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BACKGROUND:

STUDY DESIGN:

RESULTS:

CONCLUSIONS:

Limited literature is available on the development of impaired glucose tolerance and diabetes
mellitus after pancreaticoduodenectomy. The primary aim was to define the diabetic pheno-
type and correlate preoperative glycemic laboratory results to new-onset diabetes after
pancreaticoduodenectomy.

In this prospective study, perioperative fasting and postprandial (oral glucose tolerance test)
plasma glucose, glycated hemoglobin, insulin, and c-peptide were measured in consecutive
patients undergoing pancreaticoduodenectomy by the senior author from 2006 to 2017.
American Diabetes Association definitions were used for glycemic classifications. Multivariate
risk factor analysis was performed.

Of 774 identified patients, 371 diabetics were excluded and 403 patients were included: 167 and
236 were preoperatively classified as nondiabetic and prediabetic, respectively. The incidence rates
of diabetes at 120 months post pancreaticoduodenectomy were 9.0% (nondiabetics), 22.0% (pre-
diabetics), and 16.6% (overall). Patients in whom diabetes developed demonstrated a 3-fold larger
difference between oral glucose tolerance test and fasting glucose (A), and 2-fold larger Ainsulin
and Ac-peptide values. Tiered multivariate analysis identified glycated hemoglobin >5.4% with a
relative risk (RR) 0f 2.944 (p = 0.047) as an independent predictor of impaired glucose tolerance
and diabetes mellitus. Analysis of patients stratified by preoperative classification identified fasting
glucose >95 mg/dL (nondiabetics, RR 1.925; p = 0.002), and glycated hemoglobin >5.4%
(prediabetics, RR 3.125; p = 0.040) as independent risk factors for diabetes. Compared with
nondiabetics, prediabetics classified by any laboratory results demonstrated an RR of 2.471
(p = 0.001) for diabetes developing postoperatively. There was no association between primary
pathology, advancing age, or BMI and increased risk of diabetes development.

Diabetes will develop after pancreaticoduodenectomy in approximately 16.6% of patients. A
preoperative glycated hemoglobin >5.4% independently predicts new-onset diabetes. Pre-
and postoperative endocrine analysis remains paramount for proper patient risk
stratification. (J Am Coll Surg 2019;228:400—414. © 2019 by the American College of
Surgeons. Published by Elsevier Inc. All rights reserved.)
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The incidence and prevalence of type 2 diabetes mellitus
continues to increase in the US, with treatment and care
costs estimated at $327 billion in 2017 alone.” It con-
tinues to be an immutable burden on the healthcare sys-
tem and has been repeatedly identified as an independent
risk factor for postoperative complications® in multiple
surgical specialties, contributing to economic stress. The
prevalence of diabetes after pancreatectomy has also
increased, comprising 8% to 10% of all diabetes.” The
American Diabetes Association and WHO have even
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METHODS

Abbreviations and Acronyms Approval was obtained from Emory University Hospital’s
Ale = glycated hemoglobin IRB. Consecutive normoglycemic patients (nondiabetics
cp = chronic pancreatitis , and prediabetics) undergoing evaluation for PD between
eAlc = estimated glycated hemoglobin
FG — fasting glucose ].anuary 1, 2007' and December 3}, 2017 were prospec-
GCM = glycemic control medication tively enrolled into this observational study. Pre- and
HOMA- = Homeostatic Model Assessment of f-cell postoperative fasting and 2-hour post-oral glucose toler-
B funciion o ance test (OGTT) laboratory results were collected,
;I{OMA_ = E;?tl:;’z;a“c Model Assessment of insulin including glucose, glycated hemoglobin (Alc), insulin,
OGTT = oral glucose tolerance test and C—Reptlde. Demographic data, pre- and postoperative
OR — odds ratio glycemic laboratory results, and procedural data were
PD = pancreaticoduodenectomy collected. The STROBE (Strengthening the Reporting
PDAC = pancreatic ductal adenocarcinoma of Observational Studies in Epidemiology) guidelines
RR = relative risk were used in the drafting of this article.”

classified diabetes caused by diseases of the pancreas as
type 3c diabetes mellitus.*”

The association with new-onset impaired glucose toler-
ance (or pre-diabetes) and diabetes has been observed since
the inception'® of and subsequent popularization'" of pan-
creaticoduodenectomy (PD)—the gold-standard surgical
treatment for resectable pancreatic head pathologies. Stan-
dardization of surgical techniques, advancements in peri-
operative care, and improved understanding of inflicting
pathologies have led to drastic reductions in mortality
and morbidity across all indications.'*'® Despite these ad-
vancements, the relationship between diabetes develop-
ment and parenchymal resection, pathology, and
comorbid states remains understudied.

The previous dogma that functional endocrine preser-
vation was attainable with 20% parenchymal-sparing
resections has been discredited previously by both proce-
dural'”** and volumetric studies.?’** These studies are in
turn confounded by the distribution of pancreatic islets™
in the head of the pancreas, suggesting that the shift from
endocrine homeostasis is more complex than paren-
chymal resection alone. Anatomic changes mandated by
the procedure resemble that of the Roux-en-Y gastric
bypass, which has attenuating effects on type 2 dia-
betes.”**” Specific pathologies, including pancreatic ductal
adenocarcinoma (PDAC) and chronic pancreatitis (CP)
have strong associations with impaired glucose toler-
ance/diabetes, and extrapancreatic insulin regulation®**’
and endocrinopathies® can alter pancreatic endocrine
function. The true incidence of diabetes after PD is multi-
factorial and remains unknown. The primary aim of this
study was to define the developing diabetic phenotype
and correlate preoperative endocrine evaluation labora-
tories with new-onset diabetes in nondiabetic and
prediabetic patients after PD.

