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Abstract

Background/Objective: Chronic pancreatitis (CP) in children is associated with significant 

morbidity and can lead to narcotic dependence. Total pancreatectomy (TP) may be indicated in 

refractory CP to relieve pain; simultaneous islet autotransplant (IAT) may prevent postsurgical 

diabetes. About half of pediatric patients are insulin independent 1 yr after IAT. Insulin 

independence correlates best with the number of islets available for transplantation (islet yield). 

Currently there is no known method to predict islet yield in a given patient. We assessed the ability 

of preoperative metabolic tests to predict islet yields in 10 children undergoing TP/IAT.

Design/Methods: Hemoglobin A1c (HbA1c) and mixed meal tolerance tests (MMTT) were 

obtained prior to surgery in 10 patients age ≤ 18 yr. Fasting glucose, C-peptide, and creatinine 

were used to calculate the C-peptide to glucose* creatinine ratio (CPGCR). C-peptide peak and 

area under the curve (AUC) were determined from 2 h MMTT. Linear regressions were performed 

to predict islet yield from baseline test results.

Results: Islet yield ranged from 7000 to 434 000 islet equivalents (IE) (mean 222 452 ± 148 697 

IE). Islet yield was well predicted from body weight and fasting plasma glucose (R2 = 57%, 

adjusted for overfitting by bootstrap). Islet yield was positively associated with CPGCR, peak C-

peptide, and AUC C-peptide and negatively associated with HbA1c.

Conclusions: Pilot data from 10 pediatric patients suggest that simple preoperative 

measurement of fasting plasma glucose may give a useful prediction of islet yield. Islet yield 

correlates with HbA1c and C-peptide levels. This information allows individual candidates to 

weigh the specific risk of becoming diabetic against the benefit of pain relief should they undergo 

TP-IAT.
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Introduction

Chronic pancreatitis (CP) presents symptomatically as recurrent or persistent abdominal 

pain which can be disabling, often resulting in dependence on narcotic analgesics (1). This 

condition is most often seen in adults, where alcoholism and idiopathic disease are the most 

common causes (2). CP also occurs in childhood, commonly because of genetic mutations 

(3). Although the prevalence of CP is unknown in children, it is relatively rare. Severely 

affected children may be unable to attend school or participate in usual childhood activities.

Patients with intractable pain despite medical and endoscopic pancreatic duct drainage 

interventions are candidates for total pancreatectomy (TP). Data from a cohort that consists 

mostly of adults demonstrate that simultaneous islet autotransplant (IAT) prevents 

postsurgical diabetes in about one third of patients and allows euglycemia with minimal 

insulin requirements in another third (1, 4). Results appear to be somewhat better amongst 

pediatric patients, of whom approximately half are insulin independent at 1 yr posttransplant 

and another 22% require only a small amount of exogenous insulin to control blood glucose 

levels. However, IAT is unsuccessful in one quarter of children, who require complete 

insulin replacement (5). The most important known predictor of postsurgical islet graft 

function is the islet mass transplanted (4–8). There is no magic number of islets that 

guarantees insulin independence, but it is uncommon in patients receiving fewer than 2000–

2500 islet equivalents (IE) per kilogram body weight (IE/kg) (5, 6, 8).

CP results in variable progression of damage and fibrosis of the diseased pancreas (2). Thus 

islet yields are highly variable, even among patients with documented normoglycemia 

preoperatively. Islet yields in CP patients receiving IAT at the University of Minnesota 

Medical Center (UMMC) have ranged from nearly zero to over 500 000 IE (unpublished 

data). Unfortunately, there is not yet any method to reliably predict the islet yield prior to 

pancreatectomy. Because there is a risk of diabetes mellitus even with IAT, patients and 

parents are counseled that diabetes must be considered a reasonable trade-off for relief of 

pain to proceed with surgery. However, many parents desire more specific information on 

their child’s risk for diabetes.

Metabolic assessments (most often oral glucose tolerance tests, and, in a handful of cases, 

intravenous glucose tolerance tests and arginine stimulation tests) have been performed 

before surgical intervention in some adults undergoing TP and IAT. These tests are used to 

document normoglycemia prior to surgery and/or establish baselines for later follow-up (7, 

9). However, the relationship between the results of these tests and the islet yield at TP has 

not been examined in the published medical literature.

