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Abstract: Abstract: Cancer patients experience weight loss for a variety of reasons, commencing
with the tumor’s metabolism (Warburg effect) and proceeding via cachexia to loss of appetite.
In pancreatic cancer, several other factors are involved, including a loss of appetite with a particular
aversion to meat and the incapacity of the pancreatic gland to function normally when a tumor is
present in the pancreatic head. Pancreatic exocrine insufficiency is characterized by a deficiency
of the enzymes secreted from the pancreas due to the obstructive tumor, resulting in maldigestion.
This, in turn, contributes to malnutrition, specifically a lack of fat-soluble vitamins, antioxidants,
and other micronutrients. Patients with pancreatic cancer and pancreatic exocrine insufficiency
have, overall, an extremely poor prognosis with regard to surgical outcome and overall survival.
Therefore, it is crucial to be aware of the mechanisms involved in the disease, to be able to diagnose
pancreatic exocrine insufficiency early on, and to treat malnutrition appropriately, for example, with
pancreatic enzymes.

Keywords: pancreatic exocrine insufficiency; pancreatic cancer; pancreatic surgery; malnutrition;
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1. Introduction

Every cancer induces weight loss and eventually cachexia through different mechanisms but
when cancer occurs in the pancreas, the central organ for digestion, this phenomenon is amplified with
devastating metabolic consequences. The reason being that the pancreas produces pancreatic juice,
whose activity in the intestinal lumen plays a major role in the digestive process.

Pancreatic juice consists of a mixture of bicarbonates and water (secreted by the ductal component
of the pancreas) and several enzymes (secreted by the acinar component) that are involved in the
digestion of nutrients, particularly carbohydrates, proteins, and fat [1]. Pancreatic enzyme secretion
has three phases: cephalic, gastric, and intestinal. The first two are mediated by neuro-vagal nerve
stimulation while the third, and probably the most important, is regulated by the release of the
hormones cholecystokinin (CCK) and secretin from the duodenal wall (stimulating acinar cells and
ductal cells to produce enzymes and the water-bicarbonate mix, respectively) [2,3]. The main trigger
for the third phase is the presence of fatty acids, amino acids, and gastric acid in the duodenum [4].

Digestion is a complex process that requires the simultaneous presence of both pancreatic
enzymes and food in the duodenal lumen [1]. Therefore, conditions that lead to maldigestion can be
either organic (impaired secretion of pancreatic enzymes), functional (impaired coordination between
enzymes and food), or a combination of the two conditions.

Pancreatic exocrine insufficiency (PEI) is defined as the condition in which the amount of secreted
pancreatic enzymes is insufficient to maintain normal digestion [5], while pancreatic cancer is a typical
condition in which normal pancreatic exocrine secretion is impaired due to chronic obstructive damage
to the secreting component of the organ.
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Pancreatic surgery to remove the obstruction can cause even more complex digestive alterations
influencing many aspects of the digestive process. In fact, in this setting, modifications of
gastrointestinal anatomy, progressive functional changes caused by the underlying pancreatic disease,
the extent of pancreatic tissue removed, reduced postprandial stimulation, and asynchrony between
gastric emptying of nutrients and pancreatic enzyme secretion, all play a major role in the establishment
of severe maldigestion [6].

The most frequently described sign of PEI is steatorrhea, which is defined as a stool fat content
of >7 g/day (when the diet contains 100 g of fat) with associated symptoms of abdominal pain,
flatulence, and weight loss [7]. Nevertheless, it is noteworthy that the malabsorption of fat generally
does not occur until pancreatic lipase and trypsin levels fall to below 5%–10% of normal production.
Table 1 summarizes the different mechanisms underlying intraluminal pancreatic enzyme deficiency
(Table 1) [7–10].

Table 1. Factors contributing to pancreatic exocrine insufficiency.

Primary PEI* (Intrinsic/Pancreatic) Secondary PEI (Extrinsic/Intestinal)

Pancreatic fibrosis/chronic pancreatitis Intestinal motility

Replacement of healthy pancreatic tissue with tumor
Reduction of pancreatic tissue (surgery) Low intestinal pH (peptic ulcer)

Diabetes mellitus (pancreatic exocrine atrophy) Anatomic alteration (surgery)

Pancreatic duct obstruction Stimulation/denervation (surgery, drugs, diabetes)

Compiled from [5] and [8]. PEI* = Peancreatic Exocrine Insufficiency.

Neoplasms of the pancreas may originate from both exocrine and endocrine cells. Ductal
adenocarcinoma and its variants make up more than 90% of all malignant exocrine pancreatic tumors,
while pancreatic endocrine tumors display a low incidence (1%) but a considerable prevalence (around
10% of all pancreatic masses) [9]. Rarer tumors include cell acinar carcinomas, sarcomas, and tumors
of uncertain histogenesis, which account for a minority of cases [10].

Of the exocrine tumors, those occurring in the head of the pancreas, are more common and are
generally associated with a high level of PEI, possibly related to the obstructive effect on the ductal
system caused by tumor growth [10,11].