The primary aim was to define the diabetic phenotype
and correlate preoperative glycemic laboratory results to
new-onset diabetes in nondiabetic and prediabetic
patients after PD. The primary end point was develop-
ment of postoperative diabetes. Secondary outcomes
included development of prediabetes, returning to eugly-
cemia for preoperative prediabetics and diabetics, and
associations of postoperative diabetic classifications with
the following: race, BMI, advancing age, and pathologic
type. Inclusion criteria included nondiabetics and predia-
betics by diagnosis and confirmed with preoperative gly-
cemic evaluation, age 18 years or older and younger
than 90 years, elective PD, and any pathologic indication
in the head of the pancreas. Exclusion criteria included
non-PD pancreatectomies, pre-existing diabetes by diag-
nosis or by preoperative endocrine laboratory testing in
the previously nondiabetic, age younger than 18 years
or 90 years and older, patients requiring urgent or emer-
gent operation, patients transferred from outside hospitals
in extremis or requiring substantial presurgical care that
might have altered glycemic response (including infec-
tions or sepsis), and vulnerable patient populations.

Endocrine analysis was planned to be performed 1
month before and 1 month post operation and surveil-
lance for diabetic diagnoses and medications prescribed
by outside physicians was performed out to the last clinic
date or appointment at our Winship Cancer Institute.
The OGTT studies were obtained 2 hours after a
75-mg oral glucose load. Patients experiencing mortality
before 30-day postoperative endocrine evaluation were
not included in survival analysis.

Definitions

The American Diabetes Association’s definitions and lab-
oratory ranges for diabetic classifications were used.® Insti-
tutional averages were used for abnormal fasting insulin

(>25 plU/mL) and c-peptide (>3.5 ng/mL).
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Postprandial values of >166 pIU/mL for insulin and
>4.5 ng/mL for c-peptide were used. Homeostatic Model
Assessment’>* of insulin resistance (HOMA-IR), insulin
sensitivity, and B-cell function (HOMA-P), as well as esti-
mated glycated hemoglobin (eAlc)** were calculated
according to their published formulas. The difference
between OGTT and fasting values was defined as the
delta or change (A) value (eg Ainsulin). The CDC’s adult
BMI classifications were used.”’

Standardization of operative technique

All PDs were performed by the senior author (JMS)
through an upper midline incision. Pylorus preservation
was preferred when possible. The bowel anastomosis is
primarily performed through a mesenteric defect in a
retro-colic orientation. All anastomoses are performed
end to side with the following suture configurations: pan-
creatojejunostomy—duct to mucosa in 2 layers with 1
interrupted 6-0 polydioxanone internally and 3-0 silk
externally; hepaticojejunostomy—running, interlocking
4-0 polydioxanone; and duodenojejunostomy—running,
interlocking 3-0 polydioxanone. A 5-French pediatric
feeding tube is routinely placed within the pancreatic
duct for stenting when probe patent. Drains are not
routinely placed.

Statistical analysis

Data analysis was performed using SPSS, version 24 (IBM
Corp). Comparisons of proportions between 2 groups
were made using chi-square or Fisher’s exact test. Contin-
uous data were analyzed using 2-sample #tests for means,
and nonparametric continuous data were analyzed with
Mann-Whitney tests. Differences among 3 groups were
determined by ANOVA. Binary logistic regression models
were used to assess associations and possible risk factors
for the development of postoperative diabetes. Pearson’s
p was used for correlations while area under the receiver
operating curve analysis was used for predictive ability
via c-statistics for specific strata. Data are presented as
means and SDs, medians and ranges, or numbers and
percentages. All statistical tests were 2-sided with signifi-
cance at p < 0.050. Comparisons made within text
with parentheses use the following orders: (nondiabetics
vs prediabetics; p value) or (nondiabetics vs prediabetics
vs diabetes; p value).

For patients without a full set of endocrine laboratories
results, a single fasting glucose (FG) was used in place of
mean glucose concentration in the formula for eAlc,” as
FG and Alc are commonly used in national health
surveys.”>”  Correlations were performed and eAlc
demonstrated a predictive ability for postoperative

diabetes between Alc and FG (Fig. 1). Estimated Alc

values were not included in risk factor analysis.®

RESULTS

Demographics and baseline characteristics

Of 774 identified patients, 371 patients were classified as
diabetics on evaluation and were excluded. The 403
remaining patients were included in the analysis: 167
and 236 were preoperatively classified as nondiabetics
and prediabetics, respectively (Fig. 2). Demographics
and baseline characteristics are located in Table 1. Mean
demographic characteristics were: age 59.93 £ 13.61
years, Caucasian (74.69%), BMI 25.90 £ 5.38 kg/m?,
with hypertension (45.16%), American Society of Anes-
thesiologists class™ 3 (57.82%), and malignant surgical
indication (65.01%).

With respect to preoperative classification, there was a
trend of increasing prediabetic patients but decreasing
nondiabetic patients with advancing age (Fig. 3). The dis-
tribution of postoperative prediabetic and nondiabetic
patients in the 65 years and older age group was signifi-
cantly different compared with the distribution of other
age groups (p = 0.012). Patients classified as nondiabetic
preoperatively were more likely to experience a decrease in
BMI in the postoperative period (79.1% vs 72.9%;
p = 0.183) and prediabetic patients were more likely to
experience an increase in BMI (17.7% vs 24.7%; p =
0.129). There were no differences between the percent
change (-4.89% =+ 15.87% vs -4.40% =+ 13.63%) or
absolute percent change (11.16% =+ 12.27% vs
10.50% = 9.81%) in BMI between preoperative groups.
No significant difference were seen in the distribution of
BMI classes pre- or postoperatively (Fig. 2C, 2D).

Endocrine analysis

Preoperative and postoperative endocrine laboratories
stratified by preoperative and postoperative diabetic sta-
tuses are located in Table 2. Graphical trends of these
data are available in eFigure 1. In total, 252 (62.5%)
patients had complete pre- and postoperative endocrine
laboratories. The remaining 151 (37.5%) patients had
preoperative FG alone: 76 (18.9%) patients had complete
postoperative endocrine laboratory tests and 75 (18.6%)
had FG only.

