Original Article
Others

Diabetes Metab ] 2023;47:703-714
https://doi.org/10.4093/dm;j.2022.0205
pISSN 2233-6079 - eISSN 2233-6087

dm)

DIABETES & METABOLISM JOURNAL

‘ '.) Check for updates

Glucose Regulation after Partial Pancreatectomy:
A Comparison of Pancreaticoduodenectomy and
Distal Pancreatectomy in the Short and Long Term
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Departments of 'Surgery, *Internal Medicine, Seoul National University Bundang Hospital, Seoul National University College of Medicine, Seongnam, Korea

Background: Long term quality of life is becoming increasingly crucial as survival following partial pancreatectomy rises. The pur-
pose of this study was to investigate the difference in glucose dysregulation after pancreaticoduodenectomy (PD) or distal pancre-
atectomy (DP).

Methods: In this prospective observational study from 2015 to 2018, 224 patients who underwent partial pancreatectomy were
selected: 152 (67.9%) received PD and 72 (32.1%) received DP. Comprehensive assessment for glucose regulation, including a 75
g oral glucose tolerance test was conducted preoperatively, and 1, 12, and 52 weeks after surgery. Patients were further monitored
up to 3 years to investigate development of new-onset diabetes mellitus (NODM) in patients without diabetes mellitus (DM) at
baseline or worsening of glucose regulation (> 1% increase in glycosylated hemoglobin [HbA1c]) in those with preexisting DM.
Results: The disposition index, an integrated measure of -cell function, decreased 1 week after surgery in both groups, but it in-
creased more than baseline level in the PD group while its decreased level was maintained in the DP group, resulting in a be-
tween-group difference at the 1-year examination (P<0.001). During follow-up, the DP group showed higher incidence of
NODM and worsening of glucose regulation than the PD group with hazard ratio (HR) 4.29 (95% confidence interval [CI], 1.49
to 12.3) and HR 2.15 (95% CI, 1.09 to 4.24), respectively, in the multivariate analysis including dynamic glycemic excursion pro-
file. In the DP procedure, distal DP and spleen preservation were associated with better glucose regulation. DP had a stronger as-
sociation with glucose dysregulation than PD.

Conclusion: Proactive surveillance of glucose dysregulation is advised, particularly for patients who receive DP.
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INTRODUCTION

The number of pancreatectomies is steadily increasing in re-
sponse to increased detection of premalignant or malignant
diseases in this organ [1]. Increased frequency of health check-
ups, advances in imaging techniques, and heightened aware-

ness of pancreatic disease contribute to this. Traditionally, pan-
creatic surgery was regarded as a dangerous procedure associ-
ated with high morbidity and mortality rates. However, ad-
vances in surgical techniques and perioperative care, com-
bined with minimally invasive surgery, have resulted in im-
proved postoperative outcomes and enhanced recovery after

Corresponding authors: Yoo-Seok Yoon ( https://orcid.org/0000-0001-7621-8557
Department of Surgery, Seoul National University Bundang Hospital, Seoul National
University College of Medicine, 82 Gumi-ro 173beon-gil, Bundang-gu, Seongnam 13620,
Korea

E-mail: yoonys@snubh.org

Soo Lim () https://orcid.org/0000-0002-4137-1671

Department of Internal Medicine, Seoul National University Bundang Hospital, Seoul
National University College of Medicine, 82 Gumi-ro 173beon-gil, Bundang-gu,
Seongnam 13620, Korea

E-mail: limsoo@snu.ac.kr

*Jun Suh Lee and Minji Sohn contributed equally to this study as first authors.

Received: Jun. 16, 2022; Accepted: Sep. 7, 2022

This is an Open Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (https://creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Copyright © 2023 Korean Diabetes Association  https://e-dmj.org



Lee S, et al.

dmj

pancreatic resection [2,3]. With the introduction of effective
chemotherapy regimens, survival outcomes after pancreatec-
tomy have also been improving in patients with pancreatic
cancer [4-6]. As the number of long term survivors after pan-
creatic resection increases, more emphasis is being placed on
the patient’s quality of life and on late postoperative complica-
tions.

Pancreatogenic diabetes mellitus (DM) is one of the impor-
tant late complications after pancreatectomy with a debilitating
influence on quality of life [7]. The American Diabetes Associ-
ation classified this type of diabetes as type 3¢, which has been
reported to account for as much as 8% of DM [8]. The inci-
dence of new-onset diabetes mellitus (NODM) after pancre-
atectomy varies with the type of surgery, at 18% to 27% after
pancreatoduodenectomy (PD), and 5% to 42% after distal
pancreatectomy (DP) [9,10]. Old age, high body mass index
(BMI), high preoperative glycosylated hemoglobin (HbAlc)
levels, type of surgery, and lower remnant pancreatic volume
are known as risk factors for NODM [10-15]. However, few
studies have investigated glucose regulation status comprehen-
sively for long durations after pancreatectomy [14-16].

