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Objective
To investigate whether gastrin has regenerative effect on the
pancreas and in particular whether it prevents the atrophy of
the distal pancreas after resection of pancreas in humans.

Summary Background Data
Although pancreatic regeneration after resection is well docu-
mented in animals, atrophy rather than regeneration of the
distal remnant pancreas commonly occurs following pancre-
atoduodenectomy in humans. Of the many factors involving
pancreatic regeneration, gastrin has been shown to have tro-
phic effect on the pancreas in an animal model.

Methods
Between March 1999 and May 2000, a randomized prospec-
tive study was performed in 56 patients who underwent pylo-
rus-preserving pancreatoduodenectomy for periampullary
neoplasms. Patients were allocated to either a lansoprazole
group or a control group. The lansoprazole members were
given oral lansoprazole (30 mg/d) over 12 weeks postopera-
tively to induce hypergastrinemia. During the study period, 19
patients were excluded for different reasons; in the end a total

of 37 patients (lansoprazole, n � 18; control, n � 19) were
eligible for study. The volume of the distal pancreas as deter-
mined using thin-sectioned spiral CT data, nutritional status,
and endocrine (insulin level, glucose tolerance test) and exo-
crine function (stool elastase) of the pancreas and serum gas-
trin levels were measured before surgery and 3 months after
surgery. The two groups were clinically comparable.

Results
Serum gastrin level was elevated in the lansoprazole group. In
this group, the mean volume of the distal pancreas was re-
duced by 10% after pylorus-preserving pancreatoduodenec-
tomy, whereas severe pancreatic atrophy occurred in the
control group. Postoperative insulin and stool elastase levels
were higher in the lansoprazole group than in the control
group.

Conclusions
This study is the first prospective randomized trial of induced
hypergastrinemia on the regeneration of the pancreas in hu-
mans. It may be possible to use induced hypergastrinemia in
the treatment or prevention of pancreatic insufficiency follow-
ing resection or injury.

Pancreatoduodenectomy has become a standard operation
for patients with malignant and benign diseases of the
periampullary area. However, postoperative diarrhea, ste-

atorrhea, and poor nutritional status are not infrequently
seen after pancreatoduodenectomy. Pancreatic insufficiency
and loss of distal stomach and duodenum are the main
causes of this poor functional outcome.

Atrophy of the remnant distal pancreas after pancre-
atoduodenectomy is usual rather than exceptional. Little
information is available in humans concerning the preven-
tion of pancreatic atrophy, which has the sequela of pan-
creatic insufficiency.1–3

Regeneration of the pancreas after resection has been
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relatively well documented in animal models. Some reports
have demonstrated that pancreatic volume increases by
about 30% to 70%, according to the extent of pancreatic
resection, and that regeneration is complete within a 2- to
6-month period after resection.4,5

Many potential regulatory factors for pancreatic regener-
ation have been studied.6 Of these, several gut hormones
have been shown to have a trophic effect on the pancreas. In
particular, gastrin and cholecystokinin (CCK), which share
a common amino acid sequence in their C-terminal 5 amino
acids, have been widely studied through experimental mod-
els.7–10 Xu et al.9 reported that lansoprazole (proton pump
inhibitor)-induced endogenous hypergastrinemia increases
the pancreas weight and leads to amelioration of hypergly-
cemia and �-cell function after 90% partial pancreatectomy.
We found a similar regenerative effect of endogenous hy-
pergastrinemia on 66% resected pancreas in rat.10 In the
previous report, we proposed the possibility of clinical
application of endogenous hypergastrinemia induced by a
proton pump inhibitor, which is easily inducible in humans,
for the stimulation of pancreatic regeneration.

For these reasons, we undertook this study to investigate
whether gastrin has a similar regenerative effect on the
human pancreas as it does in animal models, and whether
this prevents the atrophy of the distal pancreas after pylorus-
preserving pancreatoduodenectomy (PPPD).

