
Metabolic assessment prior to total pancreatectomy and islet
autotransplant: Utility, limitations, and potential

Rachel Lundberg1,2, Gregory J. Beilman1, Ty B. Dunn1, Timothy L. Pruett1, Srinath C.
Chinnakotla1, David M. Radosevich1, R. Paul Robertson4, Peggy Ptacek2,3, A.N.
Balamurugan3, Joshua J. Wilhelm3, Bernhard J. Hering3, David E.R. Sutherland3,
Antoinette Moran2, and Melena D. Bellin2,3

1Department of Surgery, University of Minnesota Amplatz Children’s Hospital Minneapolis, MN
2Department of Pediatrics, University of Minnesota Amplatz Children’s Hospital Minneapolis, MN
3Schulze Diabetes Institute University of Minnesota and University of Minnesota Amplatz
Children’s Hospital Minneapolis, MN
4Northwest Pacific Diabetes Research Institute, Seattle, Washington

Abstract
Islet autotransplant (IAT) may ameliorate post-surgical diabetes following total pancreatectomy
(TP), but outcomes are dependent upon islet mass which is unknown prior to pancreatectomy. We
evaluated whether pre-operative metabolic testing could predict islet isolation outcomes, and thus
improve assessment of TPIAT candidates. We examined the relationship between measures from
frequent sample IV glucose tolerance tests (FSIVGTT) and mixed meal tolerance tests (MMTT)
and islet mass in 60 adult patients, with multivariate logistic regression modeling to identify
predictors of islet mass ≥2500 IEQ/kg. The acute C-peptide response to glucose (ACRglu) and
disposition index from FSIVGTT correlated modestly with the islet equivalents per kilogram body
weight (IEQ/kg). Fasting and MMTT glucose levels and HbA1c correlated inversely with IEQ/kg
(r values −0.33 to −0.40, p≤0.05). In multivariate logistic regression modeling, normal fasting
glucose (<100 mg/dL) and stimulated C-peptide on MMTT ≥4 ng/mL were associated with greater
odds of receiving an islet mass ≥2,500 IEQ/kg (OR 0.93 for fasting glucose, CI 0.87–1.0; OR 7.9
for C-peptide, CI 1.75–35.6). In conclusion, parameters obtained from FSIVGTT correlate
modestly with islet isolation outcomes. Stimulated C-peptide ≥4 ng/mL on MMTT conveyed 8
times the odds of receiving ≥2,500 IEQ/kg, a threshold associated with reasonable metabolic
control post-operatively.
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Introduction
Chronic pancreatitis is an irreversible inflammatory condition of the pancreas associated
with severe pain, malabsorption, and endocrine dysfunction (1). Total pancreatectomy and
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islet autotransplantation (TPIAT) may be performed to relieve intractable pain and improve
quality of life in patients with severe chronic pancreatitis (2–4). While the goal of islet
autotransplantation is to preserve endocrine function to reduce or prevent postsurgical
diabetes mellitus (1, 3), much uncertainty surrounds the diabetes outcome for an individual
patient, and optimal timing for TPIAT—balancing preserved islet mass while not
proceeding to surgery too early in the disease course—can be difficult to determine. Thus,
better tools are needed to determine likelihood of a successful islet isolation for patients
considering this surgery.

Overall about one-third of adult IAT recipients are insulin independent, with another one-
third using minimal insulin (often once daily basal insulin). However the remaining third of
patients require a standard basal-bolus insulin regimen and approximately 10% are C-
peptide negative and may have a more labile post-pancreatectomy diabetes. The likelihood
of success depends largely on the number of islets that are isolated for transplant from the
diseased pancreas. In a recently published cohort of 409 TPIAT patients at the University of
Minnesota, islet yields of <2500 islet equivalents (IEQ)/kg resulted in insulin independence
in only 12% of cases at 3 years, compared to 22% with 2,501–5,000 IEQ/kg and 72% if
>5,000 IEQ/kg. Perhaps more importantly, regardless of insulin use, the vast majority of
patients with at least a moderate islet yield--≥2500 IEQ/kg—have a favorable metabolic
outcome. Nearly all of these patients demonstrate islet graft function (C-peptide positive)
and the majority maintain hemoglobin A1c levels in the American Diabetes Association
goal range of <7% (3).

