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Abstract

Diabetes mellitus represents a group of diseases with persistent hyperglycemia. Exocrine disorders
of the pancreas are increasingly recognized to cause or precede the onset of diabetes, which in this
context is referred to as pancreatogenic or type 3c diabetes. The sequela of diabetes is observed
across the spectrum of severity in acute pancreatitis and may be associated with other clinical
complications. The pathophysiology of acute pancreatitis-related diabetes mellitus is poorly
understood, and observations suggest it is likely multifactorial. In this Review, we discuss the
epidemiology, pathophysiology, management considerations, and highlight knowledge gaps in
diabetes mellitus following acute pancreatitis.

INTRODUCTION

Pancreatogenic diabetes mellitus (DM), also termed type 3c diabetes mellitus (T3cDM),
refers to DM secondary to a condition or disease of the exocrine pancreas (Table)(1, 2).
Even though the islet cells account for a very small proportion of the overall pancreas
volume, many patients with a exocrine pancreatic disorder will develop endocrine
dysfunction and dysregulated glucose metabolism. Although the different etiologies of
pancreatogenic DM are collectively referred to under a single term, there are
pathophysiological differences according to the underlying pancreatic disease; these
characteristics have been previously described for chronic pancreatitis, pancreatic cancer,
and cystic fibrosis(2-4). Considering the relatively higher frequency of acute pancreatitis
compared to other diseases of the pancreas, it is likely the most common etiology of
pancreatogenic DM(5).

Acute pancreatitis (AP) is an inflammatory disease with a global pooled incidence of
approximately 34 cases per 100,000 in the general population per year, but which varies
widely given the geographic location(6). Although the majority of patients with AP have
mild disease, a subset have increased morbidity and prolonged hospitalization(7). Advances
in early risk stratification, supportive care, and aggressive fluid resuscitation have decreased
overall morbidity and mortality; but the mechanisms and associated risk factors that impact
intermediate and long-term outcomes, such as AP-related DM, remain poorly characterized.

Herein, we review the epidemiology, pathophysiology, management considerations, and
outline key knowledge gaps for future investigations regarding the relationships between AP
and dysregulated glucose control. The mechanisms underlying development of DM after AP
remain unknown, but may represent a combination of classic pancreatogenic (or type 3c)
DM, type 2 DM, and type 1 DM. One set of diagnostic criteria for pancreatogenic DM have
been proposed, requiring the presence of abnormal pancreatic imaging, exocrine pancreatic
insufficiency, and absence of islet auto-antibodies(8). However, it is important to recognize
these criteria have not been validated and modifications are likely necessary taking the
underlying pancreatic disorder into consideration. To be consistent with the precedent
established in cystic fibrosis, we propose and will use the term “acute pancreatitis-related
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DM (AP-DM)” to describe DM that develops during or following an episode of acute
pancreatitis. We recognize the limitations of this nomenclature (i.e., it does not reflect the
heterogeneity in the underlying pathophysiology), but believe it is helpful to distinguish
from prevalent DM (i.e., DM preceding the development of acute pancreatitis). Prevalent
DM is an established risk factor for AP, and is not discussed further to avoid confusion(9).

SEARCH STRATEGY

Potential references were identified for this narrative review using a sensitive search of
PubMed for articles published between January 1980 and September 2020, using the
following terms: (pancreatogenic OR pancreatogenous OR type 3¢ OR pancreatitis) AND
(diabetes OR diabetes mellitus). Additional articles were identified with chaining, by
examining the bibliographies of selected articles. Final references were selected with
preference to original articles and those with high relevance to the defined scope of this
Review (e.g., studies related to the relationship between diabetes medication usage and acute
pancreatitis were not included).

EPIDEMIOLOGY OF ACUTE PANCREATITIS-RELATED DIABETES

Acute pancreatitis (AP) is an inflammatory disease of the exocrine pancreas that accounts
for more than 300,000 hospitalizations, with health care costs exceeding $2 billion annually
in the United States(10, 11). The global pooled incidence is 34 cases per 100,000 per year,
with geographic variation. Specifically, the incidence is significantly higher in North
America (e.g., 58.2 cases per 100,000 per year in the United States) than in Europe (e.g.,
24.7 and 15.0 cases per 100,000 per year in Sweden and Denmark, respectively)(12-14).
The crude mortality rate is approximately 1.2 per 100 000 person-years(6).