METHODS

Study Design

Between March 1999 and May 2000, we conducted a
randomized prospective study on 56 patients who under-
went PPPD with presumed periampullary neoplasms in
Seoul National University Hospital. We excluded three pa-
tients who had evidence of pancreatitis on physical exami-
nation, laboratory tests, and CT, because pancreatitis af-
fected the pancreatic volume preoperatively due to swelling.
Including 3 patients with pancreatitis, 11 of 56 patients were
excluded: 3 did not consent to the study, 2 had severe
pancreatic atrophy with a tortuous dilated pancreatic duct, 1
had combined colon resection, and 2 had prolonged delayed
alimentation due to complications. Subjects were allocated
into two groups preoperatively: a control group and a lan-
soprazole group (lansoprazole was given at a dosage of 30
mg/d for 12 weeks postoperatively to induce endogenous
hypergastrinemia). Surgeons were unaware of the patient’s
allocation. During the study period, 8 patients were excluded,
leaving 37 patients eligible for study (18 patients in the lanso-
prazole group, 19 patients in the control group; Fig. 1).

Gastrin Assay

Serum gastrin levels were measured immediately before
surgery and after 1 week of oral diet postoperatively. After
at least 8 hours of fasting, a blood sample was taken before

and 15, 30, and 60 minutes after the ingestion of a modified
Lundh test meal (300 mL, carbohydrate 75 g, protein 19.5 g,
and fat 18.5 g). Serum gastrin was measured using a
GammaDab (DiaSorin, MN).

Pancreas Volumetry

Pancrease volume was measured using spiral computed
tomography (CT) with 5-mm consecutive section images
and contrast opacification. After reconstructing the CT im-
age data, a sectional area of the pancreas was selected using
Image-Pro Plus (Media Cybernetics, MD), and three-dimen-
sional volume of the distal pancreas was calculated using
MATLAB (The MathWorks, MA). Image analysis and
volumetry was done by a specialized radiologist who was
unaware of the patient’s status. The volume of the remnant
distal pancreas was measured 3 months after surgery using
the same CT volumetry and was compared with the preop-
erative volume of the distal pancreas according to the sur-
gical resection line.

Nutritional Status

Body weight and triceps skin-fold thickness were mea-
sured preoperatively and 1 and 3 months after surgery. To
reduce the error caused by height differences, relative body
weight (measured body weight/ideal body weight � 100
[%]), using a modified Broca’s formula ([height (cm) –100]
� 0.9) was used for data analysis.

Evaluation of Pancreatic Function

The endocrine functions of the pancreas were evaluated
by measuring the serum insulin level and performing an oral
glucose tolerance test after a 75-g glucose challenge. The
data were compared between the two groups, excluding the
patients who had impaired glucose tolerance or diabetes
mellitus preoperatively. Stool elastase I activity (�g unit per
1 g stool) was measured to evaluate pancreatic exocrine
functions by using the monoclonal antibody and ELISA
technique. Pancreatic endocrine and exocrine function tests

Figure 1. Patient allocations.
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were carried out preoperatively and 1 and 3 months after
surgery, respectively. For the postoperative 3-month evalu-
ation, the pancreatic function test was performed 1 week
later after the completion of medication (lansoprazole).

Factors Influencing Pancreatic Volume
Changes

To identify factors that might affect the postoperative
change of pancreas volume, we analyzed age, sex, diagno-
sis, presence of preoperative jaundice, methods of pancre-
aticoenteric anastomosis, pancreatic leakage, use of soma-
tostatin analog, and adjuvant chemoradiation.

Ethics

The study protocol was approved by the ethics committee
of the Seoul National University Hospital and was con-
ducted in accordance with the Declaration of Helsinki, as
revised in 1983. Written and oral informed consent was
obtained from all patients enrolled in this study.

Statistical Analysis

Comparisons were performed using the Mann-Whitney
and chi-square tests. Results are expressed as mean �
standard error of the mean (SEM). Significance was ac-
cepted at the 5% level. All statistical analyses were per-
formed with SPSS software.

RESULTS

Patients

The mean age of the patients was 58.4 years (range
33–81), and the male to female ratio was 21:16. Of the 37
patients, 16 had ampulla of Vater cancer, 13 had bile duct
cancer, 6 had pancreas head cancer, and 2 had duodenal
cancer. We found no significant difference between the two
groups in terms of patient characteristics and perioperative
parameters (Table 1).

