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Pancreatogenic Diabetes in Children
With Recurrent Acute and Chronic
Pancreatitis: Risks, Screening, and
Treatment (Mini-Review)
Melena D. Bellin*

University of Minnesota Medical School and Masonic Children’s Hospital, Minneapolis, MN, United States

Up to 9% of children with acute recurrent pancreatitis (ARP) or chronic pancreatitis
have pancreatogenic diabetes mellitus (DM), and this risk likely increases as they
age into adulthood. Risk factors for pancreatogenic DM in children vary depending
on the clinical cohort but may include pancreatic atrophy, exocrine insufficiency,
pancreatic calcifications, obesity/metabolic syndrome features, or autoimmune
diseases. Knowledge regarding disease pathology is extrapolated nearly entirely from
studies in adults. Insulin deficiency is the primary defect, resulting from islet loss
associated with pancreatic fibrosis and cytokine-mediated β-cell dysfunction. Beta cell
autoimmunity (type 1 diabetes) should also be considered as markers for this have
been identified in a small subset of children with pancreatogenic DM. Hepatic insulin
resistance, a deficient pancreatic polypeptide state, and dysfunctional incretin hormone
response to a meal are all potential contributors in adults with pancreatogenic DM
but their significance in pediatrics is yet unknown. Current guidelines recommend
yearly screening for diabetes with fasting glucose and hemoglobin A1c (HbA1c).
Insulin in the first-line pharmacologic therapy for treatment of pancreatogenic DM in
children. Involvement of a multidisciplinary team including a pediatric endocrinologist,
gastroenterologist, and dietitian are important, and nutritional health and exocrine
insufficiency must also be addressed for optimal DM management.

Keywords: DM, T3cD, islet, endocrine, exocrine, pancreatic, insulin

INTRODUCTION

While rare in childhood, acute recurrent pancreatitis (ARP) and chronic pancreatitis (CP) are
associated with high disease morbidity. Affected children most often present with severe episodic
or persistent abdominal pain (1, 2). As the disease progresses, however, these children are at risk
for pancreatic dysfunction, namely pancreatic exocrine insufficiency and pancreatogenic diabetes
mellitus (DM) (3). Pancreatogenic DM is broadly defined as diabetes resulting from a primary
exocrine disease of the pancreas, and includes diabetes that occurs secondary to acute or chronic
pancreatitis. There are various synonyms used for this condition in the literature, including type 3c
diabetes, pancreatogenous diabetes, or pancreatic diabetes (4). This mini-review will highlight the
current knowledge on the potential mechanisms driving pancreatogenic DM, and screening and
treatment guidelines for children with ARP and CP who may be at risk (Table 1).

Frontiers in Pediatrics | www.frontiersin.org 1 April 2022 | Volume 10 | Article 8846684

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://doi.org/10.3389/fped.2022.884668
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fped.2022.884668
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2022.884668&domain=pdf&date_stamp=2022-04-26
https://www.frontiersin.org/articles/10.3389/fped.2022.884668/full
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles


fped-10-884668 April 19, 2022 Time: 14:45 # 2

Bellin Pancreatogenic DM in Children

TABLE 1 | Summary of the potential risk factors for and pathophysiology of pancreatogenic DM in children with ARP and CP, and screening and treatment
recommendations, limited by a small number of studies in children to date.

Potential risk factors Pathophysiology (suspected) Screening Treatment

• Exocrine insufficiency • Insulin deficiency ± ? (unclear role of) • Yearly HbA1c and fasting glucose • Insulin

• Pancreatic atrophy • Insulin resistance • OGTT as indicated • Multi-disciplinary team

• Obesity/metabolic syndrome • PP deficiency • MMTT (research or serial assessments) • Nutritional management including
PERT if indicated

• Pancreatic calcifications • Incretin dysfunction

• Autoimmune diseases • β-cell autoimmunity

PREVALENCE OF PANCREATOGENIC
DIABETES IN CHILDREN

About 4–9% of children with ARP and CP have pancreatogenic
diabetes (1, 3, 5–7). This is much higher than the prevalence of
diabetes in the general pediatric population with only around
0.25% of children having any form of diabetes (8). However,
considering the rarity of pediatric ARP and CP, probably affecting
no more than ∼0.1% of children, pediatric pancreatogenic
DM is rare (9). In contrast, in adults with CP, 25–80% have
diabetes, with duration of disease, pancreatic surgical history,
pancreatic calcifications, and comorbid exocrine insufficiency all
impacting risk (4, 10–12). This difference in prevalence between
children and adults likely represents the natural progression of
pancreatitis, in that the pancreatic parenchyma becomes more
damaged with a longer duration of disease, as well as the higher
risk in general for diabetes with aging. In hereditary forms of
CP, DM prevalence increases steadily with age; available natural
history studies suggest at least 60–70% of those with hereditary
pancreatitis will develop pancreatogenic diabetes in their lifetime,
with a median age of onset around 50 years (13). In addition,
adults are at higher risk for type 2 DM and may have an overlap
of type 2 DM and pancreatogenic DM (8). Thus, in evaluating
children with pancreatitis one must consider the current and
future risk for pancreatogenic DM.

In children, pancreatogenic DM risk may be elevated when
pancreatic exocrine insufficiency, obesity, or pancreatic atrophy
are also present, and at an older age (3, 5, 6). Pancreatic
calcifications may also be a risk factor but this has not been
consistently shown in children, probably due to the low frequency
of advanced calcific disease compared to the adult population (3).
Total pancreatectomy with islet autotransplantation (TPIAT) is
gaining traction in the U.S. as a treatment for severe forms of
hereditary pancreatitis. Because of the resection of the pancreas
and islet loss, TPIAT is associated with a high rate of post-
surgical insulin dependent diabetes (14). This select group of
children undergoing TPIAT for intractable ARP or CP has been
specifically excluded when calculating the 4–9% prevalence of
pancreatogenic DM in children.

MECHANISMS OF PANCREATOGENIC
DIABETES (STUDIES FROM ADULTS)

Insulin Secretion
Current research into the pathophysiology underling
pancreatogenic DM has been limited largely to research

enrolling adult participants or using adult tissue samples.
The primary defect is inadequate insulin secretion from both
irreversible islet loss and beta cell dysfunction. Histopathology
studies of pancreas tissue in adults with CP demonstrate reduced
beta cell area in CP with DM (15). Likewise, stimulatory tests
of insulin secretion show reduced insulin secretion compared
to healthy controls, and a correlation between reduced islet
and reduced exocrine function, supporting the concept that
insulin secretory defects occur because of scarring through
the exocrine pancreas that incidentally damages the islet tissue
(16, 17). Reduced first phase and post-meal insulin secretion
is apparent even prior to frank onset of pancreatogenic DM
(18). Late in the course of disease, after insulin deficient
pancreatogenic DM develops, glucagon secretion from α

cells is also reduced, again attributed to an overall islet
loss (19). This lack of glucagon production is important
clinically, since it may predispose patients to a higher risk
for hypoglycemia.

More recently, it has been suggested that beta cell function
may be impaired from intrapancreatic inflammation even prior
to islet loss. Tissues resected from surgical patients with CP
with or without pancreatogenic DM showed elevated pancreatic
cytokines in both groups including greatly elevated IL-1β, IL-
6, IL-8, TNFα, IL-10, and INFγ compared to healthy control
pancreas tissue. Notably, INFγ was significantly higher in the
CP- pancreatogenic DM group versus CP without diabetes
(20). These observations have led to the hypothesis that β-cell
dysfunction may occur from inflammation even before frank loss
of islet tissue.

The classic paradigm has been that insulin deficiency results
from non-specific pancreatic damage and inflammation, that
is the islets are simply an “innocent bystander” that are not
directly targeted. However, in the INSPPIRE study, around
one quarter of the children with pancreatogenic DM also
were reported to have islet autoantibodies and pancreatogenic
DM was higher in children with other autoimmunity, raising
some speculation for a sub-population of children who develop
type 1 DM—an autoimmune attack directed at the β-cells—
in the setting of CP or ARP (3). β-cell autoantibodies and
insulitis have been incidentally reported in some children with
CP undergoing TPIAT (Figure 1), and adults in the North
American Pancreatitis-2 (NAPS2) study with CP or ARP and
pancreatogenic DM had a 10% risk of islet autoantibody
positivity, even after excluding insulin autoantibodies (which
can be falsely positive with insulin treatment) from the
analysis (21, 22). Thus, whether a small portion of children
may have autoimmune islet loss in pancreatogenic DM needs
additional investigation.
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FIGURE 1 | Example of the insulitis characteristic of type 1 diabetes in a patient with chronic pancreatitis. Lymphocytic inflammation surrounds and infiltrates the islet
tissue while the exocrine tissue is largely fibrotic from CP.

Insulin Sensitivity
Beta cell function is comprised of both insulin secretion
and insulin sensitivity. Individuals who are insulin resistant
must secrete more insulin to overcome the impaired insulin
responsiveness, and if unable to do so, DM may result (23).
In adults with CP in the NAPS-2 cohort, in addition to
canonical pancreatitis risk factors, obesity and a family history
of DM—classic type 2 DM risk factors—increased the risk for
pancreatogenic DM (11). Genetic risk scores for diabetes in
pancreatogenic DM also resemble that seen in type 2 diabetes
(24). There are conflicting data on measures of peripheral
insulin sensitivity, but data from euglycemic clamp techniques
differentiating peripheral and hepatic insulin sensitivity suggest
specific hepatic insulin resistance may contribute to diabetes
pathology, at least in adult studies mostly comprised of men
with alcohol-mediated pancreatitis (25, 26). Visceral adiposity
has also been shown to be higher in adults with CP who
have pancreatogenic DM when compared to their non-diabetic
counterparts (27).

Insulin resistance and metabolic syndrome risks have not
been directly studied in children, but the children with
pancreatogenic DM in INSPPIRE were more likely to also have
hypertriglyceridemia (3).

Other Hormones Including Incretins and
Pancreatic Polypeptide
Available data from small cross-sectional studies suggest
that pancreatic polypeptide (PP) produced and secreted
by the PP-cells of the islets is deficient in pancreatogenic
DM and may serve as a biomarker in differentiating
pancreatogenic DM from type 2 DM (28–30). It has also
been proposed that the PP deficiency itself may contribute
to the hepatic insulin resistance, as infusion of PP in
one small series improved hepatic insulin sensitivity (25).
However, the role of PP requires further ongoing study,
especially in children.

The incretin hormones glucagon like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) are released
by the enteroendocrine cells of the gut and play an important
role in glucose homeostasis by augmenting insulin secretion

in response to oral nutrient ingestion. GLP-1 and GIP are
reduced in CP, presumably due to exocrine insufficiency and
malabsorption impairing the usual enteroendocrine response
(31, 32). Administration of pancreatic enzyme replacement
therapy can improve GLP-1 and GIP levels and increase insulin
secretion in CP, but whether this results in improved glycemia
is unclear (32). To date the role of PP and incretins as
biomarkers or drivers of pancreatogenic DM in children have
not been studied.

SCREENING FOR DIABETES IN
CHILDREN WITH A HISTORY OF
PANCREATITIS

Children diagnosed with ARP and CP should be screened yearly
for diabetes given the known high risk in this population. This
can be done easily in the clinic with fasting glucose and HbA1c
on a yearly basis (33, 34). In cases of pre-DM or high suspicion
for pancreatogenic DM, a 2 h oral glucose tolerance test (OGTT)
may be considered to detect early DM with better sensitivity.
Mixed meal tolerance tests (MMTT) may also be obtained as a
more physiologic measure of islet function and glycemia, and are
particularly useful in the research setting or for trends over time.
However, MMTT lacks the diagnostic cut-offs for pre-DM and
DM that have been established for OGTT so are less desirable as
a screening tool for DM (34).

The diagnosis of pancreatogenic DM should be made
according to standard American Diabetes Association criteria.
By ADA criteria, diabetes is diagnosed when two tests on the
same or separate mornings are in the abnormal DM range:
HbA1c ≥ 6.5%, fasting glucose ≥ 126 mg/dL, or 2 h OGTT
glucose ≥ 200 mg/dL. A random glucose ≥ 200 mg/dL with
classic symptoms of DM is also considered diagnostic (35). Islet
autoantibody panels (including insulin autoantibodies, glutamic
acid decarboxylase, IA-2, or zinc transporter-8 antibodies)
should be considered, especially with symptomatic blood
glucose ≥ 200 mg/dL. Pre-DM is diagnosed by HbA1c 5.7–
6.49% or fasting glucose 100–125 mg/dL, or 2 h OGTT glucose
140–199 mg/dL (35). The risk for progressing from pre-DM to
pancreatogenic DM in children with CP or ARP is unknown.
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TREATMENT AND SPECIAL
CONSIDERATIONS

First-line pharmacologic treatment of pancreatogenic DM
in children is typically with insulin therapy. In the
INSPPIRE cohort, insulin was the most common treatment
(used in 20/24 cases) (3). Insulin addresses the main
physiologic defect which is insulin deficiency, and may be
administered by subcutaneous injections of basal and/or bolus
insulin therapy, or by continuous subcutaneous infusion
using an insulin pump. While traditional glucometers
remain an acceptable option for blood glucose monitoring,
continuous glucose monitors are now preferred for better
monitoring and safety in children treated with rapid-acting
insulin (35).

Metformin may be considered when features of insulin
resistance are present, including obesity, acanthosis nigricans
or a strong family history of T2DM (36). Although GLP-1
agonists are now approved for pediatric use in type 2 DM
and obesity, this class of medications has not been studied for
pancreatogenic DM in adults or children. There is a possible,
but controversial, increased risk of pancreatitis (and pancreatic
cancer) with GLP-1 agonists which raise a serious safety concern
for their use in children who already have ARP or CP (37).
Aside from the debated pancreatitis risk, nausea and delayed
gastric emptying are common and well-known side effects and
thus the tolerability of this class of medications would likely
be poor in children with pancreatogenic DM (37). For these
reasons, current care guidelines for children and adults with
pancreatogenic DM have recommended against their use. Other
non-insulin medications are not approved by the FDA for
use in children.

A pediatric endocrinologist, diabetes educator, pediatric
gastroenterologist, and pediatric dietitian should all be
part of the care team for children with pancreatogenic
DM. Maintaining a normal body weight, avoiding both
underweight and overweight status, should be a target of
nutritional management. Co-morbid exocrine insufficiency
or malabsorption must be appropriately addressed with
pancreatic enzyme replacement therapy. Adherence and
adequacy of dosing should be assessed at clinic visits. Because
insulin therapy is often dosed based on meal intake (an
insulin to carbohydrate ratio), malabsorption could lead
to glycemic variability, with inconsistent insulin responses

to meal dosed insulin and more hyper- or hypoglycemia
episodes (38).

DISCUSSION, CONCLUSION, AND
FUTURE DIRECTIONS

In summary, children with ARP and CP should be considered
high risk for developing DM. Pancreatogenic DM has an
overall prevalence of 4–9% in children with ARP and CP,
although the risk will be even higher after pancreatectomy
procedures including TPIAT. Pancreatogenic DM results
primarily from insulin deficiency, as islets are lost from
progressive fibrotic damage to the pancreas and/or are impaired
by intrapancreatic inflammation, with a speculative role for
directed β cell autoimmunity in a small subset. However, there
may be an important contributing role of insulin resistance or
dysfunction of associated hormones including PP, GLP1, or GIP.
Importantly, nearly all mechanistic studies have been performed
to date in adult patients, and thus our direct data regarding
pathophysiology of disease in children are limited. Prospectively
designed studies are needed in children with ARP and CP.

Children with ARP and CP need to be screened annually
for DM and this is easily done by fasting glucose and HbA1c
levels. Potential type 1 or type 2 DM should still be considered
when assessing the child with pancreatitis who presents with
new onset DM. First-line treatment is typically with insulin
therapy to address the primary physiologic defect, but clinical
trials of diabetes treatment in this unique group are lacking.
Other CP factors including pancreatic exocrine insufficiency and
nutritional limitations must be considered and addressed by a
multi-disciplinary team as part of the management of the child
with pancreatogenic DM.
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INTRODUCTION

Acute pancreatitis (AP) in children occurs with an estimated annual incidence of 3–13/100,000
(1, 2). While some children may have a single episode, others may develop acute recurrent
pancreatitis (ARP) or chronic pancreatitis (CP). Children with pancreatic disease can have
impacted quality of life due to chronic pain, frequent hospitalizations, and/or nutritional
deficiencies. Supportive management is typically indicated for patients with acute pancreatitis,
while in some circumstances endoscopic diagnostic evaluation and/or therapy are required.
Endoscopy can also be beneficial in patients with ARP or CP (3).

Historically, interventional endoscopy procedures which can benefit patients with pancreatitis,
such as endoscopic retrograde cholangiopancreatography (ERCP) and endoscopic ultrasonography
(EUS), have been performed by adult gastroenterologists with advanced endoscopic training.
Adult physicians certainly have adequate training to perform the procedures, but they often lack
formal training in caring for pediatric patients or pediatric pancreatitis. Many are employed in
facilities that care exclusively for adult patients and either travel to pediatric institutions to perform
procedures in an unfamiliar setting or perform procedures for pediatric patients in adult facilities.
This approach, when executed well, can be very successful and provide excellent patient care.
However, issues can arise utilizing this model due to limited physician availability, timeliness
of care and procedures, and challenges in communication amongst pediatric providers, adult
proceduralists and families. In an ideal setting, children should be treated at a center with dedicated
pediatric nursing staff, anesthesia, behavioral and child life specialists, and pediatric surgical and
intensive care expertise if needed (4).

Over the last 10–15 years, pediatric gastroenterologists have increasingly pursued training in
interventional endoscopy. Pediatric ERCP, EUS, and other advanced endoscopic procedures are
now performed safely and effectively in specialized centers by pediatric providers worldwide
(5–7). New training opportunities for pediatric gastroenterologists in interventional endoscopy
continue to arise (8). In conjunction with advancements in interventional endoscopy, the field
of pediatric pancreatology continues to evolve through increased recognition of AP and CP and
collaborative approaches to research (9–11). It is increasingly important that providers managing
children with pancreatitis are aware of the indications for endoscopic evaluations and interventions
for pancreatitis, the benefits and risks involved, and when endoscopic therapy is no longer
warranted (3).

ENDOSCOPIC ULTRASOUND

Endoscopic ultrasonography allows for highly detailed transgastric and transduodenal sonographic
images of the pancreas and peripancreatic anatomy through an echoendoscope and can be safely
and effectively performed in children (3, 6, 12, 13). EUS has been established in adults since the
1980s and is sensitive for evaluating changes in the pancreas that reflect CP, including specific
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parenchymal and ductal changes. While traditional cross-
sectional imaging often reflects late irreversible changes to the
pancreas, EUS can allow the detection of early changes or
minimal change CP before irreversible changes occur (14). EUS
has been shown to outperform cross-sectional imaging [magnetic
resonance imaging (MRI) and computed tomography (CT)] for
the detection of CP with a sensitivity of 81% and specificity
of 90% (15). To maximize the success of interventions aimed
at slowing or stopping disease progression and ameliorating
the deleterious downstream effects of pancreatic insufficiency,
techniques to identify the early stages of chronic pancreatic
disease are imperative.

In adult patients, Rosemont or conventional criteria are used
to assess CP parenchymal or ductal changes (14, 16–18). These
guidelines are utilized but not accepted universally in adults,
with poor reliability amongst different observers (17). These
established criteria can be utilized as a guide in assessing the
pediatric pancreas via EUS, however results in pediatric patients
must be interpreted with caution as there is no data to validate its
use in children (14, 16, 19).

Endoscopic ultrasonography can also be used in patients
with idiopathic ARP or CP, investigating for ductal or
anatomic abnormalities not fully delineated by magnetic
resonance cholangiopancreatography (MRCP), or even biliary
microlithiasis. EUS identifies an etiology in up to 75% of patients
with idiopathic ARP (20). More recent innovations in EUS
diagnostic imaging include the use of real-time shear wave
elastography. EUS elastography allows an indirect assessment of
tissue rigidity and may predict pancreatic fibrosis or pancreatic
exocrine insufficiency (21, 22). Contrast-enhanced EUS consists
of EUS imaging while gas-filled microbubbles are injected
into peripheral veins, highlighting vascular lesions within the
pancreas and helping distinguish various pancreatic lesions.
In benign pancreatitis, contrast-enhanced EUS can identify
necrotizing foci of AP at an early stage and may be useful in
differentiating focal autoimmune pancreatitis from pancreatic
cancer (23, 24).

Autoimmune pancreatitis (AIP) presents a challenging
diagnostic dilemma, with convoluted adult diagnostic criteria
which include response to therapy (25). Pediatric guidelines
from the International Study Group of Pediatric Pancreatitis:
In Search for a Cure (INSPPIRE) suggest “tissue diagnosis
should ideally be obtained prior to initiating therapy,” with
EUS guided biopsies favored when available (26). Diagnostic
sensitivity for EUS guided fine needle biopsy (FNB) is quite
low in adults (27). Pediatric patients typically present with type
2, rather than type 1 AIP and there is a paucity of data in
children (26, 28). A recent meta-analysis showed the pooled
diagnostic yield for histology criteria in AIP to be 55.8% for
FNA and 87.2% for FNB despite similar rates of histologic
tissue procurement (29). In our practice, cases of suspected
autoimmune pancreatitis with classic, diffuse imaging findings
are often treated empirically after discussing risks/benefits with
the family. Cases that are less clear benefit from extensive
discussions with families regarding the typical modest yield of
EUS-FNB, along with the risks and benefits of empiric therapy
vs. biopsy.

Interventional EUS is a rapidly progressing field utilizing
echo endoscopes to perform therapeutic interventions and
should be performed at high volume, experienced centers. The
predominant use of interventional EUS in pediatric patients is
in symptomatic pancreatic walled off necrosis and pseudocysts.
EUS-guided transgastric or transduodenal cyst-enterostomy
drainage procedures are preferred approaches with superior
success rates and risk profiles, decreased length of stay and lower
treatment cost as compared to surgical approach (3, 30, 31).Metal
and plastic stents have been used in children successfully, along
with lumen apposing metal stents (13, 32–34). EUS guided celiac
plexus blockade in patients with CP and debilitating pain has
been used successfully in adult and pediatric patients (6, 35–37).
Pediatric patients with conventional or post-surgical anatomy
with dilation of the pancreatic duct but the inability to cannulate
the duct via ERCP are candidates for pancreatic duct rendezvous
via EUS (38).

The risk of adverse events in EUS includes bleeding,
bacteremia and perforation. FNA or FNB of the pancreatic
parenchyma can cause pancreatitis. Diagnostic EUS presents
risk rates similar to upper endoscopy, while interventional EUS
presents higher risks of infection, bleeding and perforation.
The failure rate for complex procedures, such as pancreatic
rendezvous, can approach 30% (6, 39, 40).

ENDOSCOPIC PANCREATIC FUNCTION

TESTING

Exocrine pancreatic insufficiency (EPI) can occur in patients with
cystic fibrosis and other congenital diseases, and CP. Indirect EPI
testing is available, but only detects severe EPI. Direct pancreatic
function testing with endoscopic pancreatic function testing
(ePFT) during conventional esophagogastroduodenoscopy has
emerged as a viable test in children. The North American
Society of Pediatric Gastroenterology, Hepatology and Nutrition
(NASPGHAN) recently published a position paper outlining
a proposed standardized ePFT protocol in children. After
aspiration of gastric and duodenal contents, cholecystokinin
or secretin are administered and 3 duodenal aspirates are
collected at 5-min intervals and sent for laboratory analysis of
pancreas enzyme activity. EUS with secretin stimulation (sEUS)
has been utilized to assess for structural changes reflective of
minimal change chronic pancreatitis (MCCP), and can impact
the likelihood of CP following, and predict progression of MCCP
to overt CP in patients with abdominal pain thought to be
pancreatic in origin with non-diagnostic cross-sectional imaging
(41, 42). Amulticenter research collaboration is needed to further
refine and validate the proposed methods (43).

ENDOSCOPIC RETROGRADE

CHOLANGIOPANCREATOGRAPHY

Acute recurrent pancreatitis and CP are some of the most
frequent indications for pediatric ERCP, which is feasible in
children of all ages and sizes (3, 7, 44, 45). Historically
diagnostic ERCP had been utilized, however, with the advent
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of high quality MRCP and EUS, the vast majority of pediatric
patients undergo ERCP for therapeutic indications (7). ERCP
is used sparingly for diagnostic purposes, however in cases
of suspected pancreatic ductal anatomic abnormalities, such
as pancreas divisum, anomalous pancreaticobiliary junction
or choledochocele it remains the gold standard (3, 46, 47).
Diagnoses of abnormal pancreaticobiliary ductal anatomy can be
confirmed and sometimes treated within the same procedure.

Endoscopic retrograde cholangiopancreatography allows
numerous therapeutic modalities for ARP and CP in
symptomatic patients. Pancreatic duct strictures are managed
with catheter or balloon dilation, followed by serial pancreatic
duct (PD) stent placements for up to 12 months with close
observation (48). Calculi in the PD can also be removed using
an extraction balloon during ERCP or for larger refractory
stones through extracorporeal shockwave lithotripsy or
pancreatoscopy (49). Other anatomical abnormalities such as
pancreas divisum associated with ARP or CP can be addressed
through a minor papillotomy and/or dorsal pancreatic duct stent
placement (50–52).

Pediatric patients with AP may benefit from ERCP as
well. ERCP with stent placement may be necessary for AIP
with associated pancreatic or bile duct strictures/obstruction.
Therapeutic intervention through biliary sphincterotomy and
stone extraction is performed if AP is due to biliary etiology,
specifically gallstone pancreatitis with suspected persistent bile
duct obstruction (53, 54).

Technically successful ERCPmay not always alleviate patients’
symptoms in the setting of pancreatic disease. Moreover, ERCP
is associated with certain risks, including post ERCP pancreatitis
(PEP), bleeding, infection, and perforation (5). PEP occurs in up
to 12% of children undergoing ERCP and is more likely to occur
in patients needing pancreatic sphincterotomy, PD cannulation,
PD injection, or prophylactic stent placement (55, 56). Pre-
emptive use of IV ketorolac or ibuprofen in children has been
performed at the time of ERCP to decrease the rates of PEP, albeit
published results have not reached statistical significance (55, 57).

SURGICAL MANAGEMENT

Patients who do not respond to endoscopic therapy and
have progressive, debilitating pancreatitis, may require surgical
intervention. Traditional surgical drainage procedures such
as lateral pancreaticojejunostomy (Puestow), or other surgical
drainage variants (Frey or Beger), pancreatic tail resection, or
pancreaticoduodenectomy (Whipple) have fallen out of favor
in children with ARP and CP, especially in those with genetic
risk factors. Endoscopic procedures can improve drainage in
cases of pancreatic duct strictures amenable to stenting, usually
attempted for up to a year before surgical intervention (48).

Children debilitated by their disease, with chronic pain,
frequent hospitalizations, and failure of maximized medical and
endoscopic therapy can be considered for total pancreatectomy
with islet auto-transplantation (TPIAT) after an extensive
evaluation. Total pancreatectomy offers the advantage of pain
relief but leads to diabetes. The risk of diabetes is offset by the islet

auto-transplantation intraoperatively, with childrens’ glycemic
outcomes ranging from insulin-independent to diabetic, with
contributing factors such as the timing of surgery from the
onset of symptoms, body mass index, pancreas mass, and
fibrosis (58). Pancreatic enzyme replacement therapy is also
needed post-operatively as patients have acquired exocrine
pancreatic insufficiency.

PEDIATRIC INTERVENTIONAL

ENDOSCOPY: THE FUTURE

While the field of pediatric interventional endoscopy has evolved,
many care gaps exist and there are tremendous opportunities
for growth and research (3, 45). Awareness of available pediatric
diagnostic and interventional procedures will need to continue
to increase. Unique research opportunities arise in pediatric
pancreatitis, with the ability to study the progression and entire
spectrum of disease by following patients from a first episode of
AP to CP. EUS findings along the spectrum of disease, including
objective findings of shear wave elastography, could lead to the
development of a pediatric EUS CP criteria (59).

Endoscopic retrograde cholangiopancreatography and
EUS are frequently used to diagnose and treat autoimmune
pancreatitis and pancreas divisum, but supporting literature
is sparse. Individualized decisions regarding endotherapy
related to specific genetic mutations needs further research and
randomized studies are needed to further assess PEP prophylaxis.

The volume of interventional endoscopic procedures in
children is increasing, however it still does not approach adult
volume. Strong collaboration amongst institutions and individual
endoscopists remains vital to the advancement of the field. As
the field evolves, questions remain regarding appropriate training
avenues and the appropriate location and number of centers
offering pediatric interventional endoscopic expertise.

CONCLUSION

Increased awareness of pancreatic disease in children has led
to improved detection of AP, ARP, and CP in this population.
Diagnostic and therapeutic options with EUS and ERCP are
available and ideally should be performed at large tertiary centers
with high patient volumes. The approach to each patient is
individualized, and some may not need endoscopic diagnostic or
therapeutic intervention. Surgical options such as TPIAT should
be considered in patients with debilitating pain and affected
quality of life who also need serial endoscopic therapy with no
notable improvement in symptoms or frequency of inflammatory
attacks. There are ample research opportunities to advance the
fields of pediatric interventional endoscopy and pancreatology as
they continue to evolve.
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Cystic fibrosis (CF) is a common disorder of autosomal recessive inheritance, that once

conferred a life expectancy of only a few months. Over recent years, significant advances

have been made to CF therapeutic approaches, changing the face of the disease, and

facilitating the partial restoration of pancreatic function. This mini review summarizes the

current landscape of exocrine pancreaticmanagement in CF and explores areas for future

direction and development.

Keywords: cystic fibrosis, exocrine pancreas, CFTR modulators, pancreatitis, precision medicine

INTRODUCTION

Cystic fibrosis (CF) is one of the most common recessive genetic disorders worldwide, with wide-
ranging health implications. While CF is characterized as an illness of pulmonary morbidity and
mortality, it is a multisystem disorder encompassing sequelae in the gastrointestinal, hepatobiliary,
and pancreatic systems (1). CF occurs due to mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. Over 2,000 mutations, with varying functional consequences,
have been identified to date, resulting in a spectrum of disease phenotypes. The CF gene encodes the
CFTR protein responsible for driving chloride, bicarbonate and fluid secretion in affected epithelial
surfaces. Dysfunction in the CFTR protein results in thick, inspissated secretions which in turn
leads to obstruction, infection, inflammation and ultimately destruction of affected organs (2).
These processes result in clinical manifestations such as chronic sinopulmonary diseases, exocrine
and endocrine pancreatic diseases, intestinal obstruction, cirrhosis and obstructive azoospermia
from atrophic or absent vasa deferens (3). This mini-review will focus on the exocrine pancreatic
disease in CF, and how presentation and management has evolved with the introduction of
CFTR-modulating therapies.

PATHOPHYSIOLOGY OF CYSTIC FIBROSIS IN THE PANCREAS

Pancreatic dysfunction in CF is a result of ductal obstruction from early in life. The specific
mechanisms behind this process are multifactorial and incompletely understood, but are thought
to hinge on dysregulated bicarbonate buffering, altered chloride flux and the production of
pro-inflammatory pancreatic secretions. Our understanding of the pathophysiology has evolved
exponentially in recent years, and is continuing to expand rapidly. The first pathological
descriptions of “fibrocystic disease” of the pancreas were published by Dr. Dorothy Andersen in
1938 (4), but it was not until 1989, almost four decades later, that the CFTR gene was first recognized
by Riordan and colleagues, demonstrating the clear genetic basis for the multisystem phenotype of
CF (5).
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In the 30 years since, our understanding of the role of CFTR
in pancreatic function has deepened, guiding CF management
beyond a “blanket” approach and toward more directed therapy.
Today, CFTR has been established as a key modulator of chloride
and bicarbonate transport, with downstream implications for
several organ systems. In the small pancreatic ducts, this
ionic flux is crucial in the production of alkaline fluid, the
neutralization of gastric acid and the maintenance of a functional
environment for digestive enzymes (2).

In the pancreatic ductal epithelia, defective CFTR results
in ductal secretions with a lower pH (secondary to reduced
bicarbonate buffering), a lower volume (secondary to reduced
sodium chloride-driven osmosis) and an increased viscosity
(secondary to protein hyperconcentration) (6, 7). This process
begins in utero, resulting in early acinar plugs consisting
mainly of zymogen material. As exocrine atrophy progresses,
the ability of the pancreas to produce zymogens decreases, and
these plugs come to contain a higher proportion of mucins
secondary to ductal metaplasia (8). Ultimately, the end effects
of CFTR dysregulation have been widely observed to result
in pancreatic ductal obstruction and zymogen accumulation,
leading to fibroinflammatory changes and parenchymal injury
(2, 9).

GENOTYPE-PHENOTYPE CORRELATIONS
OF THE EXOCRINE PANCREAS IN CF

The spectrum of phenotypic presentation of exocrine pancreatic
disease in CF closely correlates with individual genotype. While
>2,000 mutations have been identified to date, with more
expected to be uncovered with time, they can be broadly
categorized into six classes in relation to the degree of CFTR
protein production and function. These classes are summarized
in Table 1 below.

Genotype classes I, II and III are commonly associated
with pancreatic insufficiency, due to a greater degree of CFTR
deficiency and dysfunction. Genotype classes IV, V, and VI or
compound heterozygous individuals with one less severe allele,
tend to retain some level of exocrine function as CFTR is still
produced to some extent (Table 1). Response to therapeutic
interventions varies between genotype classes, and varies further
within each class itself. While genotype provides one method of
classifying CF disease to guide investigation and management, it
is important to recognize that outcomes in CF are also influenced
by a number of other determinants including epigenetic factors,
genetic modifiers, environmental factors and socioeconomic
status (11).

CFTR MODULATOR THERAPY OVERVIEW

The identification of CFTR as the genetic basis for CF disease
has turned scientific research toward precision medicine, and
the early 2000s saw the introduction of CFTR modulator
drugs. CFTR modulators are designed to support or restore the
functionality of CFTR, and are classified into five key groups

based on mechanism: potentiators, correctors, stabilizers, read-
through agents, and amplifiers (3). Currently, only four agents
have been made available on the pharmaceutical market, and are
approved for use only in specific genotypes.

Potentiators
Potentiators restore or augment the cAMP mediated CFTR
gating, allowing for some degree of CFTR-dependent transport
to occur. Approximately 5% of CF mutations are a gating or
conductance deficit, and it is this proportion of the CF population
that will benefit from potentiator therapy. These mutations tend
to fall within Classes III and IV (Table 1). Currently, the only
available potentiator is ivacaftor, which is approved use either as
a monotherapy, or as combination therapy with the correctors
tezacaftor or lumacaftor. While the mechanism of action is yet
to be fully elucidated, clinical outcomes demonstrate significant
improvement amongst eligible patients commenced on therapy,
ranging from decreased frequency of pulmonary exacerbations,
to nutritional improvement and rescued pancreatic function
(14, 15). While there are several other potentiators currently
under clinical evaluation, ivacaftor remains the only potentiator
available for patient use.

Correctors
Correctors (e.g., tezacaftor, lumacaftor, and elexacaftor) assist
CFTR protein structuring and trafficking. While the specifics
of activity vary between individual agents, the mechanism of
the corrector class is considered to be either direct (binding
to the misfolded protein itself and “chaperoning” it through
the endoplasmic reticulum) or indirect (through proteostasis
regulation) (3). Mistrafficking is themost commonmutation type
in CF, notably including the F508del mutation.

Stabilizers
Stabilizing therapies target Class VI mutations, wherein the
CFTR protein is present at the plasma membrane but has
reduced availability due to increased lysosomal degradation.
Stabilizers function to anchor the protein at the cell surface,
preventing premature removal and destruction. While
lumacaftor has been shown to transiently increase CFTR
stability, ongoing investigation into agents with longer-term
benefits are ongoing (16).

Read-Through Agents
One of the more severe phenotypes in CF results from defective
CFTR synthesis in the first instance, usually due to the
introduction of a premature termination codon (PTC) into the
protein mRNA (Class I mutations). Read-through agents allow
the protein translation process to “skip over” the PTC through
recruiting an alternative amino acid in its place, facilitating
the production of a full-length protein (17). Aminoglycosides
such as gentamicin have demonstrated read-through capabilities
in early experimental studies, but the practical application of
these properties is limited by the toxicity profile seen with
longer-term dosing. While some trials are currently examining
aminoglycoside derivatives with stronger read-through capability
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TABLE 1 | An overview of the genotype classes in CF, with their associated pancreatic phenotype (11–13).

Class CFTR function Pancreatic status Example Mutations

I

“Protein synthesis

defect”

No CFTR is synthesized due to stop codons or splicing defects. Insufficient G542X, W1282X, R553X, 3950delT

II

“Maturation defect”

CFTR is synthesized but in an immature form which is degraded

intracellularly.

Insufficient F508del, N1303K

III

“Gating defect”

Despite synthesis of CFTR, activation and regulation by ATP or

cAMP are disrupted.

Insufficient G551D, G178R, S549N, S549R,

G551S, G970R, G1244E, S1251N,

S1255P, G1349D

IV

“Conductance defect”

CFTR is synthesized and expressed at the plasma membrane, but

chloride conductance is reduced.

Insufficient R334W, G314E, R347P, D1152H

V

“Reduced quantity”

CFTR synthesis is normal but produced in quantities too small to

be effective at the cell surface.

Sufficient 3849+ 10 kb C→ T, 3272-26 A→ G,

2789+5G→ A

VI

“Reduced stability”

CFTR stability is reduced so protein synthesis at the cell surface

cannot occur in quantities high enough to be effective.

Variable c. 120del123, rPhe580del

Unclassified All other mutations, including those

unknown

and less toxicity, nothing has been approved for use in CF to date
(18, 19).

Amplifiers
Class V mutations encompass those genotypes resulting in
reduced synthesis or maturation of the CFTR protein. Amplifiers
target this class of mutation, increasing the expression of
CFTR mRNA and the downstream protein production load
(20). Nesolicaftor is currently in the midst of phase 3 trials
(Proteostasis Therapeutics), having shown promising results
throughout earlier studies with significantly higher CFTRmRNA
levels when used in combination with existing corrector and
potentiator therapies (21, 22).

THE EXOCRINE PANCREATIC
PHENOTYPES IN CF

Two key clinical manifestations present themselves as hallmarks
of exocrine pancreatic disease in CF: (1) pancreatic insufficiency,
and (2) symptomatic pancreatitis among a subset of people with
pancreatic sufficient (PS) CF. Each of these confer a distinct
disease burden and occur within a specific subset of the CF
population, shaping presentation and management.

Pancreatic Insufficiency
Approximately 85% of people with CF are pancreatic insufficient
(PI) from early in life (23). A near absolute loss in exocrine
output results in a disease of maldigestion, characterized
by steatorrhoea, failure to thrive, and fat-soluble vitamin
deficiencies. Left unrecognized, this population historically died
in early infancy from malnutrition, before the now-familiar
pulmonary manifestations of CF even took root (24). Under-
or malnutrition (as measured by BMI) has been shown in
epidemiological studies to be closely linked with poor pulmonary
and survival outcomes in CF (25). Nowadays, the appropriate
and timely initiation of pancreatic enzyme replacement therapy
(PERT), coupled with a high energy diet, allows these individuals

to facilitate nutritional digestion and maintain adequate growth
and development; hence early recognition and management are
essential. Even with PERT treatment, the clinical consequences of
PI are ongoing and continues to represent a large proportion of
CFmorbidity andmortality, leading tomalnutrition, poor weight
gain and a decreased ability to withstand intercurrent clinical
insults (26).

The PI status should always be confirmed on testing. Fecal
elastase is the most commonly utilized test in clinical practice
for assessing exocrine pancreatic function. Traditionally, a
fecal elastase cutoff of <200µg/g as indicative of PI is used
although a lower cutoff of 100µg/g has been reported to be
of greater predictive value for ruling out PI and minimize
false positive results due to dilution of feces caused by non-
pancreatic intestinal causes (e.g., short gut syndrome) (27).
Other indirect measures of exocrine pancreatic function include
fecal chymotrypsin and serum trypsinogen. These latter two
tests have a lower sensitivity and specificity than fecal elastase,
and their use in the diagnostic setting is curbed by some
key clinical limitations. Fecal chymotrypsin is a commercially
available enzyme, so it cannot be reliably measured in patients
prescribed PERT (28). Serum trypsinogen is not specific for
exocrine pancreatic function, and can be elevated in other states
of disease including acute pancreatitis and is not widely available
(29). Direct tests of pancreatic function, such as secretin or
cholecystokinin testing (using a dreiling tube or endoscope),
are more sensitive and specific, but less commonly used due to
their technical nature and poor patient tolerance and/or need for
general anesthesia (in children) (30).

CFTR-Related Pancreatitis
Approximately 15% of the CF cohort are PS, born with at least
2% of residual pancreatic reserve, enough to adequately digest
and absorb nutrients (26). While PS individuals tend to exhibit
a less severe phenotype overall, it is in this population that
symptomatic pancreatitis may occur, at a proportion of ∼20%.
It is thought to result from an altered ratio of acinar reserve and
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FIGURE 1 | The development of pancreatitis in the context of CFTR-related

contributors. Adapted from Ooi et al. (10).

ductal obstruction, as conceptualized in Figure 1. Compounding
this process, impaired bicarbonate secretion leads to altered
luminal pH, promoting ongoing acute tissue inflammation and
the perpetuation of pancreatitis in the chronic period (31). This
pathology relies on a degree of acinar function to be preserved in
the presence of significant ductal obstruction, hence a negligible
prevalence of pancreatitis amongst the PI group.

As well as genotype being a key determinant, risk of
pancreatitis is also amplified in the context of cigarette or alcohol
use, both of which independently decrease CFTR function (32,
33). Pancreatitis in the CF cohort is diagnosed with classical
criteria of archetypal symptomatology, serum amylase/lipase
greater than three times the upper limit of normal, and/or
consistent findings on imaging (34).

It is also worth noting that in the context of the progressive
nature of pancreatic disease in CF, a percentage of PS individuals
will become PI later in life. The likelihood of this level of
pancreatic destruction is largely informed by genotype (e.g.,
carriage of classes I, II or III mutations on both alleles) and
previous bouts of symptomatic pancreatitis (10). This suggests
that recurrent attacks of symptomatic pancreatitis heralds
progressive deterioration in exocrine function, underscoring
the importance of serially monitoring function amongst the
PS group.

THREE DISTINCT CFTR MODULATOR
TREATMENT GROUPS IN CF PANCREATIC
DISEASE

CFTR modulator treatment eligibility and planning is generally
based on genotype classing (as described in Table 1). However,
this patient classification system does not incorporate likely
pancreatic response into the decision-making process. As CFTR
modulator use has increased, longitudinal evidence comes forth,

describing three different patient groups with distinct pancreatic
presentations and response to therapy.

Pancreatic Insufficient Individuals May
Recover Pancreatic Function
Pancreatic dysfunction in CF begins in utero, and while PERT
prescription can assist in mitigating some of the clinical
ramifications, exocrine disease persists throughout life (35). As
CFTR modulators have become established as a key tenet of
CF management, their wide-ranging effects on health beyond
pulmonary capacity have been brought to the fore. Emerging
evidence has demonstrated improvement and recovery in
exocrine pancreatic function, with implication for growth and
nutritional outcomes later in life. The ARRIVAL trial noted
improvements in measured pancreatic markers such as fecal
elastase (FE) and immunoreactive trypsinogen (IRT) when
ivacaftor was introduced in young children between 12 and 24
months (36), and the KIWI/KLIMB studies demonstrated similar
improvements amongst a group in early childhood (aged 2–
5 years) (37, 38). However, the magnitude of these benefits is
curbed as the introduction age of ivacaftor increases, and ferret
models have demonstrated that withdrawal of therapy reinstates
exocrine disease (39, 40). Ultimately, these findings support the
concept that the “window of opportunity” to rescue exocrine
pancreatic function in CF occurs early in life, hinging on early
and sustained modulator therapy.

The “window of opportunity” in initiating CFTR modulator
treatment is likely to be from as early in life as possible.
However, a recent ivacaftor study in ferret models demonstrated
partial protection from disease progression when the therapy
was commenced in utero. Ferrets in the treatment group
demonstrated similar growth rates as wild-type animals, and
continued on a normal growth trajectory while nursing
even without PERT treatment (40). Corroborating this proof-
of-concept, a recent human case report provides details
of a child born to a F508del homozygous mother on
elexacaftor/tezacaftor/ivacaftor treatment. Despite inheriting a
F508del homozygous genotype themselves, this child did not
meet the laboratory criteria for the IRT CF newborn screening,
and was born PS with growth tracking along the 85th centile
(41). Together, these studies support the finding that pancreatic
disease begins in utero, and raises the possibility that modulator
treatment commenced even prior to birth may slow or perhaps
prevent exocrine disease from taking hold. Currently, no
modulator therapy is approved for use earlier than 2 years of age.

Individuals With Recovered Pancreatic
Function May Develop Symptomatic
Pancreatitis
Rescuing exocrine pancreatic function in CF has clear benefits
for nutrition and growth. However, increasing pancreatic reserve
in CF poses its own risks, as a growing body of evidence
highlights links to the development of symptomatic acute
pancreatitis amongst a subset of patients who were PI prior
to commencement of modulators, corroborated by the findings
of recent case reports. Gould et al. describe a series of five
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patients, all PI, who developed a classical presentation of acute
pancreatitis at a median of 30 months following commencement
of modulator therapy. Of these five, three had regained some level
of exocrine function with FE measurements above 100µg/g (42).
Megalaa et al. describe a similar case report of a 10 year old child,
realized to have regained PS status only after an episode of acute
pancreatitis (43). In keeping with the model conceptualized by
Ooi and colleagues in 2011 (Figure 1), this suggests that while
CFTR modulators may effectively increase pancreatic acinar
reserve, in the setting of ongoing ductal obstruction, this can
result in a heightened risk of pancreatitis (10). This speaks to the
risk profile of CFTR modulators, highlighting that their health
benefits must be considered in the context of potential serious
complications which clinicians must remain vigilant for amongst
this population.

Pancreatic Sufficient Individuals May Have
a Reduced Risk of Symptomatic
Pancreatitis
Conversely, PS patients commenced on modulator treatment
appear to accelerate beyond this critical ratio of acinar reserve
and ductal obstruction (Figure 1), with a subsequent decline in
the prevalence of pancreatitis amongst this group. Akshintala
et al. retrospectively reviewed a small cohort of adult CF
patients with a history of pancreatitis in the preceding 2
years, highlighting that none of these 15 individuals developed
pancreatitis during their follow up period (mean 36 months)
(44). Ramsey and colleagues supported these findings 3 years
onwards, demonstrating a significant reduction in pancreatitis-
related hospitalizations amongst those commenced on CFTR
modulators amongst both PI and PS patients, with a greater
relative risk reduction within the PS group (45). Overall,
these findings suggest that in those suffering from recurrent

pancreatitis, or who have a pre-existing risk of pancreatitis, CFTR
modulators may assist in shifting away from this “risk window,”
alleviating ductal obstruction enough to improve pancreatic
output without inducing further inflammation.

CONCLUSION

Pancreatic disease represents a significant proportion of CF-
related morbidity and mortality. Where treatment previously
focused mitigating the effects of downstream sequalae, the
research landscape has shifted now to focus on addressing
the central CFTR mutation at the root. As CFTR modulators
become established as a cornerstone of CF management, the
limitations of these novel agents are brought to the fore.
The risk-benefit profile of these therapies varies for three CF
cohort subsets, depending on pre-existing pancreatic function
and risk of pancreatitis. This classification of modulator-eligible
patients encourages a patient-centered treatment approach,
where a distinct risk monitoring process may facilitate the early
recognition of key complications unique to each population.
The temporal outcomes of CFTR modulator use in the context
of longer-term pancreatic complications including CF-related
diabetes and malignancy are yet to be established, but with
demonstrable benefits in the short-term setting, positive effects
may be anticipated.
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W, Pawłowska N, et al. The determinants of survival among adults

with cystic fibrosis—a cohort study. J Physiol Anthropol. (2021)

40:19. doi: 10.1186/s40101-021-00269-7

13. Marson FAL, Bertuzzo CS, Ribeiro JD. Classification of

CFTR mutation classes. Lancet Respir Med. (2016) 4:e37–

8. doi: 10.1016/S2213-2600(16)30188-6

14. McKone EF, Borowitz D, Drevinek P, Griese M, Konstan MW, Wainwright

C, et al. Long-term safety and efficacy of ivacaftor in patients with

cystic fibrosis who have the Gly551Asp-CFTR mutation: a phase 3,

open-label extension study (PERSIST). Lancet Respir Med. (2014) 2:902–

10. doi: 10.1016/S2213-2600(14)70218-8

15. Nichols A, Davies J, Jones D, Carr S. Restoration of exocrine

pancreatic function in older children with cystic fibrosis on ivacaftor.