2. Pathophysiological Considerations

The development of a tumor is a complex process, starting with the clonal expansion of atypical
cells that can no longer be recognized by the defense mechanisms of the organism [12]. Later in the
process (Figure 1), energy expenditure leads to wasting as the tumor’s metabolism draws energy
from the body (known as the Warburg effect) via cachexia to loss of appetite [13,14]. In pancreatic
cancer, several additional factors are involved, including a loss of appetite with a particular aversion
to meat [15] (Table 2). Furthermore, tumor-derived factors such as islet amyloid polypeptide (IAPP)
contribute to both cachexia and the loss of appetite [16,17]. A silent, subclinical (smoldering)
inflammation with increased C-reactive protein (CRP), present in many solid tumors and well described
in pancreatic cancer [18], also contributes, to a certain degree, to both energy expenditure and loss of
appetite; indeed, elevated CRP levels can be used as a marker for cachexia in pancreatic cancer [19] and
can even predict a poor prognosis [20]. Finally, as most of the tumors occur in the head of the pancreas,
tumor growth results in the obstruction of the main pancreatic duct and the subsequent (complete)
reduction of the secretion of pancreatic enzymes during meals. This gives rise to malnutrition secondary
to maldigestion due to PEI and subsequent weight loss. As a result, some patients with pancreatic
cancer have already undergone significant weight loss by the time the disease is diagnosed [21] and it
is these patients who have the worst prognosis [22].
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3. Historical Perspectives

The first anatomical resection of a solid pancreatic tumor was a distal pancreatectomy (DP),
performed by Friedrich Trendelenburg in 1882 in Germany [23], while the first successful partial
pancreaticoduodenectomy (PD) in patients with periampullary cancer was performed as a two-stage
operation by the German surgeon Walther Kausch in 1909. In 1934, in the USA, Allen Whipple
performed the first anatomical PD for an ampullary carcinoma, which he perfected to a one-stage
resection by 1940 [10,23]. This operation was known as a pancreaticoduodenectomy, or Whipple
resection, and involved a partial gastrectomy (antrectomy), cholecystectomy, and removal of the distal
common bile duct, the head of the pancreas, duodenum, proximal jejunum, and regional lymph nodes.
Reconstruction requires a pancreaticojejunostomy, hepaticojejunostomy, and a gastrojejunostomy [10].
The Whipple procedure remained the gold standard resection technique for cancers involving the
head of the pancreas until Traverso and Longmire reintroduced the concept of pylorus preserving
pancreaticoduodenectomy (PPPD) in 1978 to reduce the incidence of postgastrectomy syndrome and
marginal ulceration [23,24]. During the 1990s, Japanese surgeons advocated the use of more radical
pancreatic resections to improve cure rates (radical extended Whipple resection) [10]. The standard
Whipple procedure was modified by the removal of more peripancreatic soft tissue and the lymph
nodes, often with resection of segments of the superior mesenteric and portal veins, when they appear
to be involved with the tumor [10,25].

Although pancreatic resection for tumors is the only chance of long-term survival for patients with
pancreatic cancer, this procedure is not without immediate surgical risk or long-term sequelae [7,26].
This applies in particular to the patient’s nutritional situation. The extensive resection and
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reconstruction of the upper gastro-intestinal tract disrupts the physiological process of digestion
and can trigger PEI.

4. Diagnosing Pancreatic Exocrine Insufficiency

There are several tests, both indirect and direct, available for assessing PEI [27]. Measuring fecal
elastase-1 (FE-1) is a very simple, indirect, and non-invasive method of evaluating pancreatic enzyme
secretion. FE-1 is produced exclusively by the pancreas and is not affected by breakdown in the
intestine, and thus provides a direct representation of the secretory capacity of the gland. It is widely
accepted that the lower the FE-1 concentration, the higher the probability of PEI. However, the FE-1
test is not capable of excluding mild to moderate PEI, and there is no consensus regarding the cut-off
for PEI; although a threshold of 200 µg/g has been used most frequently [8]. The coefficient of fat
absorption (CFA) is generally accepted as the gold standard for the diagnosis of steatorrhea, which is
characteristic of severe PEI, but it is rarely used due to its limitations in terms of specificity, availability,
patients’ compliance, and handling of fecal samples in the laboratory [28]. The 13C mixed triglyceride
breath test (13C-MTG-BT) is an alternative diagnostic method that measures the resulting malnutrition
rather than pancreatic enzyme secretion [29]. However, it is not yet widely available and has only been
commercialized in some European countries [28].

5. Pancreatic Exocrine Insufficiency in Patients with Pancreatic Tumors

In 2000, Ong et al. reported the first retrospective study on the incidence of PEI after PD and
pancreaticogastrostomy were performed in 11 patients suffering from pancreatic ductal adenocarcinoma
(PDAC), duodenal cancer, ampullary cancer, cholangiocarcinoma, and duodenal leiomyoma
(Table 3) [30]. The patients in the study group had significant PEI (diagnosed by fecal chymotrypsin)
compared to the control group of 11 consecutive patients who had undergone subtotal gastrectomy
(SG) for distal stomach tumors.

Table 3. Studies of pancreatic function in patients undergoing pancreatic surgery.