Unfortunately, potential islet yield is currently unknown until pancreatectomy is performed.
Prior pancreatic surgery (particularly surgical drainage by lateral pancreaticojejunostomy)
and atrophy on MRI have been shown to negatively correlate with islet yield but a wide
range of islet yields has been found in patients with these risk factors (3–6). Preoperative
predictors of islet yield could provide more patient-specific information to aid in counseling
patients about the risk of diabetes after TPIAT.

Published literature from human cadaveric donor pancreas isolations and from porcine
isolations suggest a significant correlation between tests of insulin secretion—particularly
the acute insulin response to arginine or glucose—and the islet yield at isolation (7, 8). The
acute insulin response (AIR) to arginine, glucose, and the glucose-potentiated arginine-
induced insulin secretion post—transplant correlate well to transplanted islet mass (9).
However, the relationship between pre-operative islet functional testing and isolation
outcomes in chronic pancreatitis undergoing total pancreatectomy and islet
autotransplantation remains largely unexplored. Preliminary data from 10 pediatric patients
suggested a relationship between C-peptide on mixed meal tolerance testing and islet yield
(10). TPIAT is performed more frequently in adult patients, yet presently there is no
published literature examining the relationship between preoperative metabolic testing and
islet yield in this population.

At our institution, TPIAT recipients enrolled in clinical trials undergo intravenous glucose
tolerance testing and mixed meal tolerance testing immediately prior to surgery. Herein, we
examined the potential of preoperative metabolic testing to predict islet isolation outcomes
in a large cohort of adult patients undergoing TPIAT for chronic pancreatitis. While such
tests are clearly useful for establishing preoperative baseline for islet function, we
hypothesized that these results may also aid in individualized counseling regarding
likelihood of a successfully isolation.
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Materials and Methods
Subjects

Preoperative data was prospectively collected on 60 non-diabetic adult patients (≥18 yr)
with chronic pancreatitis undergoing TPIAT at the University of Minnesota Medical Center
from 2010–2012. Chronic pancreatitis was diagnosed on clinical and radiographic criteria
and confirmed by histopathology at surgery. All participants were enrolled in a clinical trial
which included metabolic testing performed immediately prior to TPIAT. Only patients
without prior diabetes mellitus were enrolled in the study; patients were excluded if they
were on oral anti-diabetic agents, insulin, or had a fasting blood glucose level ≥126 mg/dL.
The University of Minnesota Institutional Review Board reviewed and approved the
protocol (IRB# 1006M83756). Informed consent was obtained from all participants.

Basic demographic characteristics and pancreatitis history, including history of prior
pancreatic surgeries, were collected for all participants. Prior pancreatic surgeries in this
group included pancreaticoduodenectomy (Whipple procedure) or lateral
pancreaticojejunostomy (Puestow or variants). History of lateral pancreaticojejunostomy is
of particular relevance, as this procedure disrupts the pancreatic duct and thus impairs the
later islet isolation because collagenase enzyme cannot be as efficiently diffused through the
pancreas for digestion (a process that relies on an intact pancreatic duct).

Metabolic testing
Within 2 weeks prior to TPIAT, patients underwent frequent sample IV glucose tolerance
testing (FSIVGTT) on day 1 and mixed meal tolerance testing (MMTT) on day 2. All testing
was performed in the morning in the Clinical Research Unit following an overnight fast.

With the FSIVGTT, glucose, insulin, and C-peptide levels were measured at baseline and
multiple times over the course of 180 minutes. At time 0, dextrose 0.3 grams/kg was given
via intravenous push. Insulin, 0.025 units/kg, was injected at 20 minutes to augment glucose
disposal. Insulin and C-peptide levels were measured at 1, 2, 3, 4, 5, 7, and 10 minutes after
dextrose injection. The acute C-peptide response to glucose (ACRglu) was calculated by the
trapezoidal area under the curve for the first 10 minutes after dextrose. The acute insulin
response to glucose (AIRglu), insulin sensitivity index (SI), disposition index (AIRglu x SI),
and glucose effectiveness (Sg) were calculated using MINMOD software (11, 12).