Frontiers in Pediatrics | www.frontiersin.org 5 June 2022 | Volume 10 | Article 91479018

https://doi.org/10.1159/000095374
https://doi.org/10.1002/path.4634
https://doi.org/10.3389/fphar.2016.00275
https://doi.org/10.1001/archpedi.1938.01980140114013
https://doi.org/10.1126/science.2475911
https://doi.org/10.1016/0016-5085(88)90490-8
https://doi.org/10.1056/NEJM198502073120601
https://doi.org/10.3390/cells11010054
https://doi.org/10.1136/gut.2004.062786
https://doi.org/10.1053/j.gastro.2010.09.046
https://doi.org/10.3389/fphar.2019.01662
https://doi.org/10.1186/s40101-021-00269-7
https://doi.org/10.1016/S2213-2600(16)30188-6
https://doi.org/10.1016/S2213-2600(14)70218-8
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


McKay and Ooi The Exocrine Pancreas in CF

Paediatr Respir Rev. (2020) 35:99–102. doi: 10.1016/j.prrv.2020.

04.003

16. He L, Kota P, Aleksandrov AA, Cui L, Jensen T, Dokholyan NV, et al.

Correctors of 1F508 CFTR restore global conformational maturation

without thermally stabilizing the mutant protein. FASEB J. (2013) 27:536–

45. doi: 10.1096/fj.12-216119

17. Pranke I, Bidou L, Martin N, Blanchet S, Hatton A, Karri S,

et al. Factors influencing readthrough therapy for frequent cystic

fibrosis premature termination codons. ERJ Open Res. (2018)

4:00080-2017. doi: 10.1183/23120541.00080-2017

18. Leubitz A, Frydman-Marom A, Sharpe N, van Duzer J, Campbell KC,

Vanhoutte F. Safety, tolerability, and pharmacokinetics of single ascending

doses of ELX-02, a potential treatment for genetic disorders caused by

nonsense mutations, in healthy volunteers. Clin Pharmacol Drug Dev. (2019)

8:984–94. doi: 10.1002/cpdd.647

19. Sharma J, Keeling KM, Rowe SM. Pharmacological approaches for

targeting cystic fibrosis nonsense mutations. Eur J Med Chem. (2020)

200:112436. doi: 10.1016/j.ejmech.2020.112436

20. Giuliano KA, Wachi S, Drew L, Dukovski D, Green O, Bastos C, et al. Use

of a high-throughput phenotypic screening strategy to identify amplifiers,

a novel pharmacological class of small molecules that exhibit functional

synergy with potentiators and correctors. SLAS Discov. (2018) 23:111–

21. doi: 10.1177/2472555217729790

21. Gramegna A, Contarini M, Aliberti S, Casciaro R, Blasi F, Castellani C. From

ivacaftor to triple combination: a systematic review of efficacy and safety

of CFTR modulators in people with cystic fibrosis. Int J Mol Sci. (2020)

21:5882. doi: 10.3390/ijms21165882

22. Molinski SV, Ahmadi S, IpW,OuyangH, Villella A,Miller JP, et al. Orkambi R©

and amplifier co-therapy improves function from a rare CFTR mutation

in gene-edited cells and patient tissue. EMBO Mol Med. (2017) 9:1224–

43. doi: 10.15252/emmm.201607137

23. Stallings VA, Stark LJ, Robinson KA, Feranchak AP, Quinton H. Evidence-

based practice recommendations for nutrition-related management of

children and adults with cystic fibrosis and pancreatic insufficiency:

results of a systematic review. J Am Diet Assoc. (2008) 108:832–

9. doi: 10.1016/j.jada.2008.02.020

24. Reid DW, Blizzard CL, Shugg DM, Flowers C, Cash C, Greville HM. Changes

in cystic fibrosis mortality in Australia, 1979–2005. Med J Australia. (2011)

195:392–5. doi: 10.5694/mja10.11229

25. Lai H-C, Corey M, FitzSimmons S, Kosorok MR, Farrell PM. Comparison of

growth status of patients with cystic fibrosis between the United States and

Canada. Am J Clin Nutr. (1999) 69:531–8. doi: 10.1093/ajcn/69.3.531

26. Singh VK, Schwarzenberg SJ. Pancreatic insufficiency in cystic fibrosis. J Cystic

Fibrosis. (2017) 16:S70–8. doi: 10.1016/j.jcf.2017.06.011

27. Beharry S, Ellis L, CoreyM,MarconM, Durie P. How useful is fecal pancreatic

elastase 1 as a marker of exocrine pancreatic disease? J Pediatr. (2002)

141:84–90. doi: 10.1067/mpd.2002.124829

28. Niederau C, Grendell JH. Diagnosis of chronic pancreatitis. Gastroenterology.

(1985) 88:1973–95. doi: 10.1016/0016-5085(85)90029-0

29. Couper RT, Corey M, Durie PR, Forstner GG, Moore DJ. Longitudinal

evaluation of serum trypsinogen measurement in pancreatic-insufficient and

pancreatic-sufficient patients with cystic fibrosis. J Pediatr. (1995) 127:408–

13. doi: 10.1016/S0022-3476(95)70072-2

30. Lankisch PG, Schreiber A, Otto J. Pancreolauryl test. Evaluation of a

tubeless pancreatic function test in comparison with other indirect and

direct tests for exocrine pancreatic function. Dig Dis Sci. (1983) 28:490–

3. doi: 10.1007/BF01308149

31. Behrendorff N, Floetenmeyer M, Schwiening C, Thorn P. Protons

released during pancreatic acinar cell secretion acidify the lumen and

contribute to pancreatitis in mice. Gastroenterology. (2010) 139:1711–20.

e5. doi: 10.1053/j.gastro.2010.07.051

32. Raju SV, Jackson PL, Courville CA, McNicholas CM, Sloane PA, Sabbatini

G, et al. Cigarette smoke induces systemic defects in cystic fibrosis

transmembrane conductance regulator function. Am J Respir Crit Care Med.

(2013) 188:1321–30. doi: 10.1164/rccm.201304-0733OC

33. Maléth J, Balázs A, Pallagi P, Balla Z, Kui B, Katona M, et al. Alcohol

disrupts levels and function of the cystic fibrosis transmembrane conductance

regulator to promote development of pancreatitis. Gastroenterology. (2015)

148:427–39.e16. doi: 10.1053/j.gastro.2014.11.002

34. Morinville VD, Husain SZ, Bai H, Barth B, Alhosh R, Durie

PR, et al. Definitions of pediatric pancreatitis and survey of

present clinical practices. J Pediatr Gastroenterol Nutr. (2012)

55:261–5. doi: 10.1097/MPG.0b013e31824f1516

35. Bass R, Brownell JN, Stallings VA. The impact of highly effective

CFTR modulators on growth and nutrition status. Nutrients. (2021)

13:2907. doi: 10.3390/nu13092907

36. Rosenfeld M, Wainwright CE, Higgins M, Wang LT, McKee C, Campbell D,

et al. Ivacaftor treatment of cystic fibrosis in children aged 12 to 24 months

and with a CFTR gating mutation (ARRIVAL): a phase 3 single-arm study.

Lancet Respir Med. (2018) 6:545–53. doi: 10.1016/S2213-2600(18)30202-9

37. Rosenfeld M, Cunningham S, Harris WT, Lapey A, Regelmann WE, Sawicki

GS, et al. An open-label extension study of ivacaftor in children with CF and

a CFTR gating mutation initiating treatment at age 2-5 years (KLIMB). J Cyst

Fibros. (2019) 18:838–43. doi: 10.1016/j.jcf.2019.03.009

38. Davies JC, Cunningham S, Harris WT, Lapey A, Regelmann WE, Sawicki

GS, et al. Safety, pharmacokinetics, and pharmacodynamics of ivacaftor in

patients aged 2-5 years with cystic fibrosis and a CFTR gating mutation

(KIWI): an open-label, single-arm study. Lancet Respir Med. (2016) 4:107–

15. doi: 10.1016/S2213-2600(15)00545-7

39. Stallings VA, Sainath N, Oberle M, Bertolaso C, Schall JI. Energy balance and

mechanisms of weight gain with ivacaftor treatment of cystic fibrosis gating

mutations. J Pediatr. (2018) 201:229–37.e4. doi: 10.1016/j.jpeds.2018.05.018

40. Sun X, Yi Y, Yan Z, Rosen BH, Liang B, Winter MC, et al. In

utero and postnatal VX-770 administration rescues multiorgan

disease in a ferret model of cystic fibrosis. Sci Transl Med. (2019)

11:eaau7531. doi: 10.1126/scitranslmed.aau7531

41. Fortner CN, Seguin JM, Kay DM. Normal pancreatic function and

false-negative CF newborn screen in a child born to a mother taking

CFTR modulator therapy during pregnancy. J Cyst Fibros. (2021) 20:835–

6. doi: 10.1016/j.jcf.2021.03.018

42. Gould MJ, Smith H, Rayment JH, Machida H, Gonska T, Galante GJ.

CFTR modulators increase risk of acute pancreatitis in pancreatic

insufficient patients with cystic fibrosis. J Cystic Fibrosis. (2021).

doi: 10.1016/j.jcf.2021.09.010. [Epub ahead of print].

43. Megalaa R, Gopalareddy V, Champion E, Goralski JL. Time for a gut check:

pancreatic sufficiency resulting from CFTR modulator use. Pediatr Pulmonol.

(2019) 54:E16–8. doi: 10.1002/ppul.24353

44. Akshintala VS, Kamal A, Faghih M, Cutting GR, Cebotaru L, West NE,

et al. Cystic fibrosis transmembrane conductance regulator modulators

reduce the risk of recurrent acute pancreatitis among adult patients

with pancreas sufficient cystic fibrosis. Pancreatology. (2019) 19:1023–

6. doi: 10.1016/j.pan.2019.09.014

45. Ramsey ML, Gokun Y, Sobotka LA, Wellner MR, Porter K,

Kirkby SE, et al. Cystic fibrosis transmembrane conductance

regulator modulator use is associated with reduced pancreatitis

hospitalizations in patients with cystic fibrosis. Am J Gastroenterol. (2021)

116:2446–54. doi: 10.14309/ajg.0000000000001527

Conflict of Interest: CO has served as a consultant and received research funding

(unrelated to the content of this manuscript) from Vertex Pharmaceuticals.

The remaining author declares that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 McKay and Ooi. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 6 June 2022 | Volume 10 | Article 91479019

https://doi.org/10.1016/j.prrv.2020.04.003
https://doi.org/10.1096/fj.12-216119
https://doi.org/10.1183/23120541.00080-2017
https://doi.org/10.1002/cpdd.647
https://doi.org/10.1016/j.ejmech.2020.112436
https://doi.org/10.1177/2472555217729790
https://doi.org/10.3390/ijms21165882
https://doi.org/10.15252/emmm.201607137
https://doi.org/10.1016/j.jada.2008.02.020
https://doi.org/10.5694/mja10.11229
https://doi.org/10.1093/ajcn/69.3.531
https://doi.org/10.1016/j.jcf.2017.06.011
https://doi.org/10.1067/mpd.2002.124829
https://doi.org/10.1016/0016-5085(85)90029-0
https://doi.org/10.1016/S0022-3476(95)70072-2
https://doi.org/10.1007/BF01308149
https://doi.org/10.1053/j.gastro.2010.07.051
https://doi.org/10.1164/rccm.201304-0733OC
https://doi.org/10.1053/j.gastro.2014.11.002
https://doi.org/10.1097/MPG.0b013e31824f1516
https://doi.org/10.3390/nu13092907
https://doi.org/10.1016/S2213-2600(18)30202-9
https://doi.org/10.1016/j.jcf.2019.03.009
https://doi.org/10.1016/S2213-2600(15)00545-7
https://doi.org/10.1016/j.jpeds.2018.05.018
https://doi.org/10.1126/scitranslmed.aau7531
https://doi.org/10.1016/j.jcf.2021.03.018
https://doi.org/10.1016/j.jcf.2021.09.010
https://doi.org/10.1002/ppul.24353
https://doi.org/10.1016/j.pan.2019.09.014
https://doi.org/10.14309/ajg.0000000000001527
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


TYPE Mini Review

PUBLISHED 22 July 2022

DOI 10.3389/fped.2022.909925

OPEN ACCESS

EDITED BY

André Hörning,

University Hospital Erlangen, Germany

REVIEWED BY

Vaidotas Urbonas,

Vilnius University Hospital Santaros

Clinics, Lithuania

Christiane Sokollik,

University Children’s Hospital

Bern, Switzerland

*CORRESPONDENCE

Isabelle Scheers

isabelle.scheers@saintluc.uclouvain.be

SPECIALTY SECTION

This article was submitted to

Pediatric Gastroenterology,

Hepatology and Nutrition,

a section of the journal

Frontiers in Pediatrics

RECEIVED 31 March 2022

ACCEPTED 28 June 2022

PUBLISHED 22 July 2022

CITATION

Scheers I and Berardis S (2022)

Congenital etiologies of exocrine

pancreatic insu�ciency.

Front. Pediatr. 10:909925.

doi: 10.3389/fped.2022.909925

COPYRIGHT

© 2022 Scheers and Berardis. This is an

open-access article distributed under

the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other

forums is permitted, provided the

original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Congenital etiologies of
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Congenital exocrine pancreatic insu�ciency is a rare condition. In a

vast majority of patients, exocrine dysfunction occurs as part of a

multisystemic disease, the most prevalent being cystic fibrosis and

Shwachman-Bodian-Diamond syndrome. Recent fundamental studies

have increased our understanding of the pathophysiology of these diseases.

Exocrine pancreatic dysfunction should be considered in children with failure

to thrive and fatty stools. Treatment is mainly supportive and consists of

pancreatic enzyme replacement and liposoluble vitamins supplementation.

KEYWORDS

exocrine pancreatic insu�ciency, cystic fibrosis, Shwachman-Bodian-Diamond

syndrome, Pearson syndrome, Johanson-Blizzard syndrome, pancreas agenesis

Introduction

The pancreas is a mixed endocrine and exocrine gland. The exocrine tissue comprises

acinar cells that produce and store pancreatic enzymes; and ductal cells that secrete fluid

and electrolytes. Digestive pro-enzymes flow into the duodenal lumen where they are

activated and ensure nutrient digestion. The exocrine pancreatic function is immature at

birth (1–3). Pancreatic amylase activity is nearly absent in premature and term neonates,

remains low in the first year of life to progressively reach adult values around 3 years of

age. Trypsin and lipase activity are markedly lower (10x and 20x, respectively) at birth

but progressively reach adult values within the first year of life. The functional exocrine

reserve is impressively large as more than 98% of the pancreatic enzyme production

must be lost before steatorrhea develops (4, 5). Exocrine pancreatic insufficiency (EPI)

is usually evidenced in infants with clinical features of malabsorption such as failure

to thrive, chronic diarrhea, anemia or hypoalbuminemia. Fecal elastase-1 is the most

frequent test used to identify pancreatic insufficient (PI) patients.

Although a wide variety of conditions may be associated with EPI, most are

syndromic and exceedingly rare. Etiologies of congenital EPI can be subdivided in 3

groups based on underlying pathophysiologic mechanisms: i.e., related to (a) exocrine

pancreatic tissue injury, (b) pancreatic hypoplasia or agenesis or (c) isolated enzyme

deficiency. Cystic fibrosis (CF) represents by far the most frequent cause of inherited

EPI (90–95%) followed by Shwachman-Bodian-Diamond syndrome (SBDS, ∼4%). The

differential diagnosis and main cardinal features are summarized in Table 1.
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TABLE 1 Etiologies and main clinical features of congenital exocrine pancreatic insu�ciency.

Genetic defect Main clinical features

Exocrine pancreas tissue injury

Cystic fibrosis CFTR Chronic sinopulmonary disease (e.g.,)

-Chronic cough and sputum production

-Chronic wheezing and air trapping

-Obstructive lung disease

-Nasal polyps

-Chronic pansinusitis

Digestive system (e.g.,)

-EPI or pancreatitis

-Meconium ileus

-Liver disease (cholestasis, steatosis, portal HT)

-Failure to thrive

-Distal intestinal obstruction

Obstructive male infertility

-Hypoplasia, aplasia of vas deferens

-Hypoplasia, aplasia of seminal vesicles

Other

-Diabetes mellitus

Shwachman-Bodian-Diamond

syndrome type 1

SBDS Hematologic anomalies related to bone marrow dysfunction

(e.g.,)

-Hypoproductive cytopenia

-Pancytopenia

-Leukemia

EPI

Skeletal dysplasia

-Short stature

-Thoracic dystrophy

-Chondrodysplasia

Other

-Hearing loss, ear malformation

-Cardiac defects

-Increased liver enzymes, hepatomegaly

-Delayed teeth eruption, dysplastic teeth

-Kidney tubulopathy

-Psychomotor delay

-Ichthyosis

-Eye anomalies (strabismus, coloboma, keratitis)

Shwachman-Bodian-Diamond

syndrome type 2

EFL1 (See SBDS type 1)

Specific features

-Myopia

-Arched palate

SBDS-like eIF6 (See SBDS type 1)

SBDS-like DNAJC21 (See SBDS type 1)

Specific features

-Retinal dystrophy

-Hypermobile joints

(Continued)
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TABLE 1 Continued

Genetic defect Main clinical features

-Hip dysplasia

-Cryptorchidism

SBDS-like SRP54 (See SBDS type 1)

Specific features

-Congenital profound neutropenia

Pearson syndrome mt-Deletion Hematologic anomalies

-Sideroblastic anemia

-Vacuolization of marrow precursors

Digestive system

-EPI

-Hepatomegaly, increased liver enzymes

Other

-Muscle weakness (ptosis, limb weakness)

-Endocrinologic disturbance (hypothyroidy,

hypoparathyroidy, growth hormone deficiency,

adrenal Insufficiency, diabetes mellitus)

-Splenic atrophy

-Impaired cardiac function

-Renal insufficiency

-Cardiac conduction block

Johanson Blizzard syndrome UBR1 Nasal alea hypoplasia/agenesis

EPI

Mental or psychomotor retardation

Other

-Short stature

-Scalp defects, alopecia, abnormal hair

implantation

-Oligodontia, microdontia

-Imperforate anus

-Genito-urinary anomalies (vesico-ureteral reflux

hypospadias)

-Endocrinologic disturbance (hypothyroidy,

hypopituitarism, diabetes mellitus)

Shteyer syndrome COX4I2 Dyserythropoietic anemia

EPI

Calvarial hyperostosis

Other

-Delayed psychomotor development

-Hepatomegaly

-Splenomegaly

-Muscle weakness

-Dental anomalies (maldentition, caries)

Pancreas hypoplasia/agenesis PDX1 Neonatal diabetes mellitus

EPI

(Continued)
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TABLE 1 Continued

Genetic defect Main clinical features

PTF1A Neonatal diabetes mellitus

EPI

Cerebellar agenesis/hypoplasia

Other

-Optic nerve hypoplasia

-Joint stiffness

-Dysmorphic facial features (triangular face,

beaked nose, low set dysplastic ears)

-Little subcutaneous fat.

GATA6 Congenital heart disease

Neonatal diabetes mellitus

EPI

Developmental delay

Other

-Bile tract anomalies (biliary atresia, gallbladder

agenesis)

-Endocrine anomalies

-Diaphragmatic hernia

Isolated enzyme deficiency PNLIP Steatorrhea

EPI, exocrine pancreatic insufficiency; HT, hypertension; SBDS, Shwachman-Bodian-Diamond syndrome.

The purpose of the present mini-review is to depict

the differential diagnosis in EPI and summarize advancing

knowledge on the pathophysiologic mechanisms leading to EPI

in those conditions.

Congenital exocrine pancreatic
insu�ciency due to exocrine injury

Cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive, multisystemic

disorder caused by mutations in the cystic fibrosis

transmembrane conductance regulator (CFTR) gene. CF

has an estimated prevalence of 1/3.000 in Caucasians.

The CFTR gene codes for a cAMP-responsive chloride

channel at the apical surface of secreting epithelia (6, 7).

More than 2000 CFTR mutations were described to date.

The most frequent, occurring at least on 1 allele in >65%

CF patients, is a 3-base-pair deletion causing the loss of

a phenylalanine at position 508 of the protein (F508del).

CFTR mutations have been classified in 6 classes based on

their predominant effect on CFTR function or processing

(Figure 1A) (8, 9).

Pancreatic damage in CF already begins in utero (10). As

from 32 weeks of gestation, the acinar and duct lumen were

found to be dilated by inspissation of proteinaceous material.

This duct plugging causes intrapancreatic enzyme activation,

gland inflammation and leads to acinar injury; a process that

progresses through infancy until the exocrine tissue is replaced

by fibrotic cells. Initially, endocrine cells are relatively preserved.

Functional testing confirms reduced fluid, and subsequently,

enzyme secretion in CF patients (11). In pancreatic sufficient

(PS) children, this process is delayed as mutations have a milder

functional impact on CFTR.

CF is diagnosed in many countries by newborn screening

evidencing high serum trypsinogen levels. Later in life, CF

patients present with chronic cough, rectal prolapse, steatorrhea,

failure to thrive or male infertility. The final diagnosis

of CF is based on sweat-test and CFTR sequencing (12).

Transepithelial nasal potential difference may help to classify

patients with mutations of unknown functional impact. Most

clinical symptoms of CF arise from the dehydration of sweat,

mucus or digestive fluids. The CFTR defective gene causes the

secretions to become sticky and thick. Instead of acting as

lubricants, the secretions clog up tubes and ducts, especially in

the lungs, gut and pancreas. Cardinal features are summarized

in Table 1. CF patients with identical CFTR genotypes show

a high variability in disease severity, complication rates and

survival. These differences are largely attributable to genetic

modifiers (variants in other genes such as SLC26A9 or TGFB1)

and environmental factors (such as cigarette smoke exposure or

bacterial pathogens).
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FIGURE 1

Pathophysiology of exocrine pancreatic insu�ciency due to pancreatic exocrine tissue injury. (A) Normal and altered CFTR function. In Class I

CFTR mutations, no CFTR protein is synthetized. In Class II, CFTR protein tra�cking is defective. Class III mutations lead to impaired gating,

(Continued)
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FIGURE 1

whereas Class IV lead to impaired conductance. In Class V and VI, there is, respectively, less CFTR protein or the protein is less stable. (B)

Shwachman-Bodian-Diamond type1, type2 and SBDS-like syndromes mainly impact acinar cell function. All disease-causing mutations impact

the final maturation steps of ribosome biogenesis. (C) Johanson Blizzard syndrome mainly e�ects acinar cell function. UBR1 mutations cause

defective recognition of misfolded proteins, which can therefore not be degraded by the proteasome. (D) Pearson and Shteyer syndrome lead

to mitochondrial dysfunction. Acini seem more a�ected than ductal cells.

Cross sectional studies of CF cohorts evidenced that almost

85% of patients present EPI (13, 14). Before the advent of

CFTR modulators, CF children carrying two class I (reduced or

absent synthesis) or II (block in protein processing) mutations

became pancreatic insufficient (PI) within the first year of

life (15).

EPI management encompasses nutritional support,

pancreatic enzyme replacement therapy (PERT) and liposoluble

vitamin supplementation following existing guidelines (16).

Recent major therapeutic advances in CF care concern a more

fundamental and targeted treatment of the disease, using CFTR

modulators. CFTR modulators are small molecules which act

specifically at the level of the defective mechanisms causing

CF. The effects of these modulators on exocrine pancreatic

function have not yet been studied as primary outcomes but

rather as secondary or exploratory outcomes. Nevertheless,

several data suggest that CFTR modulators may at least partially

restore the exocrine pancreatic function in CF patients. Fecal

elastase-1 rose above the clinical cutoff of 200µg/g at least

once in >25% of CF children with a CFTR gating-mutation

treated with Ivacaftor for 24 weeks (17). Ivacaftor is a CFTR

modulator that increases the open probability of CFTR,

leading to enhanced chloride transport. Moreover, a reduction

in immunoreactive trypsinogen (IRT) concentrations, a

marker of pancreatic stress, has also been observed. Another

study showed that the increase of fecal eslastase-1 and the

decrease of serum IRT were maintained for an additional

84 weeks in CF children with a CFTR gating-mutation

treated with Ivacaftor, suggesting that early CFTR modulation

can potentially delay the decline of pancreatic function

(18). The same tendency has been observed in CF children

homozygous for F508del and treated with Ivacaftor/Lumacaftor

combination therapy for 24 weeks (19). The effect of the

triple combination (Elexacaftor/Tezacaftor/Ivacaftor) on

the exocrine pancreatic function has not been studied yet.

However, a significant increase in BMI in CF patients

(heterozygous carriers for F508del and a minimal function

CFTR mutation as well as in CF patients homozygous for

F508del-CFTR mutation) treated with this medication has

been described. The effect of CFTR modulators on BMI can

be explained by different factors including a decreased resting

energy expenditure, decreased gut inflammation, increased

exocrine pancreatic function and an increased appetite

(20–22). Other authors observed similar effects on growth

parameters (23–25). Additional research is needed to further

understand the specific effect of these modulators on exocrine

pancreatic function.

Long-term survival of patients with CF is mainly dictated

by the decline in lung function and by the occurrence of

cirrhosis (8). Over the past decades, earlier diagnosis and

careful disease management led to a dramatic improvement of

patient quality of life and life expectancy which may now reach

50 years (26).

Shwachman-Bodian-Diamond syndrome
type 1, type 2 and SBDS-like syndromes

Shwachman-Bodian-Diamond syndrome (SBDS) is the

second most frequent cause of congenital EPI. Although

originally described by Nezelof in 1961, the disease was named

after physicians Shwachman, Bodian and Diamond in 1964.

SBDS prevalence is estimated at 1/76.000 (27).

Approximately 90% of SBDS patients carry biallelic

mutations in the Shwachman-Bodian-Diamond syndrome gene

(SBDS, SBDS type1). More recently, the molecular spectrum

of SBDS has been extended with biallelic mutations evidenced

in elongation factor-like GTPase 1 (EFL1, SBDS type2), DnaJ

heat shock protein family member C21 (DNAJC21), eukaryotic

initiation factor (eIF6) or heterozygous mutation in signal

recognition particle 54 (SRP54) genes. Although SBDS might

seem genetically heterogeneous, all encoded dysfunctional

proteins affect the final maturation steps of the large ribosomal

subunit (Figure 1B). Ribosome biogenesis is a highly conserved

and tightly regulated process involving more than 200 ribosomal

proteins, ribosomal RNAs and small nuclear RNA molecules.

Ribosome synthesis takes place in the cytoplasm and nucleolus.

DNAJC21 seems involved in the biogenesis of nucleolar rRNA

and in the cytoplasmic recycling of a factor involved in the

nuclear export of the 60S ribosomal subunit. Furthermore, SBDS

cooperates with EFL1 to release eIF6, an anti-association factor,

from the 60S ribosomal subunit; enabling the 40S and 60S

subunits to assemble and form the 80S ribosome. Finally, SRP54

is part of the SRP complex that escorts the nascent polypeptide

of the 80S ribosome to the endoplasmic reticulum (ER) (28).

Pancreas necropsy in SBDS patients evidenced acinar

hypoplasia and extensive fat infiltration without fibrosis or

inflammation; the ductal cells and Langerhans islets were

conserved. In parallel, quantitative pancreatic function tests in

SBDS patients showed, in relation to the total acinar secretion,

Frontiers in Pediatrics 06 frontiersin.org

25

https://doi.org/10.3389/fped.2022.909925
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org


Scheers and Berardis 10.3389/fped.2022.909925

normal fluid and anion outputs but severely reduced enzyme

secretion (29). Conditional SBDSKO and hypomorphicmutants

phenocopied SBDS in mice. Progressive acinar cell atrophy and

reduction in number and size of zymogen granules, organelles

storing pancreatic enzymes in acinar cells, were evidenced as

from the post-natal period. These pathologic findings correlate

with reduced pancreatic enzyme production. Acinar depletion

was shown to result from p53 dependent senescence cell cycle

arrest. However, the precise mechanism by which impaired

ribosome biogenesis activates p53 remains unclear (30, 31).

A vast majority of patients with biallelic SBDS mutations are

diagnosed during infancy with more or less severe infections

and/or signs of malabsorption and failure to thrive (90%).

Pancreatic ultrasound may show fatty gland changes.

The cardinal features of SBDS are bone marrow failure, EPI

and skeletal anomalies (Table 1).

The management of EPI in SBDS patients is supportive

and relies on PERT and liposoluble vitamin supplementation.

A modest improvement in exocrine function can be seen over

time in about 45% of patients to an extent they could discontinue

PERT (32, 33). Reasons for this improvement remain obscure,

although it is believed to be related to the physiologic maturation

of pancreatic enzyme secretion with age. Regular pancreatic

function monitoring is therefore warranted to diagnose patients

that converted from PI to PS status. Serum trypsinogen has been

shown to be a reliable marker to follow exocrine function in

SBDS patients (34). Trypsinogen concentration below 50 µg/L

(normal values 140–400 µg/L) are seen in PI patients and rise

above 50µg/L in PS patients, sometimes reaching normal values.

Long-term survival in SBDS patients is primarily dictated

by severe infections and hematologic malignancies. Early

development (24 and 38 years) (35, 36) of pancreatic cancer was

also described in SBDS type1. Survival at 20 years was 87.4%

(95%CI 75.3–93.8) in an Italian SBDS cohort (37) but remains

poorly investigated beyond that age.

Johanson-Blizzard syndrome

Johanson-Blizzard syndrome (JBS) is a multisystemic

autosomal recessive disorder with a prevalence estimated at

1/250.000 (38). JBS was first described in 1967 by Morris and

Fisher (39), but was ultimately named after Drs Johanson and

Blizzard in 1971 who delineated the syndromic spectrum of the

disease (40). JBS was later found to be caused by homozygous

or compound heterozygous mutations in the ubiquitin-protein

ligase E3 component N-recognin 1 (UBR1) gene encoding

one of a handful ligases of the N-end rule pathway (38). As

such, wild-type UBR1 recognizes, binds and mark N-terminal

residue of proteins ultimately leading to protein degradation

by the proteasome. Mutated UBR1 is hypothesized to interfere

with proper protein degradation and result in unfolded protein

accumulation in the ER, causing ER stress (Figure 1C).

Pancreas necropsy in JBS patients evidenced progressive

acinar tissue loss and inflammatory infiltrates (41). This

pathogenic process was shown to start during fetal life.

Functional tests in pancreas of UBR1−/− mice showed

markedly decreased zymogen outputs compared to controls

following cholecystokinin injection, as well as increased

susceptibility to pancreatitis. These findings suggest that the N-

end rule pathway may be involved in zymogen processing or

export (38) and that defective zymogen trafficking play a role

in pancreatitis. Similarly, quantitative pancreatic function tests

in JBS patients showed significantly decreased enzyme secretion

but preserved fluid and anion outputs (29). Furthermore, serum

trypsinogen concentration were markedly below normal ranges.

The cardinal features of JBS are EPI and hypo- or

aplasia of the nasal wings (Table 1). EPI is invariably

diagnosed during early infancy and doesn’t improve over

time. As UBR1 expression is ubiquitous, all organs may

be affected. Other facultative features include cranio-facial

anomalies (dentition anomalies, scalp defects, microcephaly,

cleft palate), short stature, developmental delay, congenital

heart disease, endocrine glands dysfunction (hypothyroidism,

diabetes mellitus), raised liver enzymes, genito-urinary and

kidney defects.

The management of EPI in JBS patients include PERT

and liposoluble vitamin supplementation. Endocrine hormone

supplementation may further be required.

With adequate treatment, JBS patients survive

into adulthood.

Pearson syndrome

Pearson syndrome is a very rare mitochondrial cytopathy,

with an estimated prevalence<1/1.000.000. The disease was first

described by Pearson in 1979 (42).

Rotig et al. discovered in 1995 that Pearson syndrome was

caused by deletions ranging from 1.1-10kb in mitochondrial

DNA (mtDNA) (43). Deletions give rise to 3 overlapping

phenotypes: Pearson syndrome, Kearns Sayre and progressive

external ophtalmoplegia. The disease expressivity doesn’t seem

related to the size or location of mtDNA deletion but rather

to heteroplasmy (i.e., relative abundance of mitochondria

carrying the mutation in each cell), tissue distribution (random

partitioning of mitochondria) and tissue-specific vulnerability

to oxidative stress. In Pearson syndrome, the deletion was

found to be more abundant in blood compared to other cells.

MtDNA encodes amongst others ATPases 6 and 8, cytochrome

c oxidase III and NADH dehydrogenase 3, 4, 4L and 5. Hence,

MtDNA deletion results in defective oxidative phosphorylation

and impaired translation of messenger RNAs to proteins

(Figure 1D). Pearson syndrome occurs sporadically which is

suggestive for mutations arising de novo during either oogenesis

or early embryonic development.
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Histopathology of the patients’ pancreas is characterized by

acinar cell loss which are replaced by connective tissue and

blood vessels. Ductal cells and Langerhans islets seem largely

unaltered. However, functional pancreatic tests show not only

decreased acinar function but also impaired fluid and electrolyte

secretion (42).

Cardinal clinical features of Pearson syndrome are refractory

sideroblastic anemia, bone marrow precursors vacuolization

and EPI (Table 1). Patients with Pearson syndrome invariably

develop EPI during infancy. The diagnosis is further comforted

by increased serum lactate/pyruvate and ketone body ratios (44).

Patient management is mainly based on the symptomatic

treatment of EPI (PERT and liposoluble vitamins

supplementation), pancytopenia (folic acid, transfusion)

and, although not evidenced-based, some authors have

suggested to support the mitochondrial electron transport

chain (L-carnitine, coenzyme Q). Of note, hypercaloric diets,

high glucose containing diets and parenteral nutrition might

precipitate mitochondrial dysfunction (44–46).

Pearson syndrome is often fatal in early childhood. Patient

surviving this period develop symptoms of Kearns Sayre

Syndrome; a neuromuscular disease characterized by early onset

ophtalmoplegia and pigmentary retinopathy.

Shteyer syndrome

Shteyer syndrome is an exceptional multisystemic autosomal

recessive disorder caused by biallelic mutations in the COX4I2

gene coding for a component of the cytochrome c oxidase,

the terminal enzyme in the mitochondrial respiratory chain

(Figure 1D).

Cardinal disease features are exocrine pancreatic

insufficiency, dyserythropoietic anemia and calvarial

hyperostosis (Table 1). To date 4 patients have been described

with the disease (47), all presenting failure to thrive and

steatorrhea soon after birth. On imaging, the pancreas appeared

atrophic and fatty.

The disease management is mainly based on the

symptomatic treatment of EPI (pancreatic enzyme and

liposoluble vitamins supplementation) and iterative transfusions

for anemia.

Follow-up data is lacking to determine the outcome of

affected patients.

Congenital pancreatic hypoplasia or
agenesis

A handful patients present isolated or syndromic pancreas

agenesis and subsequent exocrine and endocrine pancreatic

insufficiency related to mutations in genes coding for

transcription factors playing a critical role in early cell fate

and pancreas development.

Isolated pancreas hypoplasia/agenesis

Pancreas agenesis is caused by biallelic mutations in

PDX1 gene (48), a transcription factor critical for pancreas

development (49). Heterozygous patients develop maturity

onset diabetes of the young type 4 (MODY4).

Syndromic pancreatic agenesia and
congenital heart defects

The syndrome is caused by heterozygous mutations in

GATA6, an important zinc-finger transcriptional regulator in the

development and differentiation of numerous tissues (50). It has

been suggested that heterozygous GATA6 mutations result in

protein loss of function and cause pancreatic agenesis through

haploinsufficiency. Less than 40 patients were reported to date

and most patient harbored de novomutations (50–52).

The patient phenotype associates pancreas hypoplasia or

agenesis, cardiac defects (ventricular septal defects, atrial

septal defects, pulmonary stenosis, tetralogy of Fallot) and

developmental delay (Table 1).

Syndromic pancreatic and cerebellar
agenesis

Pancreas and cerebellar agenesis syndrome is caused by

biallelic mutations in PTF1A gene encoding a transcription

factor involved in cell fate during early pancreas development

(53). The disease was described to date in 6 individuals (53–56),

all born from consanguineous parents.

The patient’s phenotype mainly associates EPI, neonatal

diabetes mellitus and cerebellum agenesis (Table 1).

Patient life expectancy is short (<6 months).

Congenital isolated enzyme
deficiency

Congenital pancreatic lipase deficiency is an exceptional

mono-enzymatic cause of EPI. The disease results from by

biallelic mutations in PNLIP gene (57). Only a handful patients

have been described with the disease world-wide.

Dietary fat digestion relies on the joint action of pancreatic

lipase, colipase and bile salts. In the duodenum, triglycerides

are emulsified by bile salts. Colipase enables lipase to anchor

the surface of lipid micelles and hydrolyze dietary long chain

triglycerides to free fatty acids and monoacylglycerols. The main

clinical symptom is steatorrhea and treatment relies on PERT.

Patients with isolated colipase (CLPS gene) (58) or

combined lipase-colipase (59, 60) deficiency have historically

been described but none were confirmed genetically.

Frontiers in Pediatrics 08 frontiersin.org

27

https://doi.org/10.3389/fped.2022.909925
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org


Scheers and Berardis 10.3389/fped.2022.909925

Summary and perspectives

This mini-review illustrates the remarkable complexity

and diversity of pathways leading to inherited EPI. The

improvement of genetics has allowed to define the etiology

of congenital EPI in a majority of patients. These progresses

have led to a better understanding of the relationship

between those gene mutations and the pathophysiologic

mechanisms leading to altered pancreatic function. Until a

decade ago, the treatment of EPI was essentially symptomatic.

Since then, the discovery of targeted treatments in cystic

fibrosis raises many hopes to slow down the exocrine

function decline. The development of specific treatments

for other rare causes of EPI remains a great challenge for

the future.
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Background: Risk factors for progression from acute recurrent pancreatitis

(ARP) to chronic pancreatitis (CP) in children are poorly understood.

Aim: To summarize the clinical characteristics of children with ARP and CP,

identify the risk factors of CP, and investigate the factors associated with rapid

progression from initial onset of ARP to CP.

Methods: The following variables were included in the risk factor analysis: sex,

age at onset, family history, pancreas or biliary tract structural abnormalities,

and genetic variations. Univariate and multivariate logistic regression analyses

were used to assess the risk factors of CP. The Kaplan–Meier curves of the

ARP progression to CP for various risk factor groupings were constructed and

compared using the log-rank test. The Cox proportional hazard regression

model was fitted to estimate the hazard ratio (HR) of progression to CP for

each risk variable.

Results: In total, 276 children were studied, of whom 136 progressed to CP.

Among them, 41 had pancreatic duct obstructive disease; 105 underwent

genetic testing, of whom 68 were found to have genetic variations. Among

the remaining 140 patients who did not progress to CP, 61 had biliary

obstructions. Forty-three of these children underwent genetic testing, and

15 were found to have genetic variations. Risk factor analysis showed

that children with gene mutations were at a higher risk of progressing to

CP [odds ratio (OR) = 3.482; 95% confidence interval (CI): 1.444–8.398;

P = 0.005]; children with pancreas divisum (PD) had a higher risk of CP

than those without (OR = 8.665; 95% CI: 1.884, 9.851; P = 0.006). Further,

children whose first ARP occurred at an older age might develop CP

faster (HR = 1.070; 95% CI: 1.003, 1.141; P = 0.039). Children with gene

mutations had a faster rate of progression to CP after onset than children

without gene mutations (HR = 1.607; 95% CI: 1.024, 2.522; P = 0.039),

PRSS1 gene mutations were more associated (P = 0.025). There was no

Frontiers in Pediatrics 01 frontiersin.org

30

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://doi.org/10.3389/fped.2022.908347
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2022.908347&domain=pdf&date_stamp=2022-07-25
https://doi.org/10.3389/fped.2022.908347
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fped.2022.908347/full
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


fped-10-908347 July 19, 2022 Time: 14:36 # 2

Zeng et al. 10.3389/fped.2022.908347

difference in the rate of progression from ARP to CP in children with

PD (P = 0.887); however, endoscopic retrograde cholangiopancreatography

(ERCP) intervention delayed the progression to CP in ARP patients with PD

(P = 0.033).

Conclusion: PRSS1 gene mutations and PD are key risk factors for ARP

progression to CP in children. PD itself does not affect the disease progression

rate, but therapeutic ERCP can be beneficial to patients with ARP with

symptomatic PD and delay the progression to CP.

KEYWORDS

acute recurrent pancreatitis, chronic pancreatitis, pediatrics, pancreas divisum, risk
factors

Introduction

Pediatric pancreatitis is often associated with high disease
burden for children and families, especially for acute recurrent
pancreatitis (ARP) and chronic pancreatitis (CP), with multiple
emergency room visits and hospitalizations, and medical,
endoscopic and surgical procedures. Moreover, patients with CP
have an increased lifetime risk for pancreatic adenocarcinoma
(1, 2). ARP is defined as two or more distinct episodes of
acute pancreatitis (AP). Studies have shown that approximately
9–35% of children with AP develop ARP (1, 3). CP is a
chronic inflammatory process that occurs in the pancreas, which
leads to irreversible morphological changes and progressive
impairment of exocrine and endocrine functions (4, 5).
Pediatric ARP and CP are relatively rare conditions; CP
has an incidence of approximately 0.5 cases per 100,000
children per year. ARP occurs frequently as a precursor of
CP and is thought to be on the same disease continuum (3,
5, 6).

Most of the published findings regarding risk factors
of ARP and CP are studies involving adults. However, the
etiologies of ARP and CP in children are different from
those in adults; they mainly involve genetic and anatomical
factors in children, whereas the contribution of environmental
risks, such as smoking, is negligible (1, 6, 7). A few
studies have analyzed risk factors for children with CP;
however, these pediatric studies are limited in that the
cohorts are small, a cohort of Chinese children is rare. The
factors contributing to AP recurrence and the progression
from ARP to CP in children remain poorly understood
and controversial.

This study aimed to characterize the demographic and
clinical characteristics of children with ARP and CP to
identify the risk factors of CP and the factors that accelerate
the progress from the first episode of ARP to CP in
Chinese children.

Materials and methods

Study design and participants

The clinical data of children with ARP and CP admitted
to Shanghai Children’s Medical Center (SCMC) from January
2014 to March 2021 were retrospectively analyzed, including
sex, age of onset, age at CP diagnosis, family history, imaging
examination of the pancreatic duct or biliary tract, and genetic
variation. We aimed to identify the risk factors contributing to
CP and investigate the factors associated with rapid progression
from the first episode of AP to CP.

Inclusion criteria: (1) children aged <18 years; (2) children
was consistent with the diagnostic criteria of ARP or CP; and (3)
patients who had been hospitalized at SCMC. Exclusion criteria:
patients with incomplete clinical data or those without follow-
up data.

The diagnostic criteria used were those of the International
Study Group of Pediatric Pancreatitis: In Search for a Cure
(INSPPIRE) (8). ARP is defined as two or more episodes
of AP occurring at least 1 month apart with the resolution
of symptoms between episodes, or complete normalization
of pancreatic enzyme levels with the complete resolution
of clinical symptoms between episodes of AP irrespective
of the interval between episodes. Children with irreversible
structural changes in the pancreas, with or without abdominal
pain, exocrine pancreatic insufficiency, or diabetes, were
classified as having CP.

Pancreatic and bile duct images of all patients were
obtained using magnetic resonance imaging/magnetic
resonance cholangiopancreatography (MRI/MRCP),
computerized tomography (CT), or endoscopic retrograde
cholangiopancreatography (ERCP).

Genetic testing was performed by the Genetic Diagnosis
Center of SCMC. All patients were evaluated with targeted
next-generation sequencing (NGS) as described previously (9).
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The targeted-NGS panel used in this study contains 2,742
disease-causing genes, covering all known causative genes
for pancreatitis. Briefly, the sequencing library was prepared
using the Agilent SureSelect XT Inherited Disease Panel (for
targeted-NGS) or SureSelect XT Human All Exon V6 kit
(Agilent Technologies, Santa Clara, CA, United States), and
sequencing was performed by the Illumina Hiseq 2500. The
sequence reads were aligned to a reference human genome
(Human 37.3; SNP135) by NextGENe R© (SoftGenetics LLC, State
College, PA, United States), and were then uploaded to the
Ingenuity R© Variant AnalysisTM (Ingenuity Systems, Redwood
City, CA, United States) for filtering and annotation. The
variants identified by targeted-NGS were validated by Sanger
sequencing using the ABI 3700 sequencer (Applied Biosystems,
Foster City, CA, United States), in indicated patient and their
parents. This study was approved by the Ethics Committee of
SCMC and informed consent was obtained from the patients
and their parents.

Statistical analysis

The median and interquartile range (IQR) were used to
characterize non-normally distributed data, and the Mann–
Whitney U test was used for between-group comparisons.
Categorical variables are expressed as frequencies and
percentages and were compared between groups using the
Chi-square test or Fisher’s exact test. The risk factors for
CP were assessed using univariate and multivariate logistic
regression analyses. Using the log-rank test, we constructed
and compared the Kaplan–Meier curves of disease progression
from the first onset of ARP to the diagnosis of CP in different
risk factor groups. The progression time, which is the time
taken to progress from ARP to CP, was determined by
setting the time of the first AP onset as the starting time
and the time of CP diagnosis as the ending time. However,
for those who did not progress to CP, the end time was
the study deadline. Cox proportional hazards regression
was performed by fitting the progression time to obtain
the hazard ratio (HR) and 95% confidence interval (CI) of
each variable affecting the progression of ARP to CP. All
statistical analyses were performed using the SPSS software
(version 26.0). Two-sided P-values < 0.05 were considered
statistically significant.

Results

The characteristics of acute recurrent
pancreatitis and chronic pancreatitis

In total, 276 children were enrolled in this study; 140
patients were diagnosed with ARP without progression to CP,
and 136 were diagnosed with CP. Demographic and etiological

analyses are shown in Table 1. The possibilities of male and
female patients with ARP developing CP are not significantly
different. The median age at ARP and CP diagnoses were 5.0
and 5.8 years, respectively. Approximately 0.7% of the children
with ARP and 8.1% of those with CP had a family history
of pancreatitis, and the difference was statistically significant
(P = 0.003).

Etiology analysis

Of the 276 children included in this study, 148 completed
genetic testing, including 43 children with ARP and 105
children with CP. The results of the etiological analysis are
presented in Table 1. Genetic and biliary obstructions were the
most common causes of ARP. Fifteen of the 43 (34.9%) children
with ARP who completed genetic testing had pathogenic
or clinically significant probable pathogenic variants: 12
had SPINK1 mutations, two had PRSS1 mutations, and one
had both. Of the 140 children with APR, 61 had bile duct
obstruction (43.6%), including 11 with choledochal cysts, 28
with pancreaticobiliary maljunction (PBM) with bile duct
stone formation, 14 with both choledochal cyst and PBM,
and the remaining eight patients with tumor compression
or infiltration of the bile duct, including three patients
with neuroblastomas, one intraperitoneal lymphangioma,
and four lymphomas.

Gene mutations and structural abnormalities in the
pancreatic duct are CP’s most common etiological causes. Of
the 105 children with CP who underwent genetic testing,

TABLE 1 Demographic characteristics and etiology analysis of
children with ARP or CP.