Glucose values

Compared with preoperative values, both groups experi-
enced an overall increase in postoperative fasting (p <
0.001 vs p = 0.196) and OGTT glucose (p < 0.001 vs
p = 0.035) values on postoperative evaluation. However,
Alc did not change significantly for the preoperative
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Figure 1. Correlations between (A) fasting glucose (FG) and estimated glycated hemoglobin
(eAlc) and (B) measured serum glycated hemoglobin (Alc) and eAlc. (C) Area under the receiver
operating curve analysis predicting postoperative diabetic status (diabetes vs no diabetes) with
the following continuous predictors: FG (area 0.650; 95% Cl 0.553 to 0.747; p = 0.005;
sensitivity 0.714, specificity 0.639), eAlc (area 0.677; 95% Cl 0.582 to 0.771; p < 0.001;
sensitivity 0.743, specificity 0.622), and Alc (area 0.696; 95% Cl 0.604 to 0.789; p < 0.001;
sensitivity 0.800, specificity 0.544) demonstrating eAlc with a predictive ability that falls be-
tween measured serum FG and Alc values. Significance determined at p < 0.50.

prediabetics group (p < 0.001 vs p = 0.555), and eAlc  with worsening diabetic classification that only reached
increased for both groups (p < 0.001 vs p < 0.001).  significance in postoperative laboratories between groups.
Glucose values stratified by postoperative diabetic status The Aglucose values differed significantly on preopera-
demonstrated increase fasting and OGTT glucose values tive evaluation (10.0 £ 21.53 mg/dL vs 31.56 £ 37.08

Pancreaticoduodenectomies

2007 — 2017
n=774
Excluded: n=371 patients
identified as diabetics were
excluded
Included Patients
n=403
Pre-diabetics Non-diabetics
n=236 n=167
Post-operative Post-operative
Pathology diabetic class diabetic class Pathology
Benign i Non-diabetic || ] Non-Diabetic 1 Benign
59 (25.0%) 59 (25.0%) 74 (44.3%) 40 (24.0%)
Pre-malignant | | Pre-diabetic | | | | Pre-diabetic | | Pre-malignant
20 (8.5%) 125 (53.0%) 78 (46.7%) 22 (13.2%)
Malignant || Diabetic | L Diabetic | Malignant
157 (66.5%) 52 (22.0%) 15 (9.0%) 105 (62.9%)

Figure 2. Flowchart depicting exclusion criteria and patient breakdown stratified by preoperative diabetic
classifications with final pathologic categories and postoperative diabetic classifications. Postoperative dia-
betic classifications between respective diabetic classifications are all significantly different at p < 0.001.
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Table 1. Demographics and Baseline Characteristics

Variable Nondiabetic (n = 167) Prediabetic (n = 236) p Value*
Age, y, mean & SD 58.44 + 12.80 60.99 + 14.09 0.059
18—44 y, n (%) 20 (12.0) 27 (11.4) 0.869
45—64 y, n (%) 91 (54.5) 108 (45.8) 0.087
65 y and older, n (%) 56 (33.5) 101 (42.8) 0.063
Sex, female, n (%) 79 (47.3) 120 (50.8) 0.484
Race, n (%)
Caucasian 118 (70.7) 182 (77.1) 0.143
African American 41 (24.6) 40 (16.9) 0.077
Asian 3 (1.8) 11 (4.7) 0.120
Hispanic 4 (2.4) 3 (1.3) 0.398
American Indian/Alaskan Native 1 (0.6) 0 (0.0) 0.235
BML' kg/m?, mean £ SD 25.80 + 5.54 25.98 + 5.26 0.758
Underweight, n (%) 7 (4.2) 11 (4.7) 0.798
Normal, n (%) 74 (44.3) 93 (39.4) 0.378
Overweight, n (%) 46 (27.5) 71 (30.1) 0.512
Obese, class 1, n (%) 21 (12.6) 32 (13.6) 0.729
Obese, class 2, n (%) 6 (3.6) 10 (4.2) 0.722
Obese, class 3, n (%) 4 (2.4) 3 (1.3) 0.406
Comorbidity, n (%)
Smoker 37 (22.2) 54 (22.9) 0.940
Hypothyroid 25 (15.0) 28 (11.9) 0.323
Hypertension 68 (40.7) 114 (48.3) 0.177
CVA 6 (3.6) 5 (2.1) 0.354
Coronary artery disease 17 (10.2) 30 (12.7) 0.474
Chronic kidney disease 3 (1.8) 3 (1.3) 0.652
COPD 8 (4.8) 15 (6.4) 0.532
American Society of Anesthesiology physical
status classification, n (%)
1 0 (0.0) 1 (0.4) 0.397
2 48 (28.7) 70 (29.7) 0.790
3 99 (59.3) 134 (56.8) 0.668
4 3 (1.8) 5(2.1) 0.809
Indication, n (%)
Benign 39 (23.4) 59 (25.0) 0.704
Premalignant 23 (13.8) 20 (8.5) 0.102
Malignant 105 (62.9) 157 (66.5) 0.449

*Significance determined at p < 0.050.

TBMI dlassifications: underweight <18.5 kg/mz; normal 18.5—24.9 kg/mz; overweight 25.0—29.9 kg/mz; class 1 obese 30.0—34.9 kg/mz; class 2 obese

35.0—39.9 kg/m?; class 3 obese >40.0 kg/m’.

mg/dL; p < 0.001), but not postoperatively (32.59 =+
38.65 mg/dL vs 43.04 £ 49.33 mg/dL, p = 0.120)
(Table 2). When stratified by postoperative diabetic sta-
tus, an increasing preoperative Aglucose was observed
with worsening diabetic classification (21.25 £ 31.61
mg/dL vs 26.58 £ 34.76 mg/dL vs 30.74 £ 34.98 mg/
dL; p = 0.279). Only in postoperative laboratories did
Aglucose values differ significantly between groups
(7.89 £ 21.20 mg/dL vs 43.64 £ 30.08 mg/dL vs
94.00 £ 69.37 mg/dL; p < 0.001) (Table 2).