Approximately 80% of patients have a mild clinical course with a hospitalization lasting less
than a week, while those with moderately-severe or severe AP experience pancreatic
necrosis and/or organ failure and a protracted hospital course(7). Long-term sequelae
include exocrine pancreatic insufficiency, complications from walled-off pancreatic necrosis,
and recurrent episodes of AP in up to 20% of patients(14-16). Hyperglycemia was
historically considered a merely transient phenomenon in AP during hospitalization.
However, two recent meta-analyses have shed new light on the chronicity and high incidence
rate of AP-related DM reporting that approximately 23% of AP patients will develop DM
within three years of discharge(17, 18). Importantly, these estimates did not include patients
with pre-existing DM (also referred to as prevalent DM), which may exist in approximately
25% of AP patients(19). A recent prospective study reported the development of DM in 3%,
7%, 9%, and 11% at 6, 12, 18, and 24 months following an AP episode, but larger studies
are needed to validate these findings(20). In longitudinal studies with at least five years
follow-up, the cumulative incidence rate of new onset AP-related DM increased up to 40%
(18). Despite this, the precise time course for endocrine dysfunction following AP is
incompletely described, with some studies demonstrating complete temporal resolution or
marked improvements, while others indicate persistent endocrine dysfunction(21-23). In
summary, the development of dysregulated glucose metabolism is common in patients with
AP, but may have a reversible component.
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Numerous factors have been associated with an increased risk of developing AP-related DM.
One of the strongest predictors is the development of severe AP, particularly with necrosis.
Indeed, the distribution of clinical severity is an important consideration when interpreting
incident rates of AP-related DM. For example, one study reported endocrine dysfunction in
56% of subjects with severe AP in comparison to 23% with mild AP(24). However, the
development of DM in patients with mild, non-necrotizing AP suggests there are other
contributing factors. The presence of canonical risk factors for type 2 DM, such as family
history of type 2 DM, excess adiposity, and physical inactivity, likely contribute, but were
not routinely reported in many of the prior studies. Factors predisposing to type 1 DM (e.g.,
the presence of autoantibodies and/or susceptible genetic polymorphisms) were also not
routinely measured. More often, pancreatitis-related risk factors for the development of AP-
related DM were documented, and included exocrine pancreatic insufficiency and a non-
biliary etiology(18).

While prior studies have provided key observations regarding AP-related DM, there is a
need for further, definitive investigations that overcome limitations in the existing data. For
example, most published studies have used a clinical diagnosis or diagnostic coding for DM
case ascertainment via chart reviews or administrative databases, respectively. While
important to generate preliminary data, this methodology will inherently underestimate the
true incidence of AP-related DM due to undercoding of DM and/or not attributing it to AP.
Conversely, overrepresentation of patients with severe AP in many studies may inflate the
incidence rate, and limits the ability to identify predictive factors for patients with mild AP,
which reflects the majority of patients in clinical practice. The heterogeneity in study
designs is reflected in two similar meta-analyses estimating the incidence of AP-related DM
in which there was high statistical heterogeneity that was not explained with subgroup or
sensitivity analyses(17, 18). Therefore, definitive studies on the incidence rate and risk
factors for AP-related DM require prospective, longitudinal follow-up with serial
assessments of glycemic status and evaluation of the impact of potential patient and disease
related factors; yet have not been undertaken, likely due to the substantial costs and other
resources required.

PATHOPHYSIOLOGY OF ACUTE PANCREATITIS-RELATED DIABETES

The pathophysiology of AP-related DM is incompletely understood, but is likely
multifactorial with varying potential contributions in an individual patient arising from: a)
loss of islet cell mass, b) AP-induced autoimmunity, ¢) shared etiologic risk factors, d) local
and systemic inflammatory response, and/or e) alterations in the insulin-incretin axis
(Figure). It is particularly important to understand the relative contributions from these, as
well as potential genetic predispositions, to identify opportunities for prevention of AP-
related DM.