Demographic characteristics ARP CP P-value

Number 140 136 0.916

Male, N (%) 65 (46.4) 64 (47.1)

Female, N (%) 75 (53.6) 72 (52.9)

Age at onset

Median (IQR) 5.0 (3.0, 8.0) 5.8 (3.5, 9.0) 0.094

≤6 years of age at first attack 91 (65.0) 77 (56.6) 0.154

Family history of pancreatitis, N (%) 1 (0.7) 11 (8.1) 0.003

Risk factors, N (%) <0.001

Genetic* 15/43 (34.9) 68/105 (64.8)

Biliary obstruction 61 (43.6) 10 (7.4)

Pancreatic duct obstruction 7 (5.0) 41 (30.1)

Medications 22 (15.7) 4 (2.9)

Systemic disease 6 (4.3) 1 (0.7)

Infection 3 (2.1) 0

Trauma 1 (0.7) 1 (0.7)

Inborn errors of metabolism 1 (0.7) 2 (1.47)

Unknown 24 (17.1) 28 (20.6)

Values are presented as frequencies (%) or medians (interquartile ranges). Statistically
significant differences are indicated in bold.
*In total, 148 patients with completed genetic testing, including 43 children with ARP
and 105 children with CP.
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68 (64.8%) had genetic mutations: 40 had SPINK1 mutation,
among them, 37 cases were c.194 + 2T > C variations; 23 had
PRSS1 mutation, mainly c.365G > A (p.R122 H) and c.623
G > C (p.Gly208Ala) variations; two had both SPINK1 and
PRSS1 mutations, one had CFTR mutation, one had PKHD1
gene mutation, and one had both PRSS1 and CFTR mutations.
Forty-one children with CP had pancreatic duct obstructive
disease, including 35 with pancreas divisum (PD) and 6 with
annular pancreases.

In addition, 22 children with ARP experienced recurrent
pancreatitis due to drug-related factors. One of them had a
nephrotic syndrome that may be related to prednisone use,
and the remaining 21 had chemotherapy drug L-asparaginase-
induced pancreatitis. The results showed that other congenital
metabolic diseases, systemic diseases, infections, and trauma can
also cause ARP or CP, which are rare. Congenital metabolic
diseases included two cases of familial hypercholesterolemia
(FH) caused by an LDLR gene mutation and one case of
hypertriglyceridemia caused by an APOB gene mutation;
systemic diseases included three cases of Henoch–Schonlein
purpura (HSP), two cases of systemic lupus erythematosus
(SLE), one case of autoimmune pancreatitis (AIP) with ARP, and
one case AIP with CP.

However, 24 cases (17.1%) of ARP had unknown etiology,
12 (50.0%) of whom had not undergone genetic testing; and
28 (20.6%) cases of CP had unknown etiologies, 15 (53.6%) of
whom had not undergone genetic testing.

Risk factors for chronic pancreatitis

The present study included sex, family history, gene
mutations, and congenital pancreatic or bile duct structural

abnormalities as in the risk factor analysis. Based on the
data analysis of 136 children with CP, family history, genetic
abnormalities, and structural abnormalities of the pancreatic
duct or bile duct were high-risk factors for CP in the univariate
analysis (P < 0.05).The results of the multivariate analysis
showed that, compared with children without gene mutations,
children with genetic abnormalities had a higher risk of
developing CP (OR = 3.482, 95% CI: 1.444, 8.98; P = 0.005).In
order to clarify the significance of a single gene mutation type
for CP, we added a multivariate model 2, the SPINK1 and
PRSS1 gene mutations were used as independent variables.
There was no significant difference in the risk of developing
CP in children with ARP with or without SPINK1 mutation.
However, both univariate and multivariate analysis indicated
that PRSS1 was a higher risk factor for CP (P = 0.026 and
P = 0.03, respectively). Second, children with pancreatic duct
obstruction, especially children with PD, had a higher risk of
CP than those without PD (OR = 8.665, 95% CI: 1.884, 39.851;
P = 0.006) (Table 2). Due to the small number of cases of annular
pancreas and the large statistical bias, risk factor analysis was not
performed separately.

Factors that contribute to the
progression from the first onset acute
recurrent pancreatitis to chronic
pancreatitis

The mean [standard deviation (SD)] follow-up time for
ARP was 2.5 (1.4) years, ranging from 0.5 to 7.0 years; the
mean (SD) time for CP was 1.4 (1.6) years, ranging from 0
to 7.0 years. Of the 136 children with CP, 26 were diagnosed
with CP at the first visit, and 110 (80.9%) had a history

TABLE 2 Logistic regression analysis results for CP risk factors in children.

Variables Univariate model Multivariable model 1 Multivariable model 2

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Sex 0.975 (0.608, 1.565) 0.916

Age of onset 1.043 (0.977, 1.113) 0.212

Family history 12.232 (1.557, 96.099) 0.017

Pancreatic duct obstruction* 17.707 (5.314, 59.007) <0.001

Pancreas divisum 15.825 (4.734, 52.899) <0.001 8.665 (1.884, 39.851) 0.006 7.391 (1.660, 32.906) 0.009

Biliary obstruction 0.210 (0.111, 0.397) <0.001 0.728 (0.255, 2.079) 0.553

Pancreaticobiliary maljunction 0.185 (0.088, 0.388) <0.001

Biliary cyst 0.250 (0.104, 0.599) 0.002

Genetic variation 3.524 (1.679, 7.395) 0.001 3.482 (1.444, 8.398) 0.005

SPINK1 1.478 (0.692, 3.160) 0.313

PRSS1 4.167 (1.186, 14.634) 0.026 4.121 (1.151, 14.757) 0.030

*Pancreatic duct obstruction includes pancreatic division and annular pancreas. The number of annular pancreas cases was too small to be statistically analyzed separately.
Statistically significant differences (P < 0.05) are indicated in bolded P-value.
OR, odds ratio; PRSS1, cationic trypsinogen; SPINK1, serine protease inhibitor Kazal-type 1.
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of recurrent pancreatitis. The median progression time from
the initial onset of ARP to CP was 1.4 years (IQR 0.6–
3.0 years). In the univariate analysis, family history (P = 0.015),
abnormal pancreatic duct structure (P = 0.002), and gene
mutation (P = 0.015) were all risk factors. Multivariate Cox
hazard ratio model analysis showed that onset age and gene
mutations were statistically significant. The older the age
at the first onset, the faster the rate of progression to CP
(HR = 1.070; 95% CI: 1.003, 1.141; P = 0.039), whereas gene
mutation was an independent risk factor, with the occurrence
of a more rapid progression to CP with genetic variation
(HR = 1.607; 95% CI: 1.024, 2.522; P = 0.039) (Table 3
and Figure 1). We added multivariate model 2 to clarify the
significance of gene mutation type for pancreatitis progression.
The role of SPINK1 in disease progression was not statistically
significant; however, PRSS1 mutation was a risk factor for
the progression from ARP to CP in the multivariate analysis
(P = 0.025) (Table 3).

The relationship between pancreas
divisum and rapid progression to
chronic pancreatitis in children

Thirty-five children with CP had PD. ERCP was performed
in 15 children before progression to CP due to recurrent
pancreatitis, including pancreatic duct stent placement or
sphincterotomy. In comparison, ERCP treatment delayed the
time to progress to CP in symptomatic PD (P = 0.033).
Moreover, 28/35 children underwent genetic testing, and 17
cases were accompanied by gene mutations, including 10 cases
of SPINK1 variation and seven cases of PRSS1 variation. With
or without genetic variation, children with ARP accompanied
by PD progressed to CP at approximately the same rate
(P = 0.887) (Table 4).

Discussion

This was a longitudinal retrospective study of 276 children
that represented a larger population of well-characterized
children with ARP or CP. In terms of age of onset, there were no
sex differences between children with ARP and those with CP.
The median age at first onset was approximately 5.0 years and
5.8 years for those with APR and CP, respectively. Compared
with patients in other countries, patients in China are more
likely to develop ARP and CP earlier (10, 11). In our study,
approximately 8.1% of children with CP had a family history of
pancreatitis, lower than the values reported in other countries,
and the INSPPIRE reported that the prevalence of family history
of pancreatitis in children with CP is approximately 23.6%, this
difference may be related to ethnic differences (10).

The etiology of ARP or CP differs significantly between
adults and children, with alcohol consumption and cholelithiasis
being the major causes of ARP and CP in adults (12, 13). In
this study, congenital bile duct or pancreatic duct structural
abnormalities or gene mutations were the common causes of
pancreatitis recurrence in children. However, 17.1 and 20.6%
had ARP and CP, respectively, of unknown etiologies, the
proportion of unknown etiology is similar to other studies on
the etiology of recurrent pancreatitis (14). This relatively high
proportion may be because some children with ARP or CP with
genetic factors did not complete genetic testing or because of
some other unknown causes of pancreatitis recurrence.

The number of drug-related risk factors in the etiological
analysis of ARP in this study was higher than that in other
studies (15, 16), probably because SCMC is one of the largest
cancer centers in China, with many hematopathy patients
receiving treatment at the center, and because asparaginase is
a commonly used chemotherapy drug for acute lymphoblastic
leukemia, thus increasing the proportion of cases with drug-
induced ARP. Similarly, the number of patients with ARP

TABLE 3 Factors that contribute to the progression of ARP to CP from first onset.

Variables Univariate model Multivariable model 1 Multivariable model 2

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Sex 0.860 (0.614, 1.205) 0.381

Age of onset 1.038 (0.991, 1.087) 0.112 1.070 (1.003, 1.141) 0.039 1.079 (1.015, 1.148) 0.015

Family history 2.159 (1.163, 4.007) 0.015 1.536 (0.790, 2.985) 0.206 1.360 (0.868, 2.132) 0.180

Pancreatic duct obstruction 1.803 (1.238, 2.627) 0.002 0.761 (0.483, 1.198) 0.238 0.700 (0.359, 1.364) 0.295

Pancreas divisum 1.679 (1.140, 2.471) 0.009

Annular pancreas 2.360 (1.038, 5.364) 0.040

Genetic variation 1.670 (1.106, 2.522) 0.015 1.607 (1.024, 2.522) 0.039

SPINK1 1.243 (0.835, 1.851) 0.284

PRSS1 1.434 (0.912, 2.254) 0.118 1.579 (1.060, 2.352) 0.025

Statistically significant differences are shown in bold. HR, hazard ratio.
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FIGURE 1

Comparison of the Kaplan–Meier curves of CP progression between those with (blue) and without (yellow) gene mutations showed a
significantly faster rate of progression from ARP to CP (HR of progression was 1.607; 95% CI: 1.024, 2.522; P = 0.039). Median time of
progression to CP was 1.0 years for those with gene mutation and 2.5 years for those without gene mutations. HR, hazard ratio; CI,
confidence interval.

caused by tumor compression or infiltration increased in the
etiology of this study.

Most children with CP have histories of recurrent
pancreatitis before diagnosis. In this study, 80.9% of the
children with CP had recurrent pancreatitis before the diagnosis
of CP. We focused on analyzing the high-risk factors for
CP and the risk factors that promote the rapid progression
of ARP to CP. This study found that genetic factors are
independent risk factors for CP. The gene detection rate of
CP in children was 64.8%. The SPINK1 mutation is the most
common in China, especially the C.194 + 2T > C variant,
followed by the PRSS1 mutation, but the CFTR mutation is
less common. No CTRC gene mutations were detected in
our study. The gene mutation results of the children in this
study were consistent with those of indigenous adults but
different from the results in other countries (11). In Japan, the
United States, and other countries, PRSS1 and CFTR mutations
are more common (17–20).

We further confirmed that genetic mutations are a high-risk
factor for CP. Compared with children without gene mutations,
children with gene mutations associated with pancreatitis have
a higher risk for CP and pancreatitis progression rate, especially

TABLE 4 Relationship between pancreatic division and rapid
progression of CP in children.

Variables N (%) Mean rank P-value

ERCP 0.033

Yes 15/35 (42.9) 22.23

No 20/35 (57.1) 14.83

Genetic variation 0.887

Yes 17/28 (60.7) 14.68

No 11/28 (39.3) 14.23

Statistically significant differences (P < 0.05) are shown in bold. ERCP, endoscopic
retrograde cholangiopancreatography.
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those with PRSS1 gene mutation. The findings reported by
the INSPPIRE were that at least one pancreatitis-related gene
mutation was found in 48 and 73% of ARP and CP patients,
respectively, and SPINK1 and PRSS1 mutations were more
closely related to CP, and children with ARP with pathogenic
PRSS1 variants rapidly progress to CP (1, 10). Overall, compared
to normal children, previous studies have demonstrated the
association of SPINK1 and PRSS1 with ARP and CP (7, 11);
nonetheless, using children with ARP as a reference in this
study, PRSS1 mutations were more closely associated with CP
and pancreatitis progression than SPINK1 mutations. Another
high-risk factor contributing to the recurrence of pancreatitis in
children is structural abnormalities of the congenital bile duct
or pancreatic duct. Previous analyses have shown that biliary
diseases such as biliary obstruction can cause recurrent biliary
pancreatitis. It is a common cause of recurrent pancreatitis but
not a risk factor for CP in children. Structural abnormalities of
the congenital pancreatic duct, especially PD, are independent
risk factors for CP. However, whether PD is a high-risk factor
for CP remains controversial. The results from the INSPPIRE
suggest that PD may be a risk factor for ARP and CP in children,
independent of genetic risk factors (21). However, it is also
believed that PD alone is not a risk factor for pancreatitis but
has synergistic effects with genetic factors, especially CFTR gene
mutations, which can promote the development of CP (22,
23). Therefore, in this study, we conducted an independent
analysis of this issue and identified PD as a risk factor for
CP in children. Children with PD presenting with pancreatitis
were more likely to develop CP, but this did not affect the
disease’s natural history. Moreover, gene mutations and PD
do not synergistically promote a faster progression to CP.
However, therapeutic ERCP, such as stenting or sphincterotomy
to relieve pancreatic duct obstruction, appears to provide benefit
in delaying progression to CP in children with PD with recurrent
pancreatitis. It would be informative to know what the results
in a Chinese population are. This study also found that the
age of onset was inversely correlated with the rate of disease
progression, which is similar to the result reported by the
INSPPIRE (10), which showed that children with ARP with
an onset age >6 years progressed to CP faster than children
with an onset age <6 years. Regarding the speculation about
the cause of this phenomenon, it may be due to the atypical
initial symptoms of pancreatic disease in some children, so
there is a possibility of delayed diagnosis. Gene mutations are
another risk factor for disease progression. Patients with gene
mutations progress to CP more quickly after the first onset
of pancreatitis.

This study focused on the risk factors for CP and for
ARP’s progression to CP in a large sample of Chinese children
for the first time through a longitudinal study. Some of these
study’s findings are similar to those from other countries.
We also obtained some interesting findings that are quite
different from those of other studies. Therefore, this study

expands the breadth of existing related research. However,
this study had some limitations; it was a retrospective study,
and all data were obtained from the SCMC, and some
patients came from the pediatric cancer center of SCMC,
which may cause inclusion criteria and population bias issues.
However, this hospital is the only diagnosis and treatment
center for children with chronic pancreatic diseases in China.
Therefore, the patients came from many provinces across the
country, and the present study’s findings should represent the
situation across China.

In this study, we recognized that age of onset, family
history, abnormal pancreatic duct anatomy, and gene
mutations are essential factors to be considered in the
etiological analysis of CP. We also identified risk factors
associated with these factors in the progression of pancreatic
disease. Overall, genetic factors and PD were independent
risk factors for CP, while gene mutations were risk factors
for disease progression. Therefore, for children with two
or more episodes of AP or a first episode AP and family
history of pancreatitis, it is recommended to perform
genetic testing and imaging of the bile duct and pancreatic
duct structure. This can improve our understanding of
the etiology, risk factors, and the accuracy of prognostic
assessments for CP.

Conclusion

Gene mutations and congenital pancreatic anatomic
variants, especially PD, are independent risk factors for CP.
Children with PRSS1 gene mutations have a faster rate of
progression to CP; however, PD does not affect the disease
progression rate to CP, and ERCP appears to provide a benefit
in delaying progression to CP in children with PD with
recurrent pancreatitis.
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Traditional approaches to understanding the origins of chronic pancreatitis

(CP) and find treatments led to abysmal failure. Thus, no drugs now exists to

meet this need. Outdated concepts of the etiopathogenesis of CP have been

replaced with new insights and disease models that provide the framework

for early detection of the pathogenic pancreatitis process. Application of these

principals require a new paradigm in disease definition and management, i.e.

personalized / precision medicine. The key is acute pancreatitis (AP) starting

with the first (sentinel) acute pancreatitis (AP) event (SAPE). This event sensitizes

the pancreas to recurrent acute pancreatitis (RAP) as ongoing stressors drive

various inflammatory responses to cause CP. The problem is the complex

etiologies of AP and the additional genetic and environmental factors that

promote progression to RAP and CP. This paper provides a background on

the key conceptual changes that facilitate new approaches and the rationale

for using mechanism-specific therapies to prevent RAP and CP.

KEYWORDS

chronic pancreatitis in children, precision medicine, genetics, recurrent acute

pancreatitis, CFTR (cystic fibrosis transmembrane conductance regulator), CFTR-

related disorders (CFTR-RD), alcohol, smoking

Introduction

There have been very few new treatments approved for the prevention of

recurrent acute pancreatitis (RAP) or chronic pancreatitis (CP) in humans.

The problem is complex and previously unsolvable, as the historical definitions

and models of CP were wrong, and the translation from case-control

studies, cohort studies and population-based epidemiology studies to the

specific therapeutic needs of individual patients at a specific point of time is,
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frankly, impossible. Indeed, after 100 years of pancreatic

research since the suggestion by Chiari that pancreatitis was

linked to autodigestion of the pancreas by pancreatic digestive

enzymes in 1896 (1) the leading experts finally concluded that

CP “remains an enigmatic process of uncertain pathogenesis,

unpredictable clinical course, and unclear treatment” (2). This

review highlights the fact that the traditional disease paradigm

required to understand CP was wrong. A more effective

approach than the traditional approaches of modern Western

Medicine based on the Germ Theory of Disease is the paradigm

of Precision Medicine (3, 4).

Traditional CP definitions, diagnostic
criteria and etiologic theory

We begin by highlighting three basic problems with the

traditional disease paradigm.

Problem 1

The first problem was the traditional pathophysiological

definition of CP. The famous Marseille-Rome classification

conference of 1989 defined CP as “the presence of chronic

inflammatory lesions characterized by the destruction of

exocrine parenchyma and fibrosis and at least in the later

stages, the destruction of endocrine parenchyma.” (5) This is a

descriptive-pathologic definition of an advanced inflammatory

disease used to distinguish CP from other diseases with similar

features of pancreatic inflammation, fibrosis, atrophy, and Type

1 or Type 2 diabetes mellitus. It requires advanced disease

features and pathology as a the primary state, but fails to

define the essence of the underlying disorder or the unique

pathogenic processes.

Problem 2

The second problem was diagnosis. Since tissue pathology

is generally not available for diagnosis, the Pancreatic Society

of Great Britain and Ireland developed clinically applicable

diagnostic criteria for CP during the 1984 Cambridge

Conference (6) using imaging findings of irreversible pancreatic

fibrosis as the defining feature of CP. These descriptive

definitions and corresponding diagnostic criteria are useful for

clinical documentation of underlying disease, but (a) require

the underlying disease to advance to an irreversible stage before

it can be diagnosed, and (b) provides no insights into disease

mechanisms or targets for early therapy. However, fibrosis alone

is not necessary or sufficient for distinguishing CP form other

conditions in the differential diagnosis, especially at earlier

stages when treatment may still be effective (7).

Problem 3

The third problem was etiology. The primary etiology for

human CP was believed to be alcoholism, with alcohol typically

associated with 80% of cases (8–11). However, a few studies

reported that 50% or more of the cases of CP in adults were

idiopathic (11–15). The idiopathic group also increased in

overall fraction of CP cases as abdominal imaging technology

improved, identifying CP cases at earlier stages. But even with

alcoholic etiology, <5% of alcoholics develop CP (16) and

animals fed alcohol do not get acute pancreatitis (AP) or CP

(17, 18) unless pancreatitis is driven by other factors, such as

cerulean in alcohol-drinking animals (19). Thus, the primary

“etiology” of CP cannot not be the direct cause.

In summary, at least three fundamental clinical concepts

surrounding CP were known problems without clear solutions.

This resulted in persistence of two major barriers to treating CP:

lack of clarity on themechanistic process leading from a normal-

appearing, completely asymptomatic human to end-stage CP

and therapeutic targets of the pathogenic mechanism(s) are

needed for effective intervention—especially when the disease is

in an early stage to stop progression.

A breakthrough that required a
complete paradigm shift in modeling
CP

Hereditary pancreatitis (HP) is an autosomal dominant,

high-penetrance form of RAP/CP. A study of large families with

HP in the Appalachian region of the Eastern United States (20)

was used to discover that gain-of-function mutations in the

cationic trypsinogen gene (PRSS1) could cause HP (21, 22). This

discovery implicated genetics as a cause of CP, but also provided

a framework for the study of complex, acquired inflammatory

disorders. Three of the key observations including: (a) the

mutation carriers were 100% normal until they developed an

attack of AP, (b) AP sensitized the pancreas in some way so that

in most cases RAP followed, and (c) RAP is a driver of CP (23).

SAPE hypothesis

Based on this model we developed the “Sentinel Acute

Pancreatitis Event” hypothesis model (24). The hypothesis is that

an episode of AP alters the pancreas to make it hypersensitive

to RAP. The mechanisms were hypothesized to represents

the resolution to an intense inflammatory event that includes

residual pro-inflammatory macrophages (e.g. Th1→F0E0Th2)

and/or other immune cells throughout the parenchyma, and

possibility epigenetic changes to the acinar or duct cells that

are potentially pro-inflammatory. Thus, a minor increase in

stress or injury that was originally only sufficient to generate
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sub-clinical stress signals that were compensated for by normal

pancreas defense mechanisms, now triggers RAP and drives

CP after the sentinel acute pancreatitis event. If the stress or

injury is minimized, then the new lower inflammatory trigger

threshold is not exceeded, the non-necrotic pancreas recovers

and functions normally.

Evidence supporting the SAPE
hypothesis

Alcohol and rats

Our laboratory tested the SAPE hypothesis in an alcohol-

consuming rat model. Rats that consumed large amounts of

alcohol for months had no pathologic evidence of pancreatitis,

even though they did show evidence of mitochondrial stress (25)

and neurohormonal compensation for the effects of alcohol (26,

27). Alcohol-consuming rats and rats on similar chow without

alcohol were given an episode of AP using cerulean injections

(19). After the first episode of AP the histology of the pancreas

was similar in alcohol vs. control diet rats. However, after

inducing 3 episodes of AP, the alcohol-consuming rats developed

severe pancreatic injury, marked infiltration of leukocytes and

fibrosis characteristic of CP, whereas the control rats recovered

and had minimal pathology. This demonstrated the importance

of AP in initiating the process leading to CP that is driven

by continued alcohol and RAP, and the fact that alcohol was

contributing to this process by altering the type or severity of

the immune response in some ways.

GEMMs and RAP

A mechanism for the SAPE hypothesis was recently

demonstrated in mice. Using genetically engineered mouse

models (GEMMs) Geisz and Sahin-Toth (28) identified

persistently infiltrating macrophages after the initial acute

pancreatitis event and provided supporting evidence that

residual inflammatory cells contribute to the mechanism of

enhanced injury and more severe inflammatory response

during successive episodes of AP or stressors. Thus, after

an initial episode of AP, the pancreas is “primed” for RAP

by macrophages.

Alcoholic pancreatitis in Japan

Takeyama published an important observational cohort

study in Japanese after an episode of AP with a 13–17 year

follow-up (29). He observed a high rate of RAP and progression

to CP in patients following AP who continued alcohol use,

with a reduction in RAP and CP in patients who stopped or

significantly reduced drinking. This demonstrates that alcohol

drives RAP and CP at high rates in patient after an initial episode

of AP.

Biliary RAP

The most common cause of AP is impacted gallstones at the

sphincter of Oddi beyond the convergence of the common bile

duct and the main pancreatic duct. The risk of RAP is very high

in these patients, and cholecystectomy (CCY) is recommended

as soon as possible, even during the sentinel AP admission.

Comparing patients with and without CCY suggest (a) the

rate of RAP is ∼30%, that (b) is reduce to ∼11% with CCY

(30). However, the rate of AP in controls (e.g., the general

population) with gallbladders in situ was not calculated (i.e., the

risk of AP is only at a very high level after the sentinel acute

pancreatitis event).

Hypertriglyceridemic RAP

Hypertriglyceridemia (HTG) is associated with AP (31, 32)

and CP (33). The upper limits of normal for serum triglyceride

(TG) is 150 mg/dL. The risk of HTG-AP is proportional to

the serum lipids (34), yet <10% of patients with persistent

TG>2,000 mg/dL for years ever have an episode of AP. In

contrast, at least a third of patients with HTG that had

one episode of AP rapidly develop RAP (34), indicating

hypersensitivity of AP patients to RAP.

PS-cystic fibrosis RAP

An observational study from France in adults with pancreas

sufficient cystic fibrosis (PS-CF) found that out of 40 patients

followed over their lifetime, 19 (47.5%) had at least one episode

of AP, and of the 19 with AP, 15 had RAP (78.9%) (35). This

suggest that in adult PS-CF patients, AP occurs in a large

minority, but if that have one episode of AP, they are likely to

have RAP.

Timing of interventions to prevent RAP

Four examples of common etiologies of AP and RAP were

noted above: Alcohol, biliary, HTG and RAP in PS-CF. Note

that strong clinical intervention is implemented AFTER the first

attach of AP, as AP sensitizes the pancreas to RAP with low-level

injury and stress exposure. For example, alcohol drinking and

smoking are not strongly discouraged for prevention of AP, but

they are strongly discouraged after the first attack of alcoholic

AP, as patients are now at very high risk of alcoholic RAP and
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CP. The same is true for gallstone pancreatitis. While this is the

#1 risk factor of AP, surgeons do not take the gallbladder out of

all patients in the population to prevent AP. Instead, they take

the gallbladder out after the first episode of AP, recognizing that

the patient is NOW at very high risk of RAP. We argue that it

is not justified to put patients with high-risk CFTR genotypes

(including PS-CF) on CFTR-modulators to prevent the first

attack of AP. Instead, patients with high-risk CFTR genotypes

may benefit from CFTR-modulators after the sentinel AP attack

because they are now at high risk of RAP and CP (36).

Link between RAP and CP

As noted above, the model of RAP to CP is evident in

families with hereditary pancreatitis. Yadav et al. conducted a

population-based study in Pittsburgh to determine the outcome

of patients after their sentinel pancreatitis event (37). They

demonstrated that after AP, RAP occurredmost common among

alcoholics, intermittent with genetic and idiopathic etiologies,

and least among gallstone pancreatitis, with the recurrence

directly proportional to duration between AP and CCY. These

data were replicated by the Dutch Pancreatitis StudyGroup, with

additional risk shown for smoking (38). This RAP→F0E0CP

progression was noted in multiple etiologies, consistent with the

idea that the pancreas is sensitized to the AP event, not the

inciting stressor or type of injury. Thus, the SAPE phenomenon

appears to be similar, regardless of etiology.

Mechanistic definition of CP and
progressive model of symptom
development

The SAPE Model was developed to test the hypothesis

the CP requires triggering an acute inflammatory event

that resolves, but results in hypersensitivity to RAP and

recruits/activates resident tissue immune cells that drive

continued inflammation, fibrosis, atrophy and other features

of CP. The next problem is to more accurately define the CP

syndrome in a mechanistic way so that it could be used for early

diagnosis and for the exclusion of other disorders and diseases

within the differential diagnosis that have similar features. An

international task force was commissioned by the European

Pancreas Club to develop a consensus definition of CP, and

the following mechanistic definition, in two parts (essence and

characteristics), was generated (39).

Mechanistic definition of CP

• Essence: Chronic pancreatitis is a pathologic fibro-

inflammatory syndrome of the pancreas in individuals

with genetic, environmental and/or other risk factors who

develop persistent pathologic responses to parenchymal

injury or stress.

• Characteristics: Common features of established and

advanced CP include pancreatic atrophy, fibrosis, pain

syndromes, duct distortion and strictures, calcifications,

pancreatic exocrine dysfunction, pancreatic endocrine

dysfunction and dysplasia.

This definition recognizes the complex nature of CP,

separates risk factors from disease activity markers and disease

endpoints, and allows for a rational approach to early diagnosis,

classification and prognosis (39).

Next, a progressive CP pathogenesis model was proposed

to organize the risk, activities and stage of the CP process

(Figure 1) (39).

This model illustrates the concept that CP is the result

of progression from no disease (A. At Risk) to pancreatic

parenchymal destruction (E). Cases typically start with acute

pancreatitis (AP, “sentinel AP event” SAPE) and recurrent

AP (RAP) stage B. Damage to acinar and duct cells (C-

D), and fibrosis (immune cells), leads to diabetes (islet cells),

pain syndromes (nervous system) and dysplasia / pancreatic

ductal adenocarcinoma (PDAC). The opportunity to intervene

is between stages B and D.

Biomarkers

One of the remaining challenges is to define the biomarkers

of disease stage. The first observation is that the progressive

model has multiple stages, with unclear transitions between

Early CP, Established CP or End-Stage CP. Distinction between

stages requires the use of biomarkers to serve as objectively

measured characteristics of the underling biological processes.

Biomarkers can be clinical features, biochemical analytes,

measures of physiologic features or functions, histologic

features, imaging studies or other. As multiple cell types are

involved in chronic pancreatitis (acinar, duct, islet, immune,

nervous, etc.,), biomarkers of each component are needed.

Furthermore, criteria on distinctions between stages are yet to

be defined.

Risks leading to CP and
opportunities for interventions

The mechanistic definition of CP indicates that CP only

occurs in patients with “genetic, environmental and/or other risk

factors”. Multiple “other factors” were noted above (e.g. alcohol,

gallstones, genetics [PRSS1, CFTR variants], and HTG). Based

on the evidence surrounding alcohol-associated CP, it appears

that a combination of factors may be required to develop AP,
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FIGURE 1

(A–E) Progressive CP pathogenesis. Five progressive stages can be defined that persist for days to many years. Each stage may have unique risk

factors or stress/injury mechanisms, as well as innate compensatory or protective mechanisms that may be altered or defective in patients who

progress. Stage B is a critical driver of the CP pathways as the initial episode of AP (SAPE) lowers the threshold for RAP. CP, chronic pancreatitis;

DM, diabetes mellitus; RAP, recurrent acute pancreatitis; SAPE, sentinel acute pancreatitis event; PDAC, pancreatic ductal adenocarcinoma; T2,

type II DM; T3c, type IIIc diabetes caused by exocrine pancreas pathology or surgery.

RAP and then CP, with progression occurring only in patients

“at risk” at sequential stages.

To understand the risks and mechanisms of disease

in individual patients Whitcomb and Etemad developed an

organized list of etiologies based on Toxic-metabolic factors

(including alcohol, smoking, HTG, hypercalcemia), Idiopathic,

Genetic, Autoimmune, Recurrent acute and severe acute

pancreatitis, and Obstruction (TIGAR-O) (40), which was

updated in 2019 (41). This system was designed to be used

within the case report forms (CRF) of the North American

Pancreatitis Study 2 (NAPS2, ClinicalTrials.gov NCT01545167),

a prospective observational cohort study of over 1,500 RAP/CP

patients and 1,250 controls (33, 42, 43). This study provided

many new insights, including demonstrating that less than

half of CP subjects are very heavy alcohol users (15, 33,

44), and that there were the high rates of CFTR variants in

RAP and CP patients (45, 46). The presence of risk factors

for RAP/CP also differs dramatically between patients in the

UK Biobank (47). These example highlight the importance of

comprehensive evaluation of patients and observing the primary

and secondary combinations of risk factors that generate

pathogenic conditions.

In summary, the key to understanding the risk of RAP and

CP is the radical changes to the pancreas after in initial attack

of AP (the SAPE). Although the pancreas is hypersensitized to

injury or stress signals after SAPE, reducing or elimination the

major injury- or stress-inducing factors markedly diminishes

the rate of RAP and, by extension, CP. Thus, etiology-

and/or pathway-based, targeted interventions are needed for

personalized care of patients with inflammatory diseases of

the pancreas.

Studies CFTR modulators in RAP

Cystic fibrosis (CF) is a well-defined genetic disorder

caused by biallelic mutations in the CFTR gene with specific

diagnostic criteria (48). Some CF patients have a milder

course and rather than suffering a complete destruction of the

pancreas in utero and infancy to become exocrine pancreatic

insufficient (PI), they maintain enough pancreatic function

to digest food, i.e., exocrine pancreatic sufficient (PS). The

high rate of AP and RAP in PS-CF patients was noted

above (35). Studies of CF families and wide availability of

CFTR genetic testing in various populations reveal that CFTR

variants are also associated with a wide variety of disorders

that do not meet criteria for CF, especially CP (including

RAP), bronchiectasis and male infertility (49–51). These single-

organ disorders are called CFTR-related diseases (CFTR-RD).

Case series on the use of CFTR
modulators in CF patients with RAP

An exciting observation is that patients with PS-

CF and RAP often have marked reduction RAP

episodes when they are on ivacaftor, a CFTR-potentiator

(36, 52–54). These case reports and case series provide

compelling evidence that CFTR-modulators (like ivacaftor)

may be useful in patients with RAP and early CP

when the etiology includes damaging CFTR genetic

variants (55).
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Population-based studies of CFTR
modulators in CF patients

The problem of population-based studies is that the

“case-control” design limits insights into the true, complex

pathophysiologicmechanism of pancreatic disease. For example,

2021 Ramsey, et al. published, “Cystic Fibrosis Transmembrane

Conductance Regulator Modulator Use Is Associated With

Reduced Pancreatitis Hospitalizations in Patients With Cystic

Fibrosis” (56). This study used an administrative database,

MarketScan, from 2012 to 2018 to evaluate AP hospitalizations

and CFTR modulator use among patients with CF. In summary,

they found 10,417 patients with CF, including 1,795 who

received a CFTR modulator, and classified patients as PS-CF or

PI-CF based on pancreatic enzyme replacement therapy (PERT)

use. AP was more common in PS-CF than PI-CF (2.9 vs. 0.9%, P

= 0.007), and use of CFTR-modulators significantly reduced the

frequency of AP events by 67%. However, they estimated that

CFTR-modulator use would only reduce AP in PS-CF patients

from 10.20 to 3.26 per 1,000 patient-years. Thus, the justification

to use CFTR-modulators in CF patients for the prevention of the

initial attack of AP is minimal. However, they did not consider

the role of the SAPE model, problems in patient classification

using administrative codes, capturing pre-existing AP, a short

time frame to capture RAP in this cohort (see below).

There are always limitations to administrative database

studies. In this case AP was reported in several patients

with pancreatic insufficient CF (PI-CF), highlighting potential

classification problems. The incidence of AP in PI-CP should

be negligible since these patients have nearly complete loss of

trypsin-secreting acinar cells. They used PERT as a surrogate of

PI, but PERT is used both for exocrine pancreatic insufficiency

(EPI) and pain, bloating, diarrhea and other reasons in

pancreatitis patient—especially young ones (57). Thus, many

of the PI-CF patients were likely PS-CF with misclassification,

reducing the power of the relevant study (i.e., AP in PS-CF).

The etiology of AP in these patients is also unknown.

Patients with CF are unlikely to have alcohol-related pancreatitis

but have an increased risk of biliary disease and gallstones. Thus,

the incidence of AP in the patients using a CFTR-modulatormay

be artificially increased by gallstone AP, therefore decreasing

the estimate of the true effect CFTR-modulators on decreasing

AP events.

Another limitation of the database study is that it did not

allow the investigators to determine who had AP before the

4–6 year observational time frame (e.g. who was already a

RAP patient). The study was designed to examine the effect

on reducing the initial attack of AP in a population with a

slightly higher risk of AP than expected in the general population

(58, 59), but does not address the primary problem of the very

high risk of RAP in patients who had AP. Based on the point

above, the study could be framed as a reduction of AP events in

5 patients with RAP.

Finally, the administrative databases included AP events

during a short time window. The incidence of AP in the CF

population during the study period (∼4 years of observation

per patient, page 2449–2450) was [22 + 145]/10,417 = 1.6%.

The incidence of RAP in RAP patients is 100% (by definition).

Of the 8 PS-CF subjects with AP, there were 5 additional

attacks (RAP) noted within a 3.9-year observation window.

If no individual had more than 2 attacks, then 62.5% were

RAP patients—even though the PS-CF patients were on CFTR-

modulators 36.5% of the time. Furthermore, not all patients

appeared in the database at the same time, and follow-up

was limited and variable (median follow-up was 3.9 +/–

2.1 years).

In summary, careful consideration is needed in evaluating

the role of medications on RAP and CP based on study

design and patient classification. The very strong effect of

CFTR modulators reducing RAP rate is shown in case series

studies with nearly every patient responding. However, in a

retrospective administrative database study, the question that

was asked (do CFTR modulators reduce the rate of initial attack

of pancreatitis in patients al low individual risk) may not answer

more specific patient questions needed to address a precision

medicine approach. The SAPEmodel demonstrates that patients

with a previous AP attack are highly susceptible to RAP. And in

contrast to expected rates of AP in the CF population (10.2 per

1,000 patient years), RAP patients develop AP at rates between

250 and 1,000 per 1,000 patient years, with some patients having

3–4 attacks per year. These are the pancreatitis patients that

precision medicine is designed to help.

Other etiologies of CP

CFTR-related pancreatitis represents an illustrative

approach to etiology-based disease management using

highly targeted therapy. The SAPE provides a clear

trigger for immediate evaluation and prevention of RAP.

Other areas of need are preventative or therapeutic

treatments for CP caused by PRSS1 gain-of-function

mutations, other trypsin-related disorders (e.g., simple

and complex genetic variants linked to serine protease

inhibitor Kazal-type 1, SPINK1, or Chymotrypsin-

C, CTRC), ER stress-related CP, hypertriglyceridemia

recurrent acute pancreatitis and others. It is unclear

whether it will be possible to repurpose existing drugs

or develop gene-based therapies in the future, but the

framework presented here for CFTR-RD is a clear direction

toward success.
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Conclusions

A transition is required from the old CP disease paradigm

to a new paradigm for evidence-based guidance on early

identification of patients at risk of RAP and CP. A detailed

understanding of the disease risks and stage are needed to

determine which mechanism and pathways are pathogenic, and

to choose appropriate therapies to prevent RAP and CP. The

new Mechanistic Definition of CP, the Progressive Pathogenesis

Model and the SAPE phenomenon are critical for designing new

intervention studies. These new insights indicate that (a) AP

transforms a patient into a high-risk group for RAP and CP,

(b) interventions are justified in patients with a history of AP to

prevent RAP, (c) evidence from a case series on PS-CF patients

with RAP and CFTR-modulators justifies new, scientifically

rigorous clinical intervention trials with CFTR-modulators and

(d) selecting patients with previous AP or RAP and damaging

CFTR variants allows for a well powered study with a limited

number of patients based on the high effect size of CFTR-

modulators and the high rate of AP events in patients with a

history of AP or RAP.
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Severe hypertriglyceridemia (HTG) is a known metabolic cause of acute

pancreatitis (AP) in pediatric patients. The incidence of hypertriglyceridemia-

induced acute pancreatitis (HTG-AP) is less well established in pediatric

compared to adult patients. Studies in adults suggest that higher risk of

AP occurs when triglyceride levels (TG) are >1,000 mg/dL. Most common

etiologies for severe HTG in pediatric patients are either from primary

hypertriglyceridemia, underlying genetic disorders of lipid and TGmetabolism,

or secondary hypertriglyceridemia, separate disease or exposure which a�ects

TG metabolism. Most common theories for the pathophysiology of HTG-AP

include hydrolysis of TG by pancreatic lipase to free fatty acids leading to

endothelial and acinar cell damage and ischemia, as well as hyperviscosity

related to increased chylomicrons. Though there are varying reports of

HTG-AP severity compared to other causes of AP, a steadily growing body

of evidence suggests that HTG-AP can be associated with more severe

course and complications. Therapeutic interventions for HTG-AP typically

involve inpatient management with dietary restriction, intravenous fluids, and

insulin; select patients may require plasmapheresis. Long term interventions

generally include dietary modification, weight management, control of

secondary causes, and/or antihyperlipidemic medications. Though some

therapeutic approaches and algorithms exist for adult patients, evidence-based

management guidelines have not been well established for pediatric patients.

KEYWORDS

hypertriglyceridemia, pancreatitis, children, pediatric, triglyceride

Introduction

Hypertriglyceridemia-induced acute pancreatitis (HTG-AP) is a recognized but

incompletely characterized disease in children and adolescents. Early accounts of an

association between severe hypertriglyceridemia (HTG) and pancreatitis date back to

the mid-1800’s (1). In adults, HTG-AP is one of the most common identified causes of

acute pancreatitis (AP) after gallstones and alcohol, accounting for an estimated 1–10%

of cases (2–6). The overall annual incidence of AP in children is estimated between

3.6–13.2/100,000 persons per year and increasing, potentially related to increased
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awareness/testing vs. true increased incidence (7, 8); however,

some reports have found annual incidence of Pediatric AP may

be stabilizing (9). Idiopathic AP accounts for as many as 13–

37% of pediatric cases, with identified causes including biliary

disease 10–30%, medications <25%, and variable incidence

of infection, trauma, systemic diseases, metabolic diseases

(including HTG-AP), and hereditary causes (10, 11). The

incidence of HTG-AP in children is not well quantified, but

an estimated 2–7% of AP is secondary to HTG or the category

“metabolic causes” (10–13). Published data on pediatric HTG-

AP is limited. The purpose of this review is to describe the

etiologies, clinical features, acute management, and prevention

of HTG-AP and to highlight existing literature and clinical

guidelines targeting HTG-AP in pediatric patients.

Etiologies and pathophysiology of
hypertriglyceridemia

Primary hypertriglyceridemia

Primary Hypertriglyceridemias typically caused by

monogenic or multifactorial defects resulting in dysfunctional

triglyceride (TG) synthesis or metabolism. Some of the most

common disorders are summarized below (14, 15).

Chylomicronemias

Causes of severe HTG can be divided into

monogenic chylomicronemia and multifactorial/

polygenic chylomicronemia.

Monogenic chylomicronemia is an autosomal recessive

condition also known as familial chylomicronemia syndrome.

Mutations in one of five genes, LPL, APOC2, APOA5, LMF1,

GPIHBP1 result in deficiency of lipoprotein lipase (LPL),

Apolipoprotein C-II, Apolipoprotein A-V, lipase maturation

factor 1, or GPIHBP1, respectively (15). In this condition,

chylomicron accumulation results in high fasting TG levels

and reduced High-Density Lipoprotein (HDL) and Low-Density

Lipoprotein (LDL) (16). Recurrent pancreatitis is common (17)

due to severe HTG.

As indicated by its name, multifactorial/polygenic

chylomicronemia can be caused by multiple factors including

heterozygous variants in the aforementioned monogenic

chylomicronemia genes or from combination of several

TG-raising polymorphisms leading to clinical manifestations

similar to monogenic chylomicronemia (15).

Other causes of primary HTG

Causes of less severe HTG can be categorized into

three groups: multifactorial/polygenic HTG, combined

hyperlipoproteinemia, and dysbetalipoproteinemia.

Multifactorial/polygenic HTG, previously known as familial

hypertriglyceridemia, has no currently identified genetic locus.

HTG typically manifests in adulthood; however, pediatric

expression has increased due to childhood obesity (18–20).

This condition results in Very Low-Density Lipoproteins

(VLDL) overproduction and impaired catabolism of TG-rich

lipoproteins resulting in HTG (14, 21). Typically, patients are

asymptomatic with HTG between 250 and 1,000 mg/dL (22).

Combined hyperlipoproteinemia, previously named familial

combined hyperlipidemia, has multiple genetic loci and

complex pathophysiology with variable expressivity (23, 24).

Combined hyperlipoproteinemia is typically characterized by

overproduction of VLDL and apolipoprotein B-100, reduction

in fatty acid uptake by adipocytes, and decreased clearance of

chylomicron remnants (14). These patients may exhibit LDL

elevation in addition to HTG (15).

Dysbetalipoproteinemia is caused by a combination of

polygenic contributors in addition to apolipoprotein-Emutation

(15). This results in abnormal metabolism of chylomicrons,

Intermediate Density Lipoprotein, and VLDL remnant particles

leading to elevated total cholesterol and TG (25). It is not

typically expressed in childhood unless there is secondary

exogenous risk (26, 27).

Secondary hypertriglyceridemia

Secondary hypertriglyceridemia results from many diseases,

exposures, and underlying risk factors. Blackett et al. report

genetic background and developmental factors play a significant

role in the risk for secondary HTG (28). Heterozygous relatives

of patients with primary dyslipidemias can develop severe

dyslipidemia/HTG, further worsened by other factors such as

alcohol, obesity, and high-risk medications (29, 30). Features of

growth and development such as intrauterine growth restriction,

prematurity, childhood obesity, and puberty also increase risks

for dyslipidemia and HTG (28).

Type 1 Diabetes and insulin deficiency, at baseline and in

extremis such as Diabetic Ketoacidosis (DKA), have known

associations with elevated TG and cholesterol which improve

with insulin therapy (31–33). Conversely, insulin resistance, in

obesity and/or Type 2 Diabetes, can lead to increased serum free

fatty acids (FFA) and insulin-stimulated hepatic TG synthesis

which increases VLDL and TG levels (34). Additionally,

chylomicron production (and resulting HTG) is less susceptible

to insulin suppression in insulin resistant patients (35).

Pediatric disorders in other organ systems that have

association with HTG include diseases of liver (non-alcoholic

fatty liver disease, hepatitis C, type 1 glycogen storage

disorder), kidney (nephrosis), endocrine (hypothyroidism,

growth hormone deficiency/excess, congenital generalized

lipodystrophy), and immune system (human immunodeficiency

virus (HIV) lipodystrophy, gammopathies) (28). Additionally,
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manymedications have known and some unknownmechanisms

that lead to HTG including glucocorticoids, L-asparaginase, oral

estrogens, retinoids, immune suppressants, protease inhibitors,

bile acid sequestrants, loop/thiazide diuretics, beta-blockers, and

alcohol (28).

Pathophysiology of
hypertriglyceridemia-induced acute
pancreatitis

The pathophysiology of HTG-AP is not well characterized.

One theory proposed by Havel et al. suggests that pancreatic

lipase hydrolyzes excess TG in pancreatic capillary beds leading

to high concentration of FFAs; these FFAs aggregate causing

damage to acinar and capillary endothelial cells with resulting

ischemia, increased acidity, and further FFA toxicity (36,

37); additionally, chylomicrons may increase serum viscosity,

further decreasing pancreatic blood flow and adding to

ischemic/acidotic environment (36–38).

Clinical definitions and presentation

Diagnosis of pediatric AP requires meeting ≥2 of 3

criteria including: (1) abdominal pain compatible with acute

pancreatitis, (2) serum lipase and/or amylase level ≥3 times

upper limit of normal, (3) imaging findings consistent

with acute pancreatitis (39). HTG-AP frequently presents

similarly to other causes of AP; however, certain features in

patient history (obesity, alcohol use, diabetes), family history

(hyperlipidemia, early cardiac death), physical exam (eruptive

or tuberous xanthomas, lipemia retinalis, hepatosplenomegaly),

and laboratory evaluation (lipemic or “milky” appearing serum)

may raise suspicion for hypertriglyceridemia (2, 40, 41).

Triglyceride levels in pediatric patients are considered “high”

at the 95th percentile for age, specifically, TG >100 mg/dL

(0–9 years old) or >130 mg/dL (10–19 years old) (42). While

fasting TG levels >200–499 mg/dL are defined as higher risk

and recommendations are made to consider pharmacotherapy,

no further stratification is defined for TG levels >500 mg/dL.

Shah et al. combined the Endocrine Society values for adult

severe HTG and the Pediatric Expert Panel recommendations to

better delineate classification and risk for children with TG≥500

mg/dL with additional categories for “Very High” (≥ 500-999

mg/dL), “Severe” (≥1,000–1,999), and “Very Severe” (≥2,000

mg/dL) (14, 43). The threshold at which HTG can cause AP is

debated. Commonly cited levels are between 1,000–1,772 mg/dL

(41, 44) with some reports as low as 500–1,000 mg/dL (45). The

risk of AP with TG levels <1,000 mg/dL is not well defined,

however, the lifetime risk of AP in severe HTG >1,000 mg/dL

has been estimated at ∼5 and 10–20% for very severe HTG

>2,000 mg/dL (46).