Gastrin Assay

Figure 2 shows preoperative and postoperative serum
gastrin concentrations during modified Lundh meal test. No
difference was found in the preoperative gastrin concentra-
tion of the two groups. The postoperative gastrin level of the
lansoprazole group was approximately twice as high as the
preoperative level (P � .001). In the control group, no
differences were found between the preoperative and post-
operative gastrin levels.

Pancreas Volumetry

There was no significant difference in the mean preoper-
ative volume of the distal pancreas between the control
group and the lansoprazole group ( Table 2, Fig. 3). Three

Figure 2. Effect of lansoprazole (proton pump inhibitor) administration
on serum gastrin level.

Table 1. CLINICAL CHARACTERISTICS
OF PATIENTS

Lansoprazole
Group (n � 18)

Control Group
(n � 19)

P
Value

Mean age 58.3 � 8.4 58.6 � 12.3 .931
Male:female 10:8 11:8 .886
Diagnosis (UICC stage:

I/II/III/IV)
.809

Ampulla of Vater
cancer

9 (1/3/5/0) 7 (1/3/3/0)

Common bile duct
cancer

6 (0/2/2/2) 7 (0/2/3/2)

Pancreatic cancer 2 (0/0/2/0) 4 (0/1/2/1)
Duodenal cancer 1 (0/1/0/0) 1 (0/0/1/0)

Karnofsky
performance
status

.878

90–100 3 4
70–80 9 10
50–60 6 5

PJ/PG anastomosis 16:2 13:6 .131
Pancreatic leakage* 4 (22.2%) 3 (15.8%) .332
Octreotide treatment† 4 (22.2%) 5 (26.3%) .772
Adjuvant

chemoradiation‡
10 (55.5%) 5 (26.3%) .070

PJ, pancreatojejunostomy; PG, pancreatogastrostomy.
* Pancreatic leakage: defined as drainage of more than 30 mL of fluid with an

amylase level higher than 600 U/dL on or after postoperative week 1.
† Octreotide treatment: 7 days treatment with Sandostatin (100 �g per 8 hours)

subcutaneously to treat or prevent pancreatic leakage.
‡ Adjuvant chemoradiation: 40 Gy of radiation delivered as a split course of 20 Gy

in 10 fractions over 2 weeks with a 2-week break between course. 5-FU was
added during day 1 through 3 of each course of radiotherapy at a dose of 500
mg/m2 per day.
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months postoperatively, the remnant pancreatic volume de-
creased by 44% in the control group (P � .001). In the
lansoprazole group there was no significant volume reduc-
tion of the distal remnant pancreas (10.7%, P � .108).
Therefore, lansoprazole prevented the atrophy of the rem-
nant distal pancreas after pancreatoduodenectomy.

Nutritional Status

About 8% of relative body weight was lost 1 month after
PPPD (compared to the preoperative weight) in both
groups. After 3 months, 5% body weight loss was observed
in the lansoprazole group, but 10% body weight loss was
apparent in the control group (P � .007) (Table 3). The
percentage of the patients who recovered more than 95% of
their preoperative body weight 3 months postoperatively
was 67% (12/18) in the lansoprazole group and 37% (7/19)
in the control group (P � .072). Mean triceps skin-fold
thickness 3 months after PPPD was lowered by 8.7% in the
lansoprazole group and by 21.5% in the control group (see
Table 3) (P � .047).

Pancreatic Endocrine and Exocrine
Functions

In the oral glucose tolerance test, excluding the patients
who had impaired glucose tolerance or diabetes mellitus

before surgery, 1 of 16 patients (6.3%) had diabetes and 2
patient (12.5%) had impaired glucose tolerance in the lan-
soprazole group. In the control group, 1 of 15 patients
(6.7%) had diabetes and 7 patients (46.7%) had impaired
glucose tolerance. Therefore, 53.4% of the control group
and 18.8% of the lansoprazole group had pancreatic endo-
crine insufficiency (Table 4). Although there was no statis-
tically significant difference, we found a trend that endo-
crine functional deterioration was relatively prevented in the
lansoprazole group compared to the control group. The
serum insulin level also supported this preservation of pan-
creatic endocrine function in the lansoprazole group. The
serum insulin level was higher in the lansoprazole group
(21.1 � 12.1 �U/mL, 101.0% of preoperative level) than in
the control group (6.9 � 1.6 �U/mL, 47.6% of preoperative
level) 3 months postoperatively (Fig. 4).