Insulin and c-peptide values
Compared with preoperative values, postoperative fasting
insulin increased for the nondiabetes group (p = 0.577),
but decreased for prediabetes group (p = 0.032), and
OGTT insulin values followed a similar trend
(p = 0.657 vs p < 0.001). Both fasting c-peptide
(p = 0.173 vs p = 0.034) and OGTT c-peptide
(p = 0.657 vs p < 0.001) decreased for both groups.
With respect to preoperative diabetic status, Ainsulin
differed significantly preoperatively (29.18 £ 30.72
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PIU/mL vs 63.90 £+ 79.49 p{lU/mL; p < 0.001), but not
postoperatively (41.06 £ 40.19 plU/mL vs 32.57 + 34.62
WU/mL; p = 0.120). A similar trend was observed for pre-
operative Ac-peptide (4.51 £ 4.20 ng/mL vs 7.07 + 4.95
ng/mL; p < 0.001) compared with postoperative Ac-pep-
tide (4.84 £ 4.07 vs 4.23 + 3.51 ng/mL; p = 0.268).
Stratified by postoperative diabetic status, there were no
significant differences observed between preoperative Ain-

sulin (51.25 & 54.74 WIU/mL vs 70.87 + 78.07 pIU/

mL vs 55.08 & 72.66 WIU/mL; p = 0.177) and Ac-peptide
(5.92 £ 4.72 ng/mL vs 6.32 = 4.82 ng/mL vs 5.61 £ 5.10
ng/mL; p = 0.752), and postoperative Ainsulin (28.21 +
38.72 WU/mL vs 38.58 £ 33.52 pIU/mL vs 43.72 +
42.75 pIU/mL; p = 0.085) and Ac-peptide (3.66 +
3.50 ng/mL vs 4.90 £+ 3.57 ng/mL vs 4.63 + 4.67 ng/
mL; p = 0.099) approached significance. A trend of
increasing Ainsulin, but not Ac-peptide, with worsening
postoperative diabetic status was observed.
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Table 2. Pre- and Postoperative Endocrine Evaluation Stratified by Diabetic Classification

Variable Nondiabetic Prediabetic Diabetic p Value
Preoperative diabetic classification
n 167 236 — —
Preoperative
Fasting glucose, mg/dL, mean (SD) 91.70 (5.28) 106.78 (14.00) — <0.001*
Glucose, post OGTT, mg/dL, mean (SD) 101.89 (21.53) 139.79 (35.05) — <0.001*
Alc, % (SD) 5.09 (0.40) 5.46 (0.51) — <0.001*
cAlc, % (SD) 5.40 (0.25) 5.75 (0.31) — <0.001"
Insulin, pIU/mL, mean (SD) 736 (4.96) 10.93 (7.49) — <0.001
C-peptide, ng/mL, mean (SD) 2.33 (3.19) 2.56 (1.94) — 0.526
Insulin, post OGTT, pIU/mL, mean (SD) 42.75 (32.59) 87.08 (83.83) — <0.001*
C-peptide, post OGTT, ng/mL, mean (SD) 6.78 (3.17) 9.62 (4.66) — <0.001*
HOMA index, mean (SD)
IR 1.67 (1.17) 2.92 (2.05) — <0.001*
IS 0.92 (0.61) 0.63 (0.84) — 0.004"
B 93.78 (64.02) 94.59 (67.54) — 0.931
Postoperative
Fasting glucose, mg/dL, mean (SD) 104.36 (14.37) 109.74 (17.61) — 0.013*
Glucose, post OGTT, mg/dL, mean (SD) 136.33 (43.60) 152.39 (55.02) — 0.018*
Alc, % (SD) 5.38 (0.53) 5.49 (0.63) — 0.110
eAlc, % (SD) 5.96 (0.62) 6.02 (0.50) — 0.286
Insulin, p{IU/mL, mean (SD) 7.91 (6.11) 8.96 (7.32) — 0.243
C-peptide, ng/mL, mean (SD) 1.80 (1.50) 2.08 (1.73) — 0.201
Insulin, post OGTT, plU/mL, mean (SD) 48.22 (41.77) 41.60 (38.44) — 0.249
C-peptide, post OGTT, ng/mL, mean (SD) 6.63 (3.91) 6.19 (3.61) — 0.409
HOMA index, mean (SD)
IR 2.09 (1.68) 2.55 (2.32) — 0.094
IS 0.89 (1.20) 0.85 (1.09) — 0.809
B 75.58 (69.79) 71.52 (59.73) — 0.659
Postoperative diabetic classification
n 133 203 67 —
Preoperative
Fasting glucose, mg/dL, mean (SD) 98.39 (13.84) 102.49 (13.88) 105.64 (11.62) 0.833
Glucose, post OGTT, mg/dL, mean (SD) 118.87 (33.47) 128.42 (35.11) 136.09 (40.25) 0.119
Alc, % (SD) 5.10 (0.51) 5.38 (0.45) 5.55 (0.45) 0.150
eAlc, % (SD) 5.48 (0.33) 5.64 (0.33) 5.73 (0.29) 0.285
Insulin, {IU/mL, mean (SD) 8.98 (7.39) 10.03 (6.72) 10.13 (6.13) 0.988
C-peptide, ng/mL, mean (SD) 2.41 (2.88) 2.36 (2.04) 2.94 (2.56) 0.594
Insulin, post OGTT, plU/mL, mean (SD) 60.20 (56.70) 79.95 (81.77) 64.48 (73.43) 0.020*
C-peptide, post OGTT, ng/mL, mean (SD) 8.39 (4.12) 8.57 (4.57) 8.65 (4.47) 0.598
HOMA index, mean (SD)
IR 2.27 (1.99) 2.59 (1.85) 2.67 (1.69) 0.433
IS 0.80 (0.64) 0.72 (0.96) 0.60 (0.45) 0.406
B 94.03 (68.16) 96.09 (67.46) 89.99 (58.77) 0.899
Postoperative
Fasting glucose, mg/dL, mean (SD) 98.92 (12.17) 109.32 (13.23) 115.79 (27.93) <0.001*
Glucose, post OGTT, mg/dL, mean (SD) 108.86 (19.04) 152.73 (29.48) 210.19 (82.86) <0.001*
Alc, % (SD) 5.10 (0.37) 5.58 (0.47) 5.91 (0.91) <0.001*
eAlc, % (SD) 5.80 (0.55) 5.98 (0.40) 6.43 (0.69) <0.001*