There are varying reports on the clinical course, severity,

and complications in HTG-AP compared to other causes of AP.

HTG has been shown to affect severity of AP in animal models

(47, 48). Ex-vivo studies have demonstrated that triglycerides

may play a role in AP-associated respiratory failure (49). Some

reports did not find a difference in morbidity and mortality

between HTG-AP and other causes of AP (2, 50); however,

the threshold for HTG in at least one prospective study was

>175 mg/dL, which is lower than typically seen in HTG-AP.

Conversely, there have been several studies which demonstrated

increase in severity, recurrence, hospital stay, Intensive Care

Unit (ICU) care, incidence of pancreatic necrosis, abscess

formation/other infection, and renal failure in patients with

HTG-AP compared to other causes of AP (51–54). Despite

mounting evidence of increased severity in HTG-AP, actual TG

level likely does not directly correlate with severity (50, 53).

Treatment of
hypertriglyceridemia-induced acute
pancreatitis

The treatment goals of HTG-AP are to lower TG levels and

prevent recurrence of AP. Patients with HTG >1,000 mg/dL

plus AP or abdominal pain (symptomatic HTG) typically require

hospital admission for aggressive interventions to minimize

the risk of complications (55, 56). For asymptomatic severe

HTG (>1,000 mg/dL) without confirmed AP, reasons for

hospitalization include uncontrolled diabetes, HTG at a level

where AP previously occurred, continued exposure to trigger

that can increase TG levels, or pregnancy in third trimester.

Initial management of acute episode

Intravenous fluids and diet

Fluid management recommendations include initial 10–20

ml/kg boluses of lactated ringers or normal saline fluids based

on hydration/hemodynamic status followed by continuous

intravenous fluids (IVF) at 1.5–2x maintenance rate (57).

Current recommendations in both adult and pediatric literature

suggest that high-rate IVF and early enteral nutrition (unless

contraindicated or not feasible) decrease length of hospital stay

and risk of mortality for acute pancreatitis patients (57, 58).

In contrast, the first step of therapy for HTG-AP involves

dietary restriction/nil per os (NPO). Limiting enteral nutrition

can decrease production of diet-derived chylomicrons. This also

facilitates clearance of already present chylomicrons and reduces

TG (59). Once TG levels are<500 mg/dL, patients can gradually

increase fat intake to a goal 10–15% of total dietary calories while

monitoring TG levels (28, 41, 43).
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Insulin

Insulin can increase activation of LPL which increases

clearance of chylomicrons and decreases levels of TG (31).

Insulin is effective for both HTG and hyperglycemia in diabetic

patients (60, 61) but also can be used to treat HTG in non-

diabetic patients (62, 63). Euglycemia should bemaintained with

dextrose fluids in non-diabetic patients. Both intravenous (IV)

and subcutaneous dosing have been used successfully (62, 63),

but continuous IV Insulin has the benefit of easier titration;

though no society guidelines for continuous insulin dosing

in HTG patients were found, Schaefer et al. have suggested

continuous insulin drip 0.1–0.3 U/kg/hour with dextrose fluids

to maintain blood glucose between 140– 80 mg/dL (55). Insulin

can reduce TG level up to 40% in the first 24 h (60) and between

50–75% over 2–3 days (64); even further reduction up to 80% in

the first 24 h is possible when kept NPO (61). One small (n= 17)

retrospective pediatric HTG-AP cohort study from Ippisch et

al. showed statistically significant difference (P = 0.0339) in

mean 24-h reduction of TG by 40% with insulin vs. 17% without

insulin (65).

Plasmapheresis

In adult HTG-AP, plasmapheresis can effectively reduce

TG levels rapidly by 40–70% after a single treatment

(40, 66, 67). Multiple case reports demonstrate the utility

of plasmapheresis in patients with concomitant severe

disease such as DKA or complications of HTG-AP such

as acute respiratory distress syndrome (66, 68). The main

indications for plasmapheresis include severe HTG-AP with

worsening organ dysfunction/multi-organ failure, worsening

systemic inflammation, or lactic acidosis (69, 70). Evidence of

improvement in clinical outcomes from plasmapheresis varies.

Chen et al. (71) did not show a statistical difference in morbidity

or mortality between plasmapheresis vs. no plasmapheresis

groups, though this was partially attributed to delay in initiation.

Plasmapheresis for HTG-AP has relatively fewer published

reports in pediatric patients (68, 72). One limitation in

pediatric patients is the availability of equipment, protocols, and

providers to effectively manage therapeutic plasmapheresis for

HTG reduction. If the patient cannot tolerate plasmapheresis

or it is not available, providers should strongly consider other

interventions, such as continuous insulin even in non-diabetic

patients (40).

Heparin

Heparin stimulates LPL release in vivo (31) from several

extrahepatic tissues such as myocytes, adipose tissues, and

macrophages; however, after initial peak in LPL, serum levels

rapidly drop likely due to uptake and degradation in the

liver (73). Additionally, prolonged use can deplete LPL stores,

allowing rebound in TG levels. There has also been some

reluctance to use heparin in cases of pancreatic necrosis due

to risk of hemorrhage (74). The routine use of heparin in

the management of HTG-AP might be limited due to the

above features.

After stabilization

For acute HTG-AP, consensus TG treatment goal varies;

this may be related to the relative risk at >500 mg/dL

(40, 46, 65, 69) vs. absolute risk at >1,000 mg/dL (43, 55,

56) for development of AP and other complications. The

decision on when to discontinue higher level interventions

and advance diet should be determined based on individual

patient factors and feasibility of attaining goal TG level. Certain

factors such as excessive post-prandial TG rise in genetic

hypertriglyceridemia may warrant goal <500 mg/dL (56), but

further evidence for this recommendation is needed. All patients

should be counseled on the need for long term interventions

including dietary fat restriction, weight management, and

exercise. Patients at risk for persistent HTG should be started

on oral antihyperlipidemic agents during hospitalization. An

algorithm (Figure 1) summarizing pertinent management steps

for Acute HTG-AP has been created by adapting various

external references (40, 55, 65, 69).

Long-term management/prevention

Screening

The American Academy of Pediatrics (AAP) recommends

universal lipid screening for all children between 9–11 and

17–21 years old. Additional screening for dyslipidemia should

be considered in any patient 2 years or older with any one of

the following: (1) parent, grandparent, aunt/uncle, or sibling

with history of a heart attack, angina, stroke, coronary artery

bypass/stent/angioplasty, or sudden death in males <55 years

and females <65 years. (2) Parent with a total cholesterol

≥240 mg/dL or known dyslipidemia. (3) Patient has diabetes,

hypertension, BMI >85th percentile, or smokes cigarettes.

(4) Patient has other moderate- or high-risk medical conditions

including chronic kidney disease/post-renal transplant, post-

orthotopic heart transplant, Kawasaki disease with current or

regressed coronary aneurysms, chronic inflammatory disease,

HIV, and nephrotic syndrome (42).

Dietary and lifestyle interventions

Management of HTG in the outpatient setting is primarily

driven by lifestyle and dietary changes. Per the CHILD-2 diet

from the AAP, dietary management of HTG includes reducing
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FIGURE 1

Algorithm for management of HTG-AP in children.

the amount of daily calories from fat to 25–30% with ≤7%

from saturated fat, limit monounsaturated fat to ∼10%, limit

cholesterol intake to <200 mg/d, avoid trans fats, reduce simple

carbohydrate such as sugar-sweetened beverages, and increasing

dietary fish to raise omega-3 fatty acid intake (42). For severe

HTG, daily fat intake should be further decreased to 10–15% of

total calories (41, 75).

Attention should be paid to prevent deficiency of essential

fatty acids, linoleic acid (LA) and α-linolenic acid (ALA), as

well as fat soluble vitamins (28). The minimum recommended

intake to prevent essential fatty acid deficiency is ≥10% of

total calories from polyunsaturated fats (76) with 2–4% of

calories/energy from LA and 0.25–0.5% from ALA (77, 78);

however, it is advisable to consult with a clinical dietician to

ensure that each patient has their own individualized nutrition

plan. Other interventions to manage HTG include increasing

physical activity with the most recent guidelines recommending

>60 minutes of moderate-to-vigorous physical activity daily for

children aged 6–17 years (79–81).

Pharmacotherapy

Several drugs are available to lower TG when diet and

lifestyle interventions are insufficient (Table 1). Fibrates and

omega-3 fatty acids are the two most common therapies

used to treat HTG particularly in the outpatient setting

(82, 83). While fibrates are not FDA approved for use in

children, they are generally tolerated well and are considered

part of the armamentarium in managing significant HTG in

children (83).

In adults, fibrates can lower TG levels by 46–62%

with isolated hypertriglyceridemia and 24–36% in mixed

dyslipidemia (84). There is limited safety data in pediatric

patients regarding long term treatment with fibrates both alone

and in combination with statins (85, 86). Nevertheless, a review

of National Health and Nutrition Examination Survey data

from 1999–2006 found that fibrates were the most commonly

prescribed TG lowering medication in children with HTG

>500 md/dL (87). Additionally, Manlhiot et al. described a

statistically significant decrease in TG levels using fibrate therapy

in children, though there was no specification of agent or dose

(20). One drawback with fibrates is length of time from initiation

to clinical effect (63).

Omega-3 fatty acids are frequently used as adjunctive

agents for TG management. Adult studies have shown

a mean reduction of ∼45% with 4g per day dosing

(88). However, some pediatric studies have not shown

significant change with either low dose (500–1,000mg

daily) or high dose (3,360mg daily) of Omega-3 fatty acids

(89, 90).

Niacin (Nicotinic Acid) is another medication used in adult

patients for TG/cholesterol control. One of the use-limiting

adverse effects of niacin is Prostaglandin E2 mediated flushing,

which can be improved by taking aspirin prior (84), though

aspirin can lead to Reye syndrome in younger children. A study

by Colletti et al. showed niacin was effective at reducing total

and LDL cholesterol in children but did not lower triglycerides;

additionally, reversible adverse effects were seen in 76% of study

participants and discontinuation of niacin due to adverse effects

occurred in 38% of patients (91). Niacin is no longer routinely

recommended for treatment of dyslipidemia due to this side

effect profile.

Statins are widely prescribed antihyperlipidemic agents

that do have well known utility in pediatric patients (87)

and have approval from the Food and Drug Administration

for 8–18 year old patients for treating elevated LDL-C

or non-HDL-C with HTG and other risk factors (42).

However, the efficacy of TG lowering effects from statins can

vary (20, 92).
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TABLE 1 Summary of pharmacotherapy options for HTG-AP in children.

Medication Indications Effects Comments

Fibrates Maintenance/Preventive TG ↓↓

LDL-C ↓ (mild)

HDL-C ↑ (mild)

Used off-label in children; monitor for

hepatic and muscle side effects.

Omega 3 fatty acids Maintenance/Preventive TG ↓

LDL-C - variable ↑/↓

HDL-C - variable ↑/↓

Goal is∼4 g/day of EPA+DHA; no

hepatic or muscle side effects; can be

used in combination with statins or

fibrates

Statins Maintenance/Preventive TG ↓ (mild)

LDL-C ↓↓

HDL-C ↑

Not used primarily for TG lowering but

can be used if patient has combined TG

and LDL-C elevation

Insulin Acute Severe HTG TG ↓↓

Glucose ↓↓

See acute treatment section

Heparin Acute Severe HTG TG ↓↓ (risk to ↑) See acute treatment section

Conclusion

Hypertriglyceridemia is a known metabolic cause of

acute pancreatitis in adults and increasingly recognized in

children. HTG can be associated with primary/genetic causes

or secondary causes (insulin dysregulation, medications, and

other systemic diseases). TG levels > 1,000 mg/dL are most

commonly associated with risk for developing acute pancreatitis,

though there may be risk if > 500 mg/dL. Presentation for

HTG-AP is similar to other causes of AP, but features such

as obesity, diabetes, pregnancy, alcohol/high risk medication

use, familial dyslipidemia, or exam findings of HTG may

suggest the diagnosis and outcomes may be more severe. Several

acute interventions (dietary restriction, insulin, plasmapheresis,

heparin) and preventative measures (limiting dietary fat,

exercise/weight loss, oral antihyperlipidemic medications) are

available, but most outcome data on these interventions

and management algorithms are focused on adult patients.

For example, early plasmapheresis vs. reserving invasive

interventions for severe disease/lack of improvement is

currently contested in adult HTG-AP patients, but lower relative

availability and evidence-based outcomes for plasmapheresis in

pediatric patients presents a notable barrier. Further studies are

needed to refine the therapeutic approach to pediatric HTG-AP.
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The pancreas has both endocrine and exocrine function and plays an important

role in digestion and glucose control. Understanding the development of

the pancreas, grossly and microscopically, and the genetic factors regulating

it provides further insight into clinical problems that arise when these

processes fail. Animal models of development are known to have inherent

issues when understanding human development. Therefore, in this review,

we focus on human studies that have reported gross and microscopic

development including acinar-, ductal-, and endocrine cells and the neural

network. We review the genes and transcription factors involved in organ

formation using data from animal models to bridge current understanding

where necessary. We describe the development of exocrine function in the

fetus and postnatally. A deeper review of the genes involved in pancreatic

formation allows us to describe the development of the di�erent groups

(proteases, lipids, and amylase) of enzymes during fetal life and postnatally and

describe the genetic defects. We discuss the constellation of gross anatomical,

as well as microscopic defects that with genetic mutations lead to pancreatic

insu�ciency and disease states.

KEYWORDS

pancreas, ontogeny, genes, development, prenatal and postnatal of enzyme secretion

Introduction

The pancreas has both endocrine and exocrine functions. The endocrine system

consists of multiple peptide hormones that function to regulate blood glucose but also

influence exocrine functions (e.g., somatostatin). Its exocrine function involves the

secretion of enzymes, bicarbonate, and water to aid in the digestion of nutrients.

There aremany unanswered questions related to embryonic pancreatic development.

Due to ethical issues, research in human development of the pancreas has been limited

and predominantly conducted via animal studies.

In this review, we describe the current understanding of the development

of the human pancreas, including gross and microscopic anatomy with a

focus on exocrine function. In addition, we will describe disease states as

the consequence of abnormalities in pancreas development and the genetic
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mutations behind them. We will utilize animal models to

highlight the possible development of the human pancreas and

its implications in disease states.

Intrauterine pancreas development

The foregut endoderm gives rise to the dorsal and

ventral pancreatic buds between days 26 and 31 of

embryonic development.

Initially, there are two ventral pancreatic buds but the left

side regresses. Figure 1 depicts the rotation of the stomach and

duodenum starting at week 5 (Figure 1A) which results in the

fusion of the two buds with the ventral bud lying posterior by

week 6 (Figure 1B). The majority of the organ is derived from

the dorsal bud while the ventral bud will give rise to the uncinate

process and part of the head of the pancreas (Figure 1C) (1–3).

Pancreatic ducts

The main pain of the pancreatic duct (duct of Wirsung) is

formed from the pancreatic duct of the ventral bud and the

distal part of the duct of the dorsal bud. The proximal part of

the dorsal bud contains an accessory pancreatic duct that opens

into the minor duodenal papilla (4, 5). Initially, the ducts of the

dorsal and ventral pancreas fuse, followed by partial regression

of the dorsal pancreatic duct proximal to the duodenum to form

Santorini’s canal (6). In some, this will open into the minor

papilla, while in others, it will be non-draining or connect with

the main duct (6–8). Lack of fusion of the ventral and pancreatic

ducts results in pancreatic divisum (9). By the 8th week, the

bile tree and main pancreatic duct are joined together at the

duodenum (10).

Three variants have been noted in the location of biliary

and pancreatic ducts. The most common is when the pancreatic

and bile duct joins at variable distances from the duodenum.

The second variant includes joining at the duodenal wall and

the third variant is when the pancreatic duct and biliary duct

open at separate locations in the duodenum.While no particular

pathology has been associated, there may be potential for

pancreatitis in some individuals with the second and third

variants (7, 11). These variations are important during the time

of surgery or ERCP (11, 12).

Cellular matrix

Based on animal models the formation of cells that make

up the pancreas starts as the epithelium of the buds begins to

fold. It is followed by phases of branching, proliferating, and

differentiating. The result is grape-like clusters, in which islet

cells form clusters to the periphery of acinar and ductal cells (5).

The pancreas is made predominantly of acinar and duct

cells, while the islet cells make up 1 to 2% of the pancreas.

By the 9th week, the pancreas exists as tubules and clusters of

undifferentiated epithelial cells. The tubules continue to grow,

followed by lobule formation by the 14th week. Acinar cells with

zymogen granules are noted between the 12th and 15th week,

and in significant numbers by the 20th week (13). During this

phase, the endoplasmic reticulum and Golgi apparatus undergo

significant maturation (6). This is followed by progressive

growth with a lumen in the center and lobules to the periphery

with numerous acini (6).

Pancreatic stellate cells secrete extracellular matrix proteins

and seem to have a significant function in the first trimester of

human pancreatic development by enhancing differentiation to

exocrine cell lineages (14).

Neuronal network

Comparable with the enteric nervous system, an intra-

pancreatic nervous system develops to enable a degree of

independence of the pancreas from the central nervous

system and the gut. The pancreatic ganglia are the nervous

integration centers of the pancreatic exocrine and endocrine

secretion. Vagal preganglionic, sympathetic postganglionic,

sensory, and enteric fibers innervate the fully developed

pancreas. Postganglionic nerve fibers surround almost every

acinus, forming a periacinar plexus containing cholinergic,

noradrenergic, peptidergic, and nitrergic fibers, which terminate

at the acinar cells. The autonomic nervous system of

the pancreas interacts with ganglionic structures that are

randomly scattered throughout the pancreatic parenchyma and

represent the intrinsic neural component of the pancreatic

nerve supply (15). Neurons and nerve fibers form complexes

with endocrine cells, and epithelial cells located in ducts

early in the second trimester and include pain fibers from

parasympathetic nerves (16). Interestingly, innervation is found

most densely at the head of the pancreas and decreases

toward the tail (17). The sympathetic system seems to

develop during this early fetal period and may have a

role in endocrine pancreas development (18). Understanding

sympathetic innervation of the exocrine pancreas is in its

infancy. Studies seem to demonstrate sympathetic inhibition

of blood flow, resulting in decreased exocrine secretion,

and therefore indirect effect (19). On the other hand,

parasympathetic innervation has a large role in exocrine

function, mediated via vagal nerve activity, especially in the

cephalic phase (20). Gastric, intestinal, and absorbed nutrient

phases also appear to have both direct and indirect (via

vagal nerve) mechanisms of pancreatic enzyme secretion

(21). See Neural Control of the Pancreas | Pancreapedia for

more information.
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FIGURE 1

Development of the Pancreas. (A) Rotation of the ventral bud with the stomach and duodenum to the right. (B) The ventral and dorsal bud fuse

together. (C) The main pancreatic duct exiting via the ventral bud to the duodenum. Ventral bud gives rise to uncinate process and part of the

head of the pancreas. The dorsal bud gives rise to the remainder of the pancreas. Reprinted from “Pancreatic Duct Variations and the Risk of

Post-Endoscopic Retrograde Cholangiopancreatography Pancreatitis” Ojo A S. Cureus, 12 (9): e10445. 2020 by Cureus.

Development of exocrine function

The major adult human digestive exocrine pancreatic

enzymes include amylase, pancreatic triglyceride lipase (PTL),

colipase, trypsinogen, chymotrypsinogen, carboxypeptidase A1

and A2, and elastase. We will discuss the enzymes found in the

intrauterine period followed by postnatal development and the

maturation process to adult levels of the enzymes.

Intrauterine period

Most of the human pancreas exocrine development is

derived from morphological studies. The exocrine tissue

comprises acinar cells that secrete digestive enzymes and a duct

system that deliver them to the small intestine.

Pancreatic secretory trypsin inhibitor (PSTI) or serine

protease inhibitor kazal type 1 (SPINK1) was first noted by

immunohistochemistry at the 8th gestational week (22).

Proteases

Adult human proteases include trypsinogen,

chymotrypsinogen, elastase 1, and carboxypeptidase A1

and A2.

Many enzymes, including trypsinogen, chymotrypsinogen,

and elastase-1, appear between 14th and 16th weeks of

gestation (22–24).

The trypsinogen and chymotrypsinogen appear to be

present from 16th weeks gestation and increase until birth

(23). Activation of trypsinogen to trypsin requires enterokinase,

while chymotrypsinogen requires trypsin for conversion to

chymotrypsin (25, 26). Chymotrypsin was present in the 23-

week premature infants with levels similar to term infants (27).

While initially the development of enterokinase was thought to

be around 26th week gestation, the levels of chymotrypsin found

by Kolacek et al. suggest this may be slightly earlier (27, 28).

Neonates from 32 weeks gestation to term appear to have

90% to 100% of trypsin levels of children 2 years of age. On

the other hand, levels of chymotrypsin is 50-60% and while

carboxypeptidase B is 10-25% the level of 2-year-old children,

thus showing the development of protease levels over time

(Table 1) (29).

Lipases

Pancreatic triglyceride lipase (PTL) is the predominant

lipase in human adults. However, other enzymes involved in fat

breakdown include colipase and phospholipase A and B.

Lipases such as carboxyl ester lipase and pancreatic lipase-

related proteins 1 and 2 (PLRP) were present from 14 to 16

weeks gestation (22–24), though PLRP1 has no known activity

(38). The mRNA encoding PLRP1 and PLRP2was present by the

16th week in the human fetal pancreas. In contrast, the mRNA

encoding PTL is limited in the fetal pancreas (29), and likely does

not start increasing until 41 weeks gestation (24).
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TABLE 1 Ontogeny of common pancreatic enzymes in humans.

Pancreatic

enzyme

Prenatal development

(Gestational week)

Postnatal activities Adult level References

Amylase 39 weeks <1% of adult values or absent

levels until 6 weeks

6 months to 2 years (22, 29–32)

Pancreatic

triglyceride lipase

13–21 weeks 5–10% of adult values 2 years (29, 33–35)

Trypsin * 14–16 weeks 90–100% of adult values <1month (22, 23, 29, 30)

Chymotrypsin* 14–16 weeks 50–60% of adult values 2 years (22, 23, 29, 30, 36)

Elastase 14–16 weeks 25% of adult values 2 weeks (22, 37)

*Initially detected as trypsinogen and chymotrypsinogen.

Amylase

Pancreatic amylase (encoded by AMY2) is present in adult

humans but has not been detected in the fetus, and in fact is

at low levels in humans even until 3 months of age (22, 39,

40).

Postnatal maturation of the exocrine
function

Digestion of lipid, protein, and carbohydrates in

infants relies on the state of the maturation of exocrine

pancreatic function. However, diet composition can also

affect enzyme production. Infants do not respond to exogenous

cholecystokinin (CCK) or secretin well, but the exact maturation

time of response of the exocrine pancreas to secretagogues is

not well-defined (41, 42). Understanding normal age-based

values of pancreatic enzyme activity in duodenal fluid with

pancreatic function testing would allow a better understanding

of the ontogeny of pancreatic exocrine tissue.

Interestingly, a diet in the form of starch and protein

augments the production of α-amylase and trypsin, respectively,

but fat does not stimulate the increased lipase levels in infants

(36). However, a high protein and low-fat diet stimulates both

trypsin and PTL activity (36). After 12 months of age, PTL does

appear to be stimulated over baseline activity by meals (29). It

may therefore be possible that CCK and secretin more effectively

stimulate exocrine function closer to 12 months of age.

Initially, infants have “physiologic” steatorrhea in the first

3 to 6 months postnatally. As previously noted, lipase is at

very low levels in the neonatal period. Based on rodent models,

PLRP2 may have a role in triglyceride digestion in newborns

(38). Along with PLRP2, the presence of colipase has been noted,

which based on animal models appears to increase the activity

of PLRP2 (43). Overall, PTL output or the coefficient of fat

absorption is 5 to 10% of the adult values (29, 33, 44). In a study

by Track et al., the PTL levels at 3 weeks were significantly higher

than at 3 days of life and approached that of adult levels (34).

However, in the study by Lebenthal et al., the PTL levels were low

at birth and 1 month, with a substantial rise by 2 years (Table 1)

(29, 30).

Amylase in the acinar cells was not detected until 39

weeks gestational age, and the functional amount of amylase

does not arise until the 6th week postnatally (22, 29). In

premature infants, amylase activity does not increase after a

meal, compared to trypsin, and it is presumed that pancreatic

amylase needs are met in the form of salivary amylase and

amylase in breastmilk (29, 45). Indeed, it is thought that amylase

remains at low levels until 6 months, although isolated amylase

deficiency was noted to be frequent till 2 years of age (Table 1)

(31, 32). Interestingly, in one cohort, isolated amylase deficiency

had been noted beyond 2 years of age with a prevalence of up to

3.5% (32).

Elastase on the other hand is found at low levels at birth in

meconium but reaches levels at the lower end of normal within

3 to 4 days in term infants and 2 weeks in preterm infants

(Table 1) (37).

The immaturity of exocrine pancreas function is a

notable factor in infant’s vulnerability to metabolic and

nutritional stress (33). Thus, additional non-pancreatic sources

of digestion are present. Breast milk can be a source of

amylase and bile salt-stimulated lipase. Additionally, brush-

border glucoamylase is present in newborns with similar

concentrations to that of adults, which may help in the digestion

of complex carbohydrates.

Genes involved in the pancreas
development

The process for the development of the pancreas and

the fetus is based on specific coordination between genetics

and the local environment. Much of our understanding of

genes and molecular signaling comes from animal studies

with the assumption that human development is similar.

Table 2 summarizes genes and roles in pancreas development.
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We will discuss some of the genes that are involved

in pancreas development and more specifically acinar and

ductal cells. For further details, please visit Development

of the Pancreas | Pancreapedia and work by Jennings

et al. (47).

After the initial formation of pancreatic tissue, activation

of Wnt/β-catenin is required for pancreatic tissue growth,

particularly in acinar cells (46). Inhibition of another protein,

sonic hedgehog (SHH), likely due to the proximity of

the notochord, allowed for future expression of pancreas-

duodenum homeobox 1 (PDX1), also known as insulin

promoter factor 1 (IPF1) (47, 52). PDX1 has been found

as early as pancreatic bud formation and continues to

be present in all epithelial cells in the embryonic period,

and remains in the nuclei of non-endocrine epithelial cells

along with the nuclei and cytoplasm of islet cells into

adulthood (48).

Acinar cells begin initially as several carboxypeptidase

A1 pyramidal cells bud from the pancreatic epithelium,

likely representing the proacinar population. Additionally,

GATA4, basic helix-loop-helix transcription factor (MIST1), and

pancreatic secretory trypsin inhibitor are also expressed (1).

However, the seminal work by Jennings et al. (56) suggests

forkhead box protein A2 (FOXA2), and SRY-related homeobox

9 (SOX9) are other predominant transcription factors that define

cell types. In particular, SOX9 and FOXA2 are present in ductal

cells, while GATA4 is present in acinar cells from the second

trimester onward (56). SOX9 has been noted in dorsal and

ventral buds from day 32 with higher levels found in later

embryonic stages days 44 to 52 (60). Other cellular markers of

ductal cells include cytokeratin 19 (CK19) and CD133. CD133

is found in fetal duct-like cells, while CK19 is widely expressed

in fetal pancreatic epithelial cells and continues as a ductal cell

marker in adults (48, 65).

Notch signaling interacts with recombination signal

binding protein for immunoglobulin kappa J region (RBPJ)

to downregulate neurogenin-3 (NEUROG3) expression via

hairy and enhancer of split-1 (HES1) (66). NEUROG3 is

involved in endocrine commitment. HES1 along with pancreas-

associated transcription factor 1a (PTF1a) promotes acinar

development (5).

As previously noted, PTF1a is important in the development

of acinar cells. This is a class B basic helix-loop-helix (bHLH)

transcription factor, which appears to be conserved across

species. In animal models, the development of pancreatic buds

includes PTF1a along with PDX1 expression (67). However,

further development of the pancreas includes an enhancer that

binds to the active form of PTF1a and RBPJ to regulate PTF1a

expression in acinar cells (68). Over time RBPJ is replaced with

RBJPL which in complex with PTF1A and other class A bHLH

forms PTF1-L and drives downstream regulators of digestive

enzymes (53, 69, 70).

Structural abnormalities in pancreas
development

Detailed description of developmental abnormalities that are

associated with pancreatitis are outside the scope of this review.

For completeness we describe them in brief.

Pancreatic divisum

Pancreatic divisum is the most common abnormality related

to ductal fusion and drainage. It occurs in up to 10% of

individuals (9). The lack of pancreas fusion results in drainage

of the dorsal part of the pancreas via the minor papilla,

while the ventral portion drains the head of the pancreas,

uncinate process, and biliary tree into the major duct (71). It

remains unclear if this anomaly increases the risk of recurrent

pancreatitis and chronic pancreatitis.

Annular pancreas

The annular pancreas is a rare cause of pancreatitis and

duodenal obstruction, typically with non-bilious emesis (72).

It results in a thin band of pancreatic tissue surrounding the

second part of the duodenum. It is hypothesized that the two

ventral buds remain and fuse with the dorsal bud to create

the ring (4). This may be the result of abnormal hedgehog

signaling (5). Within the annular pancreas, there are six further

classifications of type of annular pancreas depending on ductal

drainage, including themain duct, minor duct, and common bile

duct (73, 74).

Pancreatobiliary malformation

Anomalous pancreaticobiliary junction results from the

joining of bile and pancreatic ducts outside the duodenal

wall. It is believed that dysplasia and misarrangement of the

bile and ventral pancreatic duct around the time of ventral

pancreas formation results in pancreaticobiliary malformation

(PBM) (75, 76). Typically, the end of the common bile

duct is surrounded by the papillary sphincter, regulating

bile flow while preventing reflux of pancreatic juices (77).

However, with PBM, the sphincter is more distal (more

than 15mm) to the junction of the bile and pancreatic

duct. As a result, bile and pancreatic juices may reflux

into the other respective ducts, resulting in inflammation,

bile duct dilation, pancreatitis, bile duct, and gallbladder

cancer (78, 79).

It is further divided into three types, bile duct, pancreatic

duct, and complex type, based on each joining at an acute angle.
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TABLE 2 Transcription factors and cell signaling involved in human pancreas development.

GENE ROLE References

Wnt/ β-catenin Inhibition in endoderm allows for pancreas and liver development. Later activation is

required for cellular growth, specifically acinar cells

(46)

PDX1 Important in early pancreas formation, is found in multipotent progenitor cells as well as

ductal and endocrine cells. Mutations have been associated with pancreatic agenesis as well

as MODY

(47–51)

Sonic Hedgehog (SHH) Signaling from notochord decreases activity of Shh, allowing PDX1 expression (47, 52)

PTF1A Has a role along with PDX1 in pancreas development and formation, as well as a crucial

role in acinar cell development

(53–55)

GATA4 Transcription factor involved in early dorsal and ventral pancreatic bud formation. Later is

found in progenitor and peripheral Tip cells, and finally acinar cells Association with

neonatal diabetes and possible exocrine insufficiency

(56, 57)

NEUROG3 Appears to be present by 8 weeks, and disappears by 35 weeks, and is important in

endocrine islet cell formation

(58, 59)

SOX9 Transcription factor in determining cell types and is uniformly present in ductal cells.

Additionally has a role in ventral and dorsal bud formation. Mutation results in multiple

systemic abnormalities, including pancreatic hypoplasia

(56, 60)

HNF1B Involved in pancreas formation and ductal cell lineage early on in embryogenesis.

Mutations have been associated with pancreas agenesis and MODY

(61–64)

Reflux into the biliary system is thought to result in a higher

risk for congenital choledochal cyst, and, in particular, type Ia,

Ic, and IV-A are associated with PBM (80). The biliary system is

particularly susceptible as the pressure in the pancreatic duct is

generally higher (81).

Ansa pancreatica

The ansa pancreatica is a rare type of

anatomical variation of the pancreatic duct. It is a

communication between the main pancreatic duct

(of Wirsung) and the accessory pancreatic duct (of

Santorini). Ansa pancreatica has been considered a

predisposing factor in patients with idiopathic acute

pancreatitis (82).

Genetic diseases with compromised
exocrine function

The most common genetic disorder resulting in exocrine

pancreatic insufficiency include Cystic fibrosis (>90%),

followed by Schwachman-diamond, Johanson-Blizzard,

Pearson’s bone marrow, pancreatic agenesis/hypoplasia,

isolated enzyme deficiencies, and genetic or metabolic causes

of pancreatitis (83). These will be discussed here in brief

for completeness.

Cystic fibrosis

Cystic fibrosis transmembrane conductance regulator

(CFTR) is found in ductal epithelial cells and is involved in

HCO3 - and Cl− transport between the membranes along

with water (84). Impaired movement of the ions, and fluid,

results in increased viscosity and obstruction of the lumen (85).

It is hypothesized that pancreatic insults begin in utero and

progress after birth to affect all ducts resulting in pancreatic

insufficiency (86). Pancreatic insufficiency occurs in 85% of

this population, with a high prevalence among those with

homozygous mutations for 1508 (83).

Schwachman-diamond syndrome

Schwachman-Diamond syndrome is an autosomal recessive

disorder with bone marrow involvement, skeletal abnormalities,

and pancreatic insufficiency with variable penetrance (87).

Mutations predominantly on chromosome 7 seem to be

responsible, but with a spectrum of homozygous and compound

heterozygous mutations (88, 89). It has been identified in 90%

of individuals with this syndrome and the protein produced by

the gene appears to affect ribosome function and may reduce

protein production (90). Biopsies of the pancreas have shown

that the duct and islet cell functions are preserved; however, acini

are replaced by adipose tissue (91). Interestingly, over time, it

seems that patients regain some function, and 40% to 60% have

sufficient exocrine function (92).
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Johanson-Blizzard syndrome

Johanson-Blizzard syndrome is an autosomal recessive

disorder with a defect in the UBR1 gene on Chromosome 15

(15q14–21.1) (93). E3 Ubiquitin ligase UBR1 is involved in the

breakdown of intracellular pathways, thus mutations in this

affect appropriate protein recycling (94). The typical clinical

features are exocrine pancreatic insufficiency, hypoplasia/aplasia

of the alae nasi, congenital scalp defects, and growth retardation

(95, 96). Zenker et al. reported that individuals with this

syndrome did not express UBR1 and had intrauterine-onset

destructive pancreatitis with secondary replacement of acinar

cells with adipose tissue resulting in pancreatic insufficiency

(93, 97, 98).

Pearson syndrome

Pearson syndrome is characterized by the bone marrow

with vacuolization of erythroid and myeloid precursors, and

sideroblasts, along with pancreatic insufficiency and it was

initially reported by Pearson (99). It was later confirmed that this

syndrome is the result of mitochondrial DNA deletion, affecting

protein-coding and tRNA genes and therefore mitochondrial

structure and function (100, 101). However, the prevalence

of pancreatic insufficiency varies, likely due to variation in

mitochondrial DNA deletions (100, 102–104).

Pancreatic agenesis

Agenesis of the dorsal pancreas can have non-specific

findings, including abdominal pain, and often requires imaging

findings such as CT to show a lack of pancreatic tissue (105).

Several transcription factors have been implicated in pancreas

malformation and agenesis, these include PDX1, Hepatocyte

nuclear factor (HNF1B), PTF1A, and SOX9. A case report

described a homozygous point deletion mutation in PDX1

resulting in pancreatic agenesis with resulting exocrine and

endocrine insufficiency (106). While complete agenesis of the

pancreas is incompatible with life, case reports have noted

variations in ventral and dorsal agenesis ranging from partial to

complete (107, 108).

HNF1B mutations have led to the absence of part of the

head, body, and tail of the pancreas, suggesting a role for

HNF1B in dorsal pancreas formation (61–63). Another key

regulator, particularly of exocrine function, PTF1A, has been

implicated in pancreatic and cerebellar agenesis (54). Mutations

in downstream enhancers of PTF1A have also been noted with

isolated pancreatic agenesis (55). Finally, SOX9 has a role in

multiple tissues, and particularly the pancreas through much of

its formation. Mutation in one gene results in developmental

abnormalities of skeletal, reproductive, and other organs such as

pancreas hypoplasia (56, 60).

Pancreatitis

SPINK1 is responsible for inhibiting prematurely activated

trypsin in the pancreas. Mutations in the gene have resulted

in variations in pathology ranging from increased risk of

pancreatitis and exocrine pancreatic insufficiency to inconsistent

implications in pancreatic disease (109, 110). Overall, it does

appear that the gene is implicated in the earlier cause of

pancreatitis and has more pancreatic insufficiency than normal

cohorts (111). Indeed, case reports have described exocrine

pancreatic insufficiency in infants (112).

Cationic trypsinogen (PRSS1), anionic trypsinogen (PRSS2),

and mesotrypsin (PRSS3) are forms of trypsinogen with PRSS1

being the dominant one (104). A hereditary pancreatitis is a rare

form of chronic pancreatitis resulting from amutation in PRSS1,

which is autosomal dominant with high penetrance and risk of

pancreatic adenocarcinoma (113, 114). Episodes of pancreatitis

have been noted to be bimodal with peaks around 6 years and 18

years of age, but with variability in pancreatic exocrine function

deficiency, though this was often based on clinical symptoms or

stool testing (113, 115, 116).

Carboxypeptidases are metalloproteases that play a role in

the digestion of proteins and peptides by hydrolyzing C-terminal

peptide bonds (117). Following trypsinogen, carboxypeptidase

A1 (CPA1) is the next most common protein excreted in

pancreatic fluid (118). Among a cohort of German individuals,

CPA1 variants were noted to be a risk factor for chronic

pancreatitis. Although the mechanism is uncertain, the authors

propose misfolding with subsequent stress in the endoplasmic

reticulum as a cause (119).

Chymotrypsinogen C variants (CTRC) is a calcium-

dependent serine protease that is important in cationic

trypsinogen activation and trypsin degradation (120, 121).

Within the pancreas, however, it appears that it has a role

in trypsinogen degradation (121, 122). Therefore, mutations

result in loss of function and have been associated with early

pancreatitis and chronic pancreatitis in pediatrics (123, 124).

Maturity onset diabetes of the young
(MODY)

Mutations in transcription factors previously noted in the

development of the pancreas have been implicated in anatomical

variants as well as in endocrine issues, namely, MODY. HNF1B

and PDX1 are two that have been implicated (49, 50, 62, 125).
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Additionally, deficiency in carboxyl ester lipase (CEL) resulted

in another form of MODY. CEL, also referred to as bile salt-

dependent lipase (BSDL), is one of the four lipases involved

in hydrolyses of dietary fat, fat-soluble vitamins, and more

specifically cholesterol esters (126). The combined endoscopic

pancreatic stimulation test and MRI have shown severely

reduced acinar function, along with low pancreas volume with

increased lipomatosis in cases of MODY (127, 128).

Future directions

Knowledge of gene expression and the role of transcription

factors allow for further research into stem cell therapy. Current

research in both the endocrine and exocrine function was

conducted on animal models, though with human pluripotent

stem cells (hPSCs). Pluripotent stem cells can be obtained

from embryonic cells or can be induced from adult somatic

cells, such as fibroblasts or ductal epithelium. Ethical issues

are likely to be a big barrier to the use of embryonic cells.

Thus, understanding of factors required to convert somatic

cells to pluripotent stem cells and then into pancreatic cell

lines will hold promise for future. Studies so far seem

to show promise in de-differentiating somatic cells-induced

pluripotent stem cells (iPSC) and then differentiating into

pancreatic progenitor cells (129, 130). In fact, clinical studies are

underway in Type 1 diabetes mellitus and the new technologies

hold promise in those with exocrine pancreatic dysfunction,

particularly in those with chronic pancreatitis requiring islet

cell transfer.

There are many answered questions in the human

development of the pancreas. How does autonomic innervation,

including sympathetic and parasympathetic innervation,

develop in the embryo, including when does stimulation such

as cephalic input begin? Likewise, a better understanding of

innervation by pain fibers may help target therapy.

As current tests for exocrine pancreatic insufficiency include

the use of CCK and secretin stimulation, and understanding

the maturational process and when the pancreas responds

are important.

The use of whole exome sequencing has been increasing

with increased access to technology. How certain variants affect

exocrine function, and therefore digestion, absorption, and

growth will likely provide useful clinical information.

Conclusion

This review shows a framework for the development of

the human pancreas including both gross and microanatomy.

Pancreas organogenesis is a stepwise process regulated by

a complex network of signaling and transcriptional events,

that start with the early endoderm toward pancreatic fate.

Many crucial players in this process have been identified,

including signaling pathways, genes, regulatory elements, and

transcription factors. Much of the work is based on the

static evaluation of embryonic and fetal specimens that were

available due to ethical issues. While gene expressions and

transcription factors involved in pancreas formation have

been reported, further understanding of cell-to-cell interaction,

including those with stellate cells is necessary. It is possible

that with a better understanding of iPSC conversion into

various pancreatic cell lineages will help understand better the

interaction between these cell types along with gene expression

and transcription factor production. Molecular understanding

of pancreas formation holds exciting promise for future

therapies in both the endocrine and exocrine arms.
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and meta-analysis

Márk Félix Juhász1,2, Zoltán Sipos2, Klementina Ocskay2,

Péter Hegyi2,3,4,5, Anikó Nagy1 and Andrea Párniczky1,2,5*

1Heim Pál National Pediatric Institute, Budapest, Hungary, 2Medical School, Institute for

Translational Medicine, University of Pécs, Pécs, Hungary, 3Centre for Translational Medicine,

Department of Medicine, University of Szeged, Szeged, Hungary, 4Division of Translational Medicine,

First Department of Medicine, Medical School, University of Pécs, Pécs, Hungary, 5Centre for

Translational Medicine, Semmelweis University, Budapest, Hungary

Introduction: Pediatric acute pancreatitis (PAP) has an increasing incidence

and is now estimated to be almost as common as in adults. Up to

30% of patients with PAP will develop moderate or severe disease course

(M/SPAP), characterized by organ failure, local or systemic complications.

There is still no consensus regarding on-admission severity prediction in these

patients. Our aim was to conduct a systematic review and meta-analysis of

available predictive score systems and parameters, and di�erences between

on-admission parameters in mild and M/SPAP.

Methods: We conducted a systematic search on the 14th February,

2022 in MEDLINE, Embase and CENTRAL. We performed random-e�ects

meta-analysis of on-admission di�erences between mild and M/SPAP in

laboratory parameters, etiology, demographic factors, etc. calculating risk

ratios (RR) or mean di�erences (MD) with 95% confidence intervals (CI) and

created forest plots. For the meta-analysis of predictive score systems, we

generated hierarchical summary receiver operating characteristic curves using

a bivariate model. Chi-squared tests were performed and I2 values calculated

to assess statistical heterogeneity.

Results: We included 44 studies – mostly retrospective cohorts – in our

review. Among predictive score systems examined by at least 5 studies, the

modified Glasgow scale had the highest specificity (91.5% for values ≥3), and

the Pediatric Acute Pancreatitis Severity score the highest sensitivity (63.1%

for values ≥3). The performance of other proposed score systems and values

were summarized. Traumatic (RR: 1.70 95% CI: 1.09–2.67) and drug–induced

(RR: 1.33 95% CI: 0.98–1.87) etiologies were associated with a higher rate of

M/SPAP, while anatomical (RR: 0.6195% CI: 0.38–0.96) and biliary (RR: 0.72 95%

CI: 0.53–0.99) PAP tended to be less severe.

Discussion: Many predictive score systems were proposed to assess the

possibility of M/SPAP course. The most commonly used ones exhibit good
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specificity, but subpar sensitivity. Our systematic review provides a rigorous

overview of predictive options assessed thus far, that can serve as a basis

for future improvement of scores via the addition of parameters with a

better observed sensitivity: e.g., lipase exceeding 7-times the upper threshold,

hemoglobin, etc. The addition of etiological factors is another possibility, as

they can herald a more severe disease course.

Systematic review registration: https://www.crd.york.ac.uk/

prospero/display_record.php?RecordID=307271, PROSPERO, identifier:

CRD42022307271.

KEYWORDS

pediatric pancreatitis, severity, predictive factors, on-admission, meta-analysis

Introduction

While in the adult emergency department, acute pancreatitis

is a common differential diagnostic concern (1), pediatric

acute pancreatitis (PAP) is a less frequently sought diagnosis,

mostly because it was for long regarded as a rarely presenting

disorder. On the contrary, the last few decades’ publications

report its increasing incidence, now estimated to be 3-

13/100,000/year, which approaches the 13-45/100,000/year

incidence seen in adults (2–7). While this trend might reflect a

true increase in incidence, there is no doubt that the increasing

diagnostic awareness (pancreatic enzyme measurement) greatly

contributes (5, 8). Either way, more and more patients with PAP

are discovered and hospitalized in need of adequate treatment.

As of yet, however, there are no known specific therapeutic

options in PAP. The management of these patients is based on

pain control, intravenous fluid replacement, adequate nutrition,

monitoring complications and intensive care if necessary (9).

Fortunately, as opposed to adults, where 15–30% of patients

have a moderate disease course and 10–20% severe, with up to

40% mortality (10–12), PAP usually has a more benign course,

with only 20–30% of cases being classified as moderate or severe

(M/SPAP) in the majority of pediatric studies (see Table 1).

Thus, only around every fourth or fifth pediatric patient will

develop local complications, even less organ failure. But the

low number of M/SPAP (especially together with the lower

diagnostic awareness still persisting in many centers) can lead

to the delayed recognition of these children. Great emphasis

should be placed on their early identification, in order for a

prompt response and transfer to the intensive care unit (ICU)

if necessary.

There are multiple proposed score systems that aim to

predict which patients will develop M/SPAP. Those most

widely examined are the modified Glasgow criteria (56), the

Ranson criteria (57) and the Pediatric Acute Pancreatitis Severity

(PAPS) score (21), all mainly based on laboratory parameters

determined within the first 48 h. But many others are tested

and proposed, involving variables such as blood urea nitrogen

(BUN), white blood cell count (WBC), albumin, hemoglobin,

among else (23, 50, 52). Still, there is no single pediatric-specific

predictive value or score system that can be recommended

(9). What is more, there are no comprehensive systematic

reviews assessing the association between factors determinable

on-admission and PAP severity.

Our aim was to perform a systematic review and meta-

analysis of available predictive score systems and on-admission

differences between severity groups in order to summarize the

existing data and possibly shed light on the early identification

of these patients.

Materials and methods

Protocol and reporting

The pre-study protocol was registered with PROSPERO,

under the registration number: CRD42022307271. No

deviations were made from the previously registered protocol.

The findings are reported in this article according to the

Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) Statement (58).

Eligibility criteria

Studies were considered eligible regardless of study design

(interventional and observational, retro- and prospective)

in case they included at least 10 participants with PAP

and presented data on any on-admission factors (any, e.g.,

demographic, symptom-related, laboratory values, imaging

results, etc.) in different severity groups of the disease.

Severity definitions used by the individual studies were

accepted, but studies using different classifications were only

pooled together if these classifications were comparable.

In the end, almost all studies used severity classification

systems based on the development on local complications
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TABLE 1 Characteristics of included studies.