Loss of islet mass

In patients experiencing extensive pancreatic necrosis, there is a loss of overall islet mass
that results in relative insulin deficiency, which is analogous to pancreatogenic DM
following pancreatic surgery. These patients experience the onset of DM early in the course
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of the disease, which persists over time. Data supporting this mechanism have shown that
patients with necrotizing pancreatitis have a higher incidence of AP-related DM compared to
subjects without necrosis (37% vs. 11%, P < 0.001) (18). As a result, pancreatic necrosis is
expected to result in a reduction or loss of the production and secretion of insulin as well as
other islet hormones (e.g., pancreatic polypeptide, amylin, somatostatin, and glucagon).
Since >10% of patients with non-necrotizing AP develop DM during short term follow-up,
the pathophysiology of AP-related DM is likely dependent on factors other than immediate
loss of islets for many patients(18).

Autoimmunity

The clinical observation that insulin requirements in AP-related DM are similar to type 1
DM (T1D), has raised the possibility of disease overlap(5). In T1D, patients develop one or
more autoantibodies following a trigger of immune activation. The majority of patients have
antibodies to glutamic acid decarboxylase (GAD65) (70-80%), insulin (IAA), insulinoma-
associated autoantigen 2 (IA2A), zinc transporter (ZnT8A), and/or tetraspanin 7. These
autoimmune markers represent a hallmark of T1D and are produced in response to
autoreactive T cells recognizing B-cell self-antigens and neo-antigens. In the absence of AP,
it may take months to years for patients to develop overt DM after autoantibody detection,
indicating a latent phase of disease(25). The possibility that AP could lead to similar
immune activation has not been extensively studied, but there are sparse reports of p-cell
autoantibody positivity in patients with AP-related DM(26). Nevertheless, we speculate a
robust local (and systemic) inflammatory response in AP could result in post-translational
modification of endogenous B-cell proteins, such as insulin and islet nucleic acids. Indeed,
such modified neoepitopes have recently been recognized as a contributor to p-cell death in
T1D and their production is enhanced under conditions of endoplasmic reticulum stress and
inflammation(27). These proteins could act as autoantigens, inducing an autoimmune
response with resultant reduction in insulin secretion and ultimately overt diabetes. To date,
no studies have systematically evaluated the frequency of autoimmunity during and
following an AP episode.

Shared etiologic risk factors

Obesity and hypertriglyceridemia are risk factors for the development of both T2DM and
AP. Their presence prior to the onset of AP results in an increased risk for developing
subsequent DM following AP, and may potentially accelerate the onset of overt DM(28, 29).
Both factors are independently associated with an increased risk for more advanced clinical
severity of AP, which may explain part of the risk for AP-related DM(30, 31). Previous
studies have shown the prevalence of obesity in subjects with AP-related DM (42%)
approximates that observed in T2DM (48%) providing epidemiological support for their
relationship(5). Similar comparative data regarding hypertriglyceridemia are not available,
and its relative contribution to the development of AP-related DM is expected to be smaller
than other factors discussed. Nevertheless, as a reversible risk factor it is important to
consider, particularly for those with severe, persistent hypertriglyceridemia who may
experience subsequent episodes of AP. Similar to observations in T2DM, it is also possible
these factors may contribute to the insulin resistance observed in AP-related DM(32).
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Local and systemic inflammatory response

Acute pancreatitis generates a robust local and systemic inflammatory response, even in
clinically mild episodes. This inflammatory response is usually transient; however, it may
persist in a subgroup of patients with ongoing pancreatic stimulation, clinically severe
disease, and/or an underlying genetic predisposition. Since a pro-inflammatory milieu is
observed in patients with T2DM, this is an important pathway to investigate(33). In a
preliminary study, increased circulating interleukin-6 (IL-6) levels, one of the
aforementioned pro-inflammatory cytokines increased in obesity, was associated with the
presence of hyperglycemia and insulin resistance following AP(34, 35). Unfortunately, due
to the inaccessibility of the pancreas and limitations with collecting pancreas tissue or fluid
from patients with AP, future investigations into the local inflammatory response will likely
be limited to animal models.