In this prospective study on patients who underwent partial
pancreatectomy for benign or malignant diseases, we analyzed
the temporal changes in dynamic glycemic regulation parame-
ters, and surrogate markers of pancreatic -cell function and
insulin resistance using an oral glucose tolerance test (OGTT)
between types of pancreatic surgery preoperatively, and 1 and
52 weeks after surgery. For up to 3 years, we also investigated
differences in NODM or worsening of glucose regulation ac-
cording to each patient’s characteristics and surgical proce-
dures, including the resection region, the volume of the pan-
creas resected, and spleen preservation.

METHODS

Study design and population

This was a prospective observational study at Seoul National
University Bundang Hospital (SNUBH). Patients who under-
went partial pancreatectomy for any reason and gave their
consent were included in this study. A total of 398 patients
were identified during 2015 to 2018. Patients who received
central pancreatectomy or pancreatic enucleation were exclud-
ed from the study, as well as patients lost to follow-up, patients
with incomplete laboratory measurements, or patients who
died within 1 year after pancreatectomy. Finally, 224 cases were
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selected for this study (Supplementary Fig. 1).

The study participants were followed up every 3 months for
the 1st year after surgery. At every visit, anthropometric pa-
rameters, laboratory tests, and radiologic imaging were per-
formed. In the biochemical parameters, fasting glucose and in-
sulin concentrations, HbAlc levels, and liver and kidney func-
tions were measured. For assessing dynamic glycemic excur-
sion, a 75 g standard OGTT was conducted preoperatively, be-
fore discharge (1 week after surgery), and at 12 and 52 weeks.
Then, the patients were followed up every 3-6 months for up
to 3 years to assess their general health condition and glycemic
regulation status. This study was approved by the SNUBH In-
stitutional Review Board (B-1508-312-305) and has been reg-
istered at clinicaltrials.gov (NCT04409171).

Surgical procedure

Both PD and DP were performed using either an open or a
laparoscopic approach. Our surgical procedure of PD and DP
has been described in detail [17-19]. PD was performed for le-
sions located at the head of the pancreas, the distal common
bile duct, the ampulla of Vater, or the duodenum. After remov-
al of the head of the pancreas, common bile duct, gall bladder,
and duodenum, the proximal jejunum was anastomosed to the
remaining pancreas, the bile duct, and duodenum. DP was
performed for lesions located in the body or tail of the pancre-
as. The decision on spleen preservation was made by the team
according to tumor pathology and characteristics.

In cases of PD, the pancreas was usually transected at the
neck of the pancreas, which overlies the superior mesenteric
vein. In most cases, approximately 40% of the pancreatic pa-
renchyma was resected [20]. Unlike the PD procedure, with
little variation in the location of the transection line, DP has
variable transection lines according to the tumor pathology
and location. In DP for pancreatic cancer, the transection line
was mostly decided to be at the neck of the pancreas, identical
to that in PD. However, when a pancreatic cancer was located
at the proximal body, the pancreas was transected very proxi-
mally to obtain a safe resection margin, resulting in removal of
up to 80% of the organ. In cases of premalignant tumors,
which do not require a wide resection margin and lymph node
dissection, the transection line was determined according to
tumor location. When the lesion was located in the tail of the
pancreas, the transection line could be far distal so that only
20% of the parenchyma was resected. For the DP procedure,
the operation was categorized as either proximal or distal tran-
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section according to the location of the transection line. In the
proximal DP approach, the transection line was proximal to
the left border of the aorta, resulting in resection of the body
and tail of the pancreas. For distal DP, the transection line was
from the distal end of pancreas to the left border of the aorta,
resulting in resection of the tail of the pancreas. These classifi-
cations are presented in Supplementary Fig. 2.

End points

The primary outcome of this study was deterioration in glu-
cose regulation: the incidence of NODM, defined as having
HbAlc of 26.5%, in patients without DM at baseline and
worsening in glucose regulation, defined as an increase in
HbA1lc of >1% over the baseline value, in those without DM at
baseline, for up to 3 years. Secondary outcomes were temporal
changes in glucose regulation parameters related to pancreatic
B-cell function or insulin resistance, which were estimated by
dynamic glycemic excursion obtained from an OGTT per-
formed during the 1st year after surgery.