Study identifier Country Population

description

n

PAP

Age (years) Female

%

Severity criteria Non-mild

(%)

Abu-El-Haija (13) USA First PAP 165 DIAP: 13.7 (7.5–15.8);

non–DIAP: 13.5

(10.0–15.9)

52.7 NASPGHAN 20.0

Antunes (14) Portugal PAP 37 NA 59.5 revised Atlanta 24.3

Berney (15) Italy PAP 24 10.8 (1–15)† 57.1 OF, ICU 20.8

Bierma et al. (16) Australia,

Netherlands

PAP 175 12.5 (9.2–15.6) 48.6 OF, ICU, local complications,

need for pancreatic surgery,

death

28.6

Birimberg-Schwartz

(17)

Canada First PAP 223 11± 4.8 50.2 NASPGHAN 16.1

Boskovic (18) Serbia First PAP 36 10.1± 4.7 58.3 revised Atlanta 44.4

Chang et al. (19) Taiwan First PAP 180 8.2 (0.2–17) 56.1 Atlanta 28.3

Coffey et al. (20)

derivation cohort

Australia PAP 73 11.6 (8.0–13.7) 37.0 OF, ICU, local complications,

need for pancreatic surgery,

death

34.2

Coffey et al. (20)

validation cohort

Australia PAP 58 15.1 (11.2–17.2) 60.3 OF, ICU, local complications,

need for pancreatic surgery,

death

24.1

DeBanto et al. (21)

criterion group

USA PAP ≤ 16 years 202 8.9± 1.1 NA OF, local complications, need for

pancreatic surgery, death

19.8

DeBanto et al. (21)

validation group

USA PAP ≤ 16 years 99 9.4± 1.5 NA OF, local complications, need for

pancreatic surgery, death

12.1

Fabre et al. (22) France First PAP 48 10.8 (2.1–19.5)† 47.9 Atlanta 27.1

Farrel et al. (23) USA First PAP 73 NA 64.4 NASPGHAN 30.1

Farrel et al. (23)

derivation cohort

USA First PAP 46 13.7 (9.1–16.2) 47.8 NASPGHAN 21.7

Farrel et al. (23)

validation cohort

USA First PAP 25 14.2 (11.1–17.3) 48.0 NASPGHAN 24.0

Fonseca Sepúlveda

(24)

Colombia PAP 130 11.4± 3.8 62.3 Atlanta 29.2

Galai et al. (25) Israel PAP ≥ 6 month

follow–up

117 13.2 (7.0–15.9) 52.1 revised Atlanta 12.8

Guerrero-Lozano (26) Colombia PAP 30 NA NA revised Atlanta NA

Hao (27) China PAP 159 6.2± 3.3 46.2 revised Atlanta 53.5

Hashimoto et al. (28) Japan PAP 37 6 (5–12) 59.5 OF, local complications, need for

pancreatic surgery, death

56.8

Hornung (29) USA First PAP 176 NA NA NASPGHAN 22.2

Izquierdo et al. (30) Colombia PAP, CECT within

48h

30 10.5± 3.5 73.3 OF, local complications, need for

pancreatic surgery, death

33.3

Izquierdo et al. (30) Colombia PAP 130 mild: 12 (7–17);

M/SPAP: 11 (3–18)

62.3 OF, local complications, need for

pancreatic surgery, death

29.2

Kandula (31) USA First PAP, ≤ 3 years 87 1.7 (0–2.9)† 48.3 OF, local complications, death 3.8

Kaur et al. (32) India PAP 134 11.9% <5; 34.3% 5–10;

40.3% 10–15; 13.4%

15–20

NA NASPGHAN 42.5

APPLE (33–38) mostly Hungary PAP 45 11.7 (3–18)† 48.9 revised Atlanta 13.3

(Continued)
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TABLE 1 (Continued)

Study identifier Country Population

description

n

PAP

Age (years) Female

%

Severity criteria Non-mild

(%)

Lautz et al. (39) USA PAP 211 10.9± 4.9 47.9 OF, local complications, need for

pancreatic surgery, death

26.5

Li (40) China First PAP, CECT on

admission

107 9.3 (2.1–15.3) 45.8 revised Atlanta 25.2

Mehta (41) USA PAP 121 12.1± 4.6 60.3 NA 17.4

Nauka et al. (42) USA PAP 79 14 (9.5–16) 41.8 NASPGHAN 21.5

Orkin (43) USA First PAP ≤ 21 years 114 NA NA NA NA

Parian (44) Philippines PAP 28 11.5± 4.1 NA NA NA

Pezzili et al. (45) Italy PAP 50 10.5 (2–17)† 50.0 Atlanta 18.0

Sag (46) Turkey First PAP 63 9.6± 4.8 50.8 NASPGHAN 46.0

Sánchez-Ramírez (47) Mexico PAP 55 10.5± 1.6 49.1 NA NA

Suzuki et al. (48)

criterion group

Japan PAP (but 2–fold

enzyme elevation)

145 7.3 (0.8–17)‡ 60.7 OF, local complications, need for

pancreatic surgery, death

6.9

Suzuki et al. (49)

validation group

Japan PAP (but 2–fold

enzyme elevation)

131 7.7± 4.3 51.9 revised Atlanta 9.9

Szabo et al. (50)

derivation group

USA PAP ≤ 21 years 284 12.7± 4.9 50.0 ICU, local complications,

respiratory complications (OF,

oedema, pleural effusion), need

for pancreatic surgery, death

19.0

Szabo et al. (50)

validation group

USA PAP ≤ 21 years 165 12.9± 5.2 58.2 NA

Thavamani et al. (51) USA PAP ≤ 21 years (CP

excluded)

39,805 15.2± 4.7 59.2 revised Atlanta 4.0

Vitale et al. (52) USA First PAP ≤ 21 years 118 mild: 13.5 (10.2–15.9);

M/SPAP: 13.8 (7.9–15.9)

47.5 NASPGHAN 18.6

Walker et al. (53) UK First PAP 59 13 (0.1–17)† 50.9 revised Atlanta 37.3

Wetherill (54) UK First PAP 37 14 (4–17)† 48.7 OF, local complications 35.1

Zheng et al. (55) China PAP 111 8.2± 3.3 53.2 NASPGHAN 13.5

Age is given as mean± standard deviation, or median (interquartile range), unless otherwise indicated. †, median (range); ‡, mean (range). In the severity criteria column; most commonly

“NASPGHAN” (2017 North American Society for Pediatric Gastroenterology; Hepatology; and Nutrition Pancreas Committee criteria); “Atlanta” (1992 Atlanta classification) and “revised

Atlanta” (2012 revision of the Atlanta classification) are given; if not; the factors are provided based on which cases were classified as non-mild. CECT, contrast-enhanced computed

tomography; CP, chronic pancreatitis; DIAP, drug-induced acute pancreatitis; h, hours; ICU, intensive care unit admission; M/SPAP, moderate or severe pediatric acute pancreatitis; n, total

number; NA, not available; OF, organ failure; PAP, pediatric acute pancreatitis.

and organ failure (sometimes supplemented with ICU

admission), the two most common ones being the revised

Atlanta classification (59) and the 2017 North American

Society for Pediatric Gastroenterology, Hepatology, and

Nutrition (NASPGHAN) criteria (60). These both form severity

categories based on complications, according to the same

principle: patients with organ failure lasting 48 h or more are

categorized as severe; with transient (<48 h) organ failure,

or local complications (acute peripancreatic fluid collection,

pancreatic pseudocyst, acute necrotic collection or walled-off

necrosis) or systemic complications (i.e., exacerbation of

comorbidity), moderate; with none of the above, mild. Few

older studies used the original Atlanta classification, which

separates mild and severe pancreatitis, the latter mostly

covering the moderate and severe disease courses in the newer

classifications (61).

Our initial plan was to also compare severe and non-severe

cases, but due to the low number of severe cases in the identified

studies, data was rarely presented separately for these patients,

thus only mild vs. M/SPAP comparison could be performed.

Factors collected within 48 h of admission were accepted to be

“on-admission.” Acute pancreatitis was defined as the presence

of at least two of the following three criteria: abdominal pain;

elevation in serum amylase or lipase reaching at least three-

times the upper limit of the normal threshold; characteristic

imaging findings.

The PECO (Population-Exposure-Control-Outcome)

framework of our systematic review and eligible studies were:

P: PAP (≤18 years old).

E&C: any on-admission factor (demographic, laboratory,

imaging, etc.).
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O: PAP severity (mild, moderate, severe, non-mild, non-

severe).

Systematic search and selection

A systematic search was conducted on the 14th February,

2020 inMEDLINE (via PubMed), EMBASE andCENTRALwith

the following search key: “acute AND (pediatric OR pediatric

OR children) AND pancreatitis AND (severe OR mild OR

severity).” No restrictions were imposed on the search. Search

results were imported into EndNote X9 (Clarivate Analytics,

Philadelphia, PA) and selected according to a predefined set

of criteria by two independent reviewers. In case of any

disagreements, an independent third reviewer made the decision

to include the study. The selection process was visualized using

a PRISMA flow diagram.

Data extraction

Data was extracted from eligible articles into a standardized

Excel sheet and validated by an independent second reviewer

(KO). The collected data included items related to study

characteristics, the investigated study population, any exposures

and controls investigated and outcomes (severity criteria used,

number with mild, moderate and severe disease) as detailed in

the pre-study protocol. In case of multiple reports of the same

outcome in overlapping populations, the higher patient number

was favored.

Statistical analysis

For any on-admission factor examined in a comparable

manner by at least three articles, we conducted a meta-

analysis using a random-effects model. To estimate the between

study heterogeneity we applied the Restricted maximum-

likelihood estimation in case of continuous outcomes and the

Mantel-Hanszel method with the Paule-Mandel estimator in

case of dichotomous outcomes. We calculated pooled risk

ratios (RR) for dichotomous and mean differences (MD) for

continuous variables with 95% confidence intervals (CI), and

visualized the results using forest plots. To quantify existing

statistical heterogeneity, we performed Chi² tests (using a p

< 0.1 to indicate statistically significant heterogeneity), and

calculated I² values (0 to 40%: might not be important; 30 to

60%: may represent moderate heterogeneity; 50 to 90%: may

represent substantial heterogeneity; 75 to 100% considerable

heterogeneity). It should be pointed out that in the case of several

laboratory variables (serum lipase, amylase, C-reactive protein

(CRP), BUN and creatinine) more than half of the data had to be

converted frommedians with interquartile ranges to means with

standard deviations using the default setting of the metacont

function (62), in order to perform meta-analytical calculations.

In case predictive variables or score systems were reported in

a way that the number of true and false negatives and positives

were ascertainable in a sufficient number of studies, a random

effects meta-analysis was performed and a hierarchical summary

receiver operating characteristic (HSROC) curve was computed

with a 95% confidence region and a 95% prediction region,

using a bivariate model (63). Although this method is currently

deemed most valid in case of a low number of studies, its results

might be more limited below 10 studies, which was not achieved

in our paper (64). In case of at least 10 studies for a given analysis,

we created and visually assessed funnel plots and performed

Egger’s test to assess the possibility of publication bias.

All calculations were be performed using R: A language and

environment for statistical computing [R version 4.1.2, “mada”

and “meta” packages, R Core Team (65), Vienna, Austria].

Risk of bias

To assess the risk of bias in the included studies, we used the

Quality in Prognostic Studies (QUIPS) tool, as recommended

by the Cochrane Collaboration (66). Two independent reviewers

conducted the assessment (MFJ and KO).

Results

Study selection

The systematic search retrieved 1,917 records, of

which 44 studies, reported on by 69 records were found

eligible for inclusion. The selection process is visualized

on Figure 1.

Characteristics of included studies

Among the 44 included studies, most were retrospective

cohort studies, with the exception of three prospective studies

(13, 52, 67) and two that were in part prospective (23,

29). Studies either examined all PAP patients, or excluded

recurrent episodes. As explained in the ‘Methods’ section of this

manuscript, almost all studies used the 2017 NASPGHAN or

the revised Atlanta classification or a comparable method for

forming severity categories. In themajority of studies, 70–80% of

cases were classified as mild. Study report citations can be found

in our Supplementary Table 1.

Synthesis of results

Primary outcome

Predictive score systems, predictive parameters

We were able to perform meta-analytical calculations for

the three most widely examined predictive score systems:
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FIGURE 1

PRISMA flow diagram. The selection of reports is visualized. n: number.

the modified Glasgow criteria, the Ranson criteria and the

PAPS score. The produced HSROC curves, AUC values of

these systems, their sensitivity and specificity for predicting

M/SPAP with a score of 3 or higher are presented on

Figure 2, additional summary estimates can be found in the

Supplementary Figures 1–6. AUC values could also be pooled

from three studies for the modified Glasgow score: 0.76 (95%

CI: 0.61–0.92) (Supplementary Figure 7).

Other prognostic scores and parameters for which

information was available on predictive performance measures,

but not enough data was provided to conduct meta-analytical

calculations are narratively summarized in Table 2.

Secondary outcomes

Demographic factors, previous pancreatitis

We were able to perform quantitative syntheses for

differences in age and previous PAP. We found no statistically

significant difference in the age of onset between patients with

mild and M/SPAP. There was a tendency of younger onset

in the M/SPAP group, MD: 1.08 years younger (95% CI: 2.21

years younger to 0.05 years older; I2 = 72.5%, p < 0.001;

Supplementary Figure 8). While also no statistically significant

difference was found between genders, there was a tendency of

less M/SAP cases among females (RR: 0.87, 95% CI: 0.73–1.03;

I2 = 0%, p= 0.808; Supplementary Figure 9).
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FIGURE 2

Hierarchical summary receiver operating characteristic (HSROC) curves. Data are presented for the following predictive score systems: modified

Glasgow criteria, Ranson criteria, Pediatric Acute Pancreatitis Severity score. The values used as cut-o� for indicating a moderate or severe

disease are given in brackets. Triangles represent data obtained from individual studies, rectangles represent the summary estimates, bold solid

line the summary receiver operating curve, solid line the 95% CI region, dotted line the prediction region. AUC, area under the curve; CI,

confidence interval; SROC, summary receiver operating characteristic curve.

We found a history of previous PAP to be associated with an

increased rate of M/SPAP (RR: 1.64, 95% CI: 1.21–2.23; I2 = 0%,

p= 0.446; Supplementary Figure 10).

Multiple studies reported on weight differences

between mild and M/SPAP, although in altering ways,

rendering meta-analytical calculations unfeasible. Generally

speaking, most studies noted no significant differences

between groups. Of note, Thavamani 2021 analyzed

an inpatient database in the United States covering a

high number of patients and found both undernutrition

and obesity to be associated with increasing PAP

severity (51).

Etiology

We were able to perform quantitative syntheses assessing

the risk of M/SPAP for the following etiologies or risk factors:

abdominal trauma, anatomical malformations, associated drugs,

biliary obstruction, idiopathic PAP, infective PAP, PAP following

endoscopic retrograde cholangiopancreatography (ERCP). PAP

related to anatomical malformation or biliary obstruction

was associated with a lower likelihood of M/SPAP, while the

proportion of M/SPAP was higher next to drug-induced or

traumatic etiologies. Effects are summarized on Figure 3. The

individual forest plots for these comparisons can be found in the

Supplementary Figures 11–17.

Metabolic, systemic and genetic etiologies were also reported

on by multiple studies, but their definitions were either

substantially different or unascertainable, so meta-analyses were

not performed for these etiological factors. Even though patient

numbers were usually low for these etiologies in most studies,

there was a tendency of more M/SPAP cases in patients

with underlying PAP-associated systemic diseases, and no such

tendency was seen with metabolic causes and genetic or familial

cases (16, 19–21, 48).

Di�erences in laboratory parameters

We were able to perform quantitative syntheses for the

following on-admission serum laboratory parameters: lipase,

amylase, WBC count, lactate dehydrogenase (LDH), CRP,

glucose, BUN, albumin, aspartate transaminase (AST) and

creatinine (Supplementary Figures 18–27).

M/SPAP was associated with significantly higher on-

admission WBC (+4.86 G/L, 95% CI: +3.14 – +5.17 G/L; I2 =

58.9%, p= 0.013), LDH (+876.8 U/L, 95% CI:+25.4 –+1,728.1

U/L; I2 = 73.0%, p = 0.011), CRP (+15.2 mg/L, 95% CI: +9.1

– +21.3 mg/L; I2 = 10.7%, p = 0.347), glucose (+0.73 mmol/L,

95% CI:+0.28 –+1.17 mmol/L; I2 = 0.0%, p= 0.617) and BUN

(+0.96 mmol/L, 95% CI: +0.02 – +1.91 mmol/L; I2 = 78.5%, p

= 0.003). There was a tendency of higher lipase (+426.4 U/L,

95% CI: −244.3 – +1097.1 U/L; I2 = 74.3%, p < 0.001) and

amylase (+125.2 U/L, 95% CI:−76.1 –+326.4 U/L; I2 = 62.2%,

p= 0.021) values and lower albumin (−3.34 g/L, 95% CI:−8.20

–+1.52 g/L; I2 = 81.1%, p= 0.013) on admission. No difference

was found between mild and M/SPAP in on-admission AST

(−11.3 U/L, 95% CI: −194.8 – +172.2 U/L; I2 = 97.3%, p <

0.001) and creatinine (+0.48 µmol/L, 95% CI: −4.35 – +5.30

µmol/L; I2 = 0.0%, p= 0.528).
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TABLE 2 Summary of predictive performance parameters presented by the included studies.

Predictive

score/factor

Studies (ref) Assessed

within:

AUC Cut-off Sens (%) Spec (%) PPV (%) NPV (%)

Computed Tomography

Severity Index (CTSI)

3 (27–29) 48 h 0.64–0.90 score ≥ 4 50–81 78–86 61–71 98–99

Pediatric JPN score 2 (31, 32) 48 h score ≥ 3 80–83 96–98 62–77 50–90

Lipase+WBC+

albumin

1 (17) 24 h 0.76–0.77 best performance 68 71

Hemoglobin <13 g/dL

and/or BUN≥12.5

mg/dL

1 (33) 24 h 1 or both present 81.5 64.1 89.3

Lipase >7xULN and Ca

trough ≤ 2.15 mmol/L

1 (36) 48 h both present 46 89 65 79

Lipase 4 24 h 0.61–0.80 ≥ 7xULN 82–94 23–56

(17, 34–36)

1 (36) 48 h 50% decrease on

day 2

73 54 46 79

≥ 7xULN+ 50%

decrease day 2

67 79

Amylase 1 (34) 24 h 0.70 ≥ 3xULN 62.5 80.0

Hemoglobin 1 (34) 24 h 0.70 ≥ 143 g/L 85.7 43.5

WBC 2 (17, 37) 24 h 0.59–0.63

1 (38) 48 h 0.79 >17 G/L 68.2 81.1 68.2 81.1

CRP 2 24 h 0.73–0.39 >27.5 mg/L 68.2 81.1

(37, 39)

1 (38) 48 h 0.92 >108 mg/L 91.0 83.8

Albumin 2 (17, 37) 24 h 0.71–0.80

2 48 h 0.85 <34 g/L 91.0 75.7 69.0 93.3

(38, 40)

<28 g/L 41.0 90.4 80.0 62.2

BUN 2 24 h 0.73–0.75 ≥13 mg/dL 63–68 73–81 52–72 84–91

(16, 18)

1 (40) 48 h ≥20 mg/dL 48.8 85.0 63.6 75.5

Calcium 2 (36, 40) 48 h <2.1 mmol/L 47.6 81.1 60.6 71.7

trough ≤ 2.15

mmol/L

59 81 60 80

Dyspnoea 1 (40) 48 h present 23.5 98.4 85.7 76.5

Pleural effusion 1 (40) 48 h present 49.0 95.3 80.6 82.5

The left column indicates the factor, combination of factors or group of factors examined. The second column presents the number of enrolled studies presenting data on said factor, with

their references. When data is not presented as a single value, but instead with a dash, that indicates the range of values observed by the available studies. Predictive values indicating

good performance (using an arbitrary threshold of 0.85) appear in bold to ease overview. AUC, area under the curve; BUN, blood urea nitrogen; CRP, C-reactive protein; NPV, negative

predictive value; PPV, positive predictive value; Sens, sensitivity; Spec, specificity; ULN, upper limit of normal; WBC, white blood cell count.

The narrative review of other laboratory parameters not

eligible for quantitative synthesis was beyond the scope of

our paper.

Additional outcomes, prediction of severe cases

Izquierdo 2018 and Lautz 2011 performed retrospective

reviews of patients with PAP who had CT investigations on

admission (within 48 and 72 h, respectively). While Lautz 2011

found the presence of necrosis to be significantly associated

with PAP severity (42.3% vs. 10.5% M/SPAP in those with and

without necrosis, p = 0.002), in the work by Izquierdo et al.

only parenchymal necrosis >30% showed such an association

(39, 68). Galai et al. and Pezzili et al. reported on symptom

duration, which was not significantly different between groups

in their cohorts (25, 45). In Nauka 2019, systemic inflammatory

response syndrome (SIRS) on admission was significantly
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FIGURE 3

Summary of moderate or severe disease course risk with di�erent etiologies. Random-e�ect meta-analysis results are summarized for the

etiological factors and ordered according to e�ect size. The “Studies” and “Participants” columns indicate the total number of studies and

participants in the meta-analysis, while the next two columns indicate the number of events (moderate or severe course) in those with the

analyzed etiology and those without. CI, confidence interval; M/SPAP, moderate or severe pediatric acute pancreatitis; RR, risk ratio.

associated with M/SPAP (odds ratio: 3.23, 95% CI: 1.01–9.78, p

= 0.038) (42).

Only three studies presented detailed data on admission

differences between patients with severe and non-severe PAP.

In Hao 2018, previous PAP was significantly associated with

severe disease course. Mehta and colleagues found an opposite

tendency: none of their five severe cases had previous episodes

vs. 51 and 63% of mild and moderate cases. In Li 2018, patients

with severe PAP had significantly higher WBC, neutrophil

count and CRP on admission, as well as a significantly higher

CTSI score.

Risk of bias

Risk of bias assessment results, separated according

to above results subsections, are available in the

Supplementary Figures 28–30.

Discussion

In this systematic review and meta-analysis we assessed

the association between on admission factors and the severity

of acute pancreatitis in the pediatric age group. Due to the

nature of the available studies we were able to compare the

on-admission presentation of mild and M/SPAP. Although the

definitions of M/SPAP minimally varied in the included studies,

it generally represents patients who developed local or systemic

complications or organ failure.

Our main finding and the foremost merit of our paper is the

meta-analysis of the most commonly used severity prediction

score systems and the rigorous narrative review and summary

of other examined and proposed variables and scores for PAP

severity prediction.

The most widely explored severity prediction scores were

the modified Glasgow criteria, the Ranson criteria and the

PAPS score. The modified Glasgow and Ranson criteria, initially

developed for adult-onset acute pancreatitis demonstrated good

specificity for predicting M/SPAP (both around 91–93%), but

subpar sensitivity (43 and 45%, respectively). In 2002, DeBanto

and colleagues developed the pediatric specific PAPS score

largely based on these two criteria, also arguing that sensitivity

and NPV are more important in this case, so that no severe cases

are missed (21). They were able to achieve an improvement in

sensitivity in their cohort (67–70%), with lower specificity (79–

81%). But overall, the meta-analysis of six studies examining

the PAPS score in a comparable manner found more modest

predictive metrics: a sensitivity of 63% and a specificity of

78%. To conclude, none of the above scoring systems have an

acceptable sensitivity for predicting M/SPAP. As DeBanto and

colleagues phrased it, this would be crucial, since the rationale is

that all or almost all patients with M/SPAP should be identified

so we can know when to be more vigilant.

But all is not lost – there are several other parameters that

were examined (some of them even in multicentric settings and
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in multiple studies) that were reported to have acceptable or

good sensitivity for predicting M/SPAP. Suzuki et al. modified

the adult JPN scoring system to fit the pediatric age group and

supplemented it with the age and weight thresholds used in

PAPS score (69). In their criterion and validation groups they

achieved good sensitivity (80–83%) and exceptional specificity

(96–98%). Although very promising, as no other studies (be it

dependent or independent) have further examined this score, the

results should be handled with care. Multiple studies examined

the severity predictive ability of lipase, a parameter not included

in any of the mentioned score systems: its elevation above

seven-times the ULNwithin 24 h showed a sensitivity of 82–94%

in three separate studies. Hemoglobin is also not included in any

of the above scores and it was not significantly different between

groups in many of the cohorts. A possible reason behind this

is that both its elevation and decrease are observed to predict

M/SPAP – as Coffey et al. hypothesized, due to hypovolemia and

due to hemorrhage –, with good sensitivity, albeit in few studies

(20). Walker and colleagues also demonstrated good sensitivity

for albumin< 34 g/L and CRP> 108mg/L within 24 h, although

more modest CRP elevation showed poor sensitivity in another

study. These parameters could either serve as an adjunct to the

predictive scores with good specificity, or be used to develop

new score systems with the goal of utilizing a single one that is

optimal in all its predictive metrics.

There is also something to be said for the simplification of

these scores. The modified Glasgow, Ranson, PAPS and JPN

scores all rely on numerous parameters (all >8) some of which

are expensive or difficult to assess (e.g., fluid sequestration,

collecting arterial blood sample for partial oxygen tension) or

unnecessarily invasive to children. And it should be pointed out

that – although later extensively validated – the original Ranson

criteria was developed on a modest 100 patients, involving all

11 objective parameters that correlated with serious illness or

death (70). This later served as a basis for the Glasgow score,

adapted with minimal modifications to the pediatric population

in the form of the PAPS score. So there is no saying, that

a less complicated set of parameters could not replace these

existing combinations. Another important drawback, is that all

four scores include parameters taken 48 h after admission, when

on admission or within 24 h would clearly be preferable. While

there are numerous promising simpler score system alternatives,

as highlighted in the appropriate part of our “Results” section,

these are rarely validated by other (especially independent)

studies (although there are exceptions of course), and they

usually fall short of the modified Glasgow and Ranson in

terms of specificity and lipase > seven-times the ULN in terms

of sensitivity.

Another key detail is that the existing and proposed scores

are almost entirely based on laboratory parameters. The only

non-laboratory parameter in the Ranson score and its derivates

is age, which was transposed to be <7 years or <23 kilograms

in the PAPS and pediatric JPN scores. DeBanto and colleagues

introduced these cut-offs to define a lower limit of physiological

reserves. In our meta-analysis, we found no significant age

difference between mild and M/SPAP, which indicates that a

simple threshold cannot be used, either because there is no

age difference, or because multiple severity peaks exist. As

Thavamani and colleagues found in their large-scale analysis,

both undernutrition and obesity are associated with increased

PAP severity (51).

There are a handful of studies that look to imaging results

in the prediction of M/SPAP. The CTSI is based on the

characterization of the inflammation and necrosis via contrast

enhanced computed tomography (CECT). This method is

established among adults, predicting severe pancreatitis with an

around 86% sensitivity and 71% specificity, when performed

within 48–72 h of admission (71).While some authors argue that

performing a CECT should be a part of the routine evaluation

of patients with pancreatitis, guidelines still do not recommend

it, due to fiscal reasons, radiation and the existence of useful

predictive scores (72–74). Availability and especially radiation

are even greater concerns in a pediatric setting, thus the routine

use of the CTSI is unlikely. Still, retrospective studies evaluated

its performance in PAP, finding an around 80% specificity and

conflicting results for sensitivity (22, 28, 39). It should be pointed

out, that a retrospective approach is even more limited in this

case, since the proportion of patients with PAP and available

CECT results is low. An alternative could be ultrasound based

severity prediction, which, although not routinely used, had

some promising results in adults (75), but is yet to be examined

in children.

Aside from laboratory and imaging results, not much else

is taken into account in the available literature. Etiological

factors for example – in our meta-analysis, traumatic and drug-

induced etiologies were associated with a higher rate of M/SPAP,

while a higher rate of mild cases was seen in children with

anatomical malformations or PAP of a biliary origin. We also

found a history of previous PAP to be associated with M/SPAP.

These parameters could serve as promising additions to future

score systems.

Strengths and limitations

Perhaps the biggest strength of our work is that we

do not know of any previous systematic review and meta-

analysis in the topic. Another major strength is that we did

not restrict our eligibility in terms of the factors assessed on

admission – any that were detailed in the identified publications

were reviewed, including demographic, etiological, laboratory,

imaging symptom-related, etc. We also performed a meta-

analysis of available predictive score systems that were examined

in different publications with varying diagnosticmetrics, thus we

are able to give an estimation of their true predictive capabilities.

Among limitations, it should be stated that almost all studies

were retrospective and this can influence some of our results:

e.g., the performance of predictive systems or the availability of
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laboratory measurements might differ in a prospective setting.

Since only three full-text articles were stated to be prospective,

that didn’t allow for the performance of subgroup analysis of

only prospective studies. Another limitation is that – most likely

due to the low number of severe cases – no severe vs. non-severe

comparisons could be made. As disclosed in the “Statistical

analysis” section of the manuscript, continuous data frequently

had to be converted to means, which is limited in case of

most laboratory variables, since these do not follow a normal

distribution in PAP. Low patient numbers, such as in the case

of infective and post-ERCP etiologies should also be noted, since

it can reduce our confidence in these findings.

Conclusions

None of the available scoring systems provide acceptable

sensitivity and specificity for predicting which patients with

pediatric pancreatitis will develop a moderate or severe disease

course. The Ranson and modified Glasgow scores have the best

specificity, but their sensitivity is subpar. Parameters such as

lipase exceeding seven times the ULN could be used as an

adjunct or added to future score systems to improve sensitivity,

which is crucial in this case. Future scores should also strive for

simplification and using only factors assessed on-admission or

within 24 h. Non-laboratory parameters are rarely investigated,

conversely, our analysis suggests that factors such as etiology

and previous pancreatitis show an association with PAP severity.

Major limitations of the current state of predictive score

development are the retrospective study design, modest patient

numbers and frequent non-validation of proposed scores by

fellow researchers, which can only be improved by multi-center

collaborative studies.

Implications

...for practice: The Ranson and modified Glasgow scores

provide the best specificity and lipase values > seven-times the

ULN the best sensitivity for predicting which patients with PAP

will develop complications. These patients should be monitored

closely in order for prompt treatment initiation.

...for research: Our systematic review can serve as a basis for

future predictive score system development. We highlight the

importance of simplicity, using on-admission parameters and

reaching this goal via forming international collaborations and

investigating prospectively.
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The exocrine pancreas plays an important role in digestion. Understanding of
the physiology and regulation of exocrine function provides insight into
disease processes and basis of functional testing. Specifically, exocrine
pancreatic insufficiency (EPI) can cause maldigestion and thus a proper
assessment of exocrine pancreatic function is important. There are indirect
and direct methods for evaluating pancreatic function. Indirect methods are
varied and include stool, serum, urine, and breath tests. Fecal elastase is a
commonly used indirect test today. Direct methods involve stimulated
release of pancreatic fluid that is collected from the duodenum and analyzed
for enzyme activity. The most used direct test today is the endoscopic
pancreatic function test. Indirect pancreatic function testing is limited in
identifying cases of mild to moderate EPI, and as such in these cases, direct
testing has higher sensitivity and specificity in diagnosing EPI. This review
provides a comprehensive guide to indirect and direct pancreatic function
tests as well as an in-depth look at exocrine pancreatic function including
anatomy, physiology, and regulatory mechanisms.

KEYWORDS

pancreas, exocrine function, acinar cells, duct cells, indirect pancreatic function test,

direct pancreatic function test

Introduction

The exocrine pancreas plays a crucial role in digestion and as such, its function is

crucial in pediatric population where growth and development are reliant upon

adequate nutrition. The objective of this article is to provide a comprehensive review

of the exocrine pancreas and discuss options to evaluate its function.
Anatomy of the pancreas

The pancreas consists of 5 different parts, the head, uncinate process, neck, body,

and tail. The head and uncinate process located near the portal vein, superior
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mesenteric vein, and superior mesenteric artery. This may be a

possible explanation why severe acute pancreatitis can be seen

with systemic inflammatory reactions.

The pancreas has both exocrine and endocrine functions.

The exocrine pancreas encompasses roughly 85% of the

pancreatic mass where 10% of the gland is accounted for by

extracellular matrix, 4% by blood vessels and the major ducts,

and only 2% of the gland is comprised of endocrine tissue

(1). The exocrine and endocrine functions are coordinated to

allow a regulatory feedback system for digestive enzyme and

hormone secretion. Specifically, the blood flow from the

endocrine pancreas enters the capillaries of the exocrine tissue

before entering the general circulation, and in the exocrine

tissue, there are insulin receptors that are involved in

regulation of digestive enzyme synthesis (2–4).

The exocrine pancreas is composed of acinus (a collection

of about 40 acinar cells) and its draining ducts (5). The

centro-acinar cell functions as an extension of the ductal

epithelium into the acinus and provides progenitor cells

important for pancreatic regeneration (6, 7). The acinar cells

synthesize digestive enzymes (lipases, amylase, and proteases)

to be stored in zymogen granules and then secreted (enzyme-

containing zymogen granules fuse with the apical cell

membrane surface) (8). The ductules drain into interlobular

(intercalated) ducts and then into the main pancreatic ductal

system.

Thanks to its highly developed endoplasmic reticulum (ER)

system, the acinar cell of the exocrine pancreas has one of the

highest protein synthesis rates among mammalian organ (9,

10). The ER is also a major storage site for intracellular

calcium, which, when released into the cytoplasm, is a

mediator for secretion of stored digestive enzymes into the

pancreatic ductal system (11).

Another cell type known for its role in pathologic states is

the pancreatic stellate cell that has a role in pancreatic

fibrosis (12, 13). They are found around the acinar and

ductular structures as well as the islets of Langerhans. In

chronic pancreatitis the stellate cell is transformed into a

proliferating myofibroblast cell type that synthesizes and

secretes extracellular matrix proteins, proinflammatory

cytokines and growth factors (14).
Physiology and regulation of
pancreatic secretion

The adult pancreas secretes up to 2500 ml of colorless,

odorless, alkaline, isosmotic pancreatic fluid. The flow and

concentration of this fluid is highly regulated. The flow rate

increases from an average rate of 0.2 or 0.3 ml/min in the

resting (interdigestive) state to 4.0 ml/min during postprandial

stimulation (15). The ratio of the different enzymes released is

adjusted to the composition of digested food. For example, a
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carbohydrate-rich diet results in an increase in synthesis of

amylase and a decrease in chymotrypsinogen (16), while a

lipid-rich diet enhances lipase synthesis (17).
Electrolyte secretion

The principal compounds secreted by the exocrine pancreas

are water, sodium, potassium, chloride, and bicarbonate. The

osmolality of pancreatic juice is independent of flow rate.

Secretin is the main stimulant of electrolyte secretion from

ductal and centroacinar cells. Secretin was the first hormone

ever discovered at the beginning of 20th century (18). Secretin

is released from enteroendocrine S cells in the duodenal

mucosa when the pH of the lumen is less than 4.5 (19).

Binding of secretin to its receptor activates adenylate cyclase,

resulting in the generation of cyclic adenosine monophosphate

(cAMP), which acts as the intracellular messenger. The duct

cells and centroacinar cells contain carbonic anhydrase, which

is important for their ability to secrete bicarbonate (20).

Presence of bicarbonate secretion in the proximal pancreatic

ducts is largely mediated by a chloride and bicarbonate exchange

transporter. In distal ducts, the luminal bicarbonate

concentration is already high, and thus the bicarbonate

secretion is mediated by bicarbonate conductance via the cystic

fibrosis transmembrane conductance regulator (CFTR) (21).

The secreted bicarbonate acts to buffer the acidic fluid entering

the duodenum from the stomach and brings this fluid pH to

the optimal level for pancreatic enzyme function.

The concentration of bicarbonate secreted can vary based

upon the secretory rate of the pancreas. In resting state, the

chloride concentration is high in the pancreatic fluid.

Alternatively in an active state following secretin stimulation,

the bicarbonate concentration is significantly increased.

Bicarbonate concentration thus serves as a great marker for

pancreatic function, and in testing discussed in detail later, a

bicarbonate level lower than 80 mEq/L it is considered

abnormal (22, 23).
Pancreatic enzyme secretion

The acinar cells release pancreatic enzymes from their

zymogen granules into the lumen of the acinus, and these

proteins combine with the water and bicarbonate secretions of

the centroacinar and duct cells.

The exocrine secretion has significant reserve capacity.

DiMagno et al. (24) investigated this by plotting lipase output

and fecal fat excretion in patients with EPI. They reported that

fecal fat excretion was increased when the lipase output fell below

10%. Later they found that maldigestion and malabsorption do

not occur until the digestive enzyme secretion (when stimulated

by CCK) is reduced to 5% to 10% of normal values (25).
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Stimulation of pancreatic enzyme
secretion

Pancreatic enzyme secretion is stimulated both by neural

and humoral mechanisms.
Neural mechanisms
Direct vagal and regional reflexes stimulate pancreatic

enzyme secretion. The vagal stimulation activates the

cholinergic, muscarinic receptors (M3) with resultant

generation of intracellular cyclic guanosine monophosphase

(cGMP). The vagus-mediated cephalic phase of pancreatic

secretion in humans and experimental animals results in

pancreatic fluid that is low-volume with high enzyme

concentration.

Distention at the gastric antrum elicits pancreatic enzyme

secretion by activation of a vago-vagal reflex called the antro-

pancreatic reflex (26). The antro-pancreatic reflex is an

important component of the gastric phase of pancreatic

secretion (27).
Humoral mechanisms
Cholecystokinin (CCK) is the major humoral mediator of

enzyme secretion during the intestinal phase. Specifically, the

presence of fat and protein products in the intestine will

trigger release of CCK-releasing peptide that then act on CCK

containing cells (I-cells) to release CCK (28).

In addition to CCK, other peptide hormones (e.g., secretin,

neurotensin) and neurocrine agents (e.g., GRP, PACAP) can

stimulate enzyme secretion (29). However, as mentioned

above, secretin has cental role in stimulating electrolyte and

bicarbonate secretion.

The effect of CCK is mediated via a specific receptor (CCK-

A receptor) that can be found on acinar cells, intrapancreatic

neurons, and cholinergic afferent neurons. In humans,

pancreatic enzyme secretion in response to CCK stimulation

or food is inhibited by atropine and somatostatin (30–32).

This suggest that CCK’s action on the pancreas is dependent

on cholinergic mechanism.

Several other peptides including PACAP, GRP, and

neurotensin can also act to stimulate pancreatic enzyme

secretion (29). However, the extent to which these peptides

play a role pancreatic enzyme secretion in humans is not well

known.
Enzyme secretion products

Amylase
Pancreatic amylase is secreted in its active form. Amylase

acts to break down starch and glycogen to glucose, maltose,

maltotriose, and dextrins. The 2–9 glucose units are further
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breaking down by the small intestinal brush border enzymes.

These simple sugars are then absorbed via the active transport

mechanisms along the brush border of the intestinal epithelial

cells.
Proteases
Proteins are first hydrolyzed into peptides in the stomach.

These peptides then go on to the intestine and stimulate

release of CCK-releasing peptide, CCK, and secretin, which

then stimulate the pancreas to secrete enzymes and

bicarbonate into the intestine.

The proteolytic enzymes include trypsinogen, elastase, and

carboxypeptidase A and B. They are secreted as proenzymes

that require activation. Trypsinogen is converted to its active

form trypsin, by another enzyme, enterokinase, which is

produced by the duodenal mucosal cells (33). Trypsin, in

turn, activates the other proteolytic enzymes. Together, these

enzymes cleave bonds between amino acids, so that they can

be actively transported into the intestinal epithelial cells for

absorption.

To prevent activation of these enzymes while in the

pancreas, the acinar cells produce a trypsinogen inhibitor. A

failure to express this trypsinogen inhibitor, pancreatic

secretory trypsin inhibitor (PSTI), also known as serine

protease inhibitor Kazal type 1 (SPINK1), is a known cause of

familial pancreatitis.
Pancreatic lipases
The pancreatic lipase acts to break down triglycerides.

Unlike the proteases discussed above, lipase is secreted in an

active form. Colipase is also secreted by the pancreas and acts

to enhance activity of lipase by binding to it and changing its

molecular configuration.

Phospholipase A2 is secreted by the pancreas as a

proenzyme and requires activation by trypsin. Phospholipase

A2 hydrolyzes phospholipids.

Carboxylic ester hydrolase and cholesterol esterase act to

break down lipid substrates, such as esters of cholesterol, fat-

soluble vitamins, and triglycerides. These can then be then

packaged into micelles for transport into the intestinal

epithelial cells.

The diminished or absent lipase secretion leads to

steatorrhea, one of the main clinical symptoms of exocrine

pancreatic insufficiency. In our diet, fats are mainly long-

chain triglycerides that are broken down into two fatty acids

and one beta monoglyceride by the pancreatic lipase.

Pancreatic lipase is degraded when the luminal pH drops

<4, therefore diseases that result in acidic intraluminal

environments (pancreatic duct cell dysfunction, excessive

gastric acid section, etc.) can inhibit fat digestion. This is the

main reason that pancreatic enzyme replacement preparations

have enteric coated granules.
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Gastric lipase is a non-pancreatic lipase that acts to

hydrolyze fats; however, it cannot fully compensate for the

absence of pancreatic lipase. Infants rely upon other enzymes

secreted from the pancreas (pancreatic triglyceride lipase

(PTL)-related protein 2, and bile salt-stimulated lipase (BSSL))

that act in conjunction with gastric lipase to achieve efficient

fat absorption (34). Interestingly, BSSL is also present in

human milk, which facilitates fat absorption and growth in

breast-fed infants. Table 1 lists the enzymes and their

substrates and products.
Inhibition of pancreatic secretion

Inhibition of exocrine pancreatic secretion occurs through

several mechanisms. Somatostatin, pancreatic polypeptide

(PP), peptide YY (PYY), neuropeptide Y pancreastatin, and

glucagon are all peptides that inhibit secretion indirectly

through the activation of inhibitory intrapancreatic neurons.

Somatostatin is produced by the delta cells in islets of

Langerhans and it exerts an inhibitory effect on amino acid

uptake as well as enzyme and bicarbonate secretion (32, 35).
Feedback regulation
Feedback regulation was studied in human and animals by

first noting that when pancreatic fluid was diverted from the

intestine an increase in pancreatic fluid secretion occurred

(36). This augmented enzyme secretion occurred secondary to

a rise in circulating CCK (37).
TABLE 1 Summary of the enzymes produced by the acinar cells and
their actions.

Enzyme Substrate Products

Carbohydrate digestion

Amylase (active) Starch, glycogen Glucose, maltose,
maltotriose, dextrins

Protein digestion

Endopeptidases

Trypsinogen (inactive) Cleave bonds between
amino acids in proteins

Amino acids,
dipeptidesChymotrypsinogen

(inactive)

Proelastase (inactive)

Exopeptidases

Procarboxypeptidase A&B
(inactive)

Cleave amino acids from
the end of the peptides

Amino acids

Carboxypeptidase A&B
(active)

Fat digestion

Lipase (active) Triglycerides Fatty acids, Β-
monoglyceridesPhospholipase A2

(inactive)
Phospholipids

Cholesterol esterase Neutral lipids
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Alternatively, the increase in CCK and pancreatic fluid

secretion into the intestine is inhibited by presence of trypsin

in the intestine as well as other digestive enzymes (38). This

feedback is accomplished via the CCK-releasing peptide in

such that with the absence of peptides, CCK-releasing factor

will be inactivated by trypsin and thus CCK secretion is

decreased (28).
Phases of exocrine secretion

Interdigestive secretion
There is fluid secretion in the fasting (interdigestive) stage

that is cyclic and follows the pattern of the migrating

myoelectric complex (MMC) (39, 40). This pattern occurs

every 60 to 120 min, with bursts of enzyme and bicarbonate

secretions being released. Also, there is bile secreted from the

gallbladder following partial gallbladder contraction during

phases of the MMC. This provides a housekeeping function

by cleaning the debris from the small intestine. This process

involves the cholinergic nervous system and the hormones

motilin and pancreatic polypeptide (39, 40).
Digestive secretion
Cephalic phase
Cephalic phase is mediated by the vagus nerve. In humans, the

cephalic phase was identified in studies utilizing a sham feeding

method by which the participant would chew food and spit it

out. One study (41) indicated that this sham feeding

stimulated pancreatic enzyme secretion that rose to about 90%

at its maximum, and bicarbonate was also secreted. Atropine

suppressed basal trypsin output and essentially abolished the

response to sham feeding (42). This suggests that

acetylcholine is a major neurotransmitter involved in

mediating cephalic phase of pancreatic secretion (39). Among

the hormones, gastrin-releasing peptide (GRP) is released

from the pancreas upon vagal stimulation and may mediate

enzyme secretion (43).
Gastric phase
Gastric phase is initiated by gastric distention by meals. This

phase results in secretion of pancreatic enzymes with little

effect on the secretion of water and bicarbonate. In studies

mimicking gastric distention (fundus or antrum) with a

balloon, a resultant low-volume enzyme-rich secretion was

obtained through a gastropancreatic vago-vagal reflex (44).

Output of gastric contents into the duodenum (gastric chyme

with peptides and fatty acids) also act as stimulus at the level

of the intestinal mucosa and begins the intestinal phase of

pancreatic secretion through neural and hormonal

mechanisms. Thus, the rate of gastric emptying can play an

important role in pancreatic secretion. As such surgery that
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TABLE 2 Indications for the assessment of exocrine pancreatic
function.

Signs or symptoms concerning for EPI

Failure to thrive

Steatorrhea

Chronic diarrhea

Chronic abdominal pain

Abdominal bloating

Borborygmi

Fat soluble vitamin deficiencies

Genetic syndromes associated with EPI

Cystic fibrosis

Shwachman-Diamond syndrome

Johanson Blizzard syndrome

Pearson syndrome

Assess PERT

Non-compliance with treatment

Measure PERT dose adjustment

PERT, pancreatic enzyme replacement therapy.

Hopson et al. 10.3389/fped.2022.908542
alters emptying can often lead to augmented signaling and

mixing of gastric and pancreatic fluids.

Intestinal phase
Intestinal phase is mediated by entero-pancreatic vago-vagal

reflexes and various hormones. This phase starts when chyme

enters the small intestine from the stomach. Specifically, the

chyme consists of hydrogen ions, fatty acids, amino acids, and

peptides, and these have roles in the intestinal phase of

pancreatic section (45). Of the amino acids, phenylalanine,

valine, methionine, and tryptophan are known to cause a

more robust pancreatic secretory response (46).

Ductal secretion is initiated by hydrogen ions, creating a low

pH environment (pH below 4.5) that triggers secretin release

from enteroendocrine S cells (19).

The magnitude of stimulation of the pancreas varies not

only by the type of nutrients but also by the site of delivery

of the nutrients (47). Elemental diet causes less pancreatic

enzyme secretion compared to a standard meal, and delivery

of nutrients to the jejunum causes less pancreatic secretion

than delivery to the duodenum (47).

Vago-vagal reflexes were found to play a role in pancreatic

enzyme and bicarbonate secretion. Particularly studies with

vagotomy led to low intestinal loads of amino acids and fatty

acids, and studies with atropine led to lower physiologic

concentrations of CCK (48, 49).
Assessment of exocrine function

Since the 1940s there have been many tests developed to

assess the exocrine pancreatic function. They Include tests

that can assess the function of a single enzyme from the stool,

serum, urine, or by breath test (indirect tests) and ones that

assess the activity of several digestive enzymes from

stimulated pancreatic fluid (direct functional tests). The main

indications of the exocrine function assessments are listed in

Table 2.
Development of enzyme secretions

It is important to understand the intrauterine and postnatal

development of enzyme secretion for the accurate interpretation

of the functional test results.

Intrauterine development of amylase, lipase, and

trypsinogen secretion does not occur at the same time (50,

51). Trypsinogen and chymotrypsinogen were found to be

present around 14 to 16 weeks, followed by lipase first

appearing by 21 weeks of gestation. Lipase is uniformly

present by postnatal age of 15 days (50). Amylase detection is

postnatally and occurs much later than all other enzymes.

Lebenthal and Lee et al. reported that infants at 30 days old
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have no detectable amylase activity in duodenal fluid;

however, children at around 2 years of age had normal adult

level of amylase activity (52, 53).

This postnatal appearance of amylase and lipase in infants

may not cause symptoms in breast-fed infants as breast milk

has significant amylase (54) and bile salt–dependent lipase in

breast milk (contributes to lipid digestion in infants) (55).

There are case reports of isolated lipase/colipase deficiency,

detected by duodenal fluid aspiration in children with clinical

presentation of greasy stools (56–62). Additionally, isolated

amylase deficiency was identified in a large retrospective

pediatric database of endoscopic pancreatic function testing

(ePFT) (63). An error in mRNA processing or protein

secretion was suggested by Mehta et al. in a reported pediatric

case with isolated amylase deficiency diagnosed after repeated

ePFTs (20 and 33 months of age), despite detecting normal

pancreatic amylase messenger RNA by reverse-transcriptase

polymerase chain reaction in the duodenal fluid (64).