In the mixed meal tolerance test, the patient consumed 6 mL/kg Boost HP to a maximum of
360 mL over 5 minutes at time 0, and glucose and C-peptide were measured at -1 min, +30,
+60, +90 and +120 minutes. Area under the curve for C-peptide (AUC C-peptide) and
glucose (AUC glucose) were calculated using the trapezoidal method. In addition,
hemoglobin A1c (HbA1C) was obtained and analyzed by high-performance liquid
chromatography. Plasma glucose levels were measured by glucose oxidase assay. Plasma C-
peptide levels were measured by Siemen’s immunolite 2000 chemiluminescent
immunoassay and insulin levels were measured by two site immuno-enzymometric assay on
a TOSOH 2000 autoanalyzer (13, 14).

Representative examples of FSIVGTT and MMTT are displayed in figure 1.

Pancreatectomy, islet isolation, and autologous transplantation
The surgical procedure of TPIAT has been described in the literature (1, 15). The islet
isolations were performed in the University of Minnesota Molecular and Cellular
Therapeutics GMP Facility using previously reported methods in compliance with federal
regulations (16, 17). The pancreas was briefly distended with cold enzyme solution through
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the pancreatic duct using a pressure-controlled pump system (18). Enzymatic digestion was
performed with Vitacyte Collagenase (Vitacyte LLC, Indianapolis, IN) and SERVA/
Nordmark premium-grade neutral protease (SERVA Electrophoresis GmbH, Heidelberg,
Germany) using 22–30 Wunsch units per gram pancreas of collagenase and 1.5–3.0 DMC
units of neutral protease per gram pancreas, adjusted based on the donor age or severity of
fibrosis of the pancreas (16, 19).

The pancreas was placed in a closed circuit Ricordi digestion chamber containing enzyme
solution and shaken to separate the exocrine and endocrine tissues (20). The number of islets
separated by enzymatic digestion was counted from an aliquot stained with
diphenylthiocarbazone (Sigma, St. Louis, MO, USA) (21). Islet yield was quantified in
terms of IEQ, which is islet mass standardized to an islet size of 150 μm diameter. If the
total tissue volume of the digest was small (<0.25 mL/kg or <20 mL), the islet preparation
was generally not further purified. If the digest volume was >0.25 mL/kg, the islets were
purified by continuous iodixanol (OptiPrep, Axis-Shield, Oslo, Norway) density gradient on
a COBE 2991 cell separator (22) unless, in the opinion of the isolation team, a large number
of islets would be lost due to embedded tissue. The liberated islets were suspended in
Connaught Medical Research Laboratories-1066 medium (Mediatech, Inc., Manassas, VA,
USA) supplemented with 25 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid
(HEPES), antibiotics, and 2.5% human serum albumin.

Islets were infused into the portal vein after systemic heparinization in patients during the
index operative procedure, and patients were managed in a protocolized fashion
postoperatively as previously described (23).

Data analysis
Linear regression was used to determine univariate correlation coefficients for metabolic
parameters and baseline parameters with islet isolation outcomes. Differences in means
between groups were compared with Wilcoxon rank sum. Multivariate logistic regression
was used to identify factors that predict islet mass ≥2,500 IEQ/kg. All analyses were
performed using SAS (Cary, NC, USA). P-values ≤0.05 were considered statistically
significant.

Results
Patient Characteristics

The 60 adult subjects had a mean age of 38.1 ± 11.5 years, were predominately female
(n=50) and most often identified as non-Hispanic ethnicity (n=59) and Caucasian/white race
(n=55). Mean body mass index was 25.5 ± 6.0 kg/m2. Etiologies of chronic pancreatitis
were diverse, and included idiopathic disease (n=23), sphincter of Odi dysfunction (n=9),
pancreas divisum (n=13), predisposing genetic mutation (PRSS1, SPINK1, or CFTR, n=12),
hereditary disease without identified genetic etiology (n=1), annular pancreas (n=1), or
biliary disease (n=1). Mean duration of diagnosed pancreatitis was 6.2 ±6.1 years (median 4
years). Baseline patient characteristics are outline in Table 1.