Study Year N Patients Included Diagnosis PEI Type of Surgery PEI

Ong [30] 2000 11

pancreatic ductal
adenocarcinoma, duodenal
cancer, ampullary cancer,

cholangiocarcinoma,
duodenal leiomyoma

fecal chymotrypsin PD in all
patients 36%

Armstrong [31] 2002 10

pancreatic ductal
adenocarcinoma, duodenal
cancer, ampullary cancer,

cystadenocarcinoma,
carcinoid tumor

fecal elastase-1 and
NBT PABA test

PD in all
patients

80% tested with NBT
PABA and 100%
tested with FE-1

Matsumoto [32] 2006 138

pancreatic ductal
adenocarcinoma,

periampullary cancer,
IPMN, islet cell cancer,
serous cystadenoma,

mucinous cystadenoma,
chronic pancreatitis

fecal elastase-1 PD in all
patients 55%

Tran [33] 2008 55 pancreatic or periampullary
carcinoma fecal elastase-1 PD in all

patients 87.8%

Speicher [34] 2010 83

pancreatic ductal
adenocarcinoma, IPMN,
islet cell tumor, serous

cystadenoma, mucinous
cystadenoma, chronic

pancreatitis

fecal elastase-1 DP in all
patients

30% in patients with
pancreatical ductal

adenocarcinoma
prior to operation

Halloran [7] 2011 40

pancreatic ductal
adenocarcinoma,

periampullary cancer,
cholangiocarcinoma,

neuroendocrine tumor

CFA and fecal
elastase-1

PD in
37 patients and
DP in 3 patients

67% tested with CFA
and 77% tested

with FE-1
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Table 3. Cont.

Study Year N Patients Included Diagnosis PEI Type of Surgery PEI

Partelli [35] 2012 194 advanced pancreatic ductal
adenocarcinoma fecal elastase-1 none 50%

Belyaev [36] 2013 104 malignant tumors, benign
tumors, chronic pancreatitis fecal elastase-1

PD in
49 patients, DP
in 20 patients,

TP in 19 patients

90.2%

Sikkens [37] 2014 29
pancreatic ductal

adenocarcinoma, ampullary
cancer, cholangiocarcinoma

fecal elastase-1
PD in

26 patients and
DP in 3 patients

92%

N = number of patients included in the study; PEI = pancreatic exocrine insufficiency; NBT PABA =
N-benzoyl-L-tyrosyl-p-aminobenzoic acid; CFA = coefficient of fat absorption test; FE-1 = fecal elastase-1;
IPMN = intraductal papillary mucinous neoplasia; PD = pancreatoduodenectomy; DP = distal pancreatectomy;
TP = total pancreatectomy.

In 2002, Armstrong et al. performed the first prospective study using FE-1 as a diagnostic tool.
The study included 10 patients who had undergone PD for malignant periampullary tumors and
pancreatic exocrine function was evaluated at least six months after the operation [31]. The FE-1
measurements suggested that all patients had severe exocrine insufficiency (with six patients having
a measured FE-1 level <15 µg/g). In addition, dietary deficiencies of fat-soluble vitamins and trace
elements (vitamins D, A, E, zinc, selenium, iron) were also detected.

Matsumoto and Traverso retrospectively analyzed data on 138 patients in whom PD was
performed by the same surgeon [32]. The PD procedure was pylorus-preserving in 94% of patients and
preoperative FE-1 values were normal in 78%. When compared with preoperative values, the percent
of cases with reduced FE-1 levels at three months, one year, and two years postoperatively was 48%,
73%, and 50%, respectively.

In another study, Spiecher and Traverso analyzed 83 patients after PD in whom FE-1 was measured
pre- and post-operatively [34]. At 24 months after surgery, all patients with normal pre-operative FE-1
values had maintained their normal exocrine status. Of the patients whose resection was limited to the
left of the portal vein, all patients had normal postoperative FE-1 values at three, 12, and 24 months.
Of those whose resection extended over or beyond the portal vein, 88% had normal postoperative FE-1
values at three months and 100% were normal at 24 months. However, the differences between this
study in comparison to those mentioned previously were probably related to patient selection criteria,
since 55% of patients had cystic neoplasms (serous cystadenoma, intraductal papillary neoplasm, or
mucinous cystadenoma) while only 12% of patients suffered from PDAC.

In a prospective study, Halloran et al. examined the symptoms, CFA, quality of life (QoL), and
the accuracy of the FE-1 measurement in predicting PEI in 40 patients who had undergone partial
pancreatic resection for pancreatic malignancy [7]. PEI was present and sustained in a majority of
patients following resection and was not associated with particular symptoms. However, these patients
had a tendency towards poorer QoL values. A comparison of FE-1 using a cut-off point of 200 µg/g for
PEI against CFA showed a diagnostic accuracy of 70%. Further testing in the same study showed that
the optimal cut-off for FE-1 (to diagnose PEI as defined by CFA <93%) was in fact lower, at 128 µg/g
(sensitivity: 90%, specificity: 44%).

QoL was also determined in another study performed by Belyaev et al. [36]. In a cohort of
174 patients, patient age and the development of postoperative endocrine and exocrine pancreatic
insufficiency were relevant prognostic factors. These significantly affected the postoperative QoL,
mainly the physical health of patients.

In the biggest prospective study performed so far, Partelli et al. demonstrated, for the first
time, a correlation between a low FE-1 value and poor survival in patients with advanced PDAC,
with an FE-1 value ≤20 µg/g as an independent predictor of survival. The median overall survival
was significantly higher in patients who had an FE-1 >20 µg/g (11 months) compared to those with
FE-1 ≤20 µg/g (7 months) [35].
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Tran et al. assessed the correlation between preoperative changes in the pancreatic parenchyma
and postoperative exocrine and endocrine function at least six months after PD [8]. Of the 74 patients,
56 (76%) had FE-1 levels <100 µg/g, indicating severe pancreatic insufficiency and 9 patients had
FE-1 levels between 100 and 200 µg/g, indicating mild insufficiency. The authors concluded that
the main reasons for the development of insufficiency were fibrosis and loss of functional tissue.
The mechanisms underlying exocrine function in pancreatic cancer have not been elucidated fully and
the risk of patients developing exocrine insufficiency has not been well established.