Disruption of the insulin-incretin axis

Exocrine pancreatic insufficiency occurs in up to 30% of patients within three years after an
episode of AP(36, 37). In patients with exocrine pancreatic insufficiency, the incretin-insulin
axis is disrupted, leading to impaired incretin hormone secretion. This contributes to
hyperglycemia due to altered secretion of the incretin hormones glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1). Previous studies in
subjects with chronic pancreatitis-related DM have shown that pancreatic enzyme
replacement therapy (PERT) partially reverses this deficit(2). Therefore, understanding the
contribution of exocrine pancreatic dysfunction to AP-related DM may have treatment
implications.

Genetic risk factors

Emerging data supports a potential association between known DM genetic risks and the
development of pancreatogenic DM. In a study of 2,685 subjects enrolled in the North
American Pancreatitis Study 2, the presence of single nucleotide polymorphisms (SNPs)
associated with T2DM were investigated in chronic pancreatitis (CP) patients of which 27%
had DM(38). The genetic risk score composed of validated T2DM SNPs was similar in the
321 CP-related DM patients as in 423 subjects with T2DM. This finding suggests that
among those CP patients who developed DM relatively early in their disease course, the
same risk factors prevailed as in patients with T2DM without a history of CP. It is unknown
whether similar genetic risks exist in patients with acute pancreatitis who subsequently
develop DM. It would be appropriate to include SNPs that have been associated with T1D as
well in such a study.

Future investigations

A systematic epidemiological, clinical, and biochemical characterization of the relationship
between the endocrine and exocrine pancreas is needed to advance our understanding of AP-
related DM and provide potential diagnostic biomarkers and preventive and therapeutic
strategies. Specifically, dynamic assessments of insulin secretion, insulin sensitivity, and
pancreatic and incretin hormone responsiveness are needed to guide investigations into these
proposed pathogenic mechanisms. Dynamic studies of glucose homeostasis will also be

Lancet Gastroenterol Hepatol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hart et al.

Page 7

helpful to prioritize interventions for treatment of AP-related DM. For example, if there are
similarities with T2DM (e.qg., increased peripheral insulin resistance), then lifestyle
interventions along with an insulin sensitizer (e.g., metformin or a thiazolidinedione) may be
beneficial. On the other hand, if there is predominantly a deficit in insulin secretion (similar
to T1D), then early insulin introduction would be favored. There is an opportunity to refine
the current animal models of acute pancreatitis, which are typically designed with short term
endpoints(39). Extending the duration of these models may provide additive value to
investigate the pathophysiology of AP-related DM and other delayed complications.

MANAGEMENT OF DIABETES FOLLOWING ACUTE PANCREATITIS

Although there is a paucity of data regarding the clinical management of AP-related DM,
there is some rationale to guide decisions with the understanding that refinement will be
required as additional epidemiological and interventional studies become available. Aspects
of management include prevention, screening, and treatment.

Considering the strong association with severity of AP on the subsequent development of
DM, one method to potentially avoid this sequela is to prevent the progression from mild to
severe AP. In addition to early, aggressive IV hydration, there are a number of potential
therapies under investigation that are beyond the current scope of discussion; yet those with
local or systemic anti-inflammatory effects may be particularly useful to reverse the
immunopathogenicity leading to hyperglycemia (either transient or chronically). As shared
risk factors that are modifiable, management of obesity and hypertriglyceridemia using
lifestyle and/or pharmacological interventions should be recommended for all patients with
either of these factors present.