Mean digest islet count (performed prior to purification) was 309,055 ±191,458 islet
equivalents (IEQ). A COBE purification was performed to reduce tissue volume in 20 cases
(33%). This was done only when the tissue volume was felt to be too high to safely permit
intraportal infusion of the islets without purification. The mean islet count in the final
(transplanted) product was 290,431 ± 156,619 IEQ and 4,307 ± 2,310 IEQ/kg body weight.
Those patients undergoing purification had a mean loss of islet mass of 9.6± 16% in the final
product. Mean final tissue volume was 11.7 ±5.7 mL.
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Impact of disease etiology, prior surgical history, disease duration and BMI on islet
isolation outcomes

A history of prior lateral pancreaticojejunostomy and genetic etiologies of disease (PRSS1,
SPINK1, or cystic fibrosis) were associated with significantly lower islet yields at transplant
(Table 2). PRSS1 mutations causing autosomal dominant hereditary pancreatitis were
particularly detrimental—3 of 4 adults with this mutation had <1,000 IEQ/kg isolated for
transplant. Only the youngest patient (age 19 years) without any prior surgical history
received a moderate islet mass in the setting of a PRSS1 mutation at 4,239 IEQ/kg. A longer
duration of disease was weakly but negatively correlated with islet mass (r= −0.25, p=0.05).
The islet isolation outcomes did not differ by patient age, gender, narcotic use (daily vs not),
number of ERCP procedures, or number of hospitalizations.

Correlation of measures of insulin secretion and glycemic control and the isolation
outcomes

We determined the regression coefficients for insulin/C-peptide secretory and glycemic
measures with the islet mass. We measured islet mass in three ways: 1) The total islet
equivalents in the digest (“digest IEQ”) which is the number of islets obtained from
pancreatic digestion prior to any purification; this measure best reflects the number of islets
that were available in the native pancreas; 2) The final islet mass expressed as total number
of islets (“final product IEQ”) which reflects the end result of the isolation process; thus, the
final product reflects what was infused into the patient for transplant; and 3) The relative
islet mass for the recipient’s body weight in the final product (“final product IEQ/kg”)
which is the measure most strongly associated in the medical literature with the glycemic
control and metabolic outcomes in TPIAT recipients. Results for the univariate regression
models are summarized in Table 3.

The acute insulin response (AIRglu) and the acute C-peptide response (ACRglu) were
measured by frequent sample intravenous glucose tolerance testing. Both measures
correlated positively with the final product IEQ, and ACRglu correlated with IEQ/kg.
Insulin sensitivity (SI) was calculated from the 180 minute FSIVGTT and did not correlate
with islet mass. Disposition index, which relates insulin secretion to insulin sensitivity
(AIRglu * SI) was more strongly correlated with final product IEQ/kg than the AIRglu
alone.

The AUC glucose from the MMTT, fasting glucose, and HbA1c correlated inversely with
the final product IEQ/kg. These measures were more strongly correlated with the IEQ/kg
than the final product total IEQ or digest IEQ. The 11 patients with impaired fasting glucose
(IFG) had fewer islets isolated for transplant compared to those without IFG—2,509 ± 1,496
IEQ/kg vs 4,711 ± 2,276 IEQ/kg (p=0.003).

At the time of pancreatectomy, the islet lab assessed trimmed pancreas weight and severity
of fibrosis (based on gross morphology and scored on a scale of 0–10, with 10 as most
severe). The pancreas weight correlated positively with digest IEQ (r=0.44, p=0.007) and
final product IEQ (r=0.38, p=0.002), while gross fibrosis correlated negatively with all
measures of islet mass (r=0.4–0.5, p<0.001) similar to previous reports.

A simple model for clinical use in preoperative evaluation of TPIAT candidates
We next employed multivariate logistic regression analysis to identify a simple model that
may help predict candidates likely to receive ≥2,500 IEQ/kg. This is a clinically relevant
measure as we have previously demonstrated that patients with this islet mass are likely to
do metabolically well (3). Using multivariate logistic regression modeling, we identified
fasting glucose and peak stimulated C-peptide on MMTT as significant predictors, with an
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odds ratio (OR) of 0.93 (95% CI 0.87–1.0, p=0.041) for fasting glucose and OR of 7.90
(95% CI 1.75–35.6, p=0.007) for peak stimulated MMTT C-peptide ≥4 ng/mL. That is for
each 1 mg/dL increase in fasting blood glucose, the odds of isolating >2,500 IEQ/kg are
reduced, with an odds ratio of 0.93, while those patient with a stimulated C-peptide ≥4 ng/
mL had 7.9 times the odds of receiving ≥2,500 IEQ/kg compared to those with peak C-
peptide <4 ng/mL on mixed meal tolerance testing (figure 2).