Measurements

Height, body weight, and BMI were measured by standard
methods. The subjects fasted for 10 hours overnight, and ve-
nous blood samples were taken for biochemistry assays. Plas-
ma glucose concentration was measured using the glucose oxi-
dase method (747 Clinical Chemistry Analyzer, Hitachi, To-
kyo, Japan). Fasting plasma C-peptide and insulin levels were
measured using a radioimmunoassay (Linco, St. Charles, MO,
USA). HbAlc level was measured using a Variant II Turbo
HPLC Analyzer (Bio-Rad, Hercules, CA, USA) in a National
Glycohemoglobin Standardization Program level II certified
laboratory.

All subjects underwent a standardized 75 g OGTT following
overnight fasting for 10 hours. The levels of plasma glucose
and insulin were measured at baseline, 1, and 2 hours after the
glucose load. To estimate the glucose regulatory function, the
following surrogate markers were calculated: the homeostasis
model assessment of insulin resistance (HOMA-IR) [21] and
the Matsuda insulin sensitivity index (ISI) [22] for insulin re-
sistance, and homeostasis model assessment of B-cell function
(HOMA-) and the insulinogenic index (IGI) for B-cell func-
tion. The disposition index, an integrated measure of 3-cell
function, was calculated as the IGI multiplied by the fasting in-
sulin and has been validated for people with European and
Asian ancestries [23]. The total area under the curve of glucose
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and insulin (AUCglucose and AUCinsuin) Was also derived from
the results of the OGTT. The IGI« was calculated as the ratio
of the 60 minutes insulin level minus the fasting insulin level to
that of the 60 minutes glucose level minus the fasting glucose
level (Alnsulin60/AGlucose60) [24] and it was validated against
first-phase insulin secretion on intravenous glucose tolerance
testing [25].

Aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) (NADH-UV method) and creatinine (Jaffe’s ki-
netic method) levels were measured using an Architect Ci8200
Analyzer (Abbott Laboratories, Abbott Park, IL, USA). The es-
timated glomerular filtration rate (eGFR) was calculated using
the creatinine-based Chronic Kidney Disease Epidemiology
Collaboration equation [26]. Concentrations of total cholester-
ol were measured using a 747 Clinical Chemistry Analyzer
(Hitachi). The serum high-sensitivity C-reactive protein
(hsCRP) level was measured via a high-sensitivity automated
immunoturbidimetric method (CRP-Latex [II] X2, Denka
Seiken Co., Tokyo, Japan).

Statistical analysis

Values are presented as the mean+standard deviation or as
percentages. A two-sample Student’s ¢-test or Wilcoxon’s rank-
sum test was used according to the distribution to compare
mean differences between treatment arms. A chi-squared test
or Fisher’s exact test was used to test the significance of discrete
variables. Survival is presented as Kaplan-Meier curves and
compared by log-rank test. Crude or adjusted hazard ratios
(HRs) with 95% confidence intervals (CIs) for NODM in non-
diabetic patients and worsening in glucose regulation in pa-
tients with DM were estimated by Cox proportional hazards
regression models. Analyses were adjusted for age, sex, base-
line characteristics such as BMI, HbA ¢, total cholesterol, ALT,
eGFR, hsCRP, and the origin of pancreas disease, changes of
disposition index from baseline to postoperative 1 week, surgi-
cal information including type of partial pancreatectomy and
resected pancreas volume, and usage of postoperative chemo-
therapy. As a sensitivity analysis, the factors of transection level
and whether splenectomy was performed in the DP group
were further evaluated for glucose dysregulation. According to
differences in baseline characteristics, propensity score match-
ing (PSM) was developed with age, sex, BMI, fasting glucose,
postprandial 2 hours glucose, and the nature of pancreas dis-
ease to compare glucose regulation between the types of sur-
gery used. Significance was defined as a two-sided P<0.05. All
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statistical analyses were conducted using R software version
4.1.0 (R Development Core Team, Vienna, Austria) and RStu-
dio version 1.4.1717 (RStudio, Boston, MA, USA).