Understanding of isolated pancreatic enzyme deficiencies as

pathologic or physiologic is overall limited and represents area

for future research.
Indirect exocrine function tests

Indirect function tests are based upon the function of a

single enzyme. They measure individual pancreatic enzymes

or their substrate byproducts from stool, serum, or breath

samples. The examples of these tests are fecal fat, steatocrit,

fecal elastase (FE-1), stool chymotrypsin, serum markers, and

the 13C-mixed triglyceride breath test. Each indirect test has
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its own inherent limitations; however, they all share a common

limitation of poor sensitivity and specificity in detecting mild to

moderate EPI.
Stool based tests

Fecal elastase test
Fecal elastase (FE-1) is the most widely used indirect

screening test for EPI. The basis of this tests that the elastase

is resistant to hydrolysis by bacterial proteases and it remains

stable in room temperature (65). A small stool sample is

adequate for the test. The other advantage is that pancreatic

enzyme replacement therapy (PERT) does not interfere with

the result. Therefore, discontinuation of PERT is not

necessary when performing the FE-1 test (66).

FE-1 has been well studied in pancreatic exocrine

dysfunction associated with chronic pancreatitis, cystic

fibrosis, diabetes, and celiac disease (67–70). The normal

result is >200 mg/g of dry stool. A level <200 mg/g indicates

EPI, and <100 mg/g correlates well with steatorrhea (71).

Khan et al. proposed a method of staging EPI (into mild,

moderate, and severe) based upon value of FE-1 combined

with presence of symptoms and fat soluble vitamin

deficiency (72).

It is important to note that large volume liquid stool can

dilute the fecal elastase and provide inaccurate results,

therefore for the correct analysis the stool sample should be

lyophilized, and dry weight should be uses for calculations (73).

Diet is not suggested to have an large impact on FE-1

testing, however Walkowiak et al. reported that in pancreatic

sufficient patients with normal range FE-1, a short term vegan

diet did lower their FE-1 suggesting possible adaptation of

pancreatic proteases to low protein high fiber diet (74).

The sensitivity of the FE-1 in children with CF is between

86% and 100% (71, 75, 76). In a meta-analysis, FE-1 of

<200 mgc/g was found to have an overall pooled sensitivity of

77% and specificity of 88% in detecting EPI (77). As expected,

the accuracy of FE-1 increases in cases of severe EPI

(sensitivity of 97%) and alternatively decreases in cases of

isolated deficiency or mild EPI (sensitivity 49%).

Although the FE-1 can only detect EPI reliably in the severe

range, it remains more sensitive than fecal fat testing. Isolated

enzyme deficiencies are not detected by FE-1, for example,

steatorrhea secondary to isolated lipase or colipase

deficiency (78).

Stool fat content measurement
Assessment of fecal fat is a standard method to detect fat

malabsorption. The causes of fat malabsorption are varied,

and as such, a positive test is neither specific nor sensitive to

exocrine pancreatic dysfunction. It is an indirect assessment

of lipase activities of the pancreas. This test measures the
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fraction of fat in the stool after initiating a standard fat

containing diet. However, this procedure is not specific for

lipase activity as there are other non-pancreatic etiologies of

the abnormal fecal fat detection. These include gut mucosal

injury (e.g., celiac disease), small bowel bacterial overgrowth,

short bowel syndrome, Crohn disease, and even liver disease

with cholestasis (79, 80). In patients with cystic fibrosis (CF)

without pancreatic insufficiency, fat malabsorption can occur

due to gastric hypersecretion or an abnormal gastrointestinal

motility (81). In a study in patients with Shwachman-

Diamond syndrome (SDS) and CF, steatorrhea developed

when lipase fell below 2% or colipase fell below 1% (82) and

as such that are clear cases here fecal fat testing would likely

be positive.

Fecal fat testing is a cumbersome test for the patient and

laboratory to perform; thus, has fallen out of favor as first line

testing in many clinical settings. The test includes all stool

collection for 72 h while the total fat intake (100 g/day) is

standardized starting 3 days before and during the full 3 days

of collection (83). Then the ratio of stool fat content

compared to total fat intake is calculated. Typically, a level of

>7 g/day is defined as malabsorption (79). It is a time-

consuming test, although there is a report that 24-hour

collections are adequate (84). It is important to store the

collected fat in a refrigerator, otherwise the bacteria in stool

will start fermenting the fat and fat content may decrease.

It is well known that the fat absorption ratio is age

dependent. In children that are younger than 6 months of

age, the reference values are >85%, and above that age,

reference values are >93% to 95% (85, 86).

The classical method for stool fat analysis was quantitative

testing via the Van de Kamer method. However, the near-

infrared reflectance analysis simplified the quantification, and

this correlates well with the classical Van de Kamer method

(87, 88). The qualitative stool fat test is based on the use of

Sudan stain of the stool and microscopic analysis of fat

droplets and results are reported in a graded fashion (1 +

normal; 2 + slight increase; and 3 + definite increase) (89).

Qualitative analysis is lacking in its ability to separate normal

from mild or inconsequential cases of steatorrhea.

The coefficient of fat absorption is another measure

obtained with fecal fat testing. A value <90% is defined as

insufficient, the calculation is: (fat ingestion− fat excretion)/

fat ingestion) × 100(%). However, Erchinger et al. reported

that for the diagnosis of fat malabsorption, the additional

evaluation to calculate the ratio of fat absorption did not

provide additional information compared to fecal fat

content (90).

Steatocrit
Steatocrit is a fast and easily performed screening test for fat

malabsorption. Recall that fat malabsorption has pancreatic and

non-pancreatic etiologies, thus a positive steatocrit is not
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specific to pancreatic insufficiency. This test includes the

collection of stools that is then homogenized and an aliquot

of sample transferred to hematocrit tube and centrifuged at

12,000 rpm for 15 min. The ratio of the fat layer to the total

sample length is assessed. After the test introduction in

infants in 1981 (91) this simple, cheap and rapid test became

popular. However, it has poor sensitivity and specificity

compared with the 72-hour stool fat collection. Tran et al.

reported that the sensitivity of the test can be improved via

acidification of the stool sample prior to centrifugation (acid

steatocrit test) (92, 93).

Stool chymotrypsin
Chymotrypsin in stool is detected by a photometric assay

test (93). Unlike elastase, chymotrypsin is prone to proteolytic

degradation and can limit the availability and handling of the

test. Another limitation is that the test cannot differentiate

human chymotrypsin from the chymotrypsin found in PERT

(94). Thus, PERT must be stopped at least 3 days before the

test. When compared to 13C mixed triglyceride breath testing

and FE-1, fecal chymotrypsin had the lowest sensitivity and

specificity at 56% and 82%, respectively (95). The test’s main

advantage can be that it allows assessing compliance to PERT.
Urine based test

Pancreolauryl test
The substrate for the pancreaolauryl test is dilaurate (lauric

acid, a 12-carbon atom chain fatty acid, and a component of

triglycerides that comprises about half of the fatty-acid

content in coconut milk) combined with fluorescein.

Pancreatic lipase releases the fluorescein that is then absorbed

and can be measured in the urine (96) and blood (97). Later

the test was modified by adding mannitol to correct for

changes in intestinal permeability that could affect absorption

and skew the test results (98). The results are reported as a

fluorescein/mannitol ratio. However, when compared with FE-

1 test, the pancreolauryl test was less accurate (99).
Serum tests

Serum testing for EPI has fallen out of favor for reasons

discussed below, however understanding of these tests in

relation to other pancreatic diseases and in monitoring

secondary effects of EPI are important.

Amylase and lipase, are present in the blood stream due in

part to physiologic release or leaking of these from the acinar

cells into the systemic circulation. Thus, pancreatic disease

states with inflammation can lead to elevation of these.

Alternatively, atrophy or significant loss of pancreatic tissue

can cause a decrease in amylase and lipase.
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In the 1980s, serum IRT was found to have sensitivity and

specificity in diagnosing severe cases of EPI, in which a result

of less than 20 ng/ml was consistent with pancreatic

steatorrhea, compared with levels higher than 20 ng/ml in

those without steatorrhea (100). Interestingly around that

time, IRT was recognized in dried blood spots in neonates

found to have cystic fibrosis and was later adopted into the

newborn screening. Adoption of serum IRT for EPI fell out of

favor due to the significant limitations in age reported by

Durie et al. (101) and the advent of other more specific

pancreatic function tests. Thus, outside of neonatal screening,

IRT is no longer used clinically for assessment of exocrine

pancreatic function.

Other serum tests associated with downstream effects of EPI

include decreased serum levels of fat-soluble vitamins,

apolipoproteins, total cholesterol, magnesium, retinol-binding

protein, calcium, zinc, selenium, and carotene (102). It was

reported that patients with EPI are at risk for vitamin E

deficiency (103, 104), that can lead to neurological symptoms,

highlighting the importance of these adjunctive serum tests in

detecting complications in EPI. Additional tests may include

hemoglobin, albumin, prealbumin, and HbA1c, as well as

diminished bone density, all of which can be abnormal in the

setting of untreated EPI (105).
Breath test

13C mixed triglyceride breath test
The 13C is a natural nonradioactive form of the carbon. The

test measures 13C–CO2, which is one of the breakdown products

of digested triglycerides (106). This test is based on the function

of lipase, however, like the fecal fat assay, the 13C-mixed

triglyceride breath test is a test of fat maldigestion and is not

specific to EPI.

The 13C mixed triglyceride breath test was first described by

Vantrappen et al. in 1989 (107). The test utilizes a 13C-labelled

mixed triglyceride [1,3-distearyl,2 (carboxyl-13C) octanoyl

glycerol] substrate that is consumed with a meal, typically

butter (or similar fat) on toast. This fat is then hydrolyzed by

the pancreatic lipase (and/or other non-pancreatic fat

digestion processes) and the 13C-labelled octanoate, an 8-

carbon medium-chain fatty acid, is absorbed in the blood and

metabolized by the liver and the 13C-labelled CO2 appears in

the expired air of the patient. The13CO2 is detected in breath

samples at various time points throughout a 5–6-hour study.

The result of the test is expressed as percentage of 13C

cumulative recovery over the testing period, with values in

normal subjects being between 20%–40% of cumulative

recovery (106). The 13CO2 is measured by mass spectrometry

or near-infrared analysis.

The amount of 13C-labelled CO2 is an indirect measure of

pancreatic lipase activity, although as mentioned above, there
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may be other non-pancreatic diseases influencing the result. The

main advantage of the 13C-mixed triglyceride breath test is in its

ability to assess the efficacy of PERT. The limitations of the test

are that there is a wide variability in the amount of expired 13C-

labelled CO2, and these values can fluctuate with activity level,

gastric emptying rate, liver disease, intestinal diseases that

affect absorption, lung disease, and endogenous CO2

production (108–110). The breath test is also difficult to

perform in infants and young children.

The 13C-mixed triglyceride breath test is widely published

(111–114), however, currently it is only available in a few

countries in Europe and in Australia.
Direct (stimulatory) exocrine
function tests

Direct pancreatic function tests measure enzyme activity in

pancreatic secretions. They are stimulated tests with either
TABLE 3 Summary of the advantages, disadvantages, and clinical value of th

Test Description Advantages

Direct (stimulatory) tests to assess all enzymes

Secretin Measurements of resting
duodenal enzyme activity in the
first 10 min and bicarbonate
secretion 15–60 min after IV
secretin

Provide the most sensitive an
specific measurements of
exocrine pancreatic function
(ePFT and Dreiling tube
methods)

Cholecystokinin Measurements of duodenal
outputs of amylase, trypsin,
chymotrypsin. and lipase after IV
administration

Secretin and
cholecystokinin

Measurements of volume,
bicarbonate and enzymes
activities after IV secretin and
cholecystokinin}

Meal-stimulated test

Lundh test meal Measurement of duodenal
enzyme activities after oral
ingestion of a test meal

Does not require IV
administration of hormones

Indirect (non-stimulated) tests to assess a single enzyme function

Fecal fat Measurement of fat in the stool
after ingesting meals with a
known amount of fat

Provides a quantitative
measurement of steatorrhea

Fecal chymotrypsin
and Fecal elastase 1

Measurement of chymotrypsin or
elastase 1 in the stool

Do not require IVs, tubes, o
administration of oral substr

Fluorescein
dilaurate

Oral ingestion of fluorescein
dilaurate with a meal, followed by
measurements of fluorescein in
urine or blood

Provide simple measurement
for severe pancreatic
dysfunction

13C-Mixed
Triglyceride Breath
Test

It is consumed with a meal.
Expired 13CO2 collected and
measured by by mass
spectrometry or near-infrared
analysis

For the patients is an easy a
convenient test
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secretagogues (Secretin/CCK) or meal (Lundh test). They

allow to assess the activity all the main pancreatic enzymes

and provide option for other analyses of the collected fluids.

Direct pancreatic function test with secretagogue (secretin,

cholecystokinin [CCK] administration is considered the gold

standard to assess exocrine pancreatic function. In 1948, the

first direct pancreatic function test was published (115). It

used a specific double lumen tube to collect fluid samples

from the duodenum (Dreiling tube) following simulation with

secretagogue. Later a meal-based stimulation “Lundh meal

test” was developed. This was then followed by the

development of the endoscopic stimulation test in the 20th

century. The advantages and disadvantages and clinical utility

of the different tests are summarized in Table 3.
Dreiling tube test

The Dreiling tube method (115) was considered a gold

standard for the assessment of exocrine pancreatic function.
e different tests.

Disadvantages Clinical indications

d Require duodenal intubation and
intravenous administration of
hormones; not widely available

Detection of mild, moderate, or
severe exocrine pancreatic
dysfunction

Requires duodenal intubation, a test
meal, and normal anatomy, including
small intestinal mucosa; not widely
available

Detection of moderate or severe
exocrine pancreatic dysfunction
when a direct test cannot be done
(i.e., limited availability of test)

Requires sufficient dietary fat intake
and collection of stool; only detects
severe pancreatic dysfunction

Detection of severe exocrine
pancreatic dysfunction and
steatorrhea

r
ates

Insensitive for detecting mild or
moderate dysfunction

Detection of severe exocrine
pancreatic dysfunction

s Do not detect mild or moderate
dysfunction; results may be abnormal
in patients with small intestinal
mucosal disease

Detection of severe exocrine
pancreatic dysfunction

nd Requires special substrate and
equipment and 5-6 h of breath
collection. The result influenced by the
intestinal function and liver
metabolism

Detection of moderate and severe
exocrine pancreatic dysfunction.
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Although the test is considered highly sensitive and specific (22,

116–122), the Dreiling tube collection method has inherent

limitations.

The process of collection via the Dreiling tube starts with

placement of an oro-duodenal tube (guided by fluoroscopy),

baseline fluid is collected, then sequential administration of

secretin and CCK and collection of the outcoming pancreatic

fluid via aspiration of duodenal contents at varying time

points. The volume of aspirate, pH, bicarbonate

concentration, total protein concentration, and pancreatic

enzyme activity are recorded. Amylase, trypsin, chymotrypsin,

and lipase all can all be assayed and are reported as total

enzyme output determined by the volume of fluid collected.

Multiple factors can influence the results of this test including

mixing of gastric acid with intestinal fluid, inaccurate measure of

“total volume” as the duodenal tube cannot reliably aspirate all

secreted fluid, and dislocation of the tube (123).

The Dreiling tube collection method is invasive, impractical,

difficult for patients to complete, and radiation exposure

associated with verification of tube positioning, and can be time

consuming to perform. Protocols for specimen collection in the

publications are variable and the duration of the tests vary from

45 min to 150 min (124–127). In children specifically, this

method of collection has never gained favor. Instead, many turn

to non-invasive indirect testing such as fecal elastase.
Lundh meal test

Another measurement of pancreatic function is the meal-

based Lundh test (126). In this test, patients are asked to
FIGURE 1

Picture of the collection catheter passed through endoscope working channe
vater (B).
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ingest a 300-mL liquid meal composed of dried milk,

vegetable oil and dextrose (6% fat, 5% protein and 15%

carbohydrate). This is then followed with the aspiration of

fluid from the duodenum via a nasoduodenal tube, and

measurement of enzyme activities. This is a physiological test

that utilizes different phases of the meal (cephalic, gastric and

intestinal), the effect of the meal on small intestinal sensory

process, release of the secretin and CCK and the whole

neurohumoral systems (vagal effects) and the pancreas

responses to the neurohumoral system. Jensen et al. found

significant correlation in lipase and bicarbonate

concentrations between endoscopic secretin stimulation test

and the Lundh test in 23 healthy volunteers (128).
Endoscopic pancreatic function test
(ePFT)

Method of fluid collection and analysis
The test is performed during a standard pediatric upper

gastrointestinal endoscopy. Before endoscopic intubation,

secretin or CCK is administered intravenously. For accurate

collection of pancreatic fluid, the endoscope is positioned

close to the ampulla of Vater and an aspiration catheter

inserted through the biopsy channel (Figure 1) and with light

suction is utilized. Pancreatic fluid secretion typically starts 3

to 4 min after the secretin administration, and the optimal

collection time is within 10 min from the time of secretin

injection.

There is a known dilutional effect of enzyme activities by

ductal cell secretions if the fluid is collected beyond 10 min
l (A); the tip of catheter is seen in the duodenum close to the ampulla of
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TABLE 4 Advantages and limitations of the ePFT.

Advantages of ePFT Limitations of ePFT

•It allows assessing acinar and duct
function combined with endoscopy.
•It is significantly shorter than the
traditional tube collection method.
•Technically easy to perform and it is
a safe procedure without patient’s
discomfort.
•Enzyme measurements allow
diagnosing isolated and generalized
enzyme deficiencies in children.
•It is helpful in the workup of
malabsorptive diarrhea or poor weight
gain.

•It can be performed only during
anesthesia.
•It slightly prolongs the duration of
EGD assesses peak enzyme activities
and not the total secretory capacity of
pancreas.
•Certain drugs used for anesthesia my
influence the composition of the
collected fluid.

EGD, esophago-gastro-duodenoscopy; ePFT, endoscopic pancreatic function

test.

Hopson et al. 10.3389/fped.2022.908542
(129). Interpretation of the test results should be based on the

sample with the highest (peak) enzyme activities (129, 130).

However, the fluid secreted after 10 min reflects the effect of

the secretin on the ductal cell function that is measured by

bicarbonate concentration. In healthy subjects an increase in

bicarbonate >80 mmol/L indicates normal function (123).

The fluid collected is measured for pH, protein content, and

enzyme activity (amylase, lipase, trypsin, chymotrypsin, and

elastase). The pH in the protein content of the fluid is utilized

to assess the quality of the sample, in which a pH of less than

7 suggests possible contamination of gastric fluid and a low-

protein would indicate dilution with duodenal fluid (131).

Table 5 lists factors that can affect the result of the ePFT.

History and rationale of the ePFT
The first endoscopic fluid collection was reported in 1979

(130, 132). The first pediatric study comparing the Dreiling

test with ePFT was reported by Madrazo et al. (133). Since

then, multiple adult and a few pediatric papers (129, 133–135)

have been published. In adults this test is most used to assess

bicarbonate secretion that is an indicator of the ductal cell

damage in chronic pancreatitis (CP). In contrast, in children

the main role of this test is to determine the acinar cell

enzyme secretion. The ePFT is more practical and efficient

option for direct testing then the Dreiling and the Lundh tests

to assess both the ductal and acinar cell functions.

The basis to assess acinar secretion is that secretin washes

out the enzyme concentrated fluid that is present in the ducts

prior to stimulation with secretagogue (interdigestive fluid).

The interdigestive fluid in the pancreatic ducts has significant

enzyme activity. This was found in several studies evaluating

basal enzyme secretion was roughly 20% of the total

pancreatic enzyme capacity, indicating that this basal secretion

is adequate to prevent malabsorption and steatorrhea seen

when pancreatic enzyme activity is <10% (136–138). Hence

any dysfunction in enzyme secretion can be detected

regardless of whether it is generalized insufficiency or an

isolated enzyme deficiency.

Comparison of ePFT and dreiling tube method
The fluid collected in ePFT is analyzed and reported as peak

enzyme activity in unit/ml/min (139). Alternatively, the Dreiling

tube method reports the test results as total enzyme output by

multiplying the enzyme activity and the volume of fluid

collected.

The first pediatric study comparing the Dreiling tube and

ePFT reported comparable results (133). Conwell et al. also

compared the two collection methods in healthy adults and in

patients with chronic pancreatitis using CCK infusion and

reported that the ePFT was equivalent to the Dreiling tube

collection (123). They also analyzed the safety and cost of the

two tests which found that ePFT was safer, shorter in

duration, and less costly ($1,890 vs. $2,659). The smaller fluid
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volume collected by ePFT reproduced the classic acinar and

duct cell secretory profiles after hormonal stimulation (123,

137, 140). Based on these studies, ePFT was found to be a

useful method for the assessment of pancreatic duct cell

function (141, 142).

In conclusion, ePFT is comparable to the Dreiling tube

method but offers several advantages over the Dreiling

method. ePFT is less time consuming, does not result in

patient’s discomfort as performed during sedation, and

eliminates need for radiation exposure. The limitations of

ePFT include lack of uniformly accepted protocol, and

requirement of anesthesia to perform (143). See list of

advantages and limitations to ePFT in Table 4.
ePFT for acinar function in children
Following the first pediatric study in 1991 (133), Del

Rosario et al. conducted a study in that one group of children

received IV bolus of both CCK and secretin, while the second

group received placebo after the administration of secretin

and found no statistical difference in mean lipase level (129).

The other important message of this study was that the peak

enzyme values at the 5- and 10-minutes collections were

similar in both groups, but the 15-minute specimens had

significantly less enzyme activities due to dilution effect, and

as such the optimal timing of collection was identified (129).

Another ePFT study in children, reported during the time of

secretin shortage, compared secretin and CCK alone and in

combination. It found that CCK was acceptable to be used

alone for pancreatic enzyme measurements in the absence of

commercially available secretin (135).

In 2016 a larger study with 508 ePFTs in children reported

peak enzyme activities at 5 min that was then followed by a

decrease activity over time (144). Additionally, they found

discordance between ePFT and FE-1 testing in 165 children (144).
frontiersin.org

https://doi.org/10.3389/fped.2022.908542
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


TABLE 5 Factors that have an effect on the results of ePFT (modified
from (125).

Factor Effect

Substrate
supply

Kwashiorkor and
marasmus

Reduced stimulated enzyme output

Protein repletion in
kwashiorkor

Restored depressed pancreatic
function

Starch added to infant
formula

Enhanced pancreatic α-amylase
secretion

Carbohydrate-rich diet in
adults

No influence on amylase secretion

Protein increase in infant
formula

Augmented trypsin and lipase
production

Vegan diet Decrease in the median of fecal
elastase and chymotrypsin output

Celiac
disease

Gluten in undiagnosed
celiac patients

Temporary pancreatic dysfunction
in 22.7% of newly diagnosed
children

Ibd* New or relapsed cases Up to 40% had abnormal EPI

Drugs Morphine Increased bicarbonate and
decreased protein secretion after
60 min

Diazepam with hyoscine
butylbromide

Reduced trypsin secretion

Atropine Decreased both basal and secretin-
stimulated bicarbonate secretion

Terbutaline Inhibitory effect on the water and
bicarbonate secretion

Midazolam and meperidine Did not affect the peak bicarbonate
concentration or total bicarbonate
output

Technique Gastric acid contamination
- low pH

Decreases pH below the pH
optimum of enzymes and dilutes
pancreatic fluid resulting in falsely
low enzyme activity. Low pH also
can denatures enzymes, especially
lipase

Collection of the fluid
initially present in the
duodenum

Duodenal secretions mixed with
pancreatic fluid resulting falsely
low enzyme activities

Low protein May result in unreliable enzyme
assays

Late collection Due to increased water output the
peak enzyme concentration per ml
fluid can be falsely low (Figure 2)

Bloody fluid Mucosal injury resulting in blood
contamination that influences the
assays

Single specimen May result in low test sensitivity
and specificity

Sample
handling

Unfrozen specimen sent to
the lab

It results in abnormally low
enzyme activities

IBD, inflammatory bowel disease.
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Up to now, the largest pediatric study included 1913

children and young adults summarized the experience with

ePFT (secretin stimulated, collection time between 4 and

10 min) and determined that the test had high reproducibility,

repeatability, and clinical validity (145). Additionally, by

adding ePFT to standard upper gastrointestinal endoscopy

when there was a suspicion of malabsorption, the diagnostic

yield increased by 36.9% (145).
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ePFT for ductal function test in children (single
center data)

A method used at Arnold Palmer Hospital for Children,

includes performing longer duration pancreatic fluid

collection (45 min) after IV secretin administration in

children where duct dysfunction was suspected. Those who

had abnormal test result had genetic tests ordered. Figure 2

shows three cases with normal function and three abnormal

test results with the genetic tests results added (125).
ePFT for ductal function in adults
After IV secretin administration, high bicarbonate secretion

continues for a longer duration. Many adult studies used a

60 min collection time to assess ductal function and this

subsequently led to longer anesthesia time.

A prospective ePFT study in patients (>16 years) with cystic

fibrosis and healthy normal subjects administered the secretin

25 min before the endoscope insertion and collected the

pancreatic fluid between 30 and 45 min (134) that

significantly shorter than the 60 min test. The ePFT

differentiated pancreatic-sufficient and insufficient patients

with a sensitivity of 100% and specificity of 88%. Based on

this study the 15 min collection was found to be sufficient to

diagnose duct cell dysfunction. When CCK administration

was added to secretin during ePFT it did not improve the

accuracy of diagnosing EPI in adults with chronic pancreatitis

(146). A similar conclusion was reported in pediatrics (135).

Figure 3 illustrates when the ePFT can be used for acinar

and duct cell function assessment by using IV secretin

administration.
Imaging modalities to assess
pancreatic exocrine function

Imaging studies are important in evaluation of anatomy of

the pancreas as it relates to its function and thus should be

utilized in assessing causes of exocrine pancreatic dysfunction.

Of all imaging studies available, the secretin enhanced MRI

(s-MRI) is the only one that can highlight functionality of the

exocrine pancreas by evaluating fluid secretion.

Imaging studies can detect chronic pancreatitis typically

when >50% of the gland is fibrotic (147). Thus, when it

comes to assessing early stages of chronic pancreatitis in

children with negative imaging studies, the combination of

ePFT and endoscopic ultrasound should be considered (148).

Additionally, identifying early stages of chronic pancreatitis

utilizing these methods may also lead to improved outcomes

with total pancreatectomy with autologous islet cell

transplant (149).
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FIGURE 2

Ductal function assessment with bicarbonate concentration from prolonged ePFT with fluid collection up to 45 min. (A) Normal tests with the
bicarbonate concentration is above 80 mmol/L. (B) Abnormal tests in patients with genetic abnormalities in three patients when the bicarbonate
never reached the 80 mmol/L [adapted from Horvath, K. et al. (125)].

FIGURE 3

This flowchart shows the optimal time of fluid collection for acinar and ductal function after IV push administration of secretin [modified from
Engjom, T. et al. (134)].
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Frontiers in Pediatrics 12 frontiersin.org

89

https://doi.org/10.3389/fped.2022.908542
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Hopson et al. 10.3389/fped.2022.908542
Ultrasound

Usually, ultrasound is the initial imaging modality in any

suspected pancreatic disease as it can assess the size of

pancreas, presence of peripancreatic fluid, the size and

irregularity of the main duct and the presence of

calcifications. Its sensitivity is 50% to 80% in adults (150).
Magnetic resonance cholangio-
pancreatograpy (MRCP)

It is the test of choice as it is more sensitive, does not require

radiation and can image ducts as small as 1 mm (151) and

enables to detect biliary stones and anatomical variants, such

as pancreas divisum. Visualization of the pancreatic ducts are

enhanced by the administration of secretin, which induces

fluid secretion (152), this is the secretin-MRI (s-MRI).

The s-MRI is potentially a useful method to assess exocrine

function by measuring the volume of the secreted fluid. Madzak

et al. evaluated s-MRI in patients with CF and healthy patients

(mean age 21 years) and found that CF patients with EPI had

lower diffusion coefficient before secretin in the pancreatic

head and lower secreted bowel fluid volumes (P = 0.035)

(153). The s-MRI was also studied in pediatric population by

Trout et al. who measured the secreted fluid in 50 healthy

children and reported an association between the secreted

volume and body surface area. They concluded that a secreted

volume <43 ml or a secretion rate <2.3 ml/min (5th percentile

values) can be considered abnormal in children (154).
Endoscopic ultrasonography (EUS)

Endoscopic ultrasound involves the use of a specialized

endoscopic device with ultrasound capability. Given that it is

performed during endoscopy, it is considered an invasive

technique and it is highly operator dependent (155). It provides

highly accurate images of pancreatic ducts and parenchyma.

When utilized in children, EUS can be both diagnostic and

therapeutic. For example, imaging of the pancreas with EUS

followed by an EUS-guided fine needle aspiration or biopsy can

be useful in the diagnosis of idiopathic fibrosing pancreatitis or

autoimmune pancreatitis (156). Additionally, microlithiasis can

be identified by EUS as a possible contributor to acute recurrent

pancreatitis in children (156). As a therapeutic modality, it can

be used for the internal drainage of pancreatic pseudocysts as a

complication of acute pancreatitis.

The role of EUS in evaluating the exocrine function of the

pancreas was studied prospectively in 128 adult patients with

EUS criteria of chronic pancreatitis and it was compared with the
13C-Mixed triglyceride breath test. They found that diagnosis of
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EPI increased linearly with the number of EUS criteria, and that

the presence of intraductal calcifications, hyperechogenic foci

with shadowing, and dilation of the main pancreatic duct were

significantly and independently associated with EPI (157).
Conclusions and future directions

In conclusion, accurate assessment of pancreatic function is

essential in children with clinical concerns for maldigestion and

malabsorption. EPI can be caused by several etiologies including

developmental delays in enzyme maturation, isolated

deficiencies, genetic disorders, and chronic pancreatitis. These

can be easily missed as symptoms of EPI are often non-

specific. Therefore, early diagnosis and treatment are

important for improved outcomes in children.

Many studies showed that indirect measures of pancreatic

function are unable to detect mild and moderate exocrine

dysfunctions. Among the indirect non-stimulatory tests, FE-1

is the mostly used and most convenient test but its sensitivity

and specificity is low compared with the direct function tests.

Although the Dreiling tube test was considered “the gold

standard” for direct pancreatic function testing in the past, it

is an unacceptable means of studying pancreatic exocrine

function in children. ePFT is now the preferred method as it

is technically easy to perform during upper gastrointestinal

endoscopy, shorter in duration, and has comparable value

with the Dreiling tube method.

The ePFT can be performed when routine endoscopy is

obtained for investigation in children who are suspected of

having malnutrition secondary to pancreatic exocrine

dysfunction. It can detect both isolated and generalized

deficiencies even if they are mild or moderate degree deficiencies.

Like the “gold standard” Dreiling tube test collection, there is no

uniformly accepted protocol for the ePFT. Although based on the

pancreatic physiology fluid collection between 4 and 10 min

reliable to assess the acinar cell function.

A multicenter study is needed for the standardization of

ePFT in large number of children undergoing ePFT utilizing a

single and uniform protocol.
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Pancreatic tumors in children are infrequently encountered in clinical practice.
Their non-specific clinical presentation and overlapping imaging characteristics
often make an accurate preoperative diagnosis difficult. Tumors are categorized
as epithelial or non-epithelial, with epithelial tumors further classified as tumors
of the exocrine or endocrine pancreas. Although both are tumors of the
exocrine pancreas, solid pseudopapillary neoplasm is the most prevalent solid
pancreatic tumor in children, while pancreatoblastoma is the most common
malignant tumor. Insulinoma is the most common pediatric pancreatic tumor
of the endocrine pancreas. Malignant tumors require a complete, often
radical, surgical resection. However, pancreatic parenchyma-sparing surgical
procedures are utilized for benign tumors and low-grade malignancy to
preserve gland function. This review will discuss the epidemiology,
pathophysiology, clinical and diagnostic characteristics, and management
options associated with both common and rare solid pancreatic masses in
children. We will also discuss current challenges encountered in their
evaluation and treatment.

KEYWORDS

pancreas, pediatrics, child, neoplasms, general surgery, surgical oncology

Introduction

Pancreatic tumors are rare in children. An age-adjusted annual incidence of 0.19

cases per million pediatric population has been estimated in North America (1).

Research and evidence-based protocols are, therefore, limited. Often, pediatric

pancreatic tumors are difficult to differentiate due to their overlap in non-specific

clinical presentation and diagnostic imaging characteristics. In general, pancreatic

tumors most commonly diagnosed in children tend to be well-circumscribed lesions

without invasiveness. Additionally, in contrast to adults, children and adolescents with

malignant pancreatic tumors tend to have disease which is amenable to surgical

resection and longer expected survival.
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According to the 2019 World Health Organization (WHO)

definition, pancreatic tumors can be divided into three

categories including benign epithelial tumors, malignant

epithelial tumors, and neuroendocrine tumors, with an

additional group of rare non-epithelial tumors (2). Epithelial

tumors may also be categorized as tumors of the exocrine or

endocrine pancreas, with exocrine tumors being of acinar,

ductal, or unknown cell origin (3) (Table 1). This review

discusses the epidemiology, pathophysiology, clinical and

diagnostic characteristics, and management options associated

with solid pancreatic masses in the pediatric population. We

also discuss the challenge of differentiating autoimmune

pancreatitis from pancreatic malignancy, as well as the approach

to parenchyma preservation during resection of pancreatic masses.
Pancreatoblastoma

Epidemiology

The most common malignant pancreatic neoplasm in

children is pancreatoblastoma (PBL), which accounts for 25%

of solid pancreatic masses in the first 10 years of life (4).

Nonetheless, PBLs are rare with a recent systematic review

identifying 81 pediatric cases since 1980 (5). PBLs are

typically diagnosed in the first decade of life, with the median

age being 4–5 years old (3, 6–8), although there are several

cases reported in older children and adults (9–12). Boys are

more affected than girls.(3, 8, 13, 14). PBL has been shown to

have an association with Beckwith-Wiedemann syndrome,

with a prevalence up to 50% in patients diagnosed (15, 16).

One case has also been reported with concurrent familial

adenomatous polyposis (FAP) (15, 17). PBL is an embryonal

tumor originating from pluripotent pancreatic stem cells

during the gestational development of foregut structures

(7, 18–20). Its molecular pathogenesis has similarities to that

of hepatoblastoma, with abnormalities in the adenomatous

polyposis coli (APC)/beta-catenin pathway and chromosome

11p. This may explain its reported association with FAP and

suggests that PBL could be an extracolonic manifestation of

the disease (15–17).
Gross pathology and histology

Tumors are generally located in the head or body of the

pancreas (5, 15). They are soft, circumscribed, and large (5 cm–

20 cm in size). They are also frequently either partially or fully

encapsulated. On cut surface, lesions are tan, lobulated, and

separated by thick fibrous bands with associated hemorrhage and

necrosis. Cystic changes may be appreciated, especially in patients

with Beckwith-Wiedemann syndrome, in which specimens are

often completely cystic (3, 15). PBLs are acinar neoplasms, and
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their microscopic features consist mostly of epithelial

monomorphic polygonal cells arranged in a solid, trabecular, or

acinar pattern with frequent mitoses. Squamoid nests or

corpuscles are characteristic and may be scattered throughout the

tumor, however, these features may not be identified on a small

biopsy. Squamous corpuscles are characterized by clusters of

polygonal cells or whorled spindle cells, with or without central

keratinization and expression of epithelial membrane antigen and

LEF1 on immunohistochemical staining (3, 8, 15, 21–23)

(Figures 1A,B). PBL demonstrates positive immunostaining for

markers of acinar differentiation such as trypsin, chymotrypsin,

and Bcl10, though positivity for neuroendocrine markers, such as

chromogranin and synaptophysin, and alpha-fetoprotein (AFP)-

positive cells have also been identified (15, 21). Beta-catenin

staining may also be noted, predominantly within squamoid

corpuscles and in a subset of background neoplastic cells. If

present, stroma is often hypercellular, containing spindle-shaped

cells (8, 15).
Clinical presentation and imaging
characteristics

Patients with PBL are usually asymptomatic but will have a

large palpable abdominal mass (3, 24–26). When present,

symptoms are non-specific and include abdominal pain,

anorexia, weight loss, vomiting, diarrhea, and fatigue (3, 7, 24,

25). Jaundice is usually not present (3, 7). AFP levels are a

reliable tumor marker in 70%–80% of patients and has been

shown to correlate with tumor size (5, 8, 15, 18). When

elevated, serum AFP may be used in disease surveillance due

to evidence of its reduction after treatment and elevation in

disease recurrence (18, 27, 28).

PBL may be large on presentation, making it difficult to

identify its origin within the pancreas. It may appear to

compress nearby structures, and local invasion may not be

identified until operation. Due to the soft nature of the tumor,

biliary compression is rare, though reports of arterial

encasement have been published. Locoregional assessment is

performed using ultrasound (US), computed tomography

(CT), and magnetic resonance imaging (MRI). An abdominal

US is often the first modality performed in patients with non-

specific symptoms and typically demonstrates a large, solitary

lesion with mixed echogenicity and multiple lobulations of

solid and cystic components. Cyst-dominant tumors will be

more hypoechoic with hyperechoic septae (8, 16). Ultrasound

is not adequate to assess the locoregional extent of disease.

For this, CT or MRI are required. On multi-phase CT

imaging, PBL will demonstrate heterogeneous enhancement,

specifically in the septae, as well as both solid and cystic

components. Calcifications may also be present in clusters or

in a curvilinear distribution. On MRI, T1-weighted imaging

characteristically demonstrates a well-circumscribed mass with
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TABLE 1 Solid pancreatic tumors diagnosed in children with associated clinical characteristics.

Tumor type Cell origin;
category

Mean age of children
affected (years)

Size at
diagnosis
(cm)

Overall Prognosis

Epithelial tumors

Acinar cell carcinoma Acinar cell; exocrine Rare 10–11 5-year survival rates of up to 50% for localized
disease with R0 resection

Pancreatic ductal adenocarcinoma Ductal cell; exocrine Rare; 1% occur in patients
under 20

2–3 15-year survival rate of 23% in children

Pancreatic neuroendocrine tumor
*Insulinoma most common

Endocrine cell
(*beta cell);
endocrine

*4.9% found in children
10–19; 0.9% found in

children 0–9

*∼2 cm 15-year survival rates of 50% across pancreatic
neuroendocrine tumors overall

Pancreatoblastoma Acinar cell; exocrine 4–5 5–20 5-year overall survival rates >70% with R0 resection
and no metastatic disease

Solid pseudopapillary neoplasm Unknown; exocrine 13–14 5–7 (range
<0.5–20)

10-year survival rates >95% with R0 resection even
in presence of metastatic disease

Non-epithelial tumors

Dermoid cyst Rare 8–12 Benign; good prognosis

Inflammatory myofibroblastic tumor Rare (range 6 months –
15 years)

1.5–15 Good; low-grade malignancy with no recurrences
after complete surgical resection

Kaposiform Hemangioendothelioma Infancy and early childhood >8 with KMP Mortality rate 12%–24%; often with KMP

Lymphatic malformation Rare 3–20 Benign; good prognosis

Pancreatic Ewing sarcoma 18.2 (range 2–37) 3.2–22 Overall (pancreatic and extra-pancreatic) 5-year
survival of 55%–65% with localized disease and
multimodal approach

Pancreatic primary lymphoma 10.3 (range 3–16) 5–6 Good; 15 patients - all alive after 56 months follow-
up with IC and/or surgery

KMP, Kasabach-Merritt phenomenon; IC: immunochemotherapy.

*Statistics for insulinoma.
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low-intermediate signal intensity, while T2-weighted imaging

demonstrates necrotic and hemorrhagic components with

high signal intensity (3, 8) (Figure 2). Endoscopic ultrasound

(EUS) can be used to further characterize the tumor, evaluate

vascular components, and obtain tissue for diagnostic purposes.

When PBL is locally invasive, it appears as a mass with

poorly circumscribed borders and may occupy peripancreatic

tissues or adjacent organs. There are also limited reports of

biliary and vascular invasion (8, 24). Metastasis on initial

evaluation has been reported in 17%–35% of patients, with

lymph nodes and liver being the most common locations (7,

29). To assess for metastatic disease, cross-sectional imaging

of the abdomen with contrast-enhanced CT and/or MRI are

necessary in addition to a chest CT (16).

Due to the lack of a specific staging system for PBL, an

evidence-based classification has been suggested by the

European Cooperative Study Group for Pediatric Rare Tumors

(EXPeRT) group (16). The system, which is based on clinical

and pathologic features, was created using the results of initial

operation among 20 children with PBL from 2000 through

2009 in Italy, France, Germany, Great Britain, and Poland.

Stage I is compatible with a completely excised tumor and an

R0 resection with no evidence of pathologic lymph nodes.

Stage II includes grossly resected tumors with suspected
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residual (R1) disease or completely resected tumors (R0) with

positive lymph node(s) also completely resected. Stage III

tumors are resected or biopsied with gross residual disease

(R2) regardless of lymph node status. Lastly, stage IV

indicates presence of metastatic disease (16, 18).
Treatment

The most effective and mainstay treatment of PBL is

complete surgical resection. It is also the most important

prognostic factor, with 5-year overall survival rates of >70%

reported in patients without metastases who underwent R0

resection (6, 18). In 81 pediatric cases of PBL, most patients

underwent pancreaticoduodenectomy (PD; Whipple

procedure) (44.1%), followed by spleen-preserving distal

pancreatectomy (DP) (26.5%), central pancreatectomy

(11.8%), tumor enucleation (11.8%), and DP with

splenectomy (5.8%) (5). Neoadjuvant chemotherapy may be

required in cases of metastases or local invasion to allow for

complete surgical resection. Often, after establishing a tissue-

confirmed diagnosis of PBL, cisplatin and doxorubicin are

administered for 4–6 cycles (6, 8, 18, 30). Although

substantial tumor regression has been reported in 50%–73%
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FIGURE 1

Histopathology. (A-B) Pancreatoblastoma characterized by rounded cells with eosinophilic cytoplasm and diagnostic squamoid corpuscles (arrow, B)
[Picture courtesy: Kathleen Byrnes, MD, Washington University in St. Louis, MO]. (C-E) Solid pseudopapillary neoplasm demonstrating a solid and
cystic cut-surface (C), pseudopapillary structures with central vascular cores (D) and nuclear beta-catenin positivity by immunohistochemistry (E).
(F) Acinar cell carcinoma demonstrating a high-grade malignancy composed of round to oval cells with moderate granular amphophilic
cytoplasm, prominent nucleoli and positive trypsin immunohistochemistry.
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of patients undergoing neoadjuvant chemotherapy, the benefits

of adjuvant chemotherapy are less clear and often utilized when

surgery is incomplete (R1 or R2) or to prevent relapse (8, 16,

27–29). Radiation therapy may also be considered for
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incomplete surgical resection; however, clinical benefits are

also currently unknown (5, 28).

Historically, 30%–60% of patients were expected to

experience relapse of PBL, although more recent reports have
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FIGURE 2

Pancreatoblastoma. (A) Axial CT of the abdomen obtained in the portal venous phase following intravenous contrast material administration shows a
heterogeneously hypoenhancing mass arising from the head and neck of the pancreas (arrow). (B) T2-weighted fat-saturated MRI in the same patient
shows the mass (arrow) to be heterogeneously hyperintense with the appearance of internal complexity.
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suggested a much lower occurrence (14.7%) (5, 6, 16). In

relapsed disease with metastases to the liver, prognosis is poor

and management strategies are not well-defined (6). A recent

meta-analysis demonstrated that surgical resection was again

fundamental in successfully managing local relapse or

metastases, whether via metastectomy or ablation (6). Three

case reports were also identified in which patients with

relapsing multicentric metastases to the liver were managed

with liver transplantation (3 remained alive, 1 with a third

recurrence). Authors also concluded that second-line

chemotherapy with ifosfamide, etoposide, and a platin

derivative with or without an anthracycline appeared most

beneficial in making tumors amenable to a salvage resection

(6). There are no established protocols in place for

surveillance of PBL after treatment; however, long-term follow

up is highly recommended due to the risk for recurrence.

According to the classification proposed by the EXPeRT

group, patients with stage II and III disease should have

follow-up with imaging (CT or MRI) every 3 months in years

1 and 2 after treatment, every 4 months in year 3, every 6

months in year 4, and annually thereafter (16).
Solid pseudopapillary neoplasm

Epidemiology

Solid pseudopapillary neoplasm (SPN) is an exocrine

pancreatic neoplasm which was first characterized in 1959 by

Virginia Frantz (31). Over 700 cases have now been

documented in English literature, and another 550 cases have

been documented in Chinese literature. Approximately 22% to

53% have been reported in the pediatric population (3, 8, 32–

35). Most are diagnosed in adolescent and young females in
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their 2nd or 3rd decade of life. Reports have demonstrated a

mean age of 21.9 years at diagnosis overall and 13–14 years

among pediatric populations (30, 33, 36). The cellular origin

of SPN remains unknown, however, it is thought to arise

from embryonal pancreatic pluripotent cells due to consistent

negative staining for mucin, enzymes, and hormones (8, 37, 38).
Gross pathology and histology

There is debate regarding the tumor’s most common

location, and although they can occur throughout the

pancreas, a majority are described in the pancreatic tail (36,

39). There have also been isolated reports of extrapancreatic

SPN occurring in the mesocolon, omentum, ovary, and

retroperitoneum (40–45). Tumors range in size from <0.5 cm

up to 20 cm, although most average 5 cm–7 cm in diameter

(30, 33, 36, 38, 46, 47). Fortunately, SPN is a slow-growing,

indolent tumor of low malignant potential (7%–16%) (3, 48).

They are often solitary and ovoid, with those larger in size

being sharply circumscribed and surrounded by a fibrous

capsule (3, 8, 34, 49). Their cut surface can be heterogenous

with soft and friable solid areas, cystic/hemorrhagic areas and

necrosis (3, 49, 50) (Figure 1C). Their composition can range

from solid to entirely cystic, although smaller lesions are

usually solid, less circumscribed, and unencapsulated (34).

Calcifications may also be present, most often within the

capsule (3). Larger tumors with an increased solid

composition have been associated with an increased risk of

malignancy and recurrence (8, 48). More aggressive tumors

also seem to arise in males and demonstrate infiltrative

growth patterns. Although largely sporadic, there have been

familial cases reported which also demonstrate more

aggressive behavior (8, 37, 51).
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Microscopically, SPNs are variably composed of solid and

cystic elements with interspersed hemorrhage. The most

distinctive characteristic is the presence of pseudopapillae,

which are composed of central hyalinized fibrovasacular cores

and surrounding layers of discohesive epithelial cells whose

nuclei tend to be located away from the central fibrovascular

cores (Figure 1D). Solid areas are composed of sheets of

polygonal epithelial cells with clear, eosinophilic to foamy/

vacuolated cytoplasm surrounded by delicate microvasculature

(3, 34, 52). Nuclear grooves and extracellular hyaline globules

may be frequently noted. Immunohistochemistry is a reliable

diagnostic adjunct in diagnosing SPN as they can have

overlapping radiographic characteristics with pancreatic

pseudocysts, acinar cell carcinoma (ACC), mucinous

neoplasms, and pancreatic neuroendocrine tumors (NET)

(46). SPNs are characterized by diffuse nuclear beta-catenin

and LEF-1 expression in addition to cytoplasmic CD10

expression (22) (Figure 1E). They are frequently positive for

synaptophysin, and less frequently for S-100. SPNs lack

chromogranin expression, which helps in its distinction from

pancreatic NETs, in addition to the above markers (39, 46, 47,

49, 53, 54). Almost all SPN tumors demonstrate nuclear

expression of beta-catenin due to an inherent mutation in the

β-catenin gene which results in abnormal protein expression

(47). Progesterone and estrogen receptors have also been

identified on tumor cells, which has been proposed as an

explanation for the tumor’s predilection for females, although

evidence is inconsistent (19, 32, 38, 52, 55). Tamoxifen has,

therefore, been considered a potential therapeutic agent,

although its effects are unknown (32).
Clinical presentation and imaging
characteristics

Due to the slow-growing nature of SPNs, they often go

undiagnosed until reaching significant size, on average >8 cm.

However, a small proportion of patients are incidentally

diagnosed (46, 49). Abdominal pain is the most common

symptom at presentation, and some patients may have a

palpable mass or abdominal fullness (33, 34). Jaundice is less

frequent but may occur if the tumor is located in the head of

the pancreas causing biliary obstruction (37). AFP, CEA, and

CA 19–9 are typically normal (30, 46, 47).