In this cohort, there were 38 patients without a prior history of lateral
pancreaticojejunostomy (surgical pancreatic drainage procedure), whom also had both a
normal fasting glucose (<100 mg/dL) and a stimulated C-peptide ≥4 ng/mL on mixed meal
tolerance testing. Notably, these patients had a successful isolation outcome in nearly all
cases, with a final islet mass transplanted of ≥2500 IEQ/kg in 94% of cases and ≥5000 IEQ/
kg in half. Only 2 patients (6%) had low yields (1290 IEQ/kg and 1847 IEQ/kg), with none
<1000 IEQ/kg (a range where insulin independence is not possible). In contrast, patients
with any one or more of impaired fasting glucose, peak stimulated C-peptide <4 ng/mL, or a
history of lateral pancreaticojejunostomy had low yield (<2500 IEQ/kg) in 54% of cases (p
<0.0001) (Figure 2).

Discussion
Total pancreatectomy and islet autotransplant may be considered for patients with severe
chronic pancreatitis. The goal of the IAT is to ameliorate or reduce the severity of
postoperative diabetes, and optimistically, we can achieve this goal in about two-thirds of
patients. While 30–40% of patients are completely insulin-free, another 30% maintain
normoglycemia on minimal insulin, typically once daily basal insulin. The remaining one-
third of patients have a more severe form of post-pancreatectomy diabetes mellitus (23, 24),
which may be labile and difficult to control. The risk of diabetes and severity of diabetes is
determined in large part by the viable islet mass transplanted (3). Historically, those with
<2500 IEQ/kg transplanted remain insulin dependent in the vast majority of cases and may
be unable to safely achieve the American Diabetes Association goal of hemoglobin A1c
<7%.

Because one of the major patient and physician concerns going into TPIAT is the risk for
labile post-pancreatectomy diabetes mellitus, it is essential that we develop meaningful
protocols for pre-operative assessment of islet mass and diabetes risk in these patients. We
found a relationship between stimulated insulin and C-peptide secretion and the isolated islet
mass in adult patients with chronic pancreatitis undergoing TPIAT. The acute insulin and C-
peptide responses to an intravenous glucose tolerance test correlated modestly with islet
mass. While these tests did not precisely predict islet mass for an individual patient, in those
without a prior surgical drainage procedures (lateral pancreaticojejunostomy), a normal
fasting glucose along with a mixed meal stimulated C-peptide >4 ng/mL accurately
identified recipients highly likely to have a successful isolation outcome.

For the TPIAT recipient, metabolic testing is an important component of the pre-surgical
evaluation. Such tests could serve two purposes: 1) to document baseline function prior to
complete (and irreversible) removal of the pancreas; and 2) potentially to improve our
preoperative counseling of potential TPIAT recipients. The latter is not yet established.

Previously published studies suggest a correlation between: 1) post-operative intravenous
stimulation tests and islet mass transplanted in IAT recipients (9), 2) arginine or intravenous
glucose stimulation tests and islet isolation results in cadaveric pancreas donors and porcine
pancreas isolations (7, 8), and 3) a general relationship between metabolic testing and
morphologic assessment of beta cell mass in animal models (25–27). In a prior analysis,
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glucose potentiated arginine stimulation and intravenous glucose tolerance testing performed
after IAT in a small group of recipients correlated well with transplanted islet mass (9).
However, pre-operative metabolic tests have never previously been studied in relation to
TPIAT isolation outcomes in chronic pancreatitis patients undergoing this procedure.