Screening for AP-related DM is not explicitly suggested in societal guidelines related to AP.
This likely stems from a primary focus on the initial management of AP. Indeed, particularly
for gastroenterologists and surgeons, the primary emphasis following hospitalization is on
interventions to lower a patient’s risk for recurrent AP (e.g., cholecystectomy for gallstone
pancreatitis and cessation of alcohol) and management of symptomatic necrosis.
Nevertheless, there is a need for physician awareness of the intermediate and long-term
complications of acute pancreatitis. In view of the emerging data regarding the clinically
relevant risk of AP-related DM, we believe it is reasonable to consider screening for DM in
all patients with acute pancreatitis. While this is particularly true for patients with acute
necrotizing pancreatitis or recurrent episodes of AP (who are at increased risk for
development of chronic pancreatitis), there is also increased risk for patients with mild AP.
In regards to the frequency of screening, a proposed approach involves more intensive
glycemic monitoring for the first year after initial hospital discharge (e.g., hemoglobin Alc
at 6 months), followed by annual screening thereafter. The rationale for more frequent
screening during the first 12 months is based on the observation that approximately 20% of
patients will develop pre-diabetes or DM within 6 months, which requires additional clinical
evaluation(20). Subsequent studies regarding the economic costs and benefits of screening
will be useful to inform this practice at a population level. Refinement of an approach to
screening will occur as additional data are generated to more accurately predict the
incidence of AP-related DM at the time of hospital discharge. This manner of risk
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stratification will also be informative to guide more aggressive attempts at education,
lifestyle modifications, and potential therapeutic interventions.

In the absence of clinical trials, there is no evidence-based guidance regarding treatment of
AP-related DM. Therefore, current treatment is typically adapted using a similar paradigm
to the treatment of T2DM with consideration of the potential risk profile of medications. In a
large, population-based study a higher proportion of patients with AP-related DM were on
insulin therapy within 5 years compared to those with T2DM (20.9% vs. 4.1%), and
experienced worse glycemic control (defined as HbAlc =7%)(5). Whether the poor
glycemic control led to the initiation of insulin or persisted despite insulin therapy cannot be
ascertained given the study design. As previously mentioned, there is a need for
understanding the mechanisms of hyperglycemia in AP-related DM to guide investigations
into treatment options. Although increasingly utilized in the treatment of T2DM, there is
concern regarding the use of incretin-based therapies (i.e., GLP-1 receptor agonists and
DPP-4 inhibitors) in patients with a history of acute pancreatitis. This caution relates to early
reports that these medication classes may precipitate AP. Results from meta-analyses have
yielded mixed results regarding the association with DPP-4 inhibitors and acute pancreatitis,
but there does not appear to be an association with GLP-1 receptor agonists(40-42). Since
many study participants did not have a preceding history of AP, it is uncertain whether or not
we can extrapolate these results to patients with a known history of AP. Additional post-
marketing surveillance studies are needed to further understand the safety of these
medications.

Another consideration in the management of AP-related DM is the potential need to monitor
for concurrent exocrine pancreatic dysfunction. As previously mentioned, up to one-third of
patients with AP will develop exocrine pancreatic insufficiency(36, 37). A recent
population-based study demonstrated the use of pancreatic enzymes (as a surrogate measure
of exocrine pancreatic dysfunction/insufficiency) was associated with concurrent AP-related
DM; however, the interactions between the endocrine and exocrine pancreatic dysfunction
following AP remain unexplained(43). Although screening for exocrine pancreatic
insufficiency is not currently recommended for patients with AP, this would be reasonable
considering its relatively common occurrence. While unproven, there is a possibility treating
exocrine pancreatic insufficiency could improve glycemic control if there is a contribution
from disruption of the insulin-incretin axis, as previously observed in chronic pancreatitis-
related diabetes. A more recent concern relates to a potentially increased risk for pancreatic
cancer among patients with acute pancreatitis compared to the general population(44). Two
different population-level studies suggest this risk is further elevated in those patients who
develop AP-related DM compared to AP without DM(45, 46). There is risk for clinical
misdiagnosis of occult pancreatic cancer as acute pancreatitis, which is part of the rationale
for the recommendation to perform short term imaging follow-up for adults with
unexplained AP(47). These studies have reduced this type of bias by utilizing eligibility
criteria that require a predefined washout period between the diagnoses, which increases the
validity of the findings. Although longitudinal imaging surveillance cannot be recommended
at this time, maintaining an increased index of clinical suspicion for this complication
remains prudent.
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KNOWLEDGE GAPS

At a fundamental level the pathophysiology of AP-related DM represents the key limitation
to our knowledge of this disease. For example, the current classification approach involves
broadly categorizing patients as having AP-related DM based on the chronologic onset of
DM in relation to the AP episode. We anticipate that further studies defining the
pathophysiology will enable more tailored approaches to prevention and potentially
treatment. Furthermore, these studies, when combined with prospective studies, will enable
more definitive epidemiological estimates of the incidence rates and associated factors to
improve the accurate of risk stratification. Comparisons and contrasts with other, more
common, DM subtypes (i.e., T1D and T2DM) will likely provide the ability to accelerate
knowledge gains by leveraging existing animal models and results from clinical trials
amongst larger patient populations. In the end, developing tailored approaches to screening,
prevention, and treatment will require the collaborative efforts of interdisciplinary teams.