Sikkens et al. assessed the effect of pancreatic cancer resection on exocrine function in patients
on a monthly basis from the time of diagnosis. To preclude the confounding effects of a pancreatic
resection, they only evaluated inoperable patients [37]. Exocrine insufficiency was present at the time
of diagnosis in 21/32 (66%) patients and at the end of follow-up in 22/24 (92%) patients.

Japanese authors have reported a high incidence of PEI diagnosed using the 13C-MTG-BT [38–40].
Most of the studies performed so far have shown clearly that the incidence of PEI after PD for pancreatic
tumors is high, with a range of 64%–100%. The incidence of PEI after DP is lower than after PD, and
is within a range of 0%–42%. However, there is a lack of well-designed studies on PEI in patients
with pancreatic tumors, and of these, most are retrospective [30,32–34,36], include different types
of surgery and/or have small sample sizes [7,30,31,33,37], are single-center designed and include a
heterogeneous patient population with both benign and malignant disease [32,34,36]. Thus, there is
an urgent need for high volume, well-designed, prospective, multi-centered studies with pre- and
post-operative determination of patients’ clinical and laboratory data.

6. Pancreatic Enzyme Replacement Therapy (PERT)

PEI leads to malabsorption, which causes steatorrhea, weight loss, and malnutrition. It is associated
with deficiencies of the fat-soluble vitamins, trace elements, and essential fatty and amino acids [41].
PEI may be subclinical or associated with two types of symptoms: those associated with the presence
of undigested food within the intestinal lumen (causing fatty diarrhea, flatulence, and dyspeptic
symptoms) and those associated with nutrient loss (mainly resulting in weight loss and fat-soluble
vitamin deficiency) [6].

Unfortunately, PEI is frequently overlooked in daily clinical practice, and physicians are often
not well informed about the need to supplement PEI. This was confirmed in a survey conducted on
members of the Dutch and German patient associations for pancreatic disorders, that clearly showed
that most patients suffering from PEI after pancreatic surgery are undertreated even in countries with
well-organized health care systems [41]. In an Australian retrospective study on 129 patients with
metastatic pancreatic cancer and symptoms that could be attributable to malabsorption, only 21%
patients were prescribed PERT [42]. Another study highlighted a clear clinical gap in managing PEI in
patients with supportive care for pancreatic cancer [43]. The findings revealed that the major QoL issue
was difficulty in managing gut symptoms and complex dietary issues due to a lack of information
about malabsorption and PEI (lack of routine dietary consultation, perceived reluctance of clinicians
to prescribe enzyme supplements and poor understanding of dose-to-diet guidelines). The effect of
PERT was also evaluated in patients with unresectable pancreatic cancer. Sixty-seven patients were
randomized to receive either enteric-coated PERT or a placebo [44]. Intent-to-treat analysis showed no
significant difference in the percentage change in body weight at eight weeks between the PERT and
placebo groups.

However, in the context of new oncologic protocols that improve the survival of patients with
pancreatic cancer, it is vital to optimize the performance status of patients with pancreatic cancer in
order to make those patients eligible for new adjuvant or palliative options in the future [45].

FE-1 should be performed routinely, even in asymptomatic patients, since clinical signs of
steatorrhea may be absent in patients that tend to limit fat intake to reduce their symptoms. Pancreatic
enzyme supplementation should be considered in every patient with proven PEI, irrespective of the
underlying disease or prognosis. Even in the case of asymptomatic exocrine insufficiency, treatment is
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indicated because studies have shown that malnutrition may develop in these patients [41]. Compared
with untreated patients, patients with advanced pancreatic cancer who are given pancreatic enzyme
supplements enjoy a better QoL and improved symptom score [46]. Current guidelines strongly
advocate the use of PERT in patients with pancreatic cancer to maintain weight and increase QoL [47].
To reduce morbidity and mortality, it is very important to treat patients with a sufficient dose of
pancreatic enzymes and PERT should be initiated once PEI is diagnosed or even when there is a
strong clinical suspicion of PEI [6]. Two double-blind randomized controlled trials evaluated PERT
for PEI after pancreatic surgery [48,49]. In these studies, when compared with a placebo, PERT
(in the form of pancreatin formulated as enteric-coated minimicrospheres) was associated with a
significant improvement in fat and protein digestion after pancreatic resection for chronic pancreatitis
or pancreatic cancer. In addition, PERT was associated with significant weight gain and reduced stool
frequency. Enzyme doses of 72,000–75,000 Ph.U. of lipase with main meals and 36,000–50,000 Ph.U.
with snacks have shown to be effective in terms of improvement in fat digestion [48,49].