The preoperative stool elastase level was 233 � 46 �g/g
in the control group and 203 � 38 �g/g in the lansoprazole
group (Fig. 5). After pancreatic resection, enzyme activity
was lowered without a difference between the groups 1
month postoperatively. Three months postoperatively, the
stool elastase level in the lansoprazole group was stationary
at a level of 59 � 12 �g/g, but in the control group it
decreased to 24 � 6 �g/g; the difference was significant
(P � .009).

Factors Influencing Volume Change of
Pancreas

Of the nine clinical variables analyzed, only postopera-
tive volume change of the pancreatic remnant was signifi-
cantly related to lansoprazole treatment (P � .001) (Table
5). The method of pancreatic anastomosis approached sta-
tistical significance (P � .051). The other seven factors
were not significantly associated with postoperative volume
change of pancreas.

When we performed general linear model analysis to
exclude the interaction between these variables, only lanso-
prazole treatment had statistical significance (P � .001),
and the method of pancreatic anastomosis lost its marginal
significance (P � .188).

Figure 3. Individual volume changes
of the distal pancreatic remnant in the
lansoprazole group (A) and the control
group (B).

Table 2. VOLUME CHANGE OF THE
DISTAL (REMNANT) PANCREAS IN

LANSOPRAZOLE AND CONTROL GROUPS

Lansoprazole
Group (n � 18)

Control Group
(n � 19)

P
Value

Remnant pancreas
preoperative

63,934 � 6,354 71,446 � 6,971 .434

Volume (mm3)*
postop 3 mo

57,069 � 5,289 39,753 � 3,334 .008

Volume change† (%) �10.7 �44.4 �.001

* Remnant pancreas volume: mean � SEM.
† Volume change: (postoperative volume of remnant pancreas � preoperative

volume of remnant pancreas)/preoperative volume of remnant pancreas � 100.
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DISCUSSION

Since Martinotti11 reported the regeneration of pancreas
in 1892, there have been many reports about pancreatic
regeneration after injury or resection, especially in animal

models.7–10 Although the regenerative power of pancreas is
not so intensive as the liver,12 pancreatic regeneration seems
to occur in some circumstances, and its associated factors
are also known.6

Of the many factors, gastrin is relatively easy to manip-
ulate and can be converted to clinical use. Recently some
studies have reported that hypergastrinemia, induced either
medically (e.g., proton pump inhibitor) or surgically (e.g.,
fundectomy), has a trophic effect on the pancreas after
pancreatic resection in animal models.8–10,13,14

While there have been many reports about the growth and
regeneration of pancreas in experimental animals, surpris-
ingly, human studies on pancreatic regeneration are rare.
Schlegel et al.15 presented a case that showed complete
restoration of the pancreatic volume 1 year after a distal
pancreatectomy in a 57-year-old woman diagnosed with
mucinous cystadenoma. Schonau et al.16 reported that after
95% pancreatectomies in infants with nesidioblastosis, pan-

Table 3. GENERAL AND NUTRITIONAL STATUS OF LANSOPRAZOLE AND CONTROL
GROUPS

Lansoprazole Group (n � 18) Control Group (n � 19) P Value

TSF* (mm) (% of preop. value)
Preoperative 16.1 � 2.0 (100.0) 13.5 � 1.2 (100.0) NS
Postop 1 mo 14.1 � 1.8 (75.8) 10.5 � 1.0 (77.8) NS
Postop 3 mo 14.7 � 1.8 (91.3) 10.6 � 1.1 (78.5) .047

Weight gain† (%)
1 mo 4 (22.2%) 5 (26.3%) NS
3 mo 12 (66.7%) 7 (36.8%) .072

Mean relative body weight (% of preop. value)
1 mo 92.0 92.1 NS
3 mo 95.5 90.1 .007

Data are expressed as mean � SEM.
* TSF, triceps skin-fold thickness.
† Weight gain (%); number of patients who recovered �95% of preop. body weight by 3 mo after surgery.