We found a modest correlation (r value 0.3–0.4) between the acute insulin response
(AIRglu) and C-peptide response (ACRglu) on IV glucose tolerance testing and the islet
mass isolated. While insulin and C-peptide measures correlated best with total islet mass
(IEQ), glycemic measures (HbA1c and glucose on MMTT) were better predictors of relative
islet mass (IEQ/kg body weight), with lower glucose levels and lower HbA1c associated
with better outcomes. While IVGTT measures provided a reasonable correlation with islet
mass at a population level, these measured could not predict islet isolation outcomes for an
individual patient.

Notably, we were able to identify the patients likely to receive a moderate or high islet mass
of ≥2500 IEQ/kg based on prior surgical history, fasting glucose, and stimulated C-peptide
after a mixed meal. Those patients with a stimulated C-peptide >4 ng/mL on MMTT had
nearly 8 times the odds of receiving at least 2,500 IEQ/kg compared to the patients with low
C-peptide. In patients without a prior surgical drainage procedure (lateral
pancreaticojejunostomy, or Puestow), those patients with both normal fasting glucose and a
stimulated C-peptide ≥4 ng/mL prior to surgery received ≥2,500 IEQ/kg in 94% of cases,
with a notably high yield of ≥5,000 IEQ/kg in 50%. In contrast, a patient with a prior lateral
pancreaticojejunostomy, or with impaired fasting glucose and/or stimulated C-peptide <4
ng/mL, fewer than half received ≥2500 IEQ/kg.

The majority of TPIAT recipients who receive a moderate islet mass of ≥2500 IEQ/kg are
C-peptide positive and maintain goal glycemic control, with hemoglobin A1c <7% (3).
Thus, this is a clinically relevant threshold for identifying those likely to perform well
metabolically after islet transplant. The mixed meal test is relatively easy to perform in the
clinical setting.

Our results showed a weaker correlation between insulin secretory measures and the islet
mass than one might expect based on the published literature (7, 8, 25). Previous studies in
animals and a limited number of studies in human partial pancreatectomy and islet transplant
recipients reported correlation between AIRglu and beta cell mass, with correlation
coefficients of 0.6–0.8. This difference may relate to: 1) variability inherent in our particular
model—particularly the variations in the effectiveness of the islet isolation or islet count; or
2) a need for more sensitive measures of beta cell mass in this population. In particular,
patients with chronic pancreatitis may not mimic the other populations in which these tests
have been performed. It is possible that the chronic inflammatory environment present in
chronic pancreatitis may impair beta cell function in response to oral and intravenous
stimuli, thus reducing the reliability of such tests to adequately assess beta cell mass in this
population (28).

Because there are inherent variabilities in the islet isolation process, there is not likely to be
any test that correlates perfectly with islet yield using currently available technologies and
enzymes solutions. The recovery of beta cells from the native pancreas, while presumed
high, is less than 100% of the pancreatic islet mass, and varies depending on the condition of
the pancreas and digestion of the pancreatic parenchyme. Pancreas digestion may be more
successful in some cases than others. Second, islet counts are subjective, relying on a
manual assessment of islet size and number in a small aliquot, thus, inherent errors in
estimation of islet number may account for the imprecision around the regression line.
Third, when comparing beta cell functional tests to isolated islet mass, we are making the
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assumption that all islets contain a similar proportion of functional beta cells, and that in
fact, islet mass accurately reflects beta cell mass. This may or may not be true in patients
with chronic pancreatitis. Stimulated insulin secretion is a measure of beta cell function, and
it is has been proposed that some patients with chronic pancreatitis have a deficit in beta cell
function which precedes the loss of islet mass (28). Ultimately, the clinical challenge is to:
1) estimate the true availability of islet mass in the pancreas; 2) efficiently liberate those
islets into free suspension; and 3) engraft the islets with high efficiency into the patient.

There are a number of factors that are proposed to impact outcomes via islet mass, islet
viability, or islet engraftment, and which were not the focus of this particular analysis. We
noted that a smaller pancreas or more fibrotic pancreas is associated with a lower islet mass,
although these variables were assessed post-pancreatectomy. The approach to
pancreatectomy (ischemic time) may affect islet viability, while intraportal inflammation,
the instant blood mediate inflammatory reaction, and efficacy of revascularization may all
affect post-transplant islet survival and function. While recognizing this complexity of the
islet transplant situation, we attempted to identify preoperative predictors for one important
piece of the puzzle—islet mass available for transplant. It will additionally be important to
follow these patients for long-term islet graft function, and correlate preoperative testing
directly with long-term outcome. At this point, recipients remain engaged in a randomized
treatment trial and metabolic outcomes are collected as a component of the clinical trial.