7. Conclusions

The factors contributing to malnutrition in pancreatic cancer are manifold; however, PEI stands
out as a major contributor, in both inoperable patients and operable patients. Pancreatic surgery
is frequently associated, not just with immediate surgical complications, but also with long-term
sequelae. Most of the studies performed so far have shown clearly that the incidence of PEI after
pancreatic surgery for tumors is high. Unfortunately, PEI is also an under-recognized and under-treated
complication of pancreatic surgery. FE-1 should be performed routinely at the time of diagnosis of a
pancreatic tumor and during post-operative follow-up; as well as in asymptomatic patients, because
clinical signs of steatorrhea may be absent as patients tend to limit fat intake to reduce symptoms.
PERT should be considered in every patient with proven PEI, irrespective of the underlying disease
or prognosis and treatment is indicated even in the case of asymptomatic exocrine insufficiency, as
malnutrition may develop in these patients. The enzyme dose of PERT needs to be individually
adjusted based on the patient’s clinical and nutritional parameters, residual pancreatic function, and
dietary fat intake. Patients suffering from pancreatic cancer and PEI generally have an extremely poor
prognosis and thus it is crucial to be aware of the disease mechanisms to be able to diagnose PEI early
on, and to treat malnutrition appropriately.

Acknowledgments: The work of the group is funded by grant from the district of Stockholm (ALF).

Author Contributions: J.M.L. conceived and designed the review. M.V. and R.V. compiled the literature. M.V.,
R.V. and J.M.L. analysed the data and drafted the manuscript. All others contributed to the final version.

Conflicts of Interest: J.M.L. and M.V. have received honoraria from Abbott and Mylan. The other authors declare
no conflict of interest.

References

1. Lindkvist, B. Diagnosis and treatment of pancreatic exocrine insufficiency. World J. Gastroenterol. 2013, 19,
7258–7266. [CrossRef] [PubMed]

2. Anagnostides, A.; Chadwick, V.S.; Selden, A.C.; Maton, P.N. Sham feeding and pancreatic secretion. Evidence
for direct vagal stimulation of enzyme output. Gastroenterology 1984, 87, 109–114. [PubMed]

3. White, T.T.; Mc, A.R.; Magee, D.F. The effect of gastric distension on duodenal aspirates in man.
Gastroenterology 1963, 44, 48–51. [PubMed]

4. Watanabe, S.; Shiratori, K.; Takeuchi, T.; Chey, W.Y.; You, C.H.; Chang, T.M. Release of cholecystokinin and
exocrine pancreatic secretion in response to an elemental diet in human subjects. Dig. Dis. Sci. 1986, 31,
919–924. [CrossRef] [PubMed]

5. Löhr, J.M.; Oliver, M.R.; Frulloni, L. Synopsis of recent guidelines on pancreatic exocrine insufficiency.
United Eur. Gastroenterol. J. 2013, 1, 79–83. [CrossRef] [PubMed]

http://dx.doi.org/10.3748/wjg.v19.i42.7258
http://www.ncbi.nlm.nih.gov/pubmed/24259956
http://www.ncbi.nlm.nih.gov/pubmed/6724252
http://www.ncbi.nlm.nih.gov/pubmed/14000362
http://dx.doi.org/10.1007/BF01303211
http://www.ncbi.nlm.nih.gov/pubmed/3731983
http://dx.doi.org/10.1177/2050640613476500
http://www.ncbi.nlm.nih.gov/pubmed/24917944


Nutrients 2017, 9, 183 8 of 10

6. Sabater, L.; Ausania, F.; Bakker, O.J.; Boadas, J.; Dominguez-Munoz, J.E.; Falconi, M.; Fernandez-Cruz, L.;
Frulloni, L.; Gonzalez-Sanchez, V.; Larino-Noia, J.; et al. Evidence-based Guidelines for the Management
of Exocrine Pancreatic Insufficiency After Pancreatic Surgery. Ann. Surgery 2016, 264, 949–958. [CrossRef]
[PubMed]

7. Halloran, C.M.; Cox, T.F.; Chauhan, S.; Raraty, M.G.; Sutton, R.; Neoptolemos, J.P.; Ghaneh, P. Partial
pancreatic resection for pancreatic malignancy is associated with sustained pancreatic exocrine failure and
reduced quality of life: A prospective study. Pancreatology 2011, 11, 535–545. [CrossRef] [PubMed]

8. Löhr, J.M. Pancreatic Exocrine Insufficiency, 2nd ed.; Unimed: Bremen, Germany, 2010.
9. Haugvik, S.P.; Hedenstrom, P.; Korsaeth, E.; Valente, R.; Hayesm, A.; Siuka, D.; Maisonneuve, P.;

Gladhaug, I.P.; Lindkvist, B.; Capurso, G. Diabetes, smoking, alcohol use, and family history of cancer as risk
factors for pancreatic neuroendocrine tumors: A systematic review and meta-analysis. Neuroendocrinology
2015, 101, 133–142. [CrossRef] [PubMed]

10. Duffy, J.; Reber, H. Nonendocrine Tumors of the Pancreas; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2003; pp. 2091–2104.

11. Chua, Y.; Cunningham, D. Pancreatic Cancer; McGraw Hill Medical: New York, NY, USA, 2008; pp. 586–589.
12. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
13. Koppenol, W.H.; Bounds, P.L.; Dang, C.V. Otto Warburg’s contributions to current concepts of cancer

metabolism. Nat. Rev. Cancer 2011, 11, 325–337. [CrossRef] [PubMed]
14. Moses, A.W.; Slater, C.; Preston, T.; Barber, M.D.; Fearon, K.C. Reduced total energy expenditure and physical

activity in cachectic patients with pancreatic cancer can be modulated by an energy and protein dense oral
supplement enriched with n-3 fatty acids. Br. J. Cancer 2004, 90, 996–1002. [CrossRef] [PubMed]