(Continued)
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Table 2. Continued
Variable Nondiabetic Prediabetic Diabetic p Value
Insulin, pIU/mL, mean (SD) 6.98 (5.15) 9.57 (8.01) 9.06 (5.95) 0.008*
C-peptide, ng/mL, mean (SD) 1.63 (1.03) 2.22 (1.99) 1.95 (1.42) 0.018*
Insulin, post OGTT, pIU/mL, mean (SD) 35.15 (40.83) 47.75 (37.32) 51.74 (43.57) 0.550
C-peptide, post OGTT, ng/mL, mean (SD) 5.33 (3.46) 6.99 (3.55) 6.45 (4.46) 0.207
HOMA index, mean (SD)
IR 1.78 (1.47) 2.66 (2.37) 2.72 (2.11) 0.012*
IS 1.02 (1.19) 0.81 (1.16) 0.71 (0.85) 0.324
B 70.45 (52.61) 76.31 (74.61) 68.40 (45.41) 0.747

*Significance determined at p < 0.050.

Alc, serum glycated hemoglobin concentration; B, B-cell function; eAlc, estimated glycated hemoglobin concentration; HOMA, Homeostatic Model
Assessment; IR, insulin resistance; IS, insulin sensitivity; OGTT, oral glucose tolerance test (values drawn 2 h after OGTT).

Homeostatic Model Assessment metrics
Postoperative  HOMA-IR increased for nondiabetics
(p = 0.073) but decreased for prediabetics (p = 0.167)
when stratified by preoperative classification. The
HOMA-insulin sensitivity demonstrated a decrease for
nondiabetics (p = 0.835), but an increase for prediabetics
(p = 0.057) patients. The HOMA-} decreased for both
groups (p = 0.087 vs p = 0.003).

Diagnoses and follow-up
Median follow-up period was 17.3 (range 0 to 126.9)
months. With diagnoses of pancreatic ductal adenocarci-
noma excluded, the median follow-up period was
19.2 (range 0 to 126.9) months. The overall incidence of
postoperative diabetes stratified by 1, 3, 5, and 10 years
was 39 of 403 (9.7%), 55 of 403 (13.6%), 61 of 403
(15.1%), and 67 of 403 (16.6%). Kaplan-Meier survival
analysis with an end point of diabetes vs no diabetes strati-
fied by preoperative diabetic classification is found in
Figure 4. Incidence of each diabetic classification made in
the postoperative period is found in Table 3. Median time
to diagnosis in each group was 13.3 (range 0 to 126.9)
months and 10.7 (range 0 to 122.3) months, respectively.
In total, 35 (8.7%) patients were placed on glycemic
control medications (GCM): 11 (2.7%) at the time of
discharge (3 vs 8; p = 0.375) and 24 (6.0%) by their pri-
mary care physicians on follow-up (3 vs 21; p = 0.004).
Of the 35 patients, insulin-dependent diabetes developed
in 14 and non-insulin-dependent diabetes developed in
21. The remaining 32 patients meeting criteria for dia-
betes classification were not using GCMs and included
21 malignant and 4 benign indications with a median sur-
vival of 11.7 (range 0.8 to 64.2) months. All patients
placed on GCMs at the time of discharge continued to
require these medications throughout the follow-up
period. Alternatively, patients with postoperative labora-
tory results demonstrating euglycemia at 1 month did
not require GCMs through follow-up. Diabetes

developed by 12 months in 56% of patients in this cohort
and by 24 months in 70%.

Procedural and pathologic details
Overall, 369 (91.5%) patients underwent pylorus-
preserving PD, 9 (2.2%) had extrapancreatic organ resec-
tions and 11 (2.7%) had vascular resections (8 venous, 3
arterial). In total, 22.6% of patients underwent chemo-
therapy: 60 (14.9%) patients underwent neoadjuvant or
adjuvant chemotherapy aloneand 31 (7.7%) patients under-
went combined chemoradiation therapy. However, this was
not different between groups (21.7% vs 29.9%; p = 0.150).
A list of all included pathology can be found in
¢Table 1 and distributions of PDAC and CP in
Figure 3E. There were no differences between groups
among benign (23.4% vs 25.0%; p = 0.704), premalig-
nant (13.8% vs 8.5%; p = 0.090), and malignant lesions
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Figure 4. Kaplan-Meier survival analysis demonstrating the time to
onset of diabetic diagnosis and those retaining their preoperative
diabetic classification. Significance determined by log-rank test at
p < 0.050.
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Table 3. Postoperative Diabetic Classifications by Preoperative Diabetic Classification
Preoperative, nondiabetic Preoperative, prediabetic
(n = 167) (n = 236)
Variable n % n % p Value
Nondiabetic 74 443 59 25.0 <0.001*
Prediabetic 78 46.7 125 53.0 <0.001*
Diabetic 15 9.0 52 22.0 <0.001*

*Significance determined at p < 0.050.