RESULTS

Baseline characteristics
Among 224 patients, 152 (67.9%) received PD, 72 (32.1%) re-

Table 1. Baseline characteristics of all patients

ceived DP, and were followed up for up to 3 years (median 114
weeks). The baseline characteristics of the two groups are listed
in Table 1. The PD group was older by 5 years and had a lower
BMI than the DP patients. The PD group had higher AUCaiucose,
and lower HOMA-B and IGle compared with the DP group
(all P<0.05), indicating high glycemic burden and worse 3-cell
function. However, there were no significant differences in
HbA1c, AUCsuin, HOMA-IR, or disposition index between

Pancreaticoduodenectomy

Distal pancreatectomy

Variable (n=152) (n=72) Pvalue
Age, yr 64.8+10.4 59.7+£13.5 0.002
Male sex 82 (53.9) 37 (51.4) 0.830
Body mass index, kg/m’ 233+2.8 242%3.1 0.022
HbAlc, % 6.3£1.7 6.2+1.2 0.748
Glucose at 0 min, mg/dL 126.0+£50.3 114.3+334 0.073
Glucose at 60 min, mg/dL 246.3+£88.0 218.5+74.6 0.022
Glucose at 120 min, mg/dL 2445+113.8 194.3+89.1 0.001
AUCoqlucose 431.5+161.7 372.8+£129.2 0.008
Insulin at 0 min, pTU/mL 8.2+4.0 9.1+£3.8 0.100
Insulin at 60 min, WIU/mL 44.0+39.6 51.5%£39.3 0.185
Insulin at 120 min, pIU/mL 51.5+42.5 53.7+44.9 0.720
AU Crasulin 73.9£53.8 83.0£54.4 0.240
C-peptide, ng/mL 3.0+1.9 24+1.2 0.022
HOMA-IR 2,619 25+1.2 0.761
HOMA-$ 65.0+40.2 81.5+£56.3 0.013
Matsuda ISI 5.8+4.7 5.5+5.0 0.647
IGlI 21.2+31.2 33.1+£46.8 0.026
Disposition index 4.0+13.0 3.9+55 0.957
Total cholesterol, mg/dL 196.8+£75.0 179.6+35.0 0.069
Aspartate aminotransferase, [U/L 71.9+96.0 23.9+10.2 <0.001
Alanine aminotransferase, IU/L 96.3+1234 22.7+15.5 <0.001
eGFR, mL/min/1.73 m? 95.0+15.8 95.6+14.2 0.814
hsCRP, mg/L 1.02+1.88 0.80+3.55 0.568
Resected pancreas volume, cm’ 113.5+63.4 104.9+80.9 0.390
Family history of diabetes 28 (18.4) 18 (25.0) 0.255
Pathology (etiology of surgery) <0.001
Malignant lesion 132 (86.8) 41 (56.9)
Pancreatic cancer 56 (36.8) 38(52.8)
Nonpancreatic cancer 76 (50.0) 3(4.2)
Premalignant or benign lesion 20(13.2) 31(43.1)
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Variable Pancreati(c:l);ilic;g)enectomy Distal p(a;ir;za)tectomy Pvalue
ASA PS classification 0.233
I 31(20.4) 20 (27.8)
11 102 (67.1) 40 (55.6)
111 17(11.2) 12 (16.7)
v 2(1.3) 0
Comorbidities
Prediabetes 28(18.4) 19 (26.4) 0.233
Diabetes mellitus 52(34.2) 22 (30.6) 0.696
Hypertension 64 (42.1) 30 (41.7) 1.000
Dyslipidemia 57 (37.5) 26 (36.1) 0.958
Obesity 34 (22.4) 26 (36.1) 0.045
Nephropathy 5(3.3) 1(1.4) 0.704
Preoperative medications
Antidiabetic agents® 42 (27.6) 20(27.8) 1.000
Antihypertensive agents 61(40.1) 30 (41.7) 0.942
Lipid-lowering agents 36 (23.7) 23 (31.9) 0.251
Neoadjuvant chemotherapy” 6(3.9) 6(8.3) 0.297
Postoperative chemotherapy* 67 (44.1) 32 (44.4) 0.999

Values are presented as mean + standard deviation or number (%).

HbAIg, glycosylated hemoglobin; AUC, area under curve; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-{, homeo-
stasis model assessment of B-cell function; ISI, insulin sensitivity index; IGI, insulinogenic index; eGFR, estimated glomerular filtration rate;
hsCRP, high-sensitivity C-reactive protein; ASA, American Society of Anesthesiologists; PS, performance status.

“Three patients were using insulin: one in the pancreaticoduodenectomy (PD) group and two in the distal pancreatectomy group, *All patients
were treated with FOLFIRINOX combination chemotherapy (oxaliplatin, irinotecan, leucovorin, and fluorouracil), “Only one patient in the PD

group was given glucocorticoids.

the two groups. The PD group had significantly higher AST
and ALT levels than the DP patients. This might have been be-
cause of obstructive cholangitis caused by tumors located in the
periampullary area. The duration of diabetes in patients with
preexisting DM did not differ between the two groups (5.5+7.5
years in the PD group vs. 5.2+5.4 years in the DP group).