In this preliminary report, we sought to determine if baseline metabolic testing in 10 

pediatric patients undergoing TP and IAT was predictive of islet yield. If islet yield can be 

predicted by simple tests of islet function preoperatively, this would serve two important 
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purposes: (i) it would provide patient-specific information on postoperative diabetes risk, 

and (ii) it would assist in selection of candidates that are most or least likely to benefit from 

IAT.

Methods

Subjects

Preoperative laboratory data were prospectively collected on 10 consecutive pediatric 

patients (age ≤18 yr) with CP and without preexisting diabetes undergoing TP and IAT at the 

UMMC between December 2006 and June 2008. The study protocol was reviewed and 

approved by the University of Minnesota Institutional Review Board.

Metabolic testing

Within 1 wk prior to pancreatectomy, patients had hemoglobin A1c (HbA1c) levels drawn 

and underwent mixed meal tolerance testing (MMTT, Boost HP 6 mL/kg, maximum 360 

mL). Glucose and C-peptide levels were drawn at times 0, 30, 60, 90, and 120 min during 

MMTT. The C-peptide to glucose* creatinine ratio (CPGCR) was calculated from the 

fasting labs using the following formula: [C-peptide (ng/mL) * 100]/[glucose (mg/dL) * 

creatinine (mg/dL)] (10). This measurement accounts for the dependence of C-peptide on 

concurrent glucose and renal excretion. The area under the curve C-peptide (AUC C-

peptide) and glucose (AUC glucose) including baseline were calculated using a trapezoidal 

method from MMTT results.

HbA1c levels were analyzed by high-performance liquid chromatography. Plasma C-peptide 

levels were run by chemiluminescent immunoassay (Siemen’s immunolite 2000). Plasma 

glucose levels were measured by glucose oxidase assay.

Pancreatectomy, islet isolation, and autologous transplantation

The surgical procedure of TP and IAT is described in detail elsewhere (1, 11). Islet isolations 

were performed in the University of Minnesota Molecular and Cellular Therapeutics GMP 

Facility in compliance with federal regulations, using previously reported methods (12, 13). 

Briefly, the pancreas was distended with cold enzyme solution infused through the 

pancreatic duct using a pressure-controlled pump system (14). Enzymatic digestion was 

performed with SERVA/Nordmark GMP grade enzymes (SERVA Electrophoresis GmbH, 

Heidelberg, Germany) supplied in two separate vials (collagenase and neutral protease), 

using 1600–2709 Wunsch units of collagenase and 100–250 DMC units of neutral protease 

depending upon the size and quality of pancreas (12). The distended pancreas was then 

placed in a closed circuit Ricordi digestion chamber (15) containing collagenase solution 

and shaken until the exocrine and endocrine tissues are free of each other. The switch from 

digestion phase to dilution phase occurred when most of the islets were free from exocrine 

tissue.

The number of islets freed by collagenase digestion was counted from an aliquot stained 

with diphenylthiocarbazone (Sigma, St. Louis, MO, USA) (16). Islet yield was quantified in 

terms of IE, which is islet mass standardized to an islet size of 150 μm diameter. If the total 
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tissue volume of the digest was small (<0.2 cc/kg of the recipient), the islet preparation was 

not further purified. If the digest volume was >0.2 cc/kg, the islets were purified by 

continuous iodixanol (OptiPrep, AxisShield, Oslo, Norway) density gradient on a COBE 

2991 cell separator (17). For preparations in which a high percentage of islets were 

embedded/mantled by exocrine tissue (e.g., 50%), purification was usually not performed 

because many islets would have been lost. 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, antibiotics, 

and 2.5% human serum albumin.

The islet tissue preparation was infused into the portal vein. Patients received 

anticoagulation with heparin as prophylaxis against portal vein thrombosis. Portal pressures 

were monitored during the infusion. The baseline was usually 0–2 cm water. If the pressure 

elevated to ≥25–30 cm, the infusion was stopped. The remaining tissue was then 

transplanted into the peritoneal cavity, or elsewhere, at the surgeon’s discretion. Purified 

islets never elevate portal pressure more than a few centimeters of water. Most impure 

preparations can be totally infused but if not, the number of IE embolized to the liver is 

calculated from the proportion of tissue that was infused.