(62.9% vs 66.5%; p = 0.449) but primary pathologies of
PDAC and CP had significantly lower development of
new-onset diabetes (p < 0.001) postoperatively. Pancre-
atic gland consistency (out of 10, with increasing value

indicating increasing firmness), was significantly lower
in the preoperative nondiabetic group (5.79 % 2.00 vs
6.25 £ 1.90; p = 0.027). Excluding patients with a diag-
nosis of CP, the presence of background pancreatitis

Table 4. Tier 1: Baseline Characteristics Predicting Postoperative Diabetes in All Patients

Univariate
Variable OR 95% CI p Value OR Relative risk 95% CI p Value
Age
18—44 y 1063  — 0.882 — — — —
45—64 y 0861  — 0577 — — — —
65 y and older 1.152 — 0.603 — — — —
Sex, male 2.067 1.201—3.560 0.009* 2.47 2.273 1.380—4.420 0.002*
Race
African American 0.569 — 0.140 — — — —
American Indian/Alaskan Native 1.001 — 0.999 — — — —
Asian 2.930 — 0.061 3.669 2.59 1.124—11.974 0.031*
Caucasian 1.230 — 0.515 — — — —
Hispanic 0.833 — 0.867 — — — —
BMI classification'
Underweight 1.488 — 0497 — — — —
Normal weight 0.764 — 0.344 — — — —
Overweight 1.075 — 0.808 — — — —
Obese class 1 1.221 — 0.602 — — — —
Obese class 2 1.747 — 0.348 — — — —
Obese class 3 1.012 — 0999 — — — —
Comorbidity
Smoker 1.204 — 0.550 — — — —
Hypothyroid 0.484 — 0.139 — — — —
Hypertension 1.625 — 0.071 — — — —
CVA 0.494 — 0.505 — — — —
Coronary artery disease 1.637 — 0.188 — — — —
Chronic kidney disease 1.003 — 0998 — — — —
COPD 1.059 — 0919 — — — —
American Society of Anesthesiology physical status classification
1 0.899 — 0999 — — — —
2 1.125 — 0.685 — — — —
>3 0.660 — 0.122 — — — —

*Significance determined at a p < 0.050.

TBMI classifications: underweight <18.5 kg/m’ normal 18.5—24.9 kg/m’; overweight 25.0—29.9 kg/m? class 1 obese 30.0—34.9 kg/m? class 2 obese
35.0—39.9 kg/mz; class 3 obese >40.0 kg/mz.

OR, odds ratio.
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Table 5. Tier 1: Pathologic Factors Predicting Postoperative Diabetes in All Patients

Univariate Multivariate
Variable OR 95% CI p Value OR Relative risk 95% CI p Value
Malignant indication 0.957 — 0.876 — — — —
Pancreatic ductal adenocarcinoma 0.679 — 0.194 — — — —
Ampullary adenocarcinoma 0.846 — 0.718 — — — —
Cholangjocarcinoma 1.613 — 0.368 — — — —
Neuroendocrine tumor 1.059 — 0.919 — — — —
Benign indication 1.070 — 0.825 — — — —
Chronic pancreatitis 0.829 — 0.628 — — — —
Other benign 0.803 — 0.744 — — — —
Premalignant indication 0.972 — 0.949 — — — —
Background pancreatitis 1.106 — 0.744 — — — —
Background pancreatic intraepithelial neoplasia ~ 1.593 — 0.104 1.855 1.363 1.042—3.300 0.036*
Pancreatic gland consistency >6 1.695 — 0.067 — — — —
Chemotherapy or chemoradiation 1.533 — 0.150 — — — —

*Significance determined at p < 0.050.
OR, odds ratio.

(6.0% vs 14.8%; p = 0.006), but not pancreatic intraepi-
thelial neoplasia (24.0% vs 28.0%) was significantly lower
in the preoperative nondiabetic group.

Risk factor analysis

A tiered multivariate logistic regression analysis was per-
formed overall and for individual data groups to assess
baseline characteristics, pathology, and laboratory values
for risk factors (Tables 4,5, and 6). Tiers were controlled
for their respective factors. Tier 2, consisting of baseline,
demographic, and pathologic data (Table 4 and 5, respec-
tively), identified background pancreatitis on pathology,
but not a primary diagnosis of chronic pancreatitis, as
an independent risk factor for developing diabetes (odds
ratio [OR] 2.513; RR 2.103; 95% CI 1.196 to 5.291;
p = 0.015). The final multivariate model consisting of
all tiers (Tables 4,5, and 6), additionally included surgical
factors (extrapancreatic organ resections, vascular resec-
tions, pylorus preservation vs classic PD, chemotherapy,
and radiation history), and was controlled for the need
of intraoperative or postoperative transfusion of blood
products, identified Alc >5.4% (OR 3.233; RR 2.944;
95% CI 1.004 to 10.386; p = 0.047) as an independent
risk factor for the development of diabetes.

On separate analysis of preoperative nondiabetic pa-
tients only, unadjusted analysis identified male sex (OR
8.475; 95% CI 1.848 to 38.462; p = 0.006) and FG
95 to 99 mg/dL (OR 2.457; 95% CI 1.387 to 4.348;
p = 0.002) as risk factors for diabetes development. In
the adjusted model, FG 95 to 99 mg/dL was identified
as the only independent predictor for diabetes develop-
ment (OR 2.415; RR 1.925; 95% CI 1.377 to 4.215;

p = 0.002). Analysis of preoperative prediabetic patients
identified an Alc >5.4% (OR 3.378; RR 3.125; 95% CI
1.058 to 10.753; p = 0.040) as an independent risk factor
for diabetes development.

Overall, the RR (controlled for age and BMI) of post-
operative diabetes developing in a patient with preopera-
tive prediabetes classified by any laboratory study was
2.471 (95% CI 1.431 to 4.206; p = 0.001). The RRs
for those individual endocrine laboratory results
(controlled for age and BMI) predicting an end point of
diabetes were FG >100 mg/dL: RR 2.2 (95% CI 1.14
to 4.25; p = 0.005); glucose, post OGTT >140 mg/
dL: RR 1.99 (95% CI 1.09 to 3.62; p = 0.028); and
Alc >5.7%: RR 2.56 (95% CI 1.49 to 4.40; p = 0.001).