More patients with malignant lesions were included in the
PD group than in the DP group. The two groups had similar
comorbidity. Approximately 30% of the patients had DM, 40%
had hypertension, and 30% had dyslipidemia. There were no
significant differences in the medication usage for these chron-
ic disorders. Six patients in both groups received neoadjuvant
chemotherapy (FOLFIRINOX regimen including leucovorin,
fluorouracil, irinotecan, and oxaliplatin) before pancreatecto-
my. The PD group stayed longer after surgery in the hospital
than DP group (13+10 days vs. 9+5 days, P<0.05) and their
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body weight change was not different between two groups. Af-
ter PSM for age, sex, BMI, fasting glucose, postprandial 2 hours
glucose, and the cause of disease of partial pancreatectomy, 72
patients subjected to PD were well matched to 72 patients with
DP in all preoperative variables. The characteristics of matched
patients are presented in Supplementary Table 1.

Temporal changes in biochemical profiles for glucose
metabolism during 1 year after surgery

Between the two groups, the DP group showed more deterio-
ration in glucose regulation than did the PD group. The DP
group also showed increases in HbAlc and AUCaiucose levels,
and decreases in AUCinsuin, HOMA-f, IGl and the disposi-
tion index (all P<0.05) (Supplementary Table 2). Compared
with the PD group, the HbA1c level rose by more than 0.5% in
the DP group at 12 and 52 weeks postoperatively (Fig. 1). The
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Fig. 1. Changes in glucose metabolism parameters at preoperative, postoperative 1, 12, and 52 weeks in patients undergoing pan-
creatoduodenectomy (PD) or distal pancreatectomy (DP). AUCaucos, area under the curve of glucose; AUCiusuiin, area under the
curve of insulin; HOMA-3, homeostasis model assessment of -cell function. *P<0.05 between PD and DP groups by paired Stu-
dent’s t-test or Wilcoxon’s signed-rank test according to the distribution of data, "P<0.05 vs. before surgery in the PD group,
‘P<0.05 vs. before surgery in the DP group by Student’s ¢-test or Wilcoxon’s rank-sum test as above.
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AUCG1cose level also increased in the DP group at postoperative
1 week and maintained this increased level for 52 weeks. The
HOMA-$ level remained stable in the PD group after surgery,
whereas it continued to decrease by about 30% in the DP group.
The AUCinsuiin, IGIso, and disposition index decreased at post-
operative 1 week in both groups, but they rebounded above the
baseline level in the PD group (Fig. 1). Eventually, the HbAlc,
AUCGlucoses AUCrnsutin, HOMA-P, IGlIeo, and disposition index
showed significant differences between the two groups (all
P<0.05). HOMA-IR decreased, and the Matsuda ISI increased
in both groups, with no difference between the groups (Sup-
plementary Table 2).

The difference of changes in BMI between the two groups over
time were not significant in all subjects. The total cholesterol and
ALT levels significantly reduced in the PD group after partial
pancreatectomy while they did not change in the DP group, re-
sulting in a significant between-group difference (P<0.001).
Similar patterns in the changes of these parameters were found
in the matched populations (Supplementary Table 3).

Development of NODM or worsened DM over time
In the patients without DM at baseline, the development of

A
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S 04r
a
o
Z02r
O 1 1 1
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O =
02 04
0
3 —
5 202f
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5h
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PD] 152 77 39 28
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NODM was significantly higher in the DP group compared
with the PD group at the 1-year follow-up (36% vs. 13%,
P<0.05) (Fig. 2A). In the patients with preexisting DM, wors-
ening of DM (defined as decreased HbAlc >1% within 1 year)
was also significantly higher in the DP group compared with
the PD group (41% vs. 14%, P<0.05) (Fig. 2B). Of note, the de-
terioration of glucose regulation including both NODM and
worsening in glucose regulation occurred within 1 year in both
groups (20/27 [74%] in the PD group and 27/29 [93%] in the
DP group, P=0.053) and continued after 1 year (Fig. 2C). Sim-
ilar results were found in the analysis with matched patients
(the DP vs. the PD procedure for NODM: HR, 2.04; 95% ClI,
1.09 to 4.15; P<0.05; for worsening in glucose regulation: HR,
5.23;95% CI, 1.13 to 24.3; P<0.05) (Supplementary Fig. 3).