15. Löhr, J.M.; Heinemann, V.; Friess, H. Pancreatic Cancer; Uni-Med: Bremen, Germany, 2005.
16. Permert, J.; Larsson, J.; Westermark, G.T.; Herrington, M.K.; Christmanson, L.; Pour, P.M.; Westermark, P.;

Adrian, T.E. Islet amyloid polypeptide in patients with pancreatic cancer and diabetes. N. Engl. J. Med. 1994,
330, 313–318. [CrossRef] [PubMed]

17. Olsson, M.; Herrington, M.K.; Reidelberger, R.D.; Permert, J.; Gebre-Medhin, S.; Arnelo, U. Food intake and
meal pattern in IAPP knockout mice with and without infusion of exogenous IAPP. Scand. J. Gastroenterol.
2012, 47, 191–196. [CrossRef] [PubMed]

18. Tahergorabi, Z.; Khazaei, M.; Moodi, M.; Chamani, E. From obesity to cancer: a review on proposed
mechanisms. Cell Biochem. Funct. 2016, 34, 533–545. [CrossRef] [PubMed]

19. Fogelman, D.R.; Wang, X.S.; Hassan, M.; Li, D.; Javle, M.M.; Katz, M.H.G.; Overman, M.J.; Varadhachary, G.R.;
Shraff, R.T.; Wolff, R.A.; et al. Can we identify patients with cancer at high risk for cachexia? A prospective
study in pancreatic cancer (PC). J. Clin. Oncol. 2012, 30, 219.

20. Miyamoto, R.; Oda, T.; Hashimoto, S.; Kurokawa, T.; Kohno, K.; Akashi, Y.; Ohara, Y.; Yamada, K.;
Enomoto, T.; Ohkohchi, N. Platelet x CRP Multiplier Value as an Indicator of Poor Prognosis in Patients With
Resectable Pancreatic Cancer. Pancreas 2017, 46, 35–41. [CrossRef]

21. Wigmore, S.J.; Plester, C.E.; Richardson, R.A.; Fearon, K.C.H. Changes in nutritional status associated with
unresectable pancreatic cancer. Br. J. Cancer 1997, 75, 106–109. [CrossRef] [PubMed]

22. Bachmann, J.; Ketterer, K.; Marsch, C.; Fearon, K.C. Pancreatic cancer related cachexia: influence on
metabolism and correlation to weight loss and pulmonary function. BMC Cancer 2009, 9, 255. [CrossRef]
[PubMed]

23. Griffin, J.F.; Poruk, K.E.; Wolfgang, C.L. Pancreatic cancer surgery: Past, present, and future. Chin. J.
Cancer Res. 2015, 27, 332–348. [PubMed]

24. Traverso, L.W.; Longmire, W.P., Jr. Preservation of the pylorus in pancreaticoduodenectomy. Surg. Gynecol.
Obstet. 1978, 146, 959–962. [CrossRef] [PubMed]

25. Takahashi, S.; Ogata, Y.; Tsuzuki, T. Combined resection of the pancreas and portal vein for pancreatic cancer.
Br. J. Surg. 1994, 81, 1190–1193. [CrossRef] [PubMed]

26. Diener, M.K.; Heukaufer, C.; Schwarzer, G.; Seiler, C.M.; Antes, G.; Buchler, M.; Knaebel, M.P.
Pancreaticoduodenectomy (classic Whipple) versus pylorus-preserving pancreaticoduodenectomy
(pp Whipple) for surgical treatment of periampullary and pancreatic carcinoma. Cochrane Database Syst.
Rev. (Online) 2008. [CrossRef]

27. Siegmund, E.; Löhr, J.M.; Schuff-Werner, P. The diagnostic validity of non-invasive pancreatic function
tests–a meta-analysis. Z. Gastroenterol. 2004, 42, 1117–1128. [CrossRef]

http://dx.doi.org/10.1097/SLA.0000000000001732
http://www.ncbi.nlm.nih.gov/pubmed/27045859
http://dx.doi.org/10.1159/000333308
http://www.ncbi.nlm.nih.gov/pubmed/22094930
http://dx.doi.org/10.1159/000375164
http://www.ncbi.nlm.nih.gov/pubmed/25613442
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1038/nrc3038
http://www.ncbi.nlm.nih.gov/pubmed/21508971
http://dx.doi.org/10.1038/sj.bjc.6601620
http://www.ncbi.nlm.nih.gov/pubmed/14997196
http://dx.doi.org/10.1056/NEJM199402033300503
http://www.ncbi.nlm.nih.gov/pubmed/8277951
http://dx.doi.org/10.3109/00365521.2011.638392
http://www.ncbi.nlm.nih.gov/pubmed/22229533
http://dx.doi.org/10.1002/cbf.3229
http://www.ncbi.nlm.nih.gov/pubmed/27859423
http://dx.doi.org/10.1097/MPA.0000000000000697
http://dx.doi.org/10.1038/bjc.1997.17
http://www.ncbi.nlm.nih.gov/pubmed/9000606
http://dx.doi.org/10.1186/1471-2407-9-255
http://www.ncbi.nlm.nih.gov/pubmed/19635171
http://www.ncbi.nlm.nih.gov/pubmed/26361403
http://dx.doi.org/10.1097/00000658-198009000-00005
http://www.ncbi.nlm.nih.gov/pubmed/653575
http://dx.doi.org/10.1002/bjs.1800810837
http://www.ncbi.nlm.nih.gov/pubmed/7953357
http://dx.doi.org/10.1002/14651858.CD006053.pub2
http://dx.doi.org/10.1055/s-2004-813604