DISCUSSION

The current incidence of post-pancreatectomy diabetes
is unknown but is estimated to encompass approxi-
mately 10% of all type 2 diabetes in the US.” Literature
pertaining to the incidence of diabetes post-
pancreatectomy varies widely between 4.0% and
60.0% and is influenced by pathology, operative factors,
and preoperative diabetic status.””*”*" A recent meta-
analysis reported an adjusted rate of 15.0%, closer to
our own incidence.” Diabetes development in our
cohort closely follows that of the US incidence (9.4%;
4.0% to 25.0% by age group) and period prevalence
(12.2% to 14.0% from 2011 to 2016) of the most
recent National Diabetic Statistics report and National
Health and Nutrition Examination Surveys.*”” Many
studies use antecedent diagnoses in lieu of preoperative



410 Maxwell et al Development of Diabetes after Whipple

J Am Coll Surg

Table 6. Tier 1: Preoperative Laboratories Predicting Postoperative Diabetes in All Patients

Univariate Multivariate
Variable OR 95% CI p Value OR Relative risk 95% ClI p Value
Fasting glucose >100 mg/dL 3.356 1.398—8.057 0.007* — — — —
Glucose, OGTT >150 2.397 1.147-5.012 0.020* — — — —
Glycated hemoglobin >5.4% 5.812 1.922—17.576 0.002* 3.375 3.056 1.058—10.769 0.040*
Insulin >13.0 mIU/mL 1.871 — 0.111 — — — —
C-peptide >2.1 ng/mL 2.213 1.033—4.742 0.041* — — — —
Insulin, OGTT >45 mIU/mL 1.231 — 0.640 — — — —
C-peptide, OGTT >8.2 ng/mL 1.250 — 0.615 — — — —
AGlucose >20.0 mg/dL 0.703 — 0.358 — — — —
Alnsulin >19.0 mIU/mL 1.246 — 0.582 — — — —
AC-peptide >6.0 ng/mL 0.596 — 0.211 — — — —
HOMA-IR >1 1.627 — 0.346 — — — —
HOMA-B <0.075 1.058 — 0.882 — — — —

*Significance determined at p < 0.050.

B, index of B cell function; A, difference between OGTT and fasting values; HOMA, Homeostatic Model Assessment; IR, index of insulin resistance; OGTT,

oral glucose tolerance test; values drawn 1 h after OGTT; OR, odds ratio.

endocrine evaluation for classification,'®””**** which
can confound the number of diabetics both pre- and
postoperatively, as many patients are unaware of their
insidiously developing dysglycemia and might be identi-
fied as newly diabetic postoperatively.

Historically, the time period at which diabetes develops
postoperatively varies from within 30 days™ to 3.5 years
postoperatively.” Diabetes developed within the first
month in only 13 patients in our cohort, most requiring
GCMs before discharge. Patients in whom diabetes would
have developed regardless of operation would likely have
had diabetes develop within the first 24 months.
Kaplan-Meier survival analysis (Fig. 4) demonstrated no
additional diabetes development at 60 and 80 months
for nondiabetics and prediabetics, respectively.

The phenotype for preoperative nondiabetic patients
included small A changes and retained insulin sensitivity
in the pre- and postoperative phases except when evalu-
ated with HOMA-IR (Table 2). Conversely, preoperative
prediabetic patients demonstrated a 3-fold larger
Aglucose, and 2-fold larger Ainsulin and Ac-peptide
values, with insulin values demonstrating sensitivity alone.
This trend was not present when comparing HOMA-IR
and HOMA-insulin sensitivity in this group, which
demonstrated insulin resistance in both phases but with
postoperative improvement and decreasing Aglucose,
Ainsulin, and Ac-peptide values. Preoperative prediabetic
patients seem to have comparatively blunted postopera-
tive response to operations, with improved insulin
sensitivity after resection. This might be an effect of stress
attenuation secondary to elevated blood glucose and insu-
lin levels” preoperatively, or simply an effect of resection

of an inflammatory source from the pancreatic head,
allowing P-islets to return to homeostasis.”

The HOMA-f did not differ significantly in pre- and
postoperative phases when stratified by preoperative dia-
betic classification, but decreased significantly, by approx-
imately 25%, after resection across all postoperative
classifications. This coincides with reduction of approxi-
mately 30% of the P-cell mass, which is located in the
head of the pancreas.”” When stratified by postoperative
diabetic status, HOMA-PB reflects resection but also the
natural progression of islet cell failure with worsening
classification—postoperative nondiabetics demonstrating
the new baseline (70.0%), postoperative prediabetics
demonstrating an increase in function, and postoperative
diabetics demonstrating B-islet failure. This trend is also
noted by impaired fasting glucose and insulin resistance
with progressively worsening postoperative diabetic status
(nondiabetic < pre-diabetic < diabetic) (Table 2). For
patients with borderline endocrine laboratory results and
low reserve, PD might be the deciding factor converting
prediabetics into diabetics.

Interestingly, 25.0% of preoperative prediabetic pa-
tients returned to euglycemia and more than half retained
their preoperative classification after resection, supporting
the return of B-islet function after PD. These patients had
borderline endocrine tests demonstrating prediabetes by
American Diabetes Association classifications and small
As for fasting and OGTT glucose. As with B-islet func-
tion, these patients might have been experiencing mild
or new pancreatic inflammation caused by ductal obstruc-
tion, which resolved after pancreaticojejunostomy, allow-
ing for a return to homeostasis.
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Figure 3E demonstrates that PDAC and CP, pathol-
ogies classically associated with diabetes development,
had a lower proportion of patients with diabetes
developing compared with other malignant and benign
indications, respectively. This indicates that early surgical
intervention can prevent, or at least attenuate, the onset of
dysglycemia and preserve B-islet function in nondiabetics
and certain prediabetics. It is also interesting to note that
pancreatic intraepithelial neoplasm, but not PDAC, and
background pancreatitis, but not a primary diagnosis of
CP, were identified as risk factors in tier 1 and tier 2 of
the multivariate analysis.