US of the abdomen will typically demonstrate a well-

demarcated mass with varying degrees of heterogeneity based

on tumor composition, with hyperechoic and hypoechoic areas.

The fibrous capsule may also be visualized (49, 56). CT will

also demonstrate these findings with a hypoattenuating, or less

frequently, a contrast-enhancing capsule (3, 57). Due to their

large size, tumors frequently compress adjacent structures but

are unlikely to be invasive. However, invasive features may be

poorly identifiable on imaging, often appearing well-
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demarcated (58, 59). The internal structure of SPNs is complex,

with varying amounts of echogenic solid components and

hypoechoic cystic areas of hemorrhage. However, the fibrous

capsule and internal hemorrhage are the most distinguishing

features of SPN compared to other pancreatic tumors (34, 35,

44, 49, 60, 61) (Figure 3). Internal septae and peripheral

intratumor calcifications have also been described in up to one-

third of cases (52, 59). Fluorine-18-fluorodeoxyglucose (FDG)

positron emission tomography (PET) imaging characteristically

demonstrates more intense FDG uptake compared to other

pancreatic tumors, specifically in the hypermetabolic peripheral

capsule, while cystic and necrotic areas have poor uptake (8, 62).

The presence of SPN’s characteristic internal hemorrhage is

best demonstrated on MRI imaging (Figure 3). T1-weighted

images show high intensity signal in areas of hemorrhage,

while solid portions appear iso- or hypotense, and the fibrous

capsule appears hypointense. T2-weighted images may

demonstrate a dark, fibrous rim, with solid regions appearing

hyperintense, and hemorrhagic areas are more variable in

signal intensity. On dynamic contrast-enhanced MRI imaging,

tumors have been described as having minimal enhancement

in the early arterial phase with a gradual increase in later

phases (61). SPNs are generally avascular in composition,

pushing vessels to the periphery (57, 59).
Treatment

Like PBL, complete surgical resection also the standard

treatment of SPN. Long-term prognosis is excellent, with 10-year

survival rates >95% after adequate surgical resection, even in the

presence of distant metastases or disease recurrence (34, 38, 52,

63–68). SPN metastases are most frequently to the liver, lymph

nodes, and peritoneum. Although metastatic disease is rare at

diagnosis in pediatric patients (<10%), it is described in up to

19.5% of adults (3, 33, 34, 48, 69). Operation often includes a

DP for tumors in the body or tail of the pancreas, with splenic

salvage if possible, or a PD for tumors located in the pancreatic

head. Operation should concomitantly include removal of any

metastatic disease amenable to resection, and tumor debulking is

considered beneficial even in the setting of incomplete primary

or metastatic resection (14, 34, 36–38, 69, 70). Enucleation and

biopsy should be avoided, as this has led to inadequate resection

margins and subsequent recurrence (8, 37, 48).

There have been reports of successful and unsuccessful use of

adjuvant chemotherapy for unresectable disease. However, it is not

frequently administered due to the lack of evidence-based

protocols (30, 71, 72). Radiotherapy has also been suggested as a

potential adjunct for unresectable disease because tumors have

demonstrated radiosensitivity in multiple cases (73–75). Finally,

transarterial catheter embolization (TACE) has been attempted

in patients with multiple metastases, although outcomes are not

well understood (76). There are currently no specific guidelines
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FIGURE 3

Solid pseudopapillary neoplasm. (A) Transverse image from initial transabdominal ultrasound shows a heterogeneous mass (arrows) in the expected
location of the pancreas. (B) Coronal reformatted image from subsequently performed CT of the abdomen obtained in the portal venous phase
following intravenous contrast material administration shows a heterogeneously hypoattenuating mass arising from the body of the pancreas
(arrow). Subtle enhancing septations/material are visible within the mass. (C) Axial T1-weighted and (D) axial T2-weighted images from
subsequently performed MRI show the mass in the body of the pancreas (arrows). The mass is internally heterogeneously T1-weighted and T2-
weighted hyperintense with prominent peripheral T2-weighted hypointensity. These signal characteristics suggest the presence of internal
hemorrhage.
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established for surveillance of SPN after surgery (77, 78). However,

long-term follow up is important, especially in patients with

aggressive features on pathology, and because overall rates of

recurrence approach 10% with tumor relapse developing more

than 10 years after initial treatment in some patients (30, 38, 69,

70). In the setting of recurrence, repeat surgical resection and

tumor debulking is required (33, 46, 72, 79).
Ductal adenocarcinoma

Epidemiology

Pancreatic ductal adenocarcinoma (PDAC) is the most

common malignant pancreatic neoplasm in adults but is

exceedingly uncommon in children. PDAC is rarely seen in

patients under 40 years of age, and less than 1% of cases occur

in patients under 20 years old (15, 80–82). In patients younger

than 20, most are males (1, 15). Most PDACs diagnosed in

younger patients are often linked to hereditary syndromes (15).
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When arising in patients with a strong family history, they are

considered familial pancreatic cancers (FPC), of which 20%

have BRCA2 mutations (83–85). Other associated genetic

mutations include p16/CDKNA (familial atypical multiple mole

melanoma syndrome), ATM (telangiectatic ataxia), PRSS1 or

SPINK1 (hereditary pancreatitis), STK11/LKB1 (Peutz-Jeghers

syndrome, and MLH1/PMS1/PMS2/MSH2/MSH6 (Lynch

syndrome) (15, 83, 85, 86). Common somatic mutations also

occur in the KRAS oncogene (90%) and tumor suppressor

genes p16, TP53, and SMAD4 (87, 88). In addition to gene

mutations, other known risk factors for PDAC are smoking,

chronic pancreatitis, and high dietary fat intake (15, 89).
Gross pathology and histology

PDACs occur most frequently in the pancreatic head, while

one-third are found in the pancreatic tail (15). Tumors are solid,

firm, and yellow or gray in color. They are poorly demarcated,

and typically smaller at diagnosis (2 cm–3 cm). PDACs
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histologically contain duct-like and tubular components

comprised of columnar or mucus-secreting cuboidal cells

irregularly infiltrating background pancreas with characteristic

perineural invasion (15). Immunohistochemical stains are

non-specific, and markers expressed include cytokeratins (7, 8,

18, 19 and 20), EMA, CEA, and CA 19–9/CA125/DUPAN-2

(90, 91) and mucin markers MUC1, MUC3, MUC4, and

MUC5AC (92). In 10 patients younger than 40 years old,

PDAC tumors expressed cytoplasmic MUC1 expression in

90% (80). Loss of nuclear SMAD4 and p16 expression has

been also widely documented in a subset of tumors (88).
FIGURE 4

Pancreatic ductal adenocarcinoma. Coronal T2-weighted fat-
saturated MRI of the abdomen shows a hypointense infiltrative
mass involving the head and uncinate process of the pancreas
(white arrows). There are additionally ill-defined hyperintense
metastases in the liver (one indicated by the black arrow).
Clinical presentation and imaging
characteristics

Unlike other pancreatic tumors diagnosed in children,

PDAC characteristically causes obstructive jaundice due to

invasion within the head of the pancreas and subsequent

biliary tract obstruction. Also seen are weight loss, back pain,

and new-onset diabetes (15, 82). On diagnostic imaging,

PDAC presents similarly in adults and in younger patients,

although a study by Ivy et al. demonstrated poorer

differentiation and higher prevalence of metastases at the time

of diagnosis in younger patients (81, 93, 94).

Overall, imaging is non-specific, with tumors varying in size

with heterogeneous imaging features. Lesions may be occult by

US or may appear echogenic relative to background pancreas.

By CT scanning, PDAC is characteristically hypoenhancing

relative to normal pancreatic tissue. MRI imaging typically

demonstrates a hypointense mass on T1-weighted imaging

with variable T2 signal (Figure 4). It is common for PDAC to

invade adjacent structures and vasculature, specifically the

biliary and pancreatic ducts, which causes ductal dilatation

and the “double duct sign” on imaging (3, 8).
Treatment

Unfortunately, greater than 50% of the reported PDACs in

children are metastatic on presentation, mostly to the liver (1,

95). Like PBL and SPN, complete surgical resection is most

curative in both children and adults, although only 10%–20%

of PDACs are amenable to resection (82). Disease-free

survival has been extended in adults using modified

FOLFIRINOX (folinic acid, fluorouracil, irinotecan

hydrochloride, oxaliplatin), and this regimen has also been

used effectively in a small number of pediatric cases (8).

Regardless, PDAC carries a poor prognosis for survival even

in young patients. Published reports have demonstrated a 5-

year survival rate of 4% in patients <40 years old and a 15-

year survival rate of 23% in children (80, 81).
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Acinar cell carcinoma

Epidemiology

Acinar cell carcinoma (ACC) accounts for just 2% of all

pancreas neoplasms, most often diagnosed in adult men at an

average age of 58 years old (96). They rarely occur in

children, with 26 pediatric cases reported, although they

remain more predominant than pediatric PDAC (96–100).

The more common genetic alterations have been identified in

BRCA1, BRCA2, ATM, PALB2, and MSH2. Chromosomal

rearrangements in BRAF and RAF1 have also been identified

in one-fourth of ACCs (101).
Gross pathology and histology

ACCs are found throughout the pancreas and are often large at

the time of diagnosis, averaging 10 cm–11 cm in size. On gross

section, they are tan to red, and fleshy. Some demonstrate areas of

necrosis, hemorrhage, or cystic degeneration. They are frequently

well-circumscribed and can be partially or circumferentially

encapsulated (15, 96). ACCs often grow and displace adjacent

structures, which is demonstrated microscopically by neoplastic

cells extending as lobules through the peripheral capsule into

parenchyma, vasculature, and nerves (96). On microscopic

pathology, multiple growth patterns are seen – acinar, solid,

glandular, and trabecular – although acinar and solid patterns are
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the most common. The cells often have granular and eosinophilic

cytoplasm whose nuclei have a prominent nucleolus. A key

distinguishing feature in comparison to PBL is that ACCs lack

both squamoid corpuscles and differentiated mesenchyme (3).

ACC also has scant fibrous stroma, which can help differentiate it

from PDAC (8). They often stain positive for trypsin,

chymotrypsin, and BCL10 on immunohistochemistry (100, 102)

(Figure 1F).
FIGURE 5

Acinar cell carcinoma. Coronal CT of the abdomen obtained in the
portal venous phase following intravenous contrast material
administration shows an infiltrative, hypoenhancing mass involving
the head and uncinate process of the pancreas with adjacent
conglomerate pathologic lymph node enlargement (arrows).
Clinical presentation and imaging
characteristics

Similar to most pancreatic tumors, ACC presents with non-

specific gastrointestinal symptoms (abdominal pain, emesis, and

diarrhea), although weight loss may also occur (96). Unique to

ACC is that 10%–15% of patients may develop lipase

hypersecretion syndrome. This causes large amounts of lipase

to be released into the bloodstream, exceeding 10,000 U/dl in

some cases, and leads to subcutaneous fat necrosis,

eosinophilia, and polyarthralgia (103, 104). Most frequently,

this is seen in the setting of very large primary tumors or

metastatic disease (98). Lipase may also be elevated outside of

lipase hypersecretion syndrome, and AFP elevation has been

reported in younger patients (98, 105, 106).

On US, tumors are usually hypoechoic and are variably

defined. CT typically demonstrates a well-demarcated

exophytic (on the basis of size) mass with partial or complete

encapsulation (Figure 5). Tumors are characterized by

internal heterogeneity and may have central hypoattenuation/

hypoenhancement corresponding to necrosis. One-third of

tumors will demonstrate calcifications located centrally or

peripherally. ACCs show greater contrast enhancement than

PDACs, but less than normal pancreatic tissue. Tumors

smaller in size demonstrate more homogeneous enhancement,

while larger tumors demonstrate enhancement of their solid

components in the periphery (3, 107). MRI findings are less

described for ACC but in 2 patients, T1-weighted imaging

showed hyperintense signal in one mass and a central mixed

signal in the other. Both were hyperintense to pancreatic

tissue on T2-weighted images (107). Although the appearance

of ACC on imaging can resemble PBL and SPN due to their

large size and characteristic central necrosis, PBL and SPN are

much more common in children (3).
Treatment

ACC is an aggressive tumor with >50% of patients having

metastatic disease on presentation, most commonly to liver

and lymph nodes (97, 98). Complete surgical resection with

or without the addition of chemotherapy has been shown to

provide the best outcomes. Previous results demonstrate 5-
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year survival rates of 36% in patients with resected disease,

compared to 10% in patients who did not undergo resection

(108). Although more dismal than most pancreatic tumors,

ACC does have a better prognosis than PDAC (96).

Fortunately, more recent studies have demonstrated 5-year

survival rates of up to 50% for localized disease, compared to

older studies which suggested 5-year survival of 6% (108–

110). For unresectable disease, only a very small number of

patients who received chemotherapy and/or radiation

experienced a significant response (104, 109).
Neuroendocrine tumors

Epidemiology

Pancreatic neuroendocrine tumors (NET), also known as

islet cell tumors, account for 2% of all pancreatic neoplasms

and 5%–10% of all pediatric pancreatic tumors (111, 112).

These tumors derive from pancreatic islet cells and are

frequently distinguished as well-differentiated, benign

adenomas or poorly differentiated, metastatic carcinomas (3,

113). In children, 90% of pancreatic NETs are benign. The

overall mean age at diagnosis in all pancreatic NETs is 47

years old, and most pediatric cases are diagnosed in older

children (3). Genetic predispositions may also be present,

specifically in pediatric cases, with approximately 5% of
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pancreatic NETs being associated with multiple endocrine

neoplasia type 1 (MEN-1). Genetic associations are also seen

in Von-Hippel Lindau (VHL) disease, neurofibromatosis type

1 (NF-1), and tuberous sclerosis complex (TSC) (114, 115).

Another important distinction made in pancreatic NETs is

whether the tumor is functioning, which means active

hormones are secreted by islet cells to produce clinical

symptoms, or it is non-functioning/clinically silent (3). In

children, the most common pancreatic NETs are insulinomas

and gastrinomas (3).

Insulinoma
Derived from beta cells, insulinomas peak in incidence

between 40 and 60 years old (113). Although they remain the

most common pediatric pancreatic NET, they rarely occur

before age 15, with 4.9% being found in children aged 10–19

years old and just 0.9% found in 0–9 year olds (116, 117).

Patients with MEN-1 are diagnosed at a mean age of 27 years

old, which is 20 years younger than patients without the genetic

association (117). Insulinomas are found primarily in the

pancreas, although some reports of primary extrapancreatic

lesions in the duodenum, ileum, lung, cervix, and ovary have

been made (118–123). Due to uncontrolled insulin secretion,

insulinomas are associated with clinical symptoms of fasting

hypoglycemia, palpitations, perspiration, tremors and even

seizure. Persistent hyperinsulinemic hypoglycemia (PHH) may

occur, causing mental confusion, fatigue, weakness, and seizures

and resolves with the administration of glucose (113). In

younger children, these classic symptoms may instead present as

behavioral changes, seizures, and coma. Unfortunately,

untreated persistent hypoglycemia may lead to lasting

neurologic effects (14). Most insulinomas are benign, solitary

lesions which are small in size (∼2 cm) (123, 124). However, of

the 10% which are malignant, tumors are often greater than

2 cm in size, and one-third of patients are reported to have

metastatic disease at the time of presentation (124, 125).

Gastrinoma
Gastrinomas are derived from gastrin-secreting G cells.

Their peak incidence is from 48 to 55 years old, and as seen

in insulinomas, children 5–15 years old are rarely affected (14,

113). They are most commonly located within the gastrinoma

triangle, which is comprised of the head of the pancreas, the

first and second portions of the duodenum, and the porta

hepatis (14, 113). Tumors are typically solitary, though when

multiple gastrinomas are present, Zollinger-Ellison syndrome

(ZES) should be considered. Clinically, they cause

hypersecretion of hydrochloric acid in the stomach, leading to

peptic ulcer disease, gastroesophageal reflux disease (GERD),

and most commonly, diarrhea. However, these symptoms may

be less pronounced than those seen with hyperinsulinemia,

and an accurate diagnosis may be delayed (113, 126). In

contrast to insulinomas, gastrinomas are larger, with a mean
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size of 4.2 cm at presentation, and 60% demonstrate

malignancy (14, 127).
Other functioning and non-functioning
pancreatic NETs

Other functioning and non-functioning pancreatic NETs are

either rare or unreported in the pediatric population (3).

Glucagonomas are derived from alpha cells and commonly

occur in the distal pancreas. Often, they are malignant (60%–

70%) and larger in size, averaging 7.2 cm (14, 128). When

clinically evident, glucagon secretion may cause a skin rash

called necrolytic migratory erythema, which is seen in up to

80% of patients. Glucose intolerance, weight loss, depression,

and the tendency to develop deep venous thrombosis may also

be seen (129). Somatostatinomas derive from D cells. Patients

may present with symptoms of cholelithiasis, steatorrhea,

diabetes mellitus (DM), and hypochlorhydria due to the

repressive nature of the somatostatin hormone (14, 130). Thus

far, there have been no reports of pancreatic glucagonoma or

somatostatinoma in children (3, 131). Another uncommon

functional pancreatic neuroendocrine tumor is VIPoma, which

is composed of D1 cells, secretes vasoactive intestinal peptide

(VIP), and causes large volume diarrhea, hypokalemia, and

achlorhydria. Most frequently, pediatric cases of VIPoma are

not reported in the pancreas (125).

Non-functioning pancreatic NETs are hormonally inactive

or clinically silent, often causing a more delayed diagnosis in

comparison to symptomatic, functioning tumors. Mean age at

presentation is 70 years old, with most tumors averaging

2 cm–5 cm in size and demonstrating malignant features.

When symptoms are present, they are typically due to local

invasion and mass effect (3). Nearly 10% demonstrate no

immunohistochemical staining for pancreatic hormones,

although others express glucagon, pancreatic polypeptide (PP),

somatostatin, serotonin, and/or calcitonin. Without a

hormonal syndrome, they are not considered functioning

pancreatic NETs (14, 98, 132).
Gross pathology and histology

Pancreatic NETs are typically round and well-demarcated,

with a consistency ranging from soft to firm. Histology of

pancreatic NETs is also variable, often with sheets of

monomorphic cells which are arranged in a trabecular, acinar,

pseudoglandular or solid pattern (3). Nuclei are often round-

oval with speckled chromatin. Immunohistochemistry is

extremely helpful in establishing the neuroendocrine

properties of pancreatic NETs, especially chromogranin,

synaptophysin and CD56. Grading is often determined using

the World Health Organization’s classification which is based

on mitotic rate and Ki-67 proliferation (133, 134).
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FIGURE 7

Pancreatic NET. Axial T2-weighted MRI shows a heterogeneously
hyperintense exophytic mass arising from the neck of the
pancreas (arrow). The upstream pancreatic body and tail are
Normal and there is no duct dilation to suggest duct obstruction.
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Imaging characteristics

Most pancreatic NETs are insulinomas and are typically small,

homogenous, and well-circumscribed on imaging. Gastrinomas

and other functioning and non-functioning pancreatic NETs may

be larger and more heterogeneous (126, 127). On US, insulinomas

are typically round and hypoechoic, possibly with a hyperechoic

rim, while larger pancreatic NETs may demonstrate cystic areas or

calcifications (127). Multi-phasic CT or MRI are the standard

imaging modalities used to diagnose pancreatic NETs (135, 136).

Pancreatic NETs characteristically show homogeneous,

hyperintense enhancement on CT or MRI following contrast

administration (137) (Figures 6, 7). Larger, malignant pancreatic

NETs are often heterogeneous with non-enhancing cystic

components and solid enhancing components located at the

periphery (127). On MRI, lesions are usually hypointense on T1

weighted imaging andhyperintense onT2weighted imaging (8, 138).

As with other pancreatic tumors which are being evaluated

for potential enucleation, EUS may be utilized if CT and/or

MRI are not diagnostic (139). It has been shown to be highly

accurate in endocrine tumor localization; however some studies

have also demonstrated that EUS is more operator-dependent,

significantly affecting accurate detection (140–143). Additional

imaging adjuncts like angiography, transhepatic portal venous

sampling, intra-arterial calcium-stimulated venous sampling,

and somatostatin receptor scintigraphy have also been utilized

for pancreatic NET localization in hormonally active tumors,

although these remain less sensitive than CT and MRI (3, 135–

137, 144–146). Somatostatin receptor scintigraphy can be

helpful for when tumors express somatostatin receptors, which

occurs in 60%–70% of insulinomas (3). Indium-111 (111In)
FIGURE 6

Insulinoma. (A) Axial CT of the abdomen obtained in the portal venous p
hypoenhancing mass in the body of the pancreas (white arrow) with multipl
Characteristically, neuroendocrine tumors hyperenhance in the arterial ph
occur. (B) Axial T1-weighted fat-saturated post-contrast MRI obtained in
hypoenhancing while the multiple liver metastases (one indicated by the b
the tumor is hypoenhancing due to obstructive pancreatitis related to the tu
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octreotide SPECT/CT has been replaced by [68Ga]-DOTA-

TATE PET/CT, as the newer somatostatin analogue (68Ga-

DOTA-tyrosine3-octreotide) has shown higher detection rates,

while remaining low in toxicity and radiation exposure (147).
Treatment

Typically, complete surgical resection is performed to obtain

curative treatment for pancreatic NETs. Tumors in the

pancreatic head will be resected with a PD, while those more
hase following intravenous contrast material administration shows a
e hypoenhancing liver metastases (one indicated by the black arrow).
ase following contrast administration but hypoenhancing lesions do
the arterial phase shows the pancreatic tumor (white arrow) to be
lack arrow) are hyperenhacing. The tail of the pancreas upstream of
mor.
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distal in the pancreas will undergo a DP; however, gland-

preserving procedures like duodenum-preserving pancreatic

head resection (DPPHR), central pancreatectomy, and tumor

enucleation are also performed based on the function of the

pancreatic NET, its size, and its benign vs. malignant

characteristics (36, 148). Enucleation may be especially useful

for benign pancreatic NETs like insulinoma because it

provides desirable outcomes even when margins are positive.

Some functioning pancreatic NETs may also require symptom

control prior to resection, typically with octreotide (149).

Providers may consider observation and active surveillance in

small non-functioning tumors, as just 6% have been identified

as malignant in previous reports, although evidence remains

limited especially in pediatric patients (148). In the presence

of unresectable, locally advanced, or metastatic disease,

chemotherapy (a combination of temozolomide-capecitabine,

everolimus, or sunitinib) or radionuclide therapy with

lutetium-177 (111Lu)-DOTA-TATE may be used (150). Like

[68Ga]-DOTA-TATE for tumor localization, [111Lu]-DOTA-

TATE targets the somatostatin receptor for therapy. Prognosis

varies based on tumor type, histology, and risk for

malignancy. Although most benign insulinomas are cured by

surgical resection, the median survival of patients with

metastatic disease is <2 years (117, 151). Gastrinomas without

metastatic disease have a 10-year survival rate of 90%–100%,

while most other functioning pancreatic NETs have a 5-year

survival rate of less than 50% due to tumors often being

advanced at diagnosis (152, 153). In children specifically,

reports have demonstrated 15-year survival rates of 50%

across pancreatic NETs overall (1).
Non-epithelial tumors

Pancreatic Ewing sarcoma

Pancreatic Ewing sarcoma (formerly, primitive

neuroectodermal tumor), accounts for just 0.3% of pancreatic

neoplasms (154). Typically, they are an aggressive tumor

affecting bone, but nearly 30 pancreatic Ewing sarcomas have

been reported in patients under 25 years old (155, 156). Mean

age at diagnosis is 18.2 years, and there is no sexual

predominance (156). The characteristic genetic translocation

involves the EWSR1 gene on chromosome 22q12 (155) and

has been recognized in several reported cases of pancreatic

Ewing sarcoma. However, Ewing sarcomas can also

demonstrate rearrangements involving the FUS gene (157).

Over two-thirds of pancreatic Ewing sarcomas are diagnosed

within the pancreatic head, ranging in size from 3.2 to 22 cm.

Histological characteristics include clusters or nests of small,

round blue cells with scant cytoplasm to moderate amounts

of clear to eosinophilic cytoplasm. Cells express the product

of the MIC2 gene, which is confirmed by strong diffuse
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membranous positivity for CD99 on immunohistochemistry

(156). NKX2.2 is a nuclear immunohistochemical stain that is

also helpful in diagnosis (158).

Abdominal pain is the most common symptom at

presentation, followed by jaundice and nausea. Although the

tumor can reach significant size, its growth is expansive vs.

invasive, causing less obstructive jaundice than expected (156).

On imaging, lesions are poorly defined, with cystic or necrotic

areas, and heterogeneous enhancement. CT imaging

demonstrates a mass hypo- or isointense to normal pancreatic

tissue, and MRI imaging demonstrates an iso- or hyperintense

mass on T2-weighted imaging. The tumor is also

metabolically avid on FDG CT/PET imaging (3, 8).

Complete surgical resection, frequently in combination with

chemotherapy (cisplatin, doxorubicin, and high-dose

methotrexate), produces the best patient outcomes due to the

aggressive nature of pancreatic Ewing sarcoma (159). In cases

in which complete resection is not possible, radiation may help

control some disease progression (156). Overall pancreatic and

extra-pancreatic 5-year survival outcomes are 55%–65% with

localized disease and a multimodal approach (160).
Lymphoma (non-Hodgkin’s, Burkitt)

Lymphomas involving the pancreas are extremely rare and

may originate from distant lymph nodes, tumor extension

from peripancreatic lymphadenopathy, or as primary

pancreatic lymphoma (PPL). PPL accounts for less than 2% of

extra-nodal lymphomas and occurs most frequently in men in

their 5th or 6th decade of life. In children, the average age at

diagnosis is 10.3 years, ranging from 3 to 16 years old (161).

A majority are non-Hodgkin’s lymphoma of B-cell type,

specifically, Burkitt lymphoma and diffuse large B-cell

lymphoma (162). Non-Hodgkin’s lymphoma is also thought

to be the most common pediatric pancreatic tumor of non-

epithelial origin. A previous study demonstrated that one-

third of pediatric patients with non-Hodgkin’s lymphoma

were found to have pancreatic involvement at autopsy (163).

Often, it is distinguished from other tumor types by its large,

multiple nodal masses; however, Burkitt lymphoma may

present as a solitary lesion, multiple masses, or diffuse

infiltration, mimicking acute pancreatitis (162, 163). Overall,

PPL tumors in children average 5 cm–6 cm in size at

diagnosis, and have a predilection for the pancreatic head

(161). Histologically, cells have large lymphocytic nuclei,

prominent nucleoli, and background necrosis (162).

Commonly, patients present with abdominal pain, fevers,

night sweats, weight loss, and jaundice. In patients with bulky

disease in the pancreatic head, gastric outlet and duodenal

obstruction may also occur (162). On US, disease appears

hypoechoic relative to normal pancreas. CT imaging

demonstrates either focal or homogeneous enlargement of the
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pancreas and patchy hypoenhancement (Figure 8). MRI will

similarly show hypoenhancement of tumor involved

parenchyma or lymph nodes (3). Lymphoma is optimally

staged by FDG CT/PET which shows intense avidity (162).

Standard treatment of PPL is chemotherapy, which not only

controls symptoms but provides long-term tumor resolution.

Cyclophosphamide, doxorubicin, vincristine, and prednisone

(CHOP) are frequently used, with the addition of rituximab

for diffuse large B-cell lymphoma due to improved response

rates. Surgery is reserved for patients with biliary obstruction,

gastric or duodenal obstruction, or when the diagnosis is

unclear (162). After immunochemotherapy and/or surgery, 15

pediatric patients with follow-up data reported were all alive

and had reached complete remission at a median follow up of

56 months (161).
Lymphatic malformations
(lymphangioma)

Pancreatic lymphangiomas, or lymphatic malformations

(LM), account for just 0.2% of pancreatic lesions and less

than 1% of LMs overall (164–166). Sixty cases have been

reported in the literature thus far (167, 168). They are

reported across all ages and are more common among women

(166). LMs are often congenital masses which develop due to

lymphatic obstruction during gestation. If located within the

pancreatic parenchyma, adjacent to the gland, or connected

by a pedicle, they are considered to originate from the

pancreas (169). They are typically slow growing, benign, and

occur throughout the pancreas, with sizes ranging from 3 cm
FIGURE 8

Burkitt lymphoma. (A) Axial and (B) Coronal reformatted images from a CT of t
contrast material administration show hypoenhancing masses in the pan
involvement and infiltrative growth are highly suggestive of Burkitt lymphom
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to 20 cm (166). Pathologically, pancreatic LMs are multicystic

masses with a thin, fibrous capsule. Their micro- and

macrocystic regions contain serosanguinous or chylous fluid

(3). Histology reveals endothelial cells lining the cyst walls,

smooth muscle, collagenous connective tissue and scattered

lymphoid aggregates (166).

Most patients with pancreatic LMs are asymptomatic and

diagnosed by incidental imaging findings, while others may

endorse non-specific gastrointestinal symptoms due to mass

effect. Acute presentations have also been reported related to

pedicle torsion and rupture (170). On imaging, lesions are

characteristically trans-spatial and can either appear as well-

defined cystic lesions or more infiltrative fluid collections.

Fluid content is characteristically simple (by US and CT) and

hyperintense on T2-weighted MRI (Figure 9). Lesions

complicated by hemorrhage may have more complex fluid

content. A thin capsule and fine internal septations may be

apparent and generally enhance following contrast

administration. Microcystic regions will appear more solid

and enhancing (171). Although imaging is useful,

differentiating LMs from other cystic pancreatic lesions and

pancreatic or peripancreatic fluid collections can be difficult,

and EUS with fine needle aspiration/biopsy and histologic

evaluation are often necessary to confirm the diagnosis (166).

Although benign, complete surgical resection is often

indicated due to the tumor infiltrating adjacent organs,

growing and causing mass effect, or leakage of lymphatic

fluid. This may require simple excision of the lesion or larger

pancreatic resections (172). However, in asymptomatic

patients without local invasion, surveillance imaging is

considered appropriate (166).
he abdomen obtained in the portal venous phase following intravenous
creas (white arrows) and porta hepatis (black arrows). Multiorgan
a.
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FIGURE 9

Lymphatic malformation. (A) Axial T2-weighted fat-saturated MRI and (B) Axial T1-weighted fat-saturated post-contrast MRI show an infiltrative lesion
involving the body of the pancreas (arrows). The lesion is T2-weighted hyperintense reflecting fluid content without enhancement following contrast
administration. Transspatial involvement is characteristic of a lymphatic malformation.

Patterson et al. 10.3389/fped.2022.966943
Kaposiform hemangioendothelioma

Kaposiform hemangioendothelioma (KHE) is an infiltrative

vascular tumor known for its aggressive nature and occurrence

during infancy or early childhood (173). Although the tumor is

most frequently cutaneous in origin, rare occurrences have been

reported in the pancreas. It has been estimated to affect less than

1 in 100,000 children, with less than 10 pediatric cases

documented in the literature (173–177). Histologically, it is

composed of infiltrating nodules, sheets of spindled endothelial

cells, and slit-like vascular channels. Microthrombi and

hemosiderin deposits are also seen (178). Immunohistochemistry

is positive for lymphatic endothelial markers but negative for

glucose transporter protein type 1 (Glut1), which distinguishes

KHE from infantile hemangioma (174, 177, 179).

Presenting symptoms are typically related to obstructive

jaundice and increasing abdominal distention (174, 176). A key

clinical feature of KHE is its association with Kasabach-Merritt

phenomenon (KMP), which occurs in up to 70% of patients.

Tumors with this association are typically >8 cm in size (180).

The phenomenon is characterized by consumptive coagulopathy,

hemolytic anemia, and thrombocytopenia. In these patients,

platelet transfusions should be avoided as they can cause painful

engorgement of the lesion (177, 178). KHE often appears as a

homogenous soft tissue mass on US, while CT and MRI show a

poorly defined mass with infiltration of surrounding tissues and

heterogenous contrast enhancement (175).

Although complete surgical resection is ideal, the infiltrative

growth pattern of KHE often makes this difficult, requiring

excision and adjuvant chemotherapy. Sirolimus, vincristine,

interferon, steroids, aspirin, and ticlopidine have been used in

clinical practice but with varying outcomes of treatment (175,

176, 181). Mortality rates of 12%–24% have been reported,

and typically occurs in patients with KMP (180).
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Dermoid cyst

Dermoid cysts of the pancreas, also known as mature

teratomas, are benign and extremely rare, with just 35 known

cases reported in the literature. Just 8 of those patients were

children (182, 183). Due to their development at the time of

neural groove closure, extragonadal dermoid cysts are most

often found along the midline, although a majority of

pancreatic dermoid cysts are found in the pancreatic head.

They are often large, reported from 8 cm–12 cm in size. Cysts

are composed of tissue from all three germ layers and are a

combination of cystic and solid structures such as teeth, hair,

cartilage, and dermal contents (3, 183).

In pediatric cases, the most common presenting symptom is

vomiting; however, abdominal pain and back pain may also

occur. A pre-operative diagnosis can be challenging, and the

pathognomonic finding of fat/fluid or hair/fluid levels only

occurs in a small number of pancreatic cases (184). Adjunctive

EUS has also been used for diagnosis, but tumor appearance

varies across reports (185). On CT imaging, cysts are round

and well-circumscribed. They are very hypodense and

heterogenous, with varying cystic and solid ratios depending on

their composition (3, 183, 184). In most cases, simple excision

of the pancreatic dermoid cyst is performed, although they

sometimes require a DP, or less commonly, a PD (183).
Inflammatory myofibroblastic tumor

Inflammatory myofibroblastic tumors (IMT) are rare

mesenchymal tumors of unknown origin most commonly

occurring in the lungs of children and adolescents (186).

However, they have also been described in the head/neck,

liver, pancreas, thyroid, and genitourinary tract (187–191).
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There have been 14 reported cases of pancreatic IMT in

children, ranging from ages 6 months to 15 years old, but

with a mean age at diagnosis overall of 42 years. Pancreatic

IMTs are low-grade, slow-growing solid tumors located in the

head or tail of the pancreas (186, 192). Microscopically they

demonstrate myofibroblastic spindle cells with varying

proportions of plasma cells, mast cells, eosinophils,

lymphocytes, and histiocytes (193). Nearly 50% of IMTs

demonstrate rearrangements in ALK gene, while

rearrangements involving ROS1, PDGFRβ, RET and NTRK

have been reported in the ALK-negative subset. With the

identification of gene rearrangements novel targeted therapies

are an option for unresectable tumors (194).

Clinical symptoms are frequently non-specific, though

obstructive jaundice may occur in the setting of a pancreatic

head lesion (186). Spontaneous splenic rupture has also been

reported secondary to the obstruction and congestion of

splenic vessels by a pancreatic tail IMT (195). By US, lesions

are characteristically hypoechoic. By CT, the imaging

appearance of IMTs is variable with lesions appearing hypo-

or hyperenhancing with or without calcifications and necrosis.

On MRI, IMTs are typically hyperintense on T2-weighted

images, and on FDG PET/CT, some tumors are

hypermetabolic (8) (Figure 10). IMTs have a favorable

prognosis after complete surgical resection, with no reported

recurrence in these patients. Radical resection is often

performed, although enucleation has recently been reported,

resulting in current disease-free survival (186). Radiation,

chemotherapy, and corticosteroid therapy have been

implemented in patients with unresectable disease or findings

of malignant pathology after resection (196–198).
Current challenges in management

Distinguishing autoimmune pancreatitis
from pancreatic carcinoma

Epidemiology, histopathology, clinical
presentation, and imaging characteristics

Autoimmune pancreatitis (AIP) was first recognized in

1961, although a more detailed description of its

histopathology was reported in 1991 (199, 200). There are

currently two main types (Type 1 and Type 2) acknowledged

in clinical practice and within the literature. This may or may

not present as a focal pancreatic mass; however, it often

causes obstructive jaundice and chronic pancreatitis (201).

Studies in Japan have suggested an incidence of 1.4 per

100,000 people and found that 5%–6% of patients with

chronic pancreatitis had the underlying etiology of AIP (202).

In children, evidence is limited to case reports and case series,

although a study in 2017 identified 48 pediatric patients in

the literature and from multiple pediatric databases. Cases
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were diagnosed in children 2 to 17 years old, with a mean age

of 13 years (203).

Type 1 AIP, known as lymphoplasmacytic sclerosing

pancreatitis (LPSP), is associated with elevation of serum

immunoglobulin G4 (IgG4) (201). There are also associations

with extrapancreatic IgG4 disease, including Sjogren’s

syndrome, primary sclerosing cholangitis, inflammatory bowel

disease (IBD), and rheumatoid arthritis (RA) (204). Solitary

or multiple extrapancreatic fibro-inflammatory lesions may be

present, and have been reported in nearly every organ system

(204). Males are two times more likely to develop Type I AIP,

and although all age groups are affected, it occurs most

commonly in 50–60 year olds (15). On histology, it is

characterized by lymphoplasmacytic infiltration of smaller

interlobular pancreatic ducts, obliterative phlebitis, and peri-

ductal and venous fibrosis, which mostly affects the adipose

tissue within the pancreas (15, 162). In the setting of

obstructive jaundice, the diagnosis of Type I AIP can often be

established with a serum elevation of IgG4 greater than

135 mg/dl, which may differentiate the lesion from a more

concerning PDAC (205). An elevated plasma cell ratio of

IgG4 to IgG greater than 40% and immunohistochemical

staining with increased positivity of IgG4 cells (>10 cells per

high-power field) may also be present (179, 206, 207). In

children, elevated serum IgG4 is less useful, with only 22% of

patients having been reported to have IgG4 levels above the

upper limit of normal (203). Mayo Clinic also put forth the

HISORt criteria, which identifies five cardinal features of Type

I AIP for definitive diagnosis. These features include: 1)

histology suggesting lymphoplasmacytic infiltrate with

storiform fibrosis, 2) imaging demonstrating a diffusely

enlarged pancreas, 3) serology demonstrating elevated IgG4

levels, 4) extrapancreatic organ involvement, and 5) disease

response to steroid therapy (208, 209).

Type 2 AIP, known as idiopathic duct-centric pancreatitis

(IDCP), has a more elusive diagnosis due to the absence of

elevated serum IgG4. In the United States, Type 2 accounts for

20 to 40% of AIP cases (202). IBD is typically the only

autoimmune association and is seen in close to 30% of patients.

Compared to Type 1 AIP, younger patients are more affected by

Type 2, with a mean age of 43 years at diagnosis. Although

periductal lymphoplasmacytic infiltrates are also present, these

are typically devoid of IgG4 plasma cells. In addition, the extent

of fibrosis and phlebitis is less, and there is presence of

neutrophilic infiltrates of the ductal epithelium and lumen

(referred to as granulocytic epithelial lesions) (15, 179, 207).

Often, the definitive diagnosis of Type 2 AIP is established by

histopathology review of specimens from patients undergoing

surgical resection for presumed malignant disease. Otherwise,

accurate diagnosis requires the use of a thorough patient history,

cross-sectional imaging, endoscopic imaging, and serology (162).

Although the variants of AIP have different histopathology,

their clinical and radiologic characteristics overlap with one
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another, as well as with concerning solid pancreatic tumors.

When AIP affects the pancreatic head, strictures are formed in

the distal common bile duct causing obstructive jaundice.

Therefore, patients will present with painless jaundice as well as

weight loss, abdominal pain, and glucose intolerance, which is

similar to the presentation of PDAC. Children with AIP most

commonly present with abdominal pain (90%), followed by

obstructive jaundice (42%), and weight loss (29%) (203).

While the diagnosis of AIP has proven to be challenging,

fewer cases are being identified on surgical pathology, likely

indicating that AIP is commonly being diagnosed without

surgical resection (162). US may first be the first modality to

suggest AIP, demonstrating a hypoechoic, enlarged pancreas

or mass-like lesion in the pancreas (8, 203). Classically, CT

and MRI imaging demonstrate a diffusely enlarged pancreas,

described as being “sausage-shaped” with a smooth outline

due to the absence of pancreatic clefts (up to 50%–70% of

adults); however, focal and multifocal enlargement may also

be seen (8, 162, 210). Although Type 1 and Type 2 AIP

appear similar on imaging, Type 2 disease is often more focal

(85%). Delayed enhancement is demonstrated in the presence

of underlying pancreatic fibrosis, and a hypoattenuating halo

is present due to associated fluid, phlegmon, or fibrosis (211).

MR cholangiopancreatography (MRCP) displays long

strictures (defined as >1/3 the length of the main pancreatic

duct), multiple strictures, or segmental/focal narrowing.

Endoscopic retrograde cholangiopancreatography (ERCP) has

the ability to identify characteristic ductal changes seen in

AIP; however, its use is often therapeutic in cases of ductal

obstruction (202). In children, cross-sectional imaging

demonstrates focal gland enlargement in a slight majority of

patients (52%). MRCP imaging demonstrates main pancreatic

duct irregularity in 63% of patients, common bile duct (CBD)

stricture/tapering in 54%, CBD dilatation in 52%, and a

hypoattenuating halo in 16% (203). EUS is more commonly
FIGURE 10

Inflammatory myofibroblastic tumor. (A) Axial T2-weighted fat-saturated MRI
in the head of the pancreas (white arrows). The mass is heterogeneously T
contrast administration. Lack of central enhancement suggests necrosis. T
arrow) due to obstruction by the mass.
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utilized now in diagnosis of AIP in children with high

sensitivity, and it also allows biopsy of the lesion with FNA or

core biopsy to allow tissue diagnosis.

Distinguishing autoimmune pancreatitis from
pancreatic malignancy

Similarities between AIP and pancreatic carcinoma on

imaging findings have led to unnecessary radical pancreatic

resections in patients with AIP (15). In a study of patients in

Japan undergoing PD for a pancreatic head mass from 1992

to 2005, 4% of patients were found to have AIP (202). Key

characteristics seen on CT and MRCP imaging which may

delineate AIP from PDAC include focal stricture or narrowing

and a “capsule-like halo” with delayed enhancement (8, 210).

PDAC is more frequently associated with significant

pancreatic ductal dilatation and a hyperdense rim on non-

contrast imaging. Importantly, focal pancreatitis in the setting

of AIP can also produce both upstream pancreatic ductal

dilation and CBD dilation, producing a “double duct sign”

(Figure 11). Also important to recognize is that AIP may

respond to a short course of corticosteroid treatment, while

PDAC will not (202).

PET imaging is not advantageous in differentiating PDAC

from AIP due to diffuse and intense uptake of FDG in areas

of pancreatic inflammation. However, if extrapancreatic

organs associated with Type 1 AIP have avid FDG uptake,

this may help guide a diagnosis (202). In contrast, EUS with

tissue biopsy has been shown to be especially beneficial in

providing a definitive diagnosis of AIP. EUS findings include

an enlarged pancreas with echogenic interlobular septa and a

narrowing in the main pancreatic duct. To obtain a tissue

diagnosis of AIP, EUS fine-needle aspiration may be

performed. With advances in spring-loaded biopsy needles

with rapid motion, adequate samples have been reported in

up to 80% of cases (212). Accuracy using EUS Tru-Cut needle
and (B) Axial T1-weighted fat-saturated post-contrast MRI show a mass
2-weighted hyperintense with heterogenous enhancement following
here is associated dilation of the upstream pancreatic duct (black
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FIGURE 11

Focal pancreatitis. (A) Axial T2-weighted fat-saturated MFI shows
heterogenous enlargement of the head of the pancreas (arrow).
There is no substantial peripancreatic inflammation. (B) Axial T2-
weighted fat-saturated MRI more cephalad in the same patient
shows upstream bile duct dilation (black arrow) and dilation of the
pancreatic duct (black arrowhead) due to obstruction by the
process in the head of the pancreas. (C) Coronal balanced MRI in
the same patient shows the extent of dilation of the bile ducts.
The double duct sign of dilated pancreatic and bile ducts raises
suspicion for a mass in the head of the pancreas.
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biopsy is even higher (85%), although technically more

challenging. Algorithms have suggested the attempt at EUS

fine-needle biopsy first, and if results are negative for PDAC
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in a case of presumed AIP, EUS Tru-Cut needle biopsy

should be secondarily performed (213).

Treatment
The main goals of treatment in AIP are relief of symptoms

and pancreatic tissue preservation. High-dose corticosteroids

are the most common and successful treatment in cases of

AIP, with therapeutic responses seen on imaging as early as 2

weeks (15). Typically, resolution of pancreatic inflammation,

swelling, and surrounding fluid/phlegmon occurs. However,

pancreatic fibrosis is long-lasting and may result in endocrine

and exocrine insufficiency requiring pancreatic enzyme

replacement therapy. Relapsing disease has also been reported

in up to 53% of patients after steroid treatment and taper,

although is more common in Type 1 AIP (60%) than Type 2

(5%) (214, 215). In a cohort of 48 pediatric patients with AIP,

most were treated with steroids (60%), followed by biliary

and/or pancreatic stenting (17%), partial pancreatectomy

(6%), PD (4%), and choledochoduodenostomy (2%), while

17% were clinically monitored. Twenty-one percent of

children experienced AIP relapse and 16% experienced

exocrine insufficiency requiring enzyme replacement (203). In

steroid-resistant or relapsing disease, immunomodulators and

rituximab have been utilized (216). A response to steroid

therapy is one of the cardinal features in the diagnosis of AIP,

and failure of symptom or imaging resolution requires a

prompt investigation for alternative diagnoses.
Parenchyma-sparing resection: how
much is enough?

Approaches to resection
When approaching pancreatic resection in pediatric patients,

two key determinants guide operative planning: tumor type and

tumor location. Oncologic and radical resection remains the

standard of care for malignant tumors, however, parenchyma-

sparing procedures have gained interest for the treatment of

benign or low-grade tumors (217). Masses and tumors located

in the pancreatic head often require pancreaticoduodenectomy

with or without pylorus-preservation, or duodenum-preserving

pancreatic head resection (DPPHR). Total pancreatectomy may

rarely be required to achieve negative surgical margins. Lesions

in the pancreatic body/tail are frequently resected with a distal

pancreatectomy. However, central pancreatectomy has been

described in masses limited to the pancreatic neck and

proximal body, and enucleation may be performed for smaller

benign tumors.

Although relatively uncommon, pancreatic surgery in

pediatric patients has been shown to be safe and effective,

especially when performed by experienced surgeons (218–222).

When feasible, laparoscopic pancreatic resections have also

demonstrated similar outcomes and decreased morbidity (223,
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224). In studies of pediatric patients undergoing pancreatic

resection for tumors, cohorts are relatively small with

heterogeneous pathology. In a study of 46 children undergoing

pancreatic operations, 10 patients with SPN mostly underwent

DP, followed by PD, and central pancreatectomy. Two patients

with PBL underwent total pancreatectomy and PD, and three

patients with desmoid tumors of the pancreas underwent DP.

Four patients underwent either DP or PD for pancreatic NET

resection (218). Like findings in this particular study, the

literature demonstrates low surgery-related mortality rates

overall (219–221).
Radical resection remains the gold standard for
malignant disease

Pancreatic tumors requiring PD in children and adolescents

are uncommon (219, 225). Also known as a Whipple operation,

the procedure involves resection of the pancreatic head,

duodenum, and distal bile duct, resulting in removal of up to

50% of the gland (Figure 12) (226). Historically, an

antrectomy is performed with duodenal resection; however,

the pylorus may be preserved (pylorus-preserving) by dividing

the proximal duodenum and creating a duodenojejunostomy

reconstruction. One of the biggest concerns after PD are the

rates of endocrine and exocrine dysfunction, which may occur

in up to 50% of patients (226). The removal of the

duodenum, proximal jejunum, and pancreatic head eliminates

important metabolic and hormonal signaling centers of the

gastrointestinal tract. This leads to impairment of endocrine

function in the form of new-onset diabetes mellitus (DM) and
FIGURE 12

Proportions of the pancreas which may be resected during radical or
parenchyma-preserving operation.
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impairment of exocrine function requiring pancreatic enzyme

replacement therapy (227).