Nutrients 2017, 9, 183 9 of 10

28. Löhr, J.M.; Dominguez-Munz, E.; Rosendahl, J.; Besselink, M.; Mayerle, J.; Lerch, M.M.; Haas, S.; Akisik, F.;
Kartalis, N.; Iglesias-Garcia, J.; et al. The UEG Evidence-based guidelines for the diagnosis and therapy of
chronic pancreatitis. UEGJ 2017. [CrossRef]

29. Dominguez-Munoz, J.E.; Iglesias-Garcia, J.; Vilarino-Insua, M.; Iglesias-Rey, M. 13C-mixed triglyceride
breath test to assess oral enzyme substitution therapy in patients with chronic pancreatitis. Clin. Gastroenterol.
Hepatol. 2007, 5, 484–488. [CrossRef] [PubMed]

30. Ong, H.S.; Ng, E.H.; Heng, G.; Soo, K.C. Pancreaticoduodenectomy with pancreaticogastrostomy:
Assessment of patients’ nutritional status, quality of life and pancreatic exocrine function. Aust. N. Z.
J. Surg. 2000, 70, 199–203. [CrossRef] [PubMed]

31. Armstrong, T.; Walters, E.; Varshney, S.; Johnson, C.D. Deficiencies of micronutrients, altered bowel function,
and quality of life during late follow-up after pancreaticoduodenectomy for malignancy. Pancreatology 2002,
2, 528–534. [CrossRef] [PubMed]

32. Matsumoto, J.; Traverso, L.W. Exocrine function following the Whipple operation as assessed by stool
elastase. J. Gastrointest. Surg. 2006, 10, 1225–1229. [CrossRef] [PubMed]

33. Tran, T.C.; van’t Hof, G.; Kazemier, G.; Hop, W.C.; Pek, C.; van Toorenenbergen, A.W.; van Dekken, H.; van
Eijck, C.H. Pancreatic fibrosis correlates with exocrine pancreatic insufficiency after pancreatoduodenectomy.
Dig. Surg. 2008, 25, 311–318. [CrossRef] [PubMed]

34. Speicher, J.E.; Traverso, L.W. Pancreatic exocrine function is preserved after distal pancreatectomy.
J. Gastrointest. Surg. 2010, 14, 1006–1011. [CrossRef] [PubMed]

35. Partelli, S.; Frulloni, L.; Minniti, C.; Bassi, C.; Barugola, G.; Dónofrio, M.; Crippa, S.; Falconi, M. Faecal
elastase-1 is an independent predictor of survival in advanced pancreatic cancer. Dig. Liver Dis. 2012, 44,
945–951. [CrossRef] [PubMed]

36. Belyaev, O.; Herzog, T.; Chromik, A.M.; Meurer, K.; Uhl, W. Early and late postoperative changes in the
quality of life after pancreatic surgery. Langenbeck’s Arch. Surg. 2013, 398, 547–555. [CrossRef] [PubMed]

37. Sikkens, E.C.; Cahen, D.L.; de Wit, J.; Looman, C.W.; van Eijck, C.; Bruno, M.J. Prospective assessment of
the influence of pancreatic cancer resection on exocrine pancreatic function. Br. J. Surg. 2014, 101, 109–113.
[CrossRef] [PubMed]

38. Hirono, S.; Murakami, Y.; Tani, M.; Kawai, M.; Okada, K.; Uemura, K.; Sudo, T.; Hashimoto, Y.;
Nakagawa, N.; Kondo, N.; et al. Identification of risk factors for pancreatic exocrine insufficiency after
pancreaticoduodenectomy using a 13C-labeled mixed triglyceride breath test. World J. Surg. 2015, 39, 516–525.
[CrossRef] [PubMed]

39. Nakamura, H.; Murakami, Y.; Uemura, K.; Hayashidani, Y.; Sudo, T.; Ohge, H.; Sueda, T. Predictive factors for
exocrine pancreatic insufficiency after pancreatoduodenectomy with pancreaticogastrostomy. J. Gastrointest.
Surg. 2009, 13, 1321–1327. [CrossRef] [PubMed]

40. Yuasa, Y.; Murakami, Y.; Nakamura, H.; Uemura, K.; Ohge, H.; Sudo, T.; Hashimoto, Y.; Nakashima, A.;
Hiyama, E.; Sueda, T. Histological loss of pancreatic exocrine cells correlates with pancreatic exocrine
function after pancreatic surgery. Pancreas 2012, 41, 928–933. [CrossRef] [PubMed]

41. Sikkens, E.C.; Cahen, D.L.; van Eijck, C.; Kuipers, E.J.; Bruno, M.J. The daily practice of pancreatic enzyme
replacement therapy after pancreatic surgery: A northern European survey: enzyme replacement after
surgery. J. Gastrointest. Surg. 2012, 16, 1487–1492. [CrossRef] [PubMed]

42. Landers, A.; Muircroft, W.; Brown, H. Pancreatic enzyme replacement therapy (PERT) for malabsorption in
patients with metastatic pancreatic cancer. BMJ Support. Palliat. Care 2016, 6, 75–79. [CrossRef] [PubMed]

43. Gooden, H.M.; White, K.J. Pancreatic cancer and supportive care-pancreatic exocrine insufficiency negatively
impacts on quality of life. Support. Care Cancer 2013, 21, 1835–1841. [CrossRef] [PubMed]