Table 4. RESULTS OF ORAL GLUCOSE
TOLERANCE TEST BETWEEN

LANSOPRAZOLE AND CONTROL GROUPS

Lansoprazole
Group (n � 16)

Control Group
(n � 15)

P
Value

Diabetes mellitus* 1 1 .103
Impaired glucose

tolerance†
2 7

Normal 13 7

* Fasting plasma glucose �126 mg/dL or 2-hour glucose level �200 mg/dL.
† Fasting plasma glucose 110–125 mg/dL and 2-hour glucose level 140–199

mg/dL.

Figure 4. Serum insulin levels in the lansoprazole group and the
control group.

Figure 5. Stool elastase I levels in the lansoprazole group and the
control group.
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creatic endocrine and exocrine functions were satisfactory
and the pancrease showed extensive regrowth. Others re-
ported that pancreas regeneration with functional restoration
may occur in tissue injury after pancreatitis as well as in
pancreatic resection.17,18

However, many reports show that remnant pancreatic
atrophy, rather than regeneration, commonly occurs after
surgical resection, especially after pancreatoduodenectomy
in humans.2,3,19 Remnant pancreatic atrophy is usual rather
than exceptional after pancreatic head resection, which is
the most common type of pancreatectomy. This pancreatic
atrophy after pancreatic head resection results in exocrine
and endocrine functional loss of the pancreas.3,20,21

We previously suggested that postoperative atrophy of
the distal pancreas after pancreatoduodenectomy occurs in
humans because, at least in part, of the resection of the
duodenum and the distal stomach, which are the sources of
the trophic stimuli cholecystokinin and gastrin.3 We con-
firmed that pylorus preservation decreased the extent of
atrophy of the remnant pancreas after pancreatoduodenec-
tomy by preserving the antrum secretion of gastrin com-
pared to Whipple’s procedure. This suggests that gut hor-

mones such as gastrin and CCK are related to the growth
and regeneration of the pancreas.

In this study, we confirmed that atrophy of the pancreas
after resection of the pancreas head occurs generally in
humans; this is consistent with our previous findings in
humans,3,20 not showing extensive regrowth or regeneration
as in animal models.10 However, the amount of pancreatic
atrophy in the lansoprazole group (the induced hypergas-
trinemia group) was lower than that of the control group,
with better general status and pancreatic function in the
lansoprazole group. These results suggest that induced hy-
pergastrinemia after resection of the pancreas provokes pan-
creatic regrowth, prevents pancreatic atrophy, and therefore
positively influences the restoration of pancreatic function
and general nutritional status after pancreatoduodenectomy.

We found that there was not a great difference in pan-
creatic function and general status based on the degree of
pancreatic volume change, despite considerable differences
in the postoperative remnant pancreatic volume between the
two groups. Even in the lansoprazole group, some patients
showed severe pancreatic atrophy rather than regrowth, and
there was no linear relationship between the volume change

Table 5. POSTOPERATIVE VOLUME CHANGE OF PANCREATIC REMNANT AND
ASSOCIATION WITH CLINICAL FACTORS

Number
Volume Change of Pancreas

(mm3) P Value

Age (years)
�60 22 �20,685 � 4,052 .712
�60 15 �17,880 � 7,052

Sex
Male 21 �16,437 � 4,195 .339
Female 16 �23,451 � 6,112

Diagnosis
Ampulla of Vater cancer 16 �19,715 � 5,095 .582
Common bile duct cancer 13 �22,391 � 7,592
Pancreatic cancer 6 �9,249 � 5,541
Duodenal cancer 2 �28,576 � 9,063

Jaundice
No 8 �20,933 � 9,554 .873
Yes 29 �19,377 � 3,948

Pancreatic anastomosis
Pancreatojejunostomy 29 �15,848 � 3,667 .051
Pancreatogastrostomy 8 �32,451 � 8,728