In a recent meta-analysis of predominantly adults, patients

undergoing PD for benign tumors developed new-onset DM in

14% of cases, while 54% developed new-onset exocrine

insufficiency (228). In pylorus-preserving PD, 20% of patients

developed new-onset DM, and 45% developed new-onset

exocrine insufficiency. In the largest series of pediatric

patients undergoing open PD, 65 children with a median age

of 13 years old from 18 hospitals were evaluated (225). The

most common histological diagnoses requiring PD were SPN,

followed by PBL, PDAC, and pancreatic NET. Pancreatic leak

occurred in 14% of patients, while 32% of patients developed

pancreatic insufficiency, and 9% developed delayed gastric

emptying. Overall, 22% experienced recurrence and 17%

experienced mortality. In this cohort, survival and recurrence

were not impacted by the type of PD, neoadjuvant

chemotherapy, or the presence of an adult hepatobiliary

surgeon. In a smaller study of 22 patients less than 30 years

old undergoing PD, intra-abdominal abscess was the most

common complication (14%), pancreatic leak occurred in

4.5%, and there were no mortalities reported (219).

DP typically involves resection of some or all of the

pancreatic body/tail to the left of the superior mesenteric vein/

portal vein, which results in removal of approximately 50% of

the gland (226) (Figure 12). The operation may include a

splenectomy, especially in cases where an oncologic resection is

required, or may be spleen-preserving. Spleen-preserving DP

and DP with splenectomy have similar clinical outcomes with

respect to postoperative pancreatic fistula occurrence (7.6%),

wound infection, and re-operation rates in patients with benign

or borderline malignant tumors of the pancreas (229–232).

However, the incidence of infectious complications is

significantly reduced in patients who undergo spleen-preserving

DP (9%) compared to those who undergo splenectomy (28%),

suggesting that splenic preservation should be maximized when

feasible (230). This is especially true in pediatric patients due to

their increased risk for overwhelming post-splenectomy

infection (OPSI) (233). Further, laparoscopic spleen-preserving

DP has also been demonstrated as safe and feasible in children,

specifically for treatment of SPN (233, 234).

In the meta-analysis by Beger et al., DP was associated with

new-onset DM in 23% of patients and exocrine insufficiency in

17% (228). In a study of patients under 40 years old, 112

underwent DP, most commonly for pancreatic NET, mucinous

cystic neoplasm, and SPN (235). However, when a subset of

patients ≤18 years old were evaluated, most had pathology for

SPN, followed by pancreatic NET. In patients under 40 years

old, new-onset diabetes occurred in 15% and exocrine

insufficiency in 16%, while 8% of patients ≤18 years old

developed new-onset diabetes and none had postoperative

exocrine insufficiency. Overall, there were no mortalities related

to operation.
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Parenchyma-sparing resection may be justified
A variety of surgical methods have been described with the

goal to maximize the preservation of pancreatic parenchymal

tissue, preserve the gastrointestinal tract anatomy and

function, and avoid postoperative endocrine and exocrine

dysfunction (217). Among those most commonly performed

in children with pancreatic tumors are DPPHR, central

pancreatectomy, and enucleation.

A DPPHR procedure was first introduced in 1972 to

surgically treat inflammatory masses in the pancreatic head

(236). Depending on the extent of the pancreatic head

resection, DPPHR is classified as total or partial, with total

DPPHR often being implemented to avoid incomplete

resection in the setting of malignancy. Concurrent segmental

resection of the duodenum may also be performed to obtain

an appropriate oncologic resection (217). In 1994, Nako et al.

described DPPHR with segmental resection of the

periampullary duodenum, and in 1999, Beger reported

DPHHR without segmental resection of the duodenum (237,

238). The Berne procedure was subsequently introduced as a

technical simplification of the Beger procedure, as it avoids

division of the pancreatic neck over the portal vein (239).

Frey also reported an operation which combines DPPHR and

longitudinal pancreaticojejunostomy (240). DPPHR is best

suited for benign and low-grade malignant tumors in the

pancreatic head including SPN, pancreatic NET, serous cystic

adenoma, and intraductal papillary mucinous neoplasm

(IPMN), producing favorable outcomes in these patients (217,

241). Laparoscopic DPPHR (LDPPHR) has also been proven

a safe and effective surgical procedure (217, 236, 241).

Compared to laparoscopic PD, LDPPHR has similar outcomes

related to postoperative complications, pancreatic fistula, 30-

day readmission, and 90-day mortality, while also being a

shorter operation (217).

Quantitative comparisons with PD have also demonstrated

both short-term and long-term benefits (242). DPPHR

demonstrated less new-onset DM (5%) compared to PD

(15.7%) and less exocrine insufficiency (6.7% vs. 44.3%) (228).

Following PD, significant impairment was measured in the

gastrointestinal hormones gastrin, motilin, insulin, secretin,

PP, and gastric inhibitory polypeptide (GIP), while no change

in the response of these hormones was seen after DPPHR

(227). In 21 children with an average age of 11.7 years who

underwent DPPHR, most had pathology for SPN (n = 10)

(242). Thirty-three percent required exocrine enzymatic

replacement therapy, though there were no mortalities. In

appropriately selected patients with pancreatic head masses,

DPPHR may be preferable to preserve native gastrointestinal

anatomy and avoid long-term pancreatic insufficiency with its

related consequences.

Since central pancreatectomy was first reported in 1984 by

Dagradi and Serio, at least 1,305 cases have been reported in

the literature (243, 244). Often, tumors located in the
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pancreatic neck or proximal body create a challenge for

surgeons, requiring either an extended PD or extended distal

pancreatectomy. However, in benign and borderline disease,

this substantial loss of normal pancreatic tissue results in

increased and unnecessary endocrine and exocrine

dysfunction for the patient (245). Also known as a middle or

medial pancreatectomy, central pancreatectomy is a

parenchyma-sparing procedure used to resect benign and low-

grade malignant tumors located in the pancreatic neck and

proximal body. Typically, these include SPNs, pancreatic

NETs, and small tumors which are deeply embedded within

the parenchyma and not amenable to enucleation (246).

Typically, a Roux-en-Y jejunal limb is created, with a

pancreaticojejunostomy anastomosis performed at the distal

remnant pancreatic stump (Figure 13). In a meta-analysis by

Iacono et al., most distal pancreatic stumps in central

pancreatectomies were managed by pancreaticojejunostomy

(58%) or pancreaticogastrostomy (38%), while the proximal

stump was closed by suturing (64%) or stapling (30%) or

anastomosed via pancreaticojejunostomy (6%).

Mortality rates following central pancreatectomy in adults are

low (0.5%–0.8%), and pancreatic fistula is the most common

complication, reported in 35%–41% of cases (243, 246).

However, the use of a pancreaticogastrostomy anastomosis has

been associated with significantly higher pancreatic fistula

incidence and severity compared to pancreaticojejunostomy

(247). Pancreatic fistula rates following central pancreatectomy

are also higher compared to rates after PD or DP (246).

Compared to PD, central pancreatectomy is associated with

lower intraoperative blood loss, shorter operative time, and

shorter hospital stay. However, compared to DP, central

pancreatectomy is associated with longer operative time and

hospital stay. New-onset DM and exocrine insufficiency is

significantly lower following central pancreatectomy, compared

to both PD and DP (246).

Evidence related to central pancreatectomy performed in

children is limited to case series and reports but has been

reported for the management of PBL and SPN, where

complete surgical resection was possible (218, 248–251). Two

cases are reported with the use of a pancreaticogastrostomy

anastomosis, and two other cases are reported using a Roux-

en-Y jejunal limb, with one being performed robotically (248,

249). One 16-year-old with PBL underwent resection and

adjuvant chemotherapy, which led to prolonged disease-free

survival without the development of pancreatic endocrine and

exocrine insufficiency (250). Central pancreatectomy has also

been reported for resection of a Ewing sarcoma in a young

child who had undergone neoadjuvant chemotherapy

(Figure 13) (8). Overall, although pancreatic fistula occurrence

is higher than that in PD and DP, central pancreatectomy

provides important clinical benefits due its ability to preserve

normal pancreatic parenchyma in pediatric patients with

expected long-term survival.
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FIGURE 13

Central pancreatectomy. (A) Ewing sarcoma is demonstrated within the neck of the pancreatic parenchyma (white arrow). (B) Following resection of
the neck of pancreas with mass, edges of the transected pancreatic head (‡) and body (*) are demonstrated. (C) For reconstruction, a Roux-en-Y
jejunal enterotomy is made (black arrow), and the main pancreatic duct (gray arrow) within the distal pancreatic remnant (*) is prepared for
anastomosis. (D) Reconstruction involving anastomosis of the Roux-en-Y jejunal limb to the distal pancreatic remnant (*) creating a complete
pancreaticojejunal anastomosis. The remnant pancreatic head is also demonstrated (‡). IMV: inferior mesenteric vein; PV: portal vein; SMA:
superior mesenteric artery; SMV, superior mesenteric vein.

Patterson et al. 10.3389/fped.2022.966943
Enucleation has also been considered reasonable surgical

management for benign and low-grade malignancies.

However, it should be avoided in certain tumors greater than

2 cm in size (i.e., non-functioning pancreatic NET), embedded

deep within the gland, located less than 2–3 mm from the

main pancreatic duct, and without clearly benign pathology
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(i.e., margins cannot be compromised) (252–254). Enucleation

is most commonly performed for insulinomas and non-

functioning pancreatic NETs. It is particularly useful for

benign symptomatic pancreatic NETs, like insulinoma,

because it provides excellent outcomes even when margins are

positive, while also maintaining quality of life for the patient.
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Varying rates of pancreatic fistula have been reported (21%–

61%). Although these rates are sometimes higher than that

seen in standard resection, they do not necessarily result in

higher morbidity and mortality (254, 255). In a large series,

new-onset DM was demonstrated in 0%–5% of patients

undergoing enucleation, while exocrine insufficiency has been

reported in just 4% (228, 254).
Conclusion

In conclusion, pancreatic tumors are uncommon in children

but have better survival and overall outcomes compared to

adults with pancreatic tumors. PBL and SPN are the most

common pancreatic tumors diagnosed in children and are

best managed by complete surgical resection. Insulinomas

remain the most common pancreatic NET and may undergo

enucleation in certain cases where tumors are small (<2 cm)

and benign. Although some tumors overlap in their clinical

presentation and imaging characteristics, AIP may be

especially challenging to distinguish from PDAC, resulting in

unnecessary radical pancreatic resections. However, EUS has

become an important adjunct in diagnostic imaging and may

provide helpful guidance toward an accurate diagnosis. Lastly,

while malignant tumors require radical oncologic resection,

often with PD or DP, parenchyma-sparing surgical

management should be a considered alternative for benign

and low-grade malignancy, as it has been shown to be safe
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and effective while preserving pancreatic endocrine and

exocrine function in children.
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Exocrine pancreatic insufficiency (EPI) is a condition defined as pancreatic loss of
exocrine function, including decreased digestive enzymes and bicarbonate
secretion, which leads to maldigestion and malabsorption of nutrients. It is a
common complication in many pancreatic disorders. If left undiagnosed, EPI
can cause poor digestion of food, chronic diarrhea, severe malnutrition and
related complications. Nutritional status and fat-soluble vitamins should be
carefully assessed and monitored in patients with EPI. Early diagnosis of EPI is
clinically important for appropriate nutritional support and initiating pancreatic
enzyme replacement therapy (PERT) which could significantly improve patient
outcomes. The evaluation of nutritional status and related unique management
in children with EPI will be discussed in this review.

KEYWORDS

exocrine pancreatic insufficiency, pancreatitis, nutrition, fat-soluble vitamins, calories,

malnutrition, PERT, cystic fibrosis

1. Introduction

The pancreas has two essential functions: exocrine function to help break down food by

producing digestive enzymes and endocrine function to regulate blood sugar by secreting

hormones including insulin. Exocrine pancreatic insufficiency (EPI) is a condition defined

as pancreatic loss of exocrine function, including decreased digestive enzymes and

bicarbonate secretion, which leads to maldigestion and malabsorption of nutrients. In

pediatrics, more common causes of EPI include cystic fibrosis, chronic pancreatitis,

Shwachman-Diamond syndrome, Pearson syndrome, and Johanson-Blizzard syndrome.

Pancreatic hypoplasia, pancreatic aplasia, Jeune syndrome, pancreatectomy and isolated

pancreatic enzyme deficiencies are less common causes (1–3). EPI can also occur in

systemic diseases such as diabetes, inflammatory bowel disease, celiac disease, Sjogren’s

syndrome, etc. Microvascular damage may cause fibrosis and atrophy of the pancreas in

patients with diabetes. Transient decrease of fecal elastase-1 has been reported in patients

with inflammatory bowel disease or celiac disease (2) (Table 1). Clinically significant EPI

presenting with steatorrhea results after greater than 90% of pancreatic acini are

permanently compromised (3). If left undiagnosed, EPI can cause maldigestion of food

and result in steatorrhea, weight loss, and fat-soluble micronutrient malabsorption. It can

also impact the quality of life due to persistent gastrointestinal symptoms (4). To

recognize EPI early is clinically critical for providing appropriate nutritional support

including initiating pancreatic enzyme replacement therapy (PERT). In this review, we

will discuss the evaluation of nutritional status and the management of EPI in children.
Abbreviations

CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; EF-1, fecal elastase-1; ePFT,
endoscopic pancreatic function tests; EPI, exocrine pancreatic insufficiency; LU, lipase unit; NASPGHAN,
North American society for pediatric gastroenterology, hepatology and nutrition; PERT, pancreatic enzyme
replacement therapy; sMRCP, secretin-enhanced magnetic resonance cholangiopancreatography.
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TABLE 1 Etiologies for EPI.

Pancreatic – focused diseases Systemic
diseases

Cystic fibrosis Diabetes

Chronic pancreatitis Inflammatory bowel
disease

Shwachman-Diamond syndrome Celiac disease

Pearson syndrome Sjogren’s syndrome

Johanson-Blizzard syndrome

Pancreatic hypoplasia

Pancreatic aplasia

Isolated pancreatic enzyme deficiencies

Jeune syndrome

Pancreatectomy-partial or total including Total
Pancreatectomy with Islet Auto Transplantation (TPIAT)
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2. Pathophysiology

The adult pancreas delivers approximately 2.5 L of fluid

secretion to the duodenum daily. During meals, the flow can rise

from 0.2 ml/min to 4.0 ml/min. In children, the secretion

volume and rate in response to secretin has a strong correlation

with body surface area (BSA) (5, 6). Pancreatic fluid is isotonic,

slightly alkaline (pH∼8.2) and protein rich, containing HCO3 –

(up to 140 mEq/L), other electrolytes, and water. Acinar cells

synthesize, store, and release digestive proenzymes which are

proteolytic, lipolytic, or amylolytic, and contain nuclease. These

proenzymes are synthesized in the endoplasmic reticulum. Apices

of acinar cells contain zymogen granules which are vesicles

containing proenzymes. The release of zymogen into the

intercalated ducts is controlled through receptors and mediated

by calcium. These proenzymes are activated in the intestine

following trypsin activation by enterokinase found on the

mucosal surface of small intestine. Trypsin in turn activates the

remaining proenzymes, including trypsinogen, by enzymatic

cleavage. Ductal cells secrete 1–2 L of neutral pH juice, mainly

water and HCO3–, devoid of Cl–, through the regulated action

of the cystic fibrosis transmembrane conductance regulator

(CFTR), intracellular carbonic anhydrase, and other membrane

channels. Pancreatic secretion is regulated by hormones and

neural mediators including secretin, acetylcholine (Ach),

cholecystokinin (CCK), substance P, vasoactive intestinal

polypeptide (VIP), Peptide YY (PYY) and gastrin-releasing

peptide (GRP) (6–8).

Malabsorption usually occurs when pancreatic secretion is

decreased by 90% or more (9, 10). In patients with chronic

pancreatitis, steatorrhea represents the most significant digestive

malfunction in EPI. It usually develops years before overt

malabsorption of protein and starch and is often more severe

than azotorrhea (11). This can be due to several mechanisms: (1)

lipase secretion diminishes earlier compared to amylase and

proteases (12); (2) lipase destruction in the small intestinal

lumen occurs more rapidly than other enzymes (13); (3) lipid

digestion in humans is almost entirely through pancreatic lipase.

Lipolytic enzymes of gastric origin contribute little to lipid

digestion. By contrast, if pancreatic proteolytic activity was
Frontiers in Pediatrics 02123
inhibited, protein digestion was maintained in animal studies.

Similarly, brush border oligosaccharidases and salivary amylase

accomplish around 80% of starch digestion in the absence of

pancreatic amylase (14); (4) ileal nutrient exposure variation

caused by pancreatic exocrine insufficiency may impair ileal

inhibitory effect and subsequently decrease biliary secretion (15).

A decrease in bile acids may further worsen lipid digestion and

absorption (11, 16, 13). Steatorrhea is often accompanied by

diarrhea and enhanced gastric emptying and small intestinal

transit in patients with EPI can contribute to this. Accelerated

gastric emptying after a high-fat liquid meal was observed in

patients with CP and EPI (17). These disorders can cause

inadequate mixing of food, bile acid, and digestive enzymes, as

well as reduce contact time between chyme and the intestinal

mucosa leading to diarrhea (18). On the other hand, another

study in patients with CF demonstrated a prolonged small

intestinal transit time. This may increase the contact time of

chyme with the mucosa, however, is also prone to the risk of

developing intestinal bacterial overgrowth and contributing to

secondary malabsorption (19).

HCO3- secretion is mediated through CFTR which drives

osmotic fluid secretion in the pancreatic duct. HCO3- is required

to control the pH at the epithelial surface of the pancreatic duct

as well as the expansion of secreted mucins. In patients with

CFTR mutation, a lower luminal pH could cause the

accumulation of hyperviscous mucus in the pancreatic duct

which subsequently obstructs the lumen and results in microbial

colonization and inflammation of the pancreas (20, 21).

Additionally, a high level of HCO3- is considered essential to

maintain the inactive state of the secreted digestive enzymes

while still located in the ductal tree (21, 22).
3. EPI and malnutrition

EPI causes malnutrition through maldigestion and

malabsorption. Malnutrition is an imbalance between nutritional

intake, basal energy requirements, and expenditure. Malnutrition

can be further characterized as undernutrition or overnutrition. In

this manuscript, we focus on undernutrition, thus, malnutrition in

this review specifically refers to undernutrition. Pediatric

undernutrition is defined as the state in which there is a deficit in

nutritional intake in relation to requirements (23, 24). This results

in cumulative macro or micronutrient insufficiencies or

deficiencies which adversely affect growth and development (24).
3.1. Undernutrition

Patients with EPI often complain of abdominal discomfort,

poor weight gain or weight loss, steatorrhea, undernutrition and

vitamin deficiency symptoms (25). Steatorrhea is defined as

bulky oily or greasy material in stools. Despite their often-late

appearance in EPI, it remains important to evaluate the stool

features even if these characteristics are neither specific nor

sensitive for detection of steatorrhea (26).
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Chronic malabsorption without intervention leads to

malnutrition, more specifically undernutrition. One single center

pediatric study identified malnutrition in 25% of children with

chronic pancreatitis (CP). 17.3% of patients were detected with

moderate malnutrition, and 0.96% with severe malnutrition. 152

patients were evaluated with CFA. The mean output among 38

malnourished patients was 6.69 g/100 g/day which was significantly

higher than 2.27 g/100 g/day of 114 well-nourished children (27),

indicating EPI is a major factor causing undernutrition. In patients

with CF, protein malabsorption has been reported prior to newborn

screen implementation, but is not common in the current era (28).

Other than maldigestion and malabsorption resulting from

EPI, various factors may contribute to undernutrition owing to

the nature of the underlying diseases. Patients with steatorrhea

may self-limit fat intake due to diarrhea. Patients with chronic

pancreatitis suffering from chronic pain may have decreased oral

feeding. Those with additional complications such as diabetes,

requiring frequent interventional procedures, having frequent

pancreatitis attacks, or having a hypermetabolic state due to

chronic inflammation such as cystic fibrosis leading to increased

energy expenditure (29), may all potentially worsen or

compound the undernutrition of patients with EPI.

Patients with steatorrhea are prone to develop fat-soluble

vitamin deficiency. Because of the decrease of pancreatic

enzymes, malabsorption and diarrhea, the deficiencies of water-

soluble vitamins such as vitamin B12, folic acid, electrolytes such

as calcium, magnesium, zinc, may also be detected (30). Vitamin

B12 is bound to haptocorrin (HC) in the stomach; pancreatic

proteases and pH changes degrades HC and transfer B12 to

intrinsic factors in the duodenum for its absorption in the distal

ileum. Despite the risks, the Vitamin B12 deficiency is still rare

case in patients with EPI (31, 32). On top of changes in

composition of fat and muscle tissue, undernutrition may result

in homeostasis disruption on bone mass and mineral density (27).

In one adult study, 32 patients with chronic pancreatitis with

exocrine pancreatic sufficiency (EPS) and 26 patients with EPI

were measured for bone mineral density (BMD) and bone

mineral content (BMC) using a dual-energy x-ray absorptiometry

(DXA) method. The mean z-score of BMD was −1.16 ± 1.29 in

EPS group and 1.32 ± 0.90 in EPI. For BMC, it was −1.02 ± 1.17

vs. −1.39 ± 0.987 respectively. In both groups mean 25 (OH)D

and mean 1.25(OH)2D were below reference range. The author

concluded that the patients with chronic pancreatitis and severe

EPI, were at risk to develop significant bone loss (33, 34). Bone

mineral content (BMC) and lean body mass (LBM) are more

delicate indicators of undernutrition than BMI (36, 37).

Computed Tomography (CT) and Magnetic Resonance Imaging

(MRI) based methods to assess bone density and skeletal muscle

mass are promising research fields to assess changes in body

composition due to pancreas-related cachexia and osteopenia (37).
3.2. Fat-soluble vitamin deficiency

Vitamins are mainly acquired through diet as the human body

cannot synthesize them on its own. There are nine water-soluble
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vitamins and four fat-soluble vitamins found in the diet. Fat-

soluble vitamins are absorbed and stored in adipose tissues, liver,

and muscle (38). Patients with EPI are prone to developing fat

malabsorption, subsequently leading to insufficient absorption of

fat-soluble vitamins (41).

Fat-soluble vitamins are divided further into subgroups

according to their molecular structure. Vitamin A is classified

into two forms: retinoids and carotenoid. Retinoids include

retinol, retinal, and retinyl esters. Carotenoids, such as beta

carotene, are plant sources (39, 41). Xerophthalmia and night

blindness are associated with vitamin A deficiency (42, 43) along

with decreased opacity of the cornea and dry conjunctiva.

Vitamin A deficiency can damage the epithelial lining of the

gastrointestinal, respiratory, and genitourinary tracts resulting

from the dryness of epithelial cells, subsequently increasing risk

of infection (38, 44).

The main forms of vitamin D are ergosterol (vitamin D2) and

cholecalciferol (vitamin D3) (45). Vitamin D deficiency can lead to

a disruption of bone mineralization, compromising the growth and

strength of bones in children and affecting density of bones in

adults, leading to rickets, osteomalacia, osteoporosis, and

osteopenia (38). Vitamin D has also been discovered to have

other vital functions besides bone health, such as, inhibiting

cancer cell growth, assisting in infection control, and decreasing

inflammation (46).

Tocopherols and the tocotrienols are vitamin E, each

comprising of four subgroups (47). Vitamin E deficiency can

lead to neurological problems, i.e., ataxia, dysarthria, lower limb

areflexia, and peripheral neuropathy. In infants it is associated

with hemolytic anemia.

Vitamin K is classed into the phylloquinones and

menaquinones. The metabolism of each fat-soluble vitamin is

complex, with lipid being essential for their absorption in the

intestinal lumen and carrier proteins, or lipoproteins, required

for transportation. The fat-soluble vitamins are conveyed to

the adipose tissue, liver and muscle for usage and storage (48,

49, 38). Vitamin K deficiency can lead to coagulopathy,

observed as subcutaneous bleeding with prolonged

prothrombin time. Lack of vitamin K may also play a factor in

poor bone density (38, 50).
4. Diagnosis of EPI

Early diagnosis of EPI in children remains challenging.

Exocrine pancreatic function is often assessed by direct and

indirect pancreatic function tests (PFTs). Indirect PFTs include

fecal elastase-1 (FE-1), 72-hour fecal fat test, and triglyceride

breath test mixed with 13C; the latter is not available in the

United States (1, 3, 53, 55). Steatorrhea is traditionally diagnosed

with 72-hour fecal fat test which measures the coefficient of fat

absorption (CFA). Feces are collected for 3 days, and daily

dietary fat intake is recorded. Fecal fat is measured. For patients

over 6 months old, when stool fat excretion surpasses 7 g for

every100 g fat taken from diet per day, i.e., unabsorbed stool fat

is >7% of dietary fat, the patient has steatorrhea. If patient is less
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than 6 months old, >15% is diagnostic (10). The 72-hour fecal fat

test is laborious and unpleasant for personnel to handle and is not

commonly performed by most centers. FE-1 is currently the most

widely used method to screen for EPI. In general, A FE-1 > 200 ug/g

is considered normal, 100–200 ug/g is indeterminate and may

associate with possible decreased exocrine pancreatic function,

and a FE-1 < 100 ug/g is abnormal and most likely indicating EPI.

FE-1 usually detects EPI in the severe range and may miss mild

to moderate cases (1). The FE-1 level may also be affected if

measured during diarrhea caused by other etiologies (non-

steatorrhea) due to dilutional effect or during an acute

pancreatitis episode when fewer digestive enzymes might be

produced. The sensitivity for FE-1 in meta-analysis in mild EPI

was reported around 49% (56). The lack of sensitivity and

specificity of FE-1 in mild to moderate EPI limits its use as a

reliable tool for early EPI detection. Dreiling tube test is a

traditional direct PFT which involves the fluoroscopic placement

of an oroduodenal tube, administration of secretin or CCK then

intermittent suction through the tube to collect duodenal

pancreatic secretion (53). This modality is cumbersome,

uncomfortable, and time-consuming and is not generally

performed in pediatric centers. Endoscopic pancreatic function

test (ePFT), which directly measures the pancreatic exocrine

function, is considered the most accurate and feasible modality in

diagnosing EPI. An esophagogastroduodenoscopy (EGD) will be

performed under general anesthesia. A secretin (0.2 mcg/kg) or

CCK (0.04 mcg/kg) is administrated intravenously to stimulate

the pancreas secretion, followed by suction of pancreatic juice

from duodenum at the different time interval. Pancreatic digestive

enzymes including amylase, lipase, trypsin and chymotrypsin as

well as bicarbonate concentration would be measured at the

various time interval (55). Currently the protocol used by each

center varies. The North American Society for Pediatric

Gastroenterology, Hepatology and Nutrition (NASPGHAN)

Pancreas Committee published a position paper that reviewed the

advantages of ePFT, including it being technically safe and easy to

perform, although it should be recognized that it is still an

invasive procedure and carries risks of standard anesthesia and

EGD. EPFT modality has been proved to be sensitive and specific

in EPI diagnosis. The NASPGHAN pancreas committee proposed

a standard ePFT protocol in children (56). Compared to the

Dreiling tube pancreatic function test, ePFT is the preferred direct

pancreatic function test given its technical superiority with

improved efficacy. Despite its advantages as the most promising

method for early EPI diagnosis, the main limitation for ePFT in

children is the lack of age-specific normal reference ranges, often

making it difficult to reliably interpret the results (56). Secretin-

enhanced magnetic resonance cholangiopancreatography (sMRCP)

is often utilized to investigate the pancreatic and biliary ductal

system. Secretin-enhanced secretion of pancreatic fluid may

contribute to non-invasive diagnosis for EPI. Calculation of

pancreatic secretory function to secretin stimulation by MRI has

been evaluated for adult patients and still being investigated in

children (5).
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5. Monitoring nutritional status and
management in EPI

5.1. Overall malnutrition assessment

Appropriate assessment of nutritional status is essential for

early identification of those at risk for malnutrition with EPI.

There is a current lack of a standard, validated, universal

approach to the screening and evaluation of pediatric

malnutrition. Routine assessment remains inconsistent both

nationally and internationally. The American Society for

Parenteral and Enteral Nutrition (ASPEN) and Academy of

Nutrition and Dietetics Consensus guidelines recommend

using several indicators in evaluating malnourishment: caloric

and nutrient intake, calculation of energy and protein needs,

and physical exam findings (i.e., muscle wasting, subcutaneous

fat thickness, fluid accumulation, Tanner staging). Diagnostic

parameters include anthropometric measures and their proxies

such as weight gain velocity, mid-upper arm circumference,

growth parameters, and handgrip strength (23). In the United

States, it has become standard practice to use the World

Health Organization Multicenter Growth Reference Study

for children less than 2 years of age (https://www.who.

int/childgrowth/standards/weight_for_height/en/), and the

Centers for Disease Control and Prevention growth charts as

references for children greater than 2 years of age (https://

www.cdc.gov/growthcharts/clinical_charts.htm) (57).

Current recommendations support the use of “z-scores” in

the evaluation of pediatric nutrition. Utilizing z-score criterion

is especially useful when a single data point is available

such as weight for height or length (0–2 years), BMI for age

(2–18 years), length or height for age, or middle upper arm

circumference (MUAC) (23). The z-score is a statistical

representation of the number of standard deviations (SD)

which is a value either above or below the mean in a normal

Gaussian (bell) curve distribution (57). One standard deviation

from the mean encompasses 68% of the data set under the bell

curve, 2 standard deviations from the mean encompasses 95%

of the data, and 3 standard deviations from the mean

encompasses 99.7% of the data. Thus, the z-score implies

variance from a normal mean value, and more specifically –

the degree of variation. With z-scores, pediatric undernutrition

can be classified by severity. Mild malnutrition is specified as a

z-score −1 to −1.99, moderate malnutrition is specified as a

z-score −2 to −2.99 and severe malnutrition is a z-score equal

to or less than −3 (23) (Table 2).

When multiple data points are available for use, z-scores for

deceleration in weight for length or height may be used, in

which case, a decline of 1 z-score correlates with mild

malnutrition, a decline of 2 z-scores correlates with moderate

malnutrition and a decline of 3 z-scores correlates with severe

malnutrition (23) (Table. 2).

The nutrition status of patients with EPI requires close

monitoring and documentation at each visit.
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TABLE 2 Assessment of malnutrition.

Grade Percentage of TBW lost Growth velocity Inadequate nutrient intake Z-scores
(single value)

Z-scores
(multiple values)

Mild 5% <75% of normal 51%–75% estimated caloric/protein need −1 to −1.99 Decline of 1 z-score

Moderate 7.5% <50% of normal 26%–51% estimated caloric/protein need −2 to −2.99 Decline of 2 z-scores

Severe 10% <25% of normal <25% estimated caloric/protein need ≤−3 Decline of 3 z-scores

TBW, total body weight.

Z-score criterion is for anthropometric measures i.e., weight for height or length (<2 yo), BMI for age (2–18 yo), length or height for age, or middle upper arm

circumference (MUAC). Z-score criterion is especially useful when only a single data point is available.

TABLE 3 PERT dosage by Age.

Age PERT dosage in Lipase Units (LU)
Infant 2,000–4,000 LU per 120 ml of infant formula or each breast feeding

<4-year-old 1,000 LU/kg/meal and 500 LU/kg/snacks

>4-year-old 500 LU/kg/meal and 250 LU/kg/snack

PERT, pancreatic enzyme replacement therapy.
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5.2. PERT

Pancreatic enzyme replacement therapy (PERT) can often

reverse the clinical course of malabsorption. PERT is required for

EPI patients to support weight gain, to prevent fat-soluble

vitamin and essential fatty acid deficiencies, to avoid

malnutrition, as well as to improve symptoms of maldigestion

and steatorrhea (58). 80%–90% of patients with cystic fibrosis

need PERT to avert malnutrition (59). Current understanding of

PERT in EPI is mainly based on expert consensus experience

from cystic fibrosis.

For PERT, porcine pancreas is the usual source of pancreatic

enzymes. It features high enzyme activity of all three classes

including amylases, lipases, and proteases. Lipase is the main

supplemental pancreatic enzyme yet is the least stable. It is

highly sensitive to acid environment and proteolysis (60). Since

2010, several pancreatic enzyme replacement products were

approved for the treatment of EPI by the Food and Drug

Administration (FDA). All brands but VIOKACE are available in

delayed-release forms comprising enteric-coated spheres,

microspheres, microtablets or beads. Enteric-coated enzymes

safeguard lipase from denaturation caused by gastric acid. These

products include Creon, PANCREAZE, ZENPEP, PERTZYE (61).

VIOKACE is the only one with an uncoated enzyme

formulation. It has an immediate release thus it should be used

together with an acid suppressant medication i.e., proton pump

inhibitor (PPI) to maximize its activity (2, 62). In general,

delayed-release (enteric-coated) capsules are recommended for

pediatric patients. The safety and effectiveness of VIOKACE has

not been established in pediatric patients. Due to greater

degradation in the acidic environment, VIOKACE may be less

efficacious than enteric-coated formulations (63, 64). VIOKACE

used alone in pediatric patients may increase the risk of inadequate

treatment of EPI. The efficacy of VIOKACE was established with

concomitant PPI therapy in adult patients (63, 64). The long-term

safety of PPI use in pediatric patients has not been established.

RELiZORB is a digestive enzyme cartridge that connects directly to

the feeding tube. The enzyme lipase is attached to small bead

carriers and interacts with lipid as the formula passes through. It is

useful for patients who are tube fed, however, it only contains

lipase to breakdown fat in the formula (65).

Once ingested and passed through the duodenum, the acid-

resistant enteric coating degrades in the intestine’s higher pH,

permitting the release of enzymes for digestion. PERT should be

taken with meals and snacks (2, 66).
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The goal of PERT is to optimize the nutritional status and

alleviate the symptoms. The optimal dosage for an individual

may differ based on body weight, severity of steatorrhea, and

dietary fat intake. In pediatrics, PERT dosing recommendations

for EPI is age dependent. For infants, 2,000–4,000 lipase units

(LU) per 120 ml of infant formula or each breast feeding is

recommended. For under 4 years of age, 1,000 LU/kg/meal and

500 LU/kg/snacks are recommended. For greater than 4 years of

age, 500 LU/kg/meal and 250 LU/kg/snack are recommended (3)

(Table 3). The ideal PERT therapy is established on its clinical

effectiveness, the initial dose might be adjusted based on the

clinical requirement and efficacy (2, 34, 67–69).

For children with difficulty swallowing capsules, delayed

release forms may be opened, and enteric coated microspheres

may be sprinkled on low pH food (applesauce, etc). Foods like

milk has a pH greater than 7.3, should be avoided as the

enteric coating may dissolve in higher pH, and the enzymes

can be denatured by gastric acid and lose activity. It is

recommended to avoid crushing or chewing or holding the

pancreatic lipase in the mouth as this may cause local

irritation (3, 70). As the dissolution rate and extent of each

brand are unique, they are not deemed interchangeable (2). If

a different brand of PERT is initiated, optimization of the new

PERT dose should be considered.

PERT products are generally well tolerated. Over time, it has

shown an acceptable safety and tolerability profile. Headache,

dizziness, abdominal pain, gassiness, and diarrhea are commonly

observed adverse effects (71). In cystic fibrosis patients, fibrosing

colonopathy has also been described with higher doses (72).

According to 1995 consensus conference of the U.S. Cystic

Fibrosis Foundation on the use of PERT, it is recommended that

the daily dose of pancreatic enzymes should not exceed 2,500 LU

per kilogram per meal and 10,000 LU per kilogram per day.

Higher doses should be used with vigilance and only if able to

clinically demonstrate significant improvement of malabsorption

(2, 72, 73).

Regardless of the causes of EPI, a suboptimal response to

standard PERT dosage should lead clinicians to investigate
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TABLE 4 Fat soluble vitamins supplement.

Vitamins Dosage

Vitamin A
Birth to 6 months 400 mcg of (RAE)

Infants between 7 and 12
months

500 mcg RAE

1–3 years 300 mcg RAE

4–8 years 400 mcg

9–13 years 600 mcg RAE

Boys at 14–18 years 900 mcg

Girls at14–18 years 700 mcg RAE

Vitamin D
Infants 400–500 IU daily

1–10 years 800–1,000 IU daily

>10 years 800–2,000 IU daily

Vitamin D deficiency without
hypoglycemia

Vitamin D ranging from 25 to 125 mcg (1,000–
10,000 IU) per day should be provided for 8–12
weeks to quickly correct the deficiency, then

continue 10–25 mcg (400–1,000 IU) per day as
maintenance.

Vitamin D Deficiency with
hypocalcemia

Additional 30–75 mg/kg/day of elemental calcium

Vitamin E
Infants 40–50 IU

toddlers 80–150 IU

4–8 years 100–200 IU

>8 years 200–400 IU

Vitamin E Deficiency start at 10–25 IU/kg/day and may be increased by
small increments (25–50 IU/kg/day every 3–4

weeks) to a maximum of 100–200 IU/kg/day, best
offered as a single morning dose

Vitamin K (with prolonged INR)
2.5–5 mg oral or 1–2 mg I.M., I.V., subcutaneous

RAE, retinol activity equivalents.
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adherence to therapy first. If adherence is satisfactory, a small

increments of PERT dosage change is recommended. Acid

suppressive therapy (i.e., PPI) to reduce acid denaturation of

enzymes can be initiated (74, 75). It has been suggested that

combining a proton pump inhibitor (PPI) in cystic fibrosis

patients who have refractory steatorrhea not responding well to

PERT will aid efficacy (34, 67–69). However, in a retrospective

cohort of pediatric patients with cystic fibrosis treated with PERT

jointly with PPIs, there was no statistically significant

improvement (76). In an adult study, up to 40% of patients with

EPI secondary to chronic pancreatitis have concomitant intestinal

bacterial overgrowth (77). Alternative etiologies of malabsorption

should be evaluated in cases of less ideal response to the

treatment (2, 74, 75).
5.3. Fat-soluble vitamins

Children with EPI are prone to develop fat-soluble vitamin

deficiency. The Cystic Fibrosis Foundation (CFF) recommends

regular screening for deficiencies in fat-soluble vitamins at the

time of diagnosis and then annually and after any dose change

(78) And children with CP should have fat-soluble–vitamin levels
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measured every 6–12 months (79, 80). If patients are

supplemented with vitamins, levels should be monitored 3

months after dose adjustment (80). Fat-soluble vitamins

deficiency is secondary to fat malabsorption, improvement is

expected with optimized PERT supplement. Fat-soluble vitamins

should be supplemented for deficiencies accordingly.

5.3.1. Vitamin A
The predominant circulating vitamin A is in the form of

retinol. Serum retinol levels are not useful in assessing vitamin A

body stores. They reflect vitamin A storage in the liver when

they are either depleted (less than 0.07 µmol/g liver) or

exceedingly high (greater than 1.05 µmol/g liver) (51). In the

middle of these levels, serum retinol is physiologically well

controlled and kept at a homeostatic range. Thus, its level is not

correlated with vitamin A deficiency and may not correlate in

response to vitamin A supplementation. The serum retinol is

useful when measured in a population and provides valuable

information on the vitamin A status of a population. The serum

retinol defines whether vitamin A deficiency is a public health

problem in that population (56, 85). Vitamin A is bound to

retinol-binding protein (RBP) for transportation. RBP is

produced in liver. The molar ratio of retinol to RBP can be

assessed to guide if vitamin A supplementation is necessary in

patients with malnutrition or liver disease. A ratio of <0.8

suggests true vitamin A deficiency and requirement of vitamin A

supplementation (81, 78).

Vitamin A is found in fruits, vegetables, eggs, milk, meat, and

seafood. The daily Recommended Dietary Allowance (RDA) for

vitamin A in children is age dependent (Table 4). According to

National Institutes of Health (NIH): During birth to 6 months,

400 mcg of retinol activity equivalents (RAE) is recommended,

Infants between 7 and 12 months require 500 mcg RAE;

Children at 1–3 years require 300 mcg RAE; Children at 4–8

years require 400 mcg RAE; Children at 9–13 years 600 mcg

RAE; teenage boys at 14–18 years require 900 mcg RAE; and

teenage girls at14–18 years require 700 mcg RAE. This intake

level is easy to reach if plenty of whole foods are consumed.

However, to prevent toxicity, it is important not to exceed the

3,000 mcg per day (83). There are two supplements form of

vitamin A are available: provitamin A as carotenoids and pre-

formed vitamin A as retinol or retinyl ester. If a product

contains both, the amount of pre-formed vitamin A is used to

determine if it is safe. It is important to note that vitamin A may

also be an ingredient in some topical products, such as serums,

creams, and lotions (83). Toxicity of hypervitaminosis A

secondary to the supplement is rare, it may involve multiple

organ system including the bone, nervous system, kidney and

liver (84). Hypercalcemia due to vitamin A toxicity was reported

in patients with CF (85).

5.3.2. Vitamin D
Vitamin D level can be classified as severe deficiency (<5 ng/ml),

deficiency (5–15 ng/ml), insufficiency (15–20 ng/ml), and sufficiency

(20–100 ng/ml) (86). In children, 20 ng/ml for 25(OH)-D levels is

still considered sufficiency (87, 88), however, a higher cutoff of
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32–100 ng/ml is suggested in adults (88). The US Cystic Fibrosis

Foundation recommends levels >30 ng (89).

Vitamin D is naturally present in some foods, fatty fish and fish

liver oils are some the best sources (90). It is also produced

endogenously when skin is exposed to ultraviolet (UV). In foods

and dietary supplements, D2 (ergocalciferol) and D3

(cholecalciferol) are the two main forms, which differ only in

their sidechain (90, 91). UV light converts cutaneous

7-dehydrocholesterol to previtamin D3, which subsequently

transform into vitamin D3 (90, 92). Pharmacologic doses of

vitamin D ranging from 25 to 125 mcg (1,000–10,000 IU) per

day should be provided for 8–12 weeks to quickly correct the

deficiency, and once corrected, then 10–25 mcg (400–1,000 IU)

per day should be continued as maintenance. Patients with

hypocalcemia may need calcium supplementation, in which case,

30–75 mg/kg/day of elemental calcium should be offered. It is

recommended to start at a higher dose then wean down to the

lower range (Table 4). Vitamin D level should be monitored

during the therapy (86). Toxicity of hypervitaminosis D is also

rare which may be related to excessive long-term vitamin D

intake. Clinically characterized by symptoms associated with

severe hypercalcemia (93).
5.3.3. Vitamin E
Alpha and gamma tocopherol levels are monitored in

laboratory. Alpha Vitamin E reflects vitamin E mainly from

supplement and gamma Vitamin E from food intake primarily

from plant.

For vitamin E deficiency, oral vitamin E is available in standard

forms of tocopherol, tocopherol acetate, tocopherol succinate or

tocopherol nicotinate. The dose is recommended to start at 10–

25 IU/kg/day and may be increased by small increments (25–

50 IU/kg/day every 3–4 weeks) to a maximum of 100–200 IU/kg/

day (Table 4). Since bile flow is maximal with breakfast in the

morning, vitamin E is best offered as a single morning dose (81, 97).
5.3.4. Vitamin K
Serum vitamin K level is not very useful in reflecting the

deficiency status, as it only indicates the vitamin K intake over

past 24 h (98). Protein induced by vitamin K absence or

antagonism (PIVKA) and des-gamma-carboxy-prothrombin

(PIVKA-II) are functionally defective coagulation factors in

vitamin K deficiency status, PIVKA-II and undercarboxylated

osteocalcin (uc-OC) are sensitive markers to reflect vitamin K

deficiency but are not available at clinical settings (99–101). In

clinical practice, prothrombin time/International Normalized

Ratio (PT/INR) is usually used to reflect vitamin K deficiency

(99). However, INR prolongs when prothrombin level is below

50% of normal, thus it does not identify early vitamin K

deficiency (95). PT/INR measurement is indirect, less sensitive

but more readily available in clinical settings.

Phylloquinone is the main dietary form of vitamin K coming

primarily from green leafy vegetables (100, 101). Menaquinones

are mainly of bacterial origin from various animal-based and

fermented foods (100, 102, 103).
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If prolonged INR is considered secondary to vitamin K

deficiency, 2.5–5 mg oral or 1–2 mg I.M., I.V., subcutaneous (SC)

vitamin K1 could be given as a single dose (104) (Table 4). The

PT/INR could be normalized as soon as within 30 min after

intake (105). Cystic fibrosis foundation recommended for

patients with EPI, oral 0.3–0.5 mg/day high doses vitamin K1

may be administered until PERT supplement is optimized (106).

If oral dosing is ineffective, alternative route of vitamin K1, i.e.,

IM/IV/SC should be considered (107).
5.4. Other nutrients

5.4.1. Water-soluble vitamins, trace elements and
minerals

Research data in studying water-soluble vitamin deficiencies in

pediatric patients with EPI is limited. Vitamin C and vitamin B12

level could be low in adults patients with CP (80, 108, 109).

Patient with severe phenotype of CF often has EPI, who may

experience iron deficiency due to GI tract or sputum loss (110).

Patients with CF have abnormal transport of sodium and

chloride in the sweat glands. Sodium chloride deficits can be

problematic in infant with CF (99). Selenium levels are low in

patients with CP or CF (113, 114). In patients with inadequately

treated EPI, zinc deficiency can occur due to steatorrhea (113).

Calcium requirements should be optimized in patients with EPI

which is important for bone health along with Vitamin D and

Vitamin K (114). Specific dosage recommendations for water-

soluble vitamin supplementation do not exist in CF (99). Unless

suspecting deficiencies, routine screening of water-soluble

vitamins, trace elements or minerals are not recommended in

pediatric patients with chronic pancreatitis (80).

5.4.2. Essential fatty acid
Essential fatty acid deficiency (EFAD) can be observed in

patients with CF (99). Essential fatty acids include

polyunsaturated fatty acids which can be metabolized to alpha-

linolenic acid (n-3) and linoleic (n-6). N-3 fatty acid is

metabolized to docosohexaenoic acid (DHA) and N-6 fatty acid

is metabolized to arachidonic acid (AA). The benefits of

supplementation of antioxidants or DHA were observed in some

studies; however, they were not consistent to recommend routine

supplements yet (99, 116).
5.5. Other support

A balanced diet with carbohydrates, protein, fat, vegetables and

fruits should be encouraged. The American Heart Association

recommends that 30%–35% of calories are derived from fat for

children 2–3 years of age and 25%–35% for 4–18 years of age.

The majority of fats should come from polyunsaturated and

monounsaturated fatty acid sources like fish, nuts and vegetable

oils (117). In patients with a hypermetabolic state due to chronic

inflammation (i.e., cystic fibrosis), it is important to achieve the

recommended high-energy level intake at 110%–200% of the
frontiersin.org

https://doi.org/10.3389/fped.2023.943649
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Zheng and Mostamand 10.3389/fped.2023.943649
estimated average requirement (EAR) given increased energy

expenditure (79, 118). It is also important to encourage children

to remain well hydrated and refrain from consuming alcohol or

tobacco products which are associated with CP and subsequent

EPI (118). The mechanisms underlying malnutrition in patients

with EPI can be complex. Like patients with CF, factors such as

higher energy demands, greater energy losses, decreased nutrient

intake, and declining lung function all contribute to poor

nutrition status and necessitate special attention. Ideally, a

multidisciplinary team including registered dietitians,

pharmacists, registered nurses, clinicians and social workers can

be of great help to manage individual nutritional and caloric

requirements.

Other than maldigestion and malabsorption secondary to EPI,

various factors may contribute to undernutrition owing to the

nature of the underlying diseases. Specific measures for the

underlying disease should be considered. For patients with

steatorrhea who may self-limit fat intake due to diarrhea, it is

important to adjust PERT dosage and encourage a balanced diet.

Optimizing pain control for patients with chronic pancreatitis

and chronic pain is also important.
6. Summary

Exocrine pancreatic insufficiency (EPI) is a common condition

in patients with pancreas disorders which leads to maldigestion and

malabsorption of nutrients. Early diagnosis of EPI is clinically

important for appropriate nutritional support and initiation of

PERT. The nutritional status of patients with EPI should be

assessed carefully and accurately. The goal of PERT is to

optimize the nutritional status and alleviate symptoms. Fat-

soluble vitamins deficiency is secondary to fat malabsorption,
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improvement is expected with optimized PERT supplement. Fat-

soluble vitamins should be supplemented for deficiencies

accordingly. Additional support may be needed to improve

patient outcomes.
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