44. Woo, S.M.; Joo, J.; Kim, S.Y.; Park, S.J.; Han, S.S.; Kim, T.H.; Koh, Y.H.; Chung, S.H.; Kim, Y.H.; Moon, H.;
et al. Efficacy of pancreatic exocrine replacement therapy for patients with unresectable pancreatic cancer in
a randomized trial. Pancreatology 2016, 16, 1099–1105. [CrossRef] [PubMed]

45. Bartel, M.J.; Asbun, H.; Stauffer, J.; Raimondo, M. Pancreatic exocrine insufficiency in pancreatic cancer:
A review of the literature. Dig. Liver Dis. 2015, 47, 1013–1020. [CrossRef] [PubMed]

46. Bruno, M.J.; Haverkort, E.B.; Tijssen, G.P.; Tytgat, G.N.; van Leeuwen, D.J. Placebo controlled trial of enteric
coated pancreatin microsphere treatment in patients with unresectable cancer of the pancreatic head region.
Gut 1998, 42, 92–96. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/2050640616684695
http://dx.doi.org/10.1016/j.cgh.2007.01.004
http://www.ncbi.nlm.nih.gov/pubmed/17445754
http://dx.doi.org/10.1046/j.1440-1622.2000.01786.x
http://www.ncbi.nlm.nih.gov/pubmed/10765904
http://dx.doi.org/10.1159/000066095
http://www.ncbi.nlm.nih.gov/pubmed/12435865
http://dx.doi.org/10.1016/j.gassur.2006.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17114009
http://dx.doi.org/10.1159/000158596
http://www.ncbi.nlm.nih.gov/pubmed/18818498
http://dx.doi.org/10.1007/s11605-010-1184-0
http://www.ncbi.nlm.nih.gov/pubmed/20387129
http://dx.doi.org/10.1016/j.dld.2012.05.017
http://www.ncbi.nlm.nih.gov/pubmed/22749648
http://dx.doi.org/10.1007/s00423-013-1076-3
http://www.ncbi.nlm.nih.gov/pubmed/23503698
http://dx.doi.org/10.1002/bjs.9342
http://www.ncbi.nlm.nih.gov/pubmed/24338808
http://dx.doi.org/10.1007/s00268-014-2832-4
http://www.ncbi.nlm.nih.gov/pubmed/25318451
http://dx.doi.org/10.1007/s11605-009-0896-5
http://www.ncbi.nlm.nih.gov/pubmed/19415402
http://dx.doi.org/10.1097/MPA.0b013e31823d837d
http://www.ncbi.nlm.nih.gov/pubmed/22781909
http://dx.doi.org/10.1007/s11605-012-1927-1
http://www.ncbi.nlm.nih.gov/pubmed/22711213
http://dx.doi.org/10.1136/bmjspcare-2014-000694
http://www.ncbi.nlm.nih.gov/pubmed/25164613
http://dx.doi.org/10.1007/s00520-013-1729-3
http://www.ncbi.nlm.nih.gov/pubmed/23397095
http://dx.doi.org/10.1016/j.pan.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27618657
http://dx.doi.org/10.1016/j.dld.2015.06.015
http://www.ncbi.nlm.nih.gov/pubmed/26211872
http://dx.doi.org/10.1136/gut.42.1.92
http://www.ncbi.nlm.nih.gov/pubmed/9505892


Nutrients 2017, 9, 183 10 of 10

47. Pancreatic Section of the British Society of Gastroenterology; Pancreatic Society of Great Britain and Ireland;
Association of Upper Gastrointestinal Surgeons of Great Britain and Ireland; Royal College of Pathologists;
Special Interest Group for Gastro-Intestinal Radiology. Guidelines for the management of patients with
pancreatic cancer periampullary and ampullary carcinomas. Gut 2005, 54, v1–v16.

48. Whitcomb, D.C.; Lehman, G.A.; Vasileva, G.; Malecka-Panas, E.; Gubergrits, N.; Shen, Y.;
Sander-Struckmeier, S.; Caras, S. Pancrelipase delayed-release capsules (CREON) for exocrine pancreatic
insufficiency due to chronic pancreatitis or pancreatic surgery: A double-blind randomized trial. Am. J.
Gastroenterol. 2010, 105, 2276–2286. [CrossRef] [PubMed]

49. Seiler, C.M.; Izbicki, J.; Varga-Szabo, L.; Czako, L.; Fiok, J.; Sperti, C.; Lerch, M.M.; Pezzilli, R.; Vasileva, G.;
Pap, A.; et al. Randomised clinical trial: A 1-week, double-blind, placebo-controlled study of pancreatin
25000 Ph. Eur. minimicrospheres (Creon 25000 MMS) for pancreatic exocrine insufficiency after pancreatic
surgery, with a 1-year open-label extension. Aliment. Pharmacol. Ther. 2013, 37, 691–702. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ajg.2010.201
http://www.ncbi.nlm.nih.gov/pubmed/20502447
http://dx.doi.org/10.1111/apt.12236
http://www.ncbi.nlm.nih.gov/pubmed/23383603
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pathophysiological Considerations 
	Historical Perspectives 
	Diagnosing Pancreatic Exocrine Insufficiency 
	Pancreatic Exocrine Insufficiency in Patients with Pancreatic Tumors 
	Pancreatic Enzyme Replacement Therapy (PERT) 
	Conclusions 