Risk factors for NODM and worsened DM

In the multivariable Cox regression analysis for patients with-
out DM at baseline, DP was more than four times more signifi-
cantly associated with NODM than PD at the 3-year follow-up
(HR, 4.29; 95% CI, 1.49 to 12.3) (Table 2). High baseline
HbAlc, greater decrease in disposition index after 1 week, pa-
thology of pancreas cancer, and postoperative chemotherapy

(B

s 0.6  P=0.04 Surgery type +PD -+DP

g

S 04

on

g

g 02f

s

=
0 1 1 1

50 100 150
Weeks after partial pancreatectomy

Number at risk

PD] 52 40 24 16

Dp- 22 13 6 5

Fig. 2. Kaplan-Meier estimates of event probability of new-on-
set diabetes mellitus (NODM) and worsening of DM after
pancreatoduodenectomy (PD) or distal pancreatectomy (DP)
in 224 patients. The log-rank test revealed significant differ-
ences between the PD and DP groups in (A) NODM in nondi-
abetic patients (1=150), (B) worsening of diabetes mellitus
(DM) defined as an increase of glycosylated hemoglobin >1%
in patients with DM (n=74), and (C) worsening of glucose
regulation defined as including both (A) and (B) events in all
patients (n=224) (all P<0.05).
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Table 2. HRs for NODM in nondiabetic patients or worsening of DM with increase of HbAlc >1% after partial pancreatectomy

in patients with DM
el HR (95% CI) for NODM HR (95% CI) for worsening of DM
ariable
Crude Adjusted model Crude Adjusted model
Age, yr 1.00 (0.98-1.03) 0.99 (0.93-1.05) 0.99 (0.96-1.03) 0.99 (0.96-1.02)

Female vs. male 0.75 (0.40-1.42)
1.08 (0.97-1.21)
5.13 (2.49-10.6)
0.99 (0.99-1.01)
1.00 (1.00-1.00)
0.99 (0.97-1.02)
0.64 (0.36-1.14)
1.03 (1.01-1.05)*
2.58 (1.37-4.85)*

1.00 (0.99-1.01)

Baseline body mass index, kg/m’

Baseline HbAlc, %

Baseline total cholesterol, mg/dL

Baseline ALT, IU/L

Baseline eGFR, mL/min/1.73 m?

Baseline hsCRP, g/dL

Delta disposition indeXsaseine - eek 1)

DP vs. PD

Resected pancreas volume, cm’

Pathology (vs. premalignant or benign lesion)
Pancreatic cancer 2.85(1.31-6.22)

0.55 (0.20-1.49)

2.39 (1.27-4.50)

Nonpancreatic cancer

Postoperative chemotherapy”

0.59 (0.26-1.35)
1.04 (0.89-1.22)
7.10 (2.49-20.2)
1.01 (1.00-1.02)
1.00 (1.00-1.01)
0.98 (0.93-1.02)
0.75 (0.45-1.25)
1.03 (1.01-1.06)*
429 (1.49-12.3)*
1.00 (1.00-1.01)

3.21 (0.68-15.1)
1.15 (0.26-5.16)

1.37 (0.57-3.32)
0.93 (0.81-1.08)
0.79 (0.58-1.09)
1.01 (1.00-1.01)*
1.00 (0.99-1.01)
0.99 (0.97-1.01)
0.89 (0.59-1.34)
1.04 (0.94-1.12)
2.45(1.01-5.92)"
0.99 (0.99-1.01)

0.93 (0.30-2.93)
1.18 (0.32-4.39)

0.71 (0.43-1.19)
0.90 (0.81-1.00)
1.60 (0.97-2.64)
1.01 (1.00-1.01)*
1.00 (1.00-1.00)
0.98 (0.96-1.01)
0.96 (0.82-1.12)
1.03 (1.02-1.04)*
2.15 (1.09-4.24)"
1.00 (1.00-1.00)

1.12 (0.47-2.69)
1.30 (0.56-3.03)

2.48 (0.63-9.79) 0.95 (0.39-2.29) 1.64 (0.81-3.35)

HR, hazard ratio; NODM, new-onset diabetes mellitus; DM, diabetes mellitus; HbA1c, glycosylated hemoglobin; CI, confidence interval; ALT,
alanine aminotransferase; eGFR, estimated glomerular filtration rate; hsCRP, high-sensitivity C-reactive protein; DP, distal pancreatectomy; PD,

pancreaticoduodenectomy.

*P<0.05, *Includes single or combination chemotherapy of oxaliplatin, irinotecan, leucovorin, fluorouracil, gemcitabine, capecitabine, paclitaxel,

cisplatin, etoposide, carboplatin, erlotinib, or tegafur/uracil.

were also significant predictors for NODM (Table 2).

In the same analysis with the patients with preexisting DM,
DP was twice more significantly associated with worsening in
glucose regulation than PD at the 3-year follow-up (HR, 2.15;
95% CI, 1.09 to 4.24) (Table 2). High baseline levels of total
cholesterol and decreased disposition index at postoperative 1
week were also significant risk factors for worsened DM.