We additionally investigated common factors that in-
fluence dysglycemia in the general population—age,
race, and BMI. Interestingly, only advancing age and
Asian race demonstrated a significant effect on outcomes.
Body mass index likely did have an effect because
diabetics were excluded from analysis. When diabetes
developed postoperatively, patients demonstrated greater
total weight loss overall, but fewer patients lost weight.
Conversely, euglycemic patients lost less total weight
but a higher number of patients demonstrated weight
loss. Overall, weight loss in this cohort is likely an effect
of altered intestinal anatomy, which resembles Roux-en-
Y configurations and are known for attenuating diabetes
and insulin resistance.”® Diabetics were purposefully
excluded from this analysis, which might explain why
BMI did not reach significance in the final model. It
was hypothesized that this might change with the inclu-
sion of diabetic patients.

The strengths of this study are its prospective design,
standardized surgical technique, and inclusion of a broad
variety of pathologies, ultimately demonstrating outcomes
that rely on preoperative glycemic status rather than path-
ologic or demographic data. The results of this study are
generalizable and include risk factors that many surgeons
and internists can readily evaluate. Endocrine analysis is
essential for all patients undergoing PD, as antecedent
diagnoses can confound postoperative results and lead
to inappropriate risk stratification during consultation.

CONCLUSIONS

The development of diabetes after PD is multifactorial
and pancreatic endocrine function is paramount for
proper patient consultation and risk stratification. Dia-
betes develops primarily before 24 months in approxi-
mately  16.6%  of  patients undergoing PD.
Pancreaticoduodenectomy has minimal effect on nondia-
betics, but prediabetics are at increased risk for diabetes
developing following resection. An Alc >5.4% was iden-
tified as an independent risk factor for the development of

postoperative diabetes. Early intervention in nondiabetics
and some prediabetics can attenuate or reverse

dysglycemia after PD.
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eTable 1. Operative Pathology Stratified by Preoperative Diabetic Status

Nondiabetic Prediabetic
(n = 167) (n = 236)
Variable n % n % p Value*
Pancreas
Pancreatic ductal adenocarcinoma 49 29.3 87 36.9 0.134
Chronic pancreatitis 24 14.4 40 16.9 0.494
Neuroendocrine tumor 15 9.0 15 6.4 0.341
Intraductal papillary mucinous neoplasm 10 6.0 13 5.5 0.999
Gastrointestinal stromal tumor 4 2.4 2 0.8 0.237
Serous cystadenoma 3 1.8 5 2.1 0.999
Pseudopapillary tumor 3 1.8 3 1.3 0.695
Metastatic colorectal cancer 2 1.2 0 0.0 0.171
No primary pathology 2 1.2 0 0.0 0.171
Mucinous cystadenoma 2 1.2 0 0.0 0.171
Pseudoaneurysm 2 1.2 0 0.0 0.171
Pseudocyst 2 1.2 1 0.4 0.572
Chronic pancreatitis, autoimmune type 1 0.6 1 0.4 0.999
Colloid carcinoma 1 0.6 1 0.4 0.999
Osteoclastic giant cell carcinoma 1 0.6 0 0.0 0.414
Xanthogranulomatous inflammation 1 0.6 0 0.0 0.414
Acinar cell carcinoma 0 0.0 2 0.8 0.513
Arteriovenous malformation 0 0.0 1 0.4 0.999
Intraductal oncocytic papillary neoplasm 0 0.0 1 0.4 0.999
Intraductal papillary mucinous adenocarcinoma 0 0.0 1 0.4 0.999
Lymphoepithelial cyst 0 0.0 2 0.8 0.513
Duodenum/ampulla
Ampullary adenocarcinoma 16 9.6 25 10.6 0.867
Duodenal adenocarcinoma 7 4.2 5 2.1 0.248
Ampullary adenoma 4 2.4 1 0.4 0.165
Adenomatous ampullary hyperplasia 4 2.4 2 0.8 0.236
Duodenal adenoma 2 1.2 3 1.3 0.999
Ampullary abscess 0 0.0 1 0.4 0.999
Brunner’s gland hamartoma 0 0.0 1 0.4 0.999
Duodenal infarction 0 0.0 1 0.4 0.999
Ectatic duodenal vasculature 0 0.0 1 0.4 0.999
Biliary tree
Cholangjocarcinoma 5 3.0 16 6.8 0.113
Choledochal cyst 3 1.8 2 0.8 0.653
Medullary biliary carcinoma 1 0.6 0 0.0 0.414
Biliary pseudotumor 1 0.6 0 0.0 0.414
Intrad 0 0.0 1 0.4 0.999
Primary sclerosing cholangitis 0 0.0 1 0.4 0.999
Stomach
Gastric adenocarcinoma 1 0.6 1 0.4 0.999
Other
Gastroduodenal artery aneurysm 1 0.6 0 0.0 0.414

*Significance determined at a p < 0.050.
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Endocrine tests stratified by preoperative (left, Table 2A)
and postoperative (right, Table 2) diabetic classifications

Endocrine tests stratified by preoperative (left, Table 2) and
postoperative (right, Table 2) diabetic classifications
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efigure 1. Pre- and postoperative endocrine evaluation laboratories stratified by diabetic status. Under each heading are laboratories strafied
by preoperative diabetic status (left) and postoperative diabetic status (right). Diabetic patients only appear in postoperative trends (right) as
these patients developed diabetes following pancreaticoduodenectomy. Preoperative diabetics were excluded from this manuscript. Sig-

nificance denoted by * at a p < 0.050.
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