Postoperative care

Postoperatively, all patients are treated with insulin for a minimum of approximately 4 wk to 

allow the new islets to engraft. Subsequently, subcutaneous insulin doses are adjusted to 

maintain the following goals: fasting capillary blood glucose <126 mg/dL, postprandial 

capillary blood glucose <180 mg/dL, and HbA1c ≤ 6.5%. Patients are instructed to monitor 

blood glucose four times per day. Adjustments in insulin therapy are made by the transplant 

center or the patient’s local endocrinologist. Postoperative insulin requirements were 

assessed from study questionnaires and clinical contact between the UMMC physicians and 

the patient families and/or local physicians.

Data analysis

Baseline demographic and laboratory data are presented as mean ± standard deviation.

Linear regression was used to screen baseline characteristics for predicting IE, and 

overfitting to the data was corrected by bootstrap methods (18). Logistic regression was used 

to screen baseline characteristics for predicting IE/kg >3000. Pearson correlations were used 

to assess association between preoperative test results and islet yield, with 95% confidence 

intervals estimated by the bootstrap percentile method, with 2000 replications. A composite 

scoring system was developed based on the significant predictor variables. Differences in 

proportions were compared using Fisher’s exact test. Statistical analysis was performed 

using SAS 9.2. Two-tailed p-values ≤0.05 were considered statistically significant.
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Results

Patient characteristics

Patients underwent TP and IAT at a mean age of 14.8 ± 4.2 yr (range 5–18 yr). The cause of 

CP was genetic in six cases (PRSS1 gene mutation in four, SPINK1 gene mutation in one, 

and CFTR gene mutation in one), idiopathic in three, and attributed to congenital pancreatic 

divisum in one. Onset of pancreatitis occurred 6.5 ± 4.6 yr prior to TP. Two patients had a 

prior surgical intervention (surgical drainage and/or head resection). Uncontrollable pain 

and/or recurrent pancreatitis hospitalizations were the indication for TP in all cases.

Prior to surgery, body mass index was normal (10–85th percentile for age) in seven patients 

and mildly elevated in three (90–95th percentile). Mean BMI Z-score for age was 0.5 ± 0.9 

SDS. All patients had normal fasting blood glucose and HbA1c levels (Table 1).

The total number of islets isolated at the time of pancreatectomy ranged from 7000 to 436 

000 IE (mean of 222 452 ± 148 697), and the IE/kg from 280 to 5977 (mean of 3805 ± 1922 

IE/kg). In eight patients, all islets were infused intraportally. In the two patients with the 

greatest islet yield, the majority of the islets were transplanted intraportally with the 

remainder infused into the intraperitoneal cavity as a result of elevated portal pressures 

(approximately 17% transplanted intraperitoneal in one case and 45% in the other).

Mean hospitalization time postoperatively was 22 ± 9 days. Four patients required a second 

surgical procedure during hospitalization–one for splenectomy, one for resection of necrotic 

bowel, one for repair of biliary leak, and one for removal of an infected spinal cord 

stimulator device (previously placed for pain management at an outside institution).

Posttransplant insulin requirements and relationship to islet yield

All 10 patients are currently at least 6 months posttransplant. In all, five patients achieved 

insulin independence at 1–10 months posttransplant (Table 2). However, one of these five 

resumed low-dose glargine after a 4-month insulin-free interval for intermittent 

hyperglycemia.

At the 6–12 month posttransplant follow-up, four patients are insulin independent with 

HbA1c levels of 5.5–6%, two require <0.25 units/kg/day (single injection per day of 

glargine) with HbA1c levels of 5.4 and 5.8%, and four require >0.25 units/kg/day (basal-

bolus regimen) with HbA1c levels of 6.9–12.1%.

Of the five patients with islet yields >200000 IE, three became insulin independent, one 

maintained euglycemia on once daily insulin (0.2 units/kg/d at 6 months posttransplant), and 

one required a basal-bolus insulin regimen. The two patients with the highest islet yields 

achieved insulin independence. Of note, two patients with <200 000 IE became insulin 

independent. These were the only two preadolescents in this series, an age group that has 

historically had good glycemic outcomes (5).
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In terms of relative islet yield, six of seven patients with > 3000 IE/kg transplanted are 

insulin independent or require minimal insulin (once daily glargine, <0.25 units/kg/d). All 

three patients with fewer than 3000 IE/kg transplanted require a basal-bolus regimen.

Predicting total islet equivalents from baseline test results

The best prediction equation from baseline measurements was:

Predicted total IE = 429853 + 4563 * (body weight, kg) − 6091 * (fasting plasma glucose, mg/dL)

Measured vs. predicted values are shown in Fig. 1. The prediction equation explained most 

of the variability in total IE (R2 = 57%) adjusted for overfitting.

Predicting IE/kg >3000

None of the baseline measurements alone or in combination were significant predictors of 

IE/kg >3000.

Correlation of test results with total IE and IE/kg

Based on the data from all 10 patients, total IE was also positively associated with peak C-

peptide, AUC C-peptide, CPGCR, and fasting C-peptide; total IE was negatively associated 

with preoperative HbA1c level (Table 3, Fig. 2).

We also examined the correlation between baseline results and the number of islet 

equivalents isolated relative to the patient’s size (IE/kg). IE/kg weakly correlated with 

fasting plasma glucose, and trended strongly towards a negative correlation with AUC 

glucose. There was no association between IE/kg and HbA1c, fasting C-peptide, peak C-

peptide, AUC C-peptide, or CPGCR. Both of the two youngest and smallest children in this 

series had a low total IE but relatively high IE/kg because of their small body weight. If we 

excluded these two individuals from the correlation analysis, there was a statistically 

significant negative association between IE/kg and HbA1c and positive association between 

IE/kg and CPGCR and fasting C-peptide. However, IE/kg was not significantly associated 

with C-peptide response to the mixed meal, either for peak C-peptide or AUC C-peptide.

Of note, nearly all patients had a brisk C-peptide response to the mixed meal, with peak C-

peptide observed at 30–60 min in all but one patient. This patient, who received very few 

islets (~7000 IE, 280 IE/kg), had a delayed peak at 120 min.

Islet composite score calculated from significant predictors of IE

We developed a scoring algorithm incorporating the four baseline factors which most 

strongly correlated with total islet yield. Patients were awarded one point for HbA1c level at 

or below the median and one point each for stimulated C-peptide, AUC C-peptide, and 

CPGCR at or above the median. Composite scores ranged from 0 to 4 (Table 2).

The total composite score correlated with total islet yield (r = 0.9, p < 0.05). Four of the five 

patients with total islet yield greater than the median (roughly >200 000 IE) had a composite 

score of ≥3, whereas none of the five patients with the lowest islet yields (<200 000 IE) had 
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a composite score of ≥3 (Fisher’s exact test, p = 0.05). The two patients with a composite 

score of 4 had the greatest islet yields (total IE) and both achieved insulin independence.

In terms of relative islet yield, all four patients with a composite score >3 had >3000 IE/kg 

isolated. However, composite score was <3 in three of six patients with >3000 IE/kg, 

including the two preadolescent patients. Only one adolescent patient with >3000 IE/kg had 

a composite score <3. These differences were not statistically significant.

Discussion

The goal of IAT is to prevent or minimize the impact of postoperative diabetes in those 

patients undergoing TP for severe, intractably painful CP. Approximately half of pediatric 

patients are insulin independent at 1 yr posttransplant (5). The most critical factor 

underlying posttransplant islet graft function is the islet mass transplanted (1, 4, 5, 8). 

However, islet yield is determined only after resection and processing of the pancreas. 

Development of a method to predict islet yield would aid in appropriate preoperative 

counseling of surgical candidates. In this report, we present data from 10 pediatric patients 

that suggest a correlation between simple metabolic testing (fasting glucose, HbA1c, 

MMTT) and islet yield.

Low islet yields are common in patients with CP, as inflammation and fibrosis lead to 

pancreatic endocrine failure over time; by 20 yr after onset of disease, over 18% of patients 

with hereditary pancreatitis have diabetes (19). While alla 10 patients in this series had 

normal glucose and HbA1c levels preoperatively, they had a highly variable islet yield 

(7400–434 000 IE).

The preliminary results presented here suggest that preoperative testing of glycemic control 

and islet function may be valuable in predicting islet yield. Notably, a single fasting glucose 

and the patient’s weight were reasonably accurate in predicting total IE in these patients. 

This finding, if replicated in a larger number of pediatric patients, would allow for a very 

easy estimate of islet mass preoperatively. In addition, total IE correlated well with C-

peptide response to a mixed meal test (peak C-peptide and AUC C-peptide), CPGCR, and 

HbA1c. A composite scoring index incorporating these measures distinguished between 

patients who had more than and less than 200 000 IE isolated. Interestingly, the only patient 

with a delayed rise in the C-peptide on mixed meal testing (peak value at 120 min) was the 

patient with the lowest islet yield (<10 000 IE). More patients are needed, but this may be a 

parameter that is particularly indicative of few islets.

IE/kg correlated marginally with fasting glucose and glycemic response to a mixed meal. 

However, these results may have been skewed by the inclusion of the two youngest patients 

(5 and 9 yr), both of whom had a low IE but, because of their small size, a high IE/kg. When 

these two patients are excluded from the analysis, there is a significant correlation of IE/kg 

with fasting parameters (glucose, C-peptide, CPGCR), but not with C-peptide response to an 

MMTT. Continued monitoring in a larger number of patients is needed to determine whether 

IE or IE/kg is better predicted from preoperative testing.
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Insulin requirements were minimal (none or <0.25 units/kg/day) in 6 of our 10 pediatric 

patients during the first year posttransplant. Three of the five patients with the highest islet 

yields (>200 000 IE) became insulin independent and one maintains a normal HbA1c (5.8%) 

on once daily glargine (0.2 units/kg/day) alone.

Interestingly, the two youngest patients in this series were both insulin independent, despite 

relatively low total islet yields. Because of their small size, they received a relatively high 

islet yield for body weight (IE/kg), which may explain their good outcome. Prior 

histopathologic studies have shown less severe fibrosis in younger patients with a shorter 

duration of CP, which may explain the higher IE/kg (20). In addition, historic data supports 

that patients in this preadolescent age group (<13 yr old) are more likely to be insulin 

independent after IAT than their adolescent (age 13–18 yr) counterparts (5). The reason for 

this difference is unclear. It could be that the less insulin-resistant environment in the 

younger children is more favorable to islet engraftment, or perhaps there is better capacity 

for beta cell replication.

The data presented here are from a small number of patients. These findings need to be 

replicated before reliable predictions or risk estimates can be made. Additional testing will 

better define the relative contributions of fasting glucose, HbA1c, and mixed meal testing to 

predicting islet yield. There may be a role for more sensitive tests of islet function, such as 

the intravenous glucose tolerance test or arginine stimulation test, in predicting islet mass 

more precisely. Furthermore, these patients are being longitudinally followed so that 

baseline islet function tests can be correlated with the long-term success of IAT.

In conclusion, we demonstrate here that simple metabolic testing prior to TP may be useful 

in predicting islet yield, an important contributor to posttransplant glucose control. In this 

preliminary data set, total IE isolated was predicted from fasting glucose and the patient’s 

weight. In addition, patients with the most favorable HbA1c levels, peak C-peptide, AUC C-

peptide, and CPGCR were most likely to have islet yields above 200 000 IE. Predicting islet 

yield prior to surgery would allow for more patient-specific counseling about diabetes risk. It 

could also determine which candidates have the best risk−benefit ratio. Candidates most 

likely to benefit may choose to proceed with surgical intervention soon rather than later, to 

avoid the progressive islet damage from CP. If the results are confirmed in a larger number 

of pediatric patients, the preoperative tests will clearly be a clinically useful tool.
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Fig. 1. 
Total islet equivalents (100 000 IEs) vs. predicted total IE (100 000s) from the regression 

equation based on body weight and preoperative fasting plasma glucose. The diagonal line is 

the line of identity (x = y).
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Fig. 2. 
Correlation of total islet equivalents isolated at the time of total pancreatectomy with 

preoperative hemoglobin A1c (HbA1c) levels (A), C-peptide to glucose* creatinine ratio 

(CPGCR) (B), peak C-peptide (C), and area under the curve C-peptide (AUC C-peptide) 

(D). Blue circles indicate insulin independent patients or those on minimal insulin (glargine 

daily, <0.25 units/kg/d) postoperatively; green circles indicate fully insulin-dependent 

patients (basal-bolus regimen); open circles indicate preadolescent patients (both insulin 

independent).
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