatitis risk according to specific
variant. Overall, these observations suggest future directions for
genetics studies among individuals with pancreatitis to improve
homogeneity and subsequent conclusions than can be made
from the pooled data.

With these limitations in mind, we report that approximately
16% of individuals with RAP or CP who complete genetic testing
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Study successes Total with 95% C (%)
Abu-El-Haija 2019 5 26 —@— 1923[ 0655, .3935] 1.15
Alazmi 2006 69 819 W 0842[ 0661, .1054] 135
Aoyagi 2009 6 40 W 15[ 0571, .2984] 1.19
Arduino 1999 3 39 W— 0769 0162, .2087] 1.07
Ariga 2013 43 a7 1587[ 1173, 2077) 134
Audrezet 2002°** 14 39 —— 359[ 212, .5282] 1.26
Avanthi 2013 1 125 008 [ 2.0e-04, .0438] 0.77
Balazs 2015 0 5 of 0, 5218] 0.51
Bas 2023 2 29— 069[ .0085, 2277) 096
Bernardino 2003 8 82 M- 0976 0431, .1832] 123
Bhatia 2000 2 18 ——— 111[ 0138, .3471] 0.95
Bishop 2005"** 18 40 » 45[ 2926, 6151) 127
Bugai 2019 31 41 —— 7561 .597, .8764] 1.24
Casals 2004 27 68 —— 3971[ 2803, .523] 131
Chang 2007 19 78 - 2436 .1535, .354] 1.3
Chang 2015 25 89 ] 2809 1907, .3862] 131
Cheema 2023 5 50 -M— 1] 0333, 2181] 1.7
Cohn 2002 17 39 —— 4359[ 2781, 6038] 127
Cohn 2005 15 52 —— 2885 1713, .4308] 1.28
Cyba 2022 8 127 063[ 0276, 1203] 1.24
daCosta 2009 8 [ 1M76[ 0522, .2187] 123
deCid 2010 53 136 E o 3897[ 3073, 477] 134
DeLeon 2017 45 149 E o 302[ 2296, .3825] 1.34
Ellrichmann 2011 13 315 W 0413[ 0222, .0695] 129
Frulloni 2003 10 45— 2222 112, .3700] 124
Frulloni 2008 23 198 162[ 0751, .1692] 1.32
Fujiki 2004 14 65 W 2154 1231, 3349] 128
Gaia 2002 10 7 - 1299 0641, 2259] 126
Garg 2009 10 30 L 3333[ 1729, 5281) 122
Grabarczyk 2017 10 136 W 0735[ 0358, .1311] 1.26
Graziani 2012 7 47 W 14890 062, 2831) 121
Gurakar 2022 24 % - 2449 1636, .3421] 1.31
Heinzman 2023 36 107 L 3364[ 248, 4342) 133
Kimura 2000 0 47m- of 0, .0755] 053
Lee 2005 1 43 W 0233[ 5,904, .1229] 0.76
Lee 2024 17 670 M 0254[ 0148, .0403] 1.31
Lewis 2021 121 663 M 1825[ 1538, 2141] 136
Litvinova 2020 19 105 - 181[ .1126, .2681] 1.30
Liu 2017 3 74 B 0405 0084, .1139] 1.08
Luaces-Regueira 2010 29 82 i 3537[ 2512, .467) 131
Malats 2001 0 86 of 0, .042] 053
Marach 2016 43 21 W 1784 1322, .2327) 1.34
Martinez 2014 220 880 | | 25[ 2217, 28] 136
Masson 2013 99 253 E 3 3913[ 3308, 4544] 135
Midha 2010 50 100 L] 5[ 3983, 6017) 133
Muthuswamy 2014 44 150 E = 2933[ 2219, .3731] 1.33
Ni Chonchubhair 2021 8 126 W 0635[ 0278, .1213] 124
Naruse 2004*** 0 28— of 0, 1372] 53
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Sharer 1998 18 134 W 1343[ 0816, .204] 130
Shulyatyev 2013 3 150 I 02[ 0041, 0573] 108
Singh 2014 37 150 B 2467[ 18, .3236] 1.33
Sisman 2015 1 9m 0127[3.2e-04, .0685] .76
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Figure 4. Forest plot illustrating the prevalence of pathogenic variants in CFTR
among 86 studies which included 13,428 subjects with chronic pancreatitis
(CP). CFTR, cystic fibrosis transmembrane conductance regulator.
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will have at least one PV in CFTR, which is 3-5 folds higher than
the carrier frequency in the general population (18-20). Thus,
one concrete benefit to germline genetic testing among individ-
uals with pancreatitis is to identify CFTR carrier status, which has
implications for preconception counseling. In addition, we report
that between 0.6 and 1.4% of individuals with RAP, CP, or pan-
creatitis NOS were diagnosed with CF, which is significantly
higher than the general population rate of 0.02%-0.04% (21,22).
Identifying a diagnosis of CF has numerous implications for
management, including potential eligibility for treatment with
CFTR modulating drugs.

Our subgroup analyses identified significant differences be-
tween adult and pediatric populations, as well as idiopathic and
known etiologies of pancreatitis. Prevalence was higher in pedi-
atric versus adult populations in the CP and NOS analyses. This is
consistent with relatively early manifestation of CFTR-related
disorders, which may also have more severe presentations
during childhood. In addition, children typically have less ex-
posure to nongenetic, environmental triggers such as cigarette
smoking and alcohol. Prevalence was also significantly higher in
idiopathic cohorts compared with those with known “Other”
etiologies in the AP, CP, and NOS studies. Other causes pri-
marily comprised alcoholic or gallstone pancreatitis. Less
common causes included pancreatitis because of hyperlipid-
emia (23), drug-induced (24), familial pancreatitis (25), and
inflammation in the setting of pancreas divisum (26). In the
included studies, all participants underwent testing to help
clarify possible impacts of germline genetics when there already
is an existing trigger. At present, genetic testing is recommended
only when the etiology is unclear (7). Additional study would be
required to clarify potential benefits of testing for patients with
other recognized causes of pancreatitis.

Over the past 10 years, CFTR modulating drugs have revo-
lutionized CF care (27-29). At present, CFTR modulators are
labeled for persons living with CF with specific CFTR variants
proven to respond to the medication in vivo or in vitro (30). In
these individuals, CFTR modulators improve CFTR function in
sweat glands (reduced sweat chloride), the sinopulmonary
system (improved forced expiratory volume on one second
(FEV1)), and the reproductive system (improved fertility in
males and females). CFTR modulators have a variety of effects
on the digestive system, including reduced pancreatic in-
flammation and improved exocrine function in a subset of
individuals (11,31-33). For individuals with pancreas-sufficient
CF, CFTR modulators dramatically reduce the frequency of AP
(11,34). Thus, among individuals with RAP or early CP who are
diagnosed with CF, CFTR modulator therapy represents an
opportunity for a precision medicine approach. We report that
the frequency of diagnosing CF among patients with RAP or CP
islow (0.6%-1.35%), but, when identified, treatment with CFTR
modulators may dramatically improve the disease course. No-
tably, use of CFTR modulators to improve pancreatic function
among CFTR PV carriers (i.e., CFTR-related disorder) who do
not meet diagnostic criteria for CF has not been reported. We
speculate that CFTR modulators will improve exocrine function
and reduce pancreatitis frequency in this population, but pro-
spective studies are needed.

Several limitations must be considered when interpreting the
findings of this systematic review. In an attempt to maximize
coverage of the available literature, we included conference
abstracts which are not rigorously peer-reviewed and susceptible
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Number of CFTR Proportion Weight

Study successes Total with 95% CI (%)
Alghisi 2011 22 62 [} 3548 .2374, .4866] 2.96
Cardile 2013 2 8 —— 25[ .0319, .6509] 2.22
Castellani 2001*** 11 67 E 1642 .0849, .2748] 2.90
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Grimes 2021 10 14 —— 7143 419, .9161] 2.56
Haber 1999 2 52 —il- .0385[ .0047, .1321] 2.36
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Keiles 2006 122 381 i 3202 .2736, .3696] 3.06
LaRusch 2014 189 984 [ 1921 1679, .2181] 3.07
Lin 2019 81 264 [ .3068 [ .2517, .3663] 3.05
Liu 2019 94 304 [ | 3092 .2577, .3645] 3.05
Maire 2003 16 64 = 25[ .1502, .374] 294
Mantovani 2007 12 84 m 1429 .0761, .2362] 291
Monaghan 2000 3 46 —- .0652 [ .0137, .179] 2.55
Nabi 2015 1 43 —i— .0233 [ 5.9e-04, .1229] 1.93
Pallares-Ruiz 2000 7 10 —— 7 .3475, .9333] 2.41
Pelletier 2010 50 100 [l 5[ .3983, .6017] 3.01
Pepermans 2010 40 405 o .0988 [ .0715, .1321] 3.03
Poddar 2015 63 68 - 9265[ .8367, .9757] 274
Ravnik-Glavac 2000 2 27 —- .0741[ .0091, .2429] 2.34
Sultan 2012 14 29 E 3 4828 .2945, .6747] 2.85
Tzetis 2007*** 17 25 : .68  .465, .8505] 2.78
Volkan 2023 16 46 15 .3478 [ .2135, .5025] 2.92
Vue 2016 21 69 [ 3043 [ .1992, .4269] 2.96
Overall + 2496 [ 1749, .343]
Heterogeneity: 1 = 1.72, I’ = 96.72%, H’ = 30.51
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Figure 5. Forest plot illustrating the prevalence of pathogenic variants in CFTR among 36 studies which included 4,521 subjects with pancreatitis, not
otherwise specified (NOS)*. *Pancreatitis NOS includes cohorts where the pancreatitis phenotype was not clearly described, or where results from AP and
CP were pooled together. AP, acute pancreatitis; CFTR, cystic fibrosis transmembrane conductance regulator; CP, chronic pancreatitis.
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to greater potential bias. Ultimately, abstracts constituted less
than 25% of the included studies. An additional limitation is
that selection or referral bias is an unmeasured confounder in
many studies. The case finding strategy was not always clearly
defined in the included studies, and many were conducted at
tertiary referral centers. Finally, we identified significant het-
erogeneity between included studies, and this heterogeneity
could not be resolved statistically. This is due to the large
number of studies included, each with varying methodologies,
sample characteristics, and patient selection. As a result, we
limited the number and type of subgroup analyses to simple
categories that could be assessed in all studies. We compared 2
categories and excluded studies which overlapped categories,
such as the subgroup analysis of genetic testing strategy, which
compared full CFTR sequencing with targeted panel testing,
and excluded studies which used a combination of both or did
not report their testing strategy. Similarly, we compared pe-
diatric series with adult series and excluded any studies which
included overlapping ages. Ultimately, this limited the sample
size of subgroup analyses but was intended to increase the rigor
of our findings.

Despite the limitations of available reported data, our study
has many strengths. We compiled all studies reporting germ-
line CFTR testing among individuals with pancreatitis and
analyzed these according to pancreatitis phenotype. Our
classification of AP, RAP, and CP are based on firm objective
criteria, and we have pooled other cases into a pancreatitis not
otherwise specified (NOS) category to retain these additional
cases in our study, although this group is expectedly hetero-
geneous, and only limited conclusions can be drawn from the
data. In addition to pancreatitis phenotype, we clarified etiol-
ogy for all studies and performed subgroup analyses among
these to determine the prevalence of CFTR PVs among idio-
pathic cases compared with cases with other identified etiol-
ogies. Finally, we determined the pooled prevalence by
including all studies in each disease phenotype using meta-
analyses statistical methodologies, which makes our results
more generalizable than individual center data. These results
are useful for counseling before germline genetic testing and
inform researchers about the potential patient population with
CFTR-related pancreatitis who may benefit from future clinical
studies.
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Study Highlights
WHAT IS KNOWN

\/ Pathogenic variants (PVs) in cystic fibrosis transmembrane
conductance regulator (CFTR) are the most common genetic
risk factor of pancreatitis, but the prevalence has not been
well defined.

WHAT IS NEW HERE

\/ PVsin CFTR are encountered in 16.4% and 15.3% of
individuals with recurrent acute pancreatitis or chronic
pancreatitis.

\/ Cystic fibrosis was identified in up to 1.4% of individuals
presenting with pancreatitis.

\/ CFTR PV prevalence varies by pancreatitis phenotype,
pancreatitis etiology, and age at time of genetic testing.
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