Pancreatic leakage
No 30 �20,812 � 4,173 .681
Yes 7 �17,404 � 7,019

Somatostatin analog
No 28 �18,951 � 7,336 .580
Yes 9 �21,568 � 4,136

Adjuvant chemoradiation
No 22 �19,563 � 4,520 .979
Yes 15 �19,764 � 6,125

Lansoprazole medication
No 19 �31,693 � 19,798 �.001
Yes 18 �6,885 � 14,503

Data are expressed as mean � SEM.
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of pancreas and the change in pancreatic function or general
nutritional status in a correlation test (data not shown). This
means that there is individual variability in the growth
response of pancreas to gastrin and in the relationship
between pancreatic volume and pancreatic function. Be-
cause pancreas has very intricate relationships with other
organs and sometimes itself, we do not think that manipu-
lating only one hormonal milieu can affect every patient to
the same degree. The individual variability in the growth
response to the gastrin is at least partially due to the vari-
ability of the expression of gastrin receptor. Gastrin is
expressed in the fetal pancreas and is likely to play a role in
pancreas development and regeneration in humans.22 Al-
though some reports showed that the functional gastrin
receptor exists in adult pancreas,23 it is believed that gastrin
receptor is present in adult pancreas minimally and its
expression increases after damage, such as tumor, resection,
or inflammation.24,25

The status of gastrin receptor between rats and humans is
slightly different; it is difficult to make a general statement
about the intensity of gastrin’s trophic effect in humans and
rats. However, we can suggest that metabolic demand to
stimulate pancreas regrowth varies individually and has a
great impact on the trophic driving force of gastrin.

According to Lankisch et al.26 and Bozkurt et al.,27 after
recovery from necrotizing pancreatitis, individual pancre-
atic enzyme secretion varied considerably during recovery
in the follow-up period, and as little as 10% of the gland
remaining would meet the functional demand of pancreas.
Tsiotos et al.2 insisted that pancreatic growth factors may
not be upregulated in patients with larger remnants, as in
pancreatoduodenectomy (about 50% resection of pancreas).
Further studies, including the expression of the gastrin re-
ceptor in adult humans, are needed to predict the individual
response to gastrin and the regrowth potential of pancreas
after resection or injury.

Another consideration for the variability of pancreatic
function is the technical problem of study. In human studies,
restricting the study condition strictly is impossible, unlike
animal models. Besides the possibility of influence of gas-
trin on the pancreatic test,23 lifestyle factors, including diet,
and other diseases or medications may affect the result of
pancreatic function and general nutritional status. Although
we tried to control many factors, including medications
(except lansoprazole), and used more stable enzyme tests
such as elastase I,28 other factors that we could not control
may have affected the pancreatic function test and general
nutritional evaluation in this study.

Notwithstanding the many possible factors that could
affect the results this study, we suggest that a mechanism of
pancreatic regrowth or regeneration exists in humans, and
gastrin plays a considerable role in that process. Other
clinical factors associated with the functional loss of the
pancreas after pancreatic resection have been believed to be
accompanying pancreatitis, the patency of the pancreatic
duct after pancreaticoenteric anastomosis, and the operative

techniques.20,29,30 In this study, we also investigated several
clinical factors in an attempt to find any other factors that
might have affected the postoperative changes in pancreatic
volume. Although statistically significant factors could not
be found, trends of pancreatic volume changes were ob-
served according to the pancreaticoenteric anastomosis.
Remnant pancreatic atrophy is more common in pancreato-
gastrostomy than in pancreatojejunostomy, and this result
supports the results of previous reports showing that pan-
creatic insufficiency was more frequent in pancreatogastro-
stomy than in pancreatojejunostomy,1,20 morphologically as
well as functionally.

Some investigators argue that gastrin has trophic effects
on pancreatic cancer, whereas others dismiss these ef-
fects.31,32 These conflicting opinions on the tumor-stimulat-
ing effect of gastrin remain to be resolved. Therefore, before
hypergastrinemia is used clinically, long-term follow-up is
mandatory to determine its effect on tumor recurrence and
metastasis in the hypergastrinemia group. Currently, no
adverse trends have been observed in our study patients.

In conclusion, the results of this study suggest that in-
duced hypergastrinemia prevents pancreatic atrophy after
PPPD, probably via a mechanism of regenerative activity of
the pancreas stimulated by gastrin. Although long-term fol-
low-up is needed before clinical application, we propose
that induced hypergastrinemia can be used in the treatment
or the prevention of pancreatic insufficiency due to the
pancreatic atrophy after pancreatic resection or pancreatitis
in humans.
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