We also investigated whether a family history of diabetes or
diabetes duration was associated with NODM or worsening of
DM, and these factors were not associated with impaired glu-
cose regulation. In this study, three patients in the PD group
received insulin treatment before partial pancreatectomy but
no one in the DP group received insulin. This insulin therapy
was not associated with worsening of DM.

We further investigated the effect of resected pancreatic vol-
ume on impaired glucose regulation quantitatively. In the DP
group, the second and third tertiles of resected volume were
associated with a two times higher risk of worsening of glucose
regulation, suggesting the resection of more than 69.2 cm’ in
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the distal part of the pancreas might be a cutoff for poorer out-
come (Supplementary Table 4). However, there was no differ-
ence in the worsening of glucose regulation according to the
tertiles of resected volume in the PD group. This implies that
the resection volume is not relevant to glucose dysregulation in
this group.

In the DP group, the pancreas was transected proximal to
the left border of the aorta in 46 (63.9%) patients, and there
was a significant difference in the volume of resected pancreas
between proximal and distal resections (111.4+83.9 cm® vs.
93.4+75.4 cm?, P<0.05). In addition, 55 (76.4%) patients in the
DP group had splenectomy. In this group, proximal DP and
splenectomy were identified as factors affecting the deteriora-
tion in glucose regulation (proximal resection vs. PD group:
HR, 2.28; 95% CI, 1.49 to 3.47; splenectomy vs. PD group: HR,
1.98; 95% CI, 1.32 to 2.99) (Supplementary Figs. 4 and 5). The
risk of NODM in patients without DM was higher with proxi-
mal DP than with distal DP (HR, 5.47; 95% CI, 1.61 to 18.7).
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DISCUSSION

Compared with PD, DP was a potent risk factor for the devel-
opment of NODM and worsening glucose regulation in the
multivariate analysis during the 3-year postoperative follow-
up. The transection level and splenectomy affected the risk of
glucose dysregulation in the DP group. The matched analysis
adjusted for baseline characteristics confirmed these results.

In our investigation of dynamic glycemic excursions based
on the OGTT, the PD group showed better changes in glucose
regulation parameters compared with the DP group, which
showed a progressive or sustained deterioration in glucose me-
tabolism. The glucose burden represented by the AUCqguucose de-
creased in the PD group, whereas it increased in the DP group.
In terms of pancreatic B-cell function, the HOMA- measure
was maintained in the PD group but it decreased in the DP
group. The initially decreased level of IGle and disposition in-
dex, indicators for B-cell function, rebounded above the base-
line level only in the PD group whereas it was maintained in
the DP group.

The higher risk of NODM and worsening glucose regulation
after DP could be explained by several mechanisms. First,
there are regional differences in pancreatic islet distribution.
Studies of pancreas specimens from cadavers of nondiabetic
subjects and a healthy subject demonstrated that the -cell
concentration was double in the body or tail regions than in
the head or neck regions [27,28]. Therefore, considering that
the resected volume of the pancreas was similar between the
two surgical procedures, a greater decrease in the pancreatic
B-cell reservoir in the DP compared with the PD procedure is
likely to contribute to worsened glucose regulation. Second,
the physiological and anatomical changes after PD, which by-
passes the duodenum and proximal jejunum, are similar to
those seen after Roux-en-Y gastric bypass (RYGB) surgery.
RYGB surgery was reported to improve metabolic profiles and
reduce body weight through increased incretin hormones such
as glucagon-like peptide-1 (GLP-1) [29]. The enhanced incre-
tin hormones could have been associated with improvement in
glycemic control in our PD group. Although GLP-1 was not
measured directly here, the B-cell reservoir or insulin secretory
function was relatively well maintained in the PD group
whereas it decreased or did not recover to the baseline level in
the DP group. This is in accordance with a previous study
showing that GLP-1 secretion increased during a mixed-meal
test after the PD procedure n nondiabetic subjects [30]. How-
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ever, another study demonstrated that the GLP-1 level in-
creased after DP but not after PD, suggesting that the positive
feedback regulation for impaired B-cell function after DP
might result in increased GLP-1 levels [31]. Further studies are
needed to clarify the role of GLP-1 in glucose regulation after
such partial pancreatectomy.