Although we could separate those likely to do well from those at high risk for poor isolation
outcomes, we lacked in this study the ability to precisely measure islet mass, which would
be highly valuable for longitudinal follow up of recipients to determine timing of TPIAT.
Glucose potentiated arginine stimulation (GPAIS) measures insulin secretory response to an
intravenous arginine bolus during hyperglycemia; because this test elicits a maximal insulin
secretory response, it may be more sensitive for measuring early deficits in beta cell mass.
Notably, GPAIS has been suggested as a superior measure of beta cell mass compared to
either AIRglu or AIRarg (9, 25). GPAIS can be incorporated into future studies and
evaluated as a potential predictor of islet mass in this model.

In summary, we found that in adult patients with chronic pancreatitis, stimulated insulin and
C-peptide levels and glycemic measures obtained prior to surgery were weakly correlated to
the number of islets subsequently isolated from the diseased pancreas. While a stimulated C-
peptide and normal fasting glucose could help identify those recipients at low versus high
risk for low islet yield and thus more severe post-operative diabetes, such tests lacked utility
for accurately predicting islet mass within individual recipients in this population. Future
research should investigate additional metabolic tests to determine measures which may be
more sensitive in precisely predicting islet mass prior to TPIAT, to aid in preoperative
counseling of recipients and, potentially, to aid in determining timing of TPIAT.
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Abbreviations

TP total pancreatectomy

IAT islet autotransplant

CP chronic pancreatitis
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IEQ islet equivalents

IEQ/kg islet equivalents per kilogram body weight

FSIVGTT frequent sample intravenous glucose tolerance test

MMTT mixed meal tolerance test

ACRglu acute C-peptide response to glucose

AIRglu acute insulin response to glucose

DI disposition index

AUC area under the curve

SI insulin sensitivity index
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Figure 1.
Illustrations of the frequent sample intravenous glucose tolerance test (1a) and mixed meal
tolerance testing (1b) in a subject with idiopathic pancreatitis and higher islet yield of 4,219
IEQ/kg, and the same studies in a patient with genetic pancreatitis and a low islet yield of
807 IEQ/kg (1c and 1d). The subject with low islet yield has minimal acute insulin response
to glucose (AIRglu) and lower C-peptide secretion with higher glucoses on mixed meal
tolerance testing. The solid black lines with circles indicate insulin levels (a and c) and C-
peptide levels (b and d), and the grey line with diamonds indicates glucose levels (all
panels). In the FSIVGTT, a bolus of dextrose (0.3 g/kg) is administered intravenously at
time 0, to elicit an acute insulin response, and a bolus of insulin (0.025 units/kg) is
administered at time 20 minutes. In the MMTT, the patient ingests Boost HP (6mL/kg to
max 360 mL) at time 0. Panels 1e and 1f illustrate the mean response for the entire group.

Lundberg et al. Page 11

Am J Transplant. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Figure 2a and 2b. (2a) Islet mass isolated in patients with all three of the following
characteristics: 1) normal plasma fasting glucose (<100 mg/dL), 2) stimulated C-peptide ≥4
ng/mL on MMTT, and 3) no prior history of surgical drainage procedures (lateral
pancreaticojejunostomy), (“favorable” group) compared to islet mass isolated in patients
with any one or more of the following: 1) impaired fasting glucose, 2) peak stimulated C-
peptide <4 ng/mL, or 3) history of lateral pancreaticojejunostomy (“unfavorable” group).
Boxes indicate the 25th–75th percentile with line at the median value; whiskers indicate the
minimum and maximum in each group. On average the favorable group had a higher islet
mass isolated, ≥2500 IEQ/kg in 94% of cases. (*p<0.0001). (2b) Displays data for each
participant for stimulated C-peptide on mixed meal test versus islet mass expressed as IEQ/
kg. Open circles indicate patients with normal glucose tolerance, grey circles impaired
glucose tolerance, and open squares history of lateral pancreaticojejunostomy (all 4 had
normal fasting glucose).
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