FUTURE STUDIES

There are a number of ongoing international efforts to more precisely define the
epidemiology and pathophysiology of this disease. For example, the National Institute of
Diabetes and Digestive and Kidney diseases (NIDDK) of the United States’ National
Institutes of Health has recently formed a collaborative network of 10 clinical centers and
one data coordinating center, referred to as Type 1 Diabetes after Acute Pancreatitis
Consortium (T1DAPC), to collaboratively address a number of these knowledge gaps. The
overriding objective of this research program is to undertake an observational cohort study
of patients with acute pancreatitis to investigate the incidence, etiology, and pathophysiology
of diabetes following acute pancreatitis with a particular emphasis on the auto-immune
processes that result in Type 1 DM. The prospective study will include serial monitoring for
diabetes and collection of biological specimens. This rich dataset will provide the
opportunity to more precisely estimate the incidence, time course, and relationship to
pancreatitis severity, as well as the roles of pancreatitis etiology, genetic and genomic risk
factors, environmental and biological factors and potentially discover and/or validate
diagnostic or predictive biomarkers. Furthermore, through the acquisition of a cohort of well
characterized patients monitored over time for diabetes onset and T1D-associated
autoantibodies, and collected biospecimens (e.g., blood, saliva, urine, pancreatic fluid, and
stool), the proposed clinical research consortium will provide the resources and collaborative
opportunities necessary to identify the interrelationship between the exocrine and the
endocrine pancreas in the development of AP-related DM. The consortium will also provide
a multidisciplinary environment to conduct both cross sectional and longitudinal studies to
further understand the pathophysiology. Additionally, as previously mentioned, there is need
to develop animal models that accurately replicate AP-related DM to permit more detailed
characterization of its pathogenic mechanisms and provide a platform to accelerate the
investigation of potential therapeutic interventions. These, and other, investigations are
needed to address a number of remaining clinical questions, including how to diagnose AP-
related DM (in contrast to type 2 DM), define its natural history, and optimize the
approaches to monitoring and treatment.
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CONCLUSIONS

AP-related DM is increasingly recognized as a sequelae of AP. While it is more common in
patients with necrotizing or severe AP, patients with mild AP are also at increased risk for
developing this complication. The pathophysiology is poorly understood, and may represent
a combination of type 1 DM, type 2 DM, and pancreatogenic DM. It is expected that efforts
of the newly formed T1DAPC in the United States and ongoing efforts worldwide will shed
light on the incidence, risk factors, and mechanisms of AP-related DM, which will allow
development of evidence-based guidelines for screening, prevention, and treatment of AP-
related DM.
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Figure.
Proposed contributing factors to the pathophysiology of diabetes following acute pancreatitis

(acute pancreatitis-related diabetes mellitus), including potential mechanisms of
dysglycemia. HTG, hypertriglyceridemia.
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Etiopathogenic subclassifications of diabetes mellitus secondary to exocrine pancreatic disease, collectively
referred to as pancreatogenic diabetes mellitus, grouped according to their proposed mechanisms. Adapted

from Hart et al(2).

Congenital or acquired complete absence of islets:

Pancreatectomy (total)

Pancreatic agenesis

Acquired partial absence or dysfunction of islets:

Acute pancreatitis

Chronic pancreatitis *
Cystic fibrosis
Hemochromatosis

Pancreatectomy (partial)

Paraneoplastic:
Pancreatic ductal adenocarcinoma

*
Includes tropical pancreatitis, which was previously referred to as fibrocalculous pancreatopathy.
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