Malignant lesions of the pancreas are likely to deteriorate
glucose regulation in many ways. Like other neoplasms, pan-
creatic cancers also secrete noxious chemokines, cytokines,
and peptides, which might worsen glucose homeostasis [32].
Moreover, islet amyloid polypeptide was elevated in patients
with pancreatic cancer and DM, which is known to cause insu-
lin resistance in skeletal muscle [33,34]. Also, pancreatic can-
cer exacerbated insulin resistance by impairing glycogen syn-
thesis and storage in skeletal muscle [35,36]. Notably, the
HOMA-IR reflecting insulin resistance decreased and the
Matsuda ISI reflecting insulin sensitivity increased in both
groups in our study, indicating improved insulin resistance af-
ter partial pancreatectomy, consistent with a previous study
[16]. That insulin secretion decreased only in the DP group
and rebounded in the PD group suggests that the deterioration
of DM with DP was caused by decreased {-cell function, as
shown by our HOMA- results.

In this study, the baseline total cholesterol level was associat-
ed with a worsening of DM, although the HR was 1.01 (95%
CI, 1.00 to 1.01). Moreover, cholesterol level was not associated
with NODM. These data suggest that the contribution of total
cholesterol level to impaired glucose regulation is minimal in
this study.

Of note, postoperative chemotherapy was found to be asso-
ciated with NODM in the unadjusted model. Administration
of the four most commonly used agents, namely, gemcitabine,
5-fluorouracil, leucovorin, and capecitabine, was comparable
between the two groups. These compounds are known to have
little effect on glucose regulation. However, a few cases of che-
motherapy were accompanied by systemic glucocorticoid
therapy, which might increase glucose levels.

After an initial drop in the disposition index, there was an
obvious difference between the PD and DP groups in the fol-
low-up examinations. It increased above the baseline level in
the PD group while it remained at a decreased level in the DP
group at the 1-year follow-up. These results support that -cell
function adjusted for insulin resistance was relatively well pre-
served in the PD group compared with the DP group. One
study reported that Korean people have smaller pancreatic vol-

711



Lee S, et al.

dmj

umes and higher fat content in the pancreas compared with
people of European ancestry [37]. Thus, it should be recog-
nized that the risk of aggravation of glycemic control after DP
may be accentuated in Asian populations with relatively low
pancreatic volumes or B-cell reservoirs.

The transection level and removing the spleen affected the
deterioration of glucose regulation. As the removed volume of
pancreatic tissue was larger with proximal DP than with distal
DP, the higher risk of glucose dysregulation with proximal re-
section supports that reduced residual pancreatic volume is
one of the strongest risk factors for NODM [10]. Even though
the tail area contains more B-cells, the volume of excision ap-
pears to have had a greater impact for the defined transection
position. Several studies have shown a link between splenecto-
my and the development of DM. Thus, the spleen is a source of
adult multipotent stem cells, which might serve as progenitors
for pancreatic islet secretory cells [38]. A study in the mouse
showed that splenocytes enhanced the neogenesis of pancreat-
ic B-islet secretory cells [39], implying that the spleen may play
a key role in the endocrine function of the pancreas.

Our study had several strengths. First, we investigated dy-
namic changes of glucose metabolism profiles using the stan-
dardized 75 g OGT'T. Second, deterioration in glucose regula-
tion was assessed for up to 3 years in a prospective manner.
Third, primary results were confirmed in the matched subjects
with relevant variables including age, sex, BMI, fasting and
postprandial 2 hours glucose levels, and the pancreas disease
entity. Nevertheless, this study had some limitations. First, the
hyperglycemic clamp and the hyperinsulinemic euglycemic
clamp tests, the gold standard methods to assess glucose ho-
meostasis, were not performed. However, this is not practically
possible in the clinical setting. Second, because only Korean
subjects were enrolled, our results cannot be generalized to
other ethnicities. In addition, recurrence of cancer or adminis-
tration of chemotherapy might affect glucose regulation. Be-
cause partial pancreatectomy may affect the gastric emptying
[40], which is one of major determinants of postprandial glyce-
mia [41], the OGTT test including shorter time such as 30 min
point could have revealed a better mechanistic relationship to
the glucose regulation and the type of partial pancreatectomy.

In conclusion, the risk of NODM or worsening in glucose
regulation was significantly higher after DP than PD in this
prospective 3-year study. Moreover, insulin secretory function
seemed to be attenuated significantly more in the DP group
than in the PD group. Therefore, in planning the surgical strate-
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gy for DP in which the volume of resected pancreas is vari-
able—unlike PD—it should be noted that when removing the
lesions located in the tail of the pancreas, conservation of the
remnant pancreatic volume might help alleviate the loss of the
pancreatic 3-cell reservoir. Thus, careful monitoring for deterio-
ration in glucose regulation is needed after pancreatectomy and
strategies to preserve pancreatic volume might be beneficial
particularly for patients who are supposed to receive the DP.
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