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Autologous Pancreatic Islet Cell Transplantation 
Following Pancreatectomy for Pancreas 
Diseases Other Than Chronic Pancreatitis:  
A 15-Y Study of the Milan Protocol
Lorenzo Piemonti, MD,1,2 Raffella Melzi, MSc,1 Francesca Aleotti, MD,3 Giovanni Capretti, MD,4,5  
Rita Nano, MSc,1 Alessia Mercalli, MSc,1 Paola Magistretti, MSc,1 Rossana Caldara, MD,6  
Nicolò Pecorelli, MD,2,3 Davide Catarinella, MD,6 Chiara Gremizzi, MD,6 Francesca Gavazzi, MD,4 
Francesco De Cobelli, MD,7,2 Dario Poretti, MD,8 Massimo Falconi, MD,2,3 Alessandro Zerbi, MD,4,5 and  
Gianpaolo Balzano, MD1,2

Background. Pancreatogenic diabetes, a consequence of pancreatic tissue loss following pancreatectomy, poses a 
significant challenge for patients undergoing pancreatic surgery. Islet autotransplantation (IAT) offers a promising approach 
to prevent or alleviate pancreatogenic diabetes, but its application has been limited to individuals with painful chronic pan-
creatitis. Methods. This study presents a 15-y clinical experience with the Milan Protocol, which expands IAT after pan-
createctomy to a broader spectrum of patients with malignant and nonmalignant pancreatic diseases. The analysis evaluates 
feasibility, efficacy, and safety of IAT. Modified Igls criteria validated through the arginine test and mixed meal tolerance tests 
were used to assess long-term metabolic outcomes. Results. Between November 2008 and June 2023, IAT procedures 
were performed on 114 of 147 candidates. IAT-related complications occurred in 19 of 114 patients (16.7%), with 5 being 
potentially serious. Patients exhibited sustained C-peptide secretion over the 10-y follow-up period, demonstrating a preva-
lence of optimal and good beta-cell function. Individuals who underwent partial pancreatectomy demonstrated superior 
metabolic outcomes, including sustained C-peptide secretion and a reduced risk of developing diabetes or insulin depend-
ence compared with those who underwent total pancreatectomy. For patients who had total pancreatectomy, the quantity 
of infused islets and tissue volume were identified as critical factors influencing metabolic outcomes. An increased risk of 
recurrence or progression of baseline diseases was not observed in subjects with neoplasms. Conclusions. These find-
ings provide valuable insights into the benefits and applications of IAT as a therapeutic option for pancreatogenic diabetes 
after pancreatic surgery, expanding its potential beyond painful chronic pancreatitis. 
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INTRODUCTION
Pancreatogenic diabetes, a severe disruption of glucose 
homeostasis resulting from the loss of pancreatic paren-
chyma following pancreatectomy,1 has gained increased 
attention because of the rising number of pancreatecto-
mies performed for benign, low-grade malignant, and 
malignant tumors.2

The development of pancreatogenic diabetes follow-
ing partial or total pancreatectomy can have significant 
implications for patients, impacting both short-term and 
long-term outcomes in terms of glycemic control, quality 
of life, and overall survival.3-5 In response to this challenge, 
islet autotransplantation (IAT) has emerged as a promis-
ing therapeutic option, potentially preserving endocrine 
pancreatic function and mitigating the risk of postsurgery 
diabetes development.6-9 Initially used for patients with 
chronic pancreatitis,10,11 IAT has demonstrated efficacy 
in preserving beta-cell function and improving glycemic 
control.12-15 The Milan Protocol represents a significant 
advancement in the field of IAT, aiming to extend its appli-
cation to a wider patient population with both malignant 
and nonmalignant pancreatic diseases,16-20 including those 
undergoing completion pancreatectomy because of anas-
tomosis leakage after pancreaticoduodenectomy, those 
with high-risk pancreatic anastomosis during pancrea-
ticoduodenectomy, and those undergoing extended left 
pancreatectomy for neoplasms located at the pancreatic 
isthmus.15,21-23 In this article, we present the experience 
of the Milan Protocol, providing a comprehensive analy-
sis of a 15-y clinical program. We analyzed the long-term 
metabolic follow-up, as it plays a crucial role in assess-
ing the durability of effects of IAT on glycemic control 
and the preservation of endocrine pancreatic function. 
Additionally, we address concerns regarding the potential 
dissemination of occult carcinoma cells. By shedding light 
on these critical aspects, we aim to contribute to the ongo-
ing discussions surrounding the extension of IAT indica-
tions and its role in the management of pancreatogenic 
diabetes.

MATERIALS AND METHODS

Study Population and Eligibility Criteria
From November 2008 to June 2023, the Pancreatic Unit 

at S. Raffaele Scientific Institute in Milan, Italy, assessed 
all patients undergoing pancreas surgery for potential IAT. 
The Islet Processing Facility also served as a central hub for 
islet isolation upon request from collaborating institutions 
in the surrounding regions, including Milan (20 km away), 
Padova (247 km away), Pisa (280 km away), and Brescia 
(150 km away). Eligibility for IAT was determined on the 
basis of previously established criteria.16-20 In summary, 
eligible participants were adults with fasting blood glucose 
levels <126 mg/dL who had one of the following medical 
conditions: painful chronic pancreatitis, severe complica-
tions following pancreatic surgery, high-risk pancreati-
coduodenectomy, and extensive distal pancreatectomy for 
benign/borderline neoplasms. Patients were excluded from 
the study if they had multiple pancreatic neoplasms, path-
ological involvement of the pancreatic transection margin, 
or any medical conditions that could hinder the safe com-
pletion of IAT. Before surgery, all participants underwent 

comprehensive preoperative assessments, typically includ-
ing abdominal ultrasonography, contrast-enhanced com-
puted tomography scans, endoscopic ultrasound, and 
additional imaging studies as deemed necessary. Informed 
consent was obtained from all participants, and the study 
protocol received ethical committee approval for the 
assessment and follow-up of transplantation procedures 
(NCT01702051).

Pancreas Collection and Islet Isolation
Pancreas procurement was performed using either open 

or laparoscopic surgical techniques under general anes-
thesia. The extent of resection varied from extensive left 
pancreatectomy to total pancreatectomy or completion 
pancreatectomy. The blood supply to the pancreas was 
preserved to minimize warm ischemia time for the islets. 
The decision to retain or remove the spleen was based on 
individual patient factors. In cases where pancreatic resec-
tion was performed because of a tumor, a 1 cm margin 
of the pancreatic remnant adjacent to the incision was 
excised and sent for frozen section examination to ensure 
complete tumor removal. The remaining segments of the 
pancreas were transported to the Islet Processing Facility 
in the cold University of Wisconsin preservation solution. 
The islet isolation and purification process followed the 
automated method initially introduced by Ricordi for 
allotransplantation, with local adaptations as previously 
described.16,17,21,24 In summary, the pancreatic duct was 
cannulated, and the pancreas was enzymatically digested 
using collagenase NB1 and neutral protease. The digested 
tissue underwent purification using a continuous gradient 
of Hanks’ balanced salt solution-Ficoll on a cell separator. 
The resulting purified islet fractions were then combined 
and pooled in Connaught Medical Research Laboratories 
1066 medium. The purified islets were then reinfused via 
the portal vein, either intraoperatively if the clinical and 
logistical conditions allowed or within 48 h through per-
cutaneous transhepatic cannulation of the portal vein. In 
cases where portal vein infusion was not possible, islets 
were infused into the bone marrow at the superoposterior 
iliac crest, as previously described.24

Follow-up
Follow-up appointments were scheduled for outpatients 

at 1, 3, 6, and 12 mo, and then annually after the index 
surgery. For patients diagnosed with malignancy, adjuvant 
chemotherapy or radiotherapy was administered as deemed 
necessary, and computed tomography scans and neoplastic 
marker tests were conducted every 3 or 6 mo, tailored to the 
individual’s risk of recurrence. Adverse events arising from 
the islet infusion procedure were documented and classi-
fied on the basis of the “Terminology Criteria for Adverse 
Events In Trials of Adult Pancreatic Islet Transplantation 
Version 4.1” (http://www.isletstudy.org/CITDocs/CIT-
TCAE%20V4.pdf). Disease-specific, disease-free, diabetes-
free, and insulin-free survival rates were recorded. Clinical 
biochemistry parameters were evaluated using previously 
described methods.25 The updated homeostasis assessment 
model of insulin resistance and secretion was calculated 
using freely available online software (https://www.dtu.
ox.ac.uk/homacalculator/). The estimated glomerular fil-
tration rate was calculated using the Modification of Diet 
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in Renal Disease study equation. For each IAT case at each 
time point in our population, we assessed the outcomes 
for modified Igls criteria (Table 1).26 Additional metabolic 
tests were conducted during the follow-up period, with 
the consent of the recipients. The arginine test (involving 
the administration of 30 g of arginine hydrochloride for 
30 min) was performed under fasting conditions, following 
overnight withdrawal of insulin therapy. Blood samples 
were collected to measure insulin, glucose, and C-peptide 
concentrations at baseline, and at 5, 10, 20, 30, 40, 50, 60, 
90, and 120 min. The Milan group has widely used this pro-
tocol to evaluate both first-phase and second-phase insulin 
responses in pancreas or beta-cell transplant recipients.25,27 
The first-phase insulin response (acute insulin response to 
arginine) was calculated as the incremental area under the 
insulin curve between 0 and 10 min. The overall pancre-
atic beta-cell response was assessed by calculating the area 
under the curve (AUC) of C-peptide during the 120-min 
test. Mixed meal tolerance tests (MMTTs) were performed 
using a test meal of 250 kcal (approximately 52% carbo-
hydrates, 11% fats, and 37% proteins; Boost High Protein 
Rich Chocolate Balanced Nutritional Drink, Nestlé Health 
Science). The Boost drink was consumed within 10 min, 
and blood samples were collected at specific time intervals 
(–10, 0, 10, 20, 30, 60, 90, 120, and 180 min) after meal. 
Similar to the arginine test, the overall pancreatic beta-cell 
response to the mixed meal challenge was evaluated by 
calculating the AUC of C-peptide during the 120-min test. 
The highest C-peptide measurement recorded during the 
test was also identified as peak C-peptide.

Statistical Analysis
Depending on appropriateness, categorical varia-

bles were compared using either the chi-squared test or 
Fisher exact test. For variables with a normal distribution 
(expressed as mean ± SD), we used the unpaired Student t 
test and ANOVA with post hoc Bonferroni test for com-
parisons. In contrast, variables with a nonnormal distribu-
tion (expressed as median and interquartile range) were 
analyzed using the Mann-Whitney U test or Kruskal-
Wallis test with post hoc Dunn’s multiple comparison test. 
Survival analysis was conducted using the Kaplan-Meier 
method. Adjusted hazard ratios (HRs) and odds ratios 
(ORs), accounting for age and sex, were calculated using 
Cox proportional hazard and logistic regression, respec-
tively. Multivariate analysis included variables that were 
significant in the univariate analysis, ensuring the exclu-
sion of redundancy and overfitting risk. Two-tailed P 
values were reported, with a significance level of <0.05. 
Confidence intervals (CIs) were 2-sided and not adjusted 

for multiple testing unless otherwise specified. Statistical 
analyses were performed using SPSS version 24 (SPSS Inc/
IBM) and GraphPad Prism version 5.04.

RESULTS

Patients, Surgery, and Islet Transplantation
Between November 2008 and June 2023, a total of 

147 patients were considered as candidates for IAT. 
Patient characteristics, diagnosis, and indications for IAT 
are summarized in Table 2 and Figure S1 and Table S1 
(SDC, http://links.lww.com/TP/D50). The IAT procedure 
was performed on 114 of 147 candidates, accounting for 
77.6% of the total, and patient disposition is reported 
in Figure 1. In 8 patients (5.4%), the pancreata were not 
processed because of issues with tissue quality (n = 5) or 
unforeseen circumstances (n = 3), such as a retired con-
sensus or unavailability of technical facilities. Among the 
remaining patients, 22 (15%) had islet preparations that 
were deemed inadequate for transplantation after isola-
tion, either because of a low quantity/quality of islets 
(n = 12) or bacterial contamination (n = 10). Additionally, 
3 patients (2%) were not transplanted because of contrain-
dications at the time of infusion: one experienced clinical 
instability following a cardiac arrest during surgery after 
pancreas resection, another had a severe hemobilia result-
ing from prior percutaneous biliary drainage for a biliary 
fistula, and the third presented with ischemic damage 
in the second and third segment of the left hepatic lobe. 
Of the 114 patients who underwent the IAT procedure 
(see Table 3), 11 individuals received fresh islets (9.6%), 
whereas 103 patients received cultured islets (90.4%). The 
cultured islets had a median culture time of 15 h (range, 
14–16 h). The mean body weight of the recipients was 
71.7 ± 15.5 kg, resulting in a median transplantation value 
of 1539 (1031–2114) islet equivalent (IE)/kg. The volume 
of islet tissue infused during the procedure was 1.5 mL 
(range, 1–2.5 mL) with a purification rate of 40% (range, 
20%–60%). In 107 recipients (93.9%), the portal vein 
was used as the transplantation site, whereas in 7 recipi-
ents (6.1%), the bone marrow was used. The change in 
portal vein pressure following the infusion of islets was 
clinically insignificant. The median value before infusion 
was 12 (10–15) cm H2O, and the median value after infu-
sion was 13 (11–16) cm H2O, resulting in a delta value of 
1 cm H2O (P < 0.001).

Of the 114 patients who underwent islet infusion, 19 
(16.7%) experienced complications related to the procedure. 
Among these complications, 5 were classified as potentially 
serious with a Terminology Criteria for Adverse Events 

TABLE 1.

Modified Igls criteria for metabolic classification of IAT

 HbA1c SHE (per year)a Insulin dose Fasting C-peptideb 

Optimal <6.5% None 0 U/kg/d >0.5 ng/mL
Good <7% None <0.5 U/kg/d >0.5 ng/mL
Marginal ≥7% ≥1 ≥0.5 U/kg/d >0.3 ng/mL
Failed – – – ≤0.3 ng/m

HbA1c, glycated hemoglobin; IAT, islet autotransplantation; SHE, severe hypoglycemia event.
aAny occurrence in the past year of hypoglycemia resulting in loss of consciousness or seizure.
bFor the assessment of fasting C-peptide, we adapted the original Igls criterion by considering the threshold for stimulated C-peptide.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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score >3. Specifically, 6 patients (5.3%) developed portal 
vein thrombosis (PVT), with 1 case involving total PVT 
and 5 cases involving left branch PVT. All of these patients 
received anticoagulation therapy with low-molecular-
weight heparin, which successfully resolved the thrombo-
sis. Additionally, 12 patients experienced bleeding related 
to the percutaneous portal vein access procedures. Eight 
of these bleeding events were not severe enough to require 
intervention, 3 cases required transfusion alone, and 1 case 
required both transfusion and surgery. Finally, 1 patient 
developed a liver abscess that necessitated long-term antibi-
otic treatment. A logistic regression analysis was conducted 
to determine the factors that influence a patient’s likelihood 
of receiving IAT (Figure 2). The analysis revealed several 
variables that were associated with a decreased probabil-
ity of undergoing IAT. These factors included higher base-
line glycated hemoglobin (HbA1c) levels (OR 0.39; 95% 
CI, 0.17-0.93; P = 0.033), salvage IAT following relaparot-
omy (OR 0.26; 95% CI, 0.11-0.65; P = 0.004), a history 
of biliary stent placement (OR 0.37; 95% CI, 0.17-0.84; 
P = 0.017), and a diagnosis of pancreatitis as the underlying 
disease (OR 0.24; 95% CI, 0.08-0.69; P = 0.008; Figure 2). 
The multivariate analysis further confirmed that a history 
of biliary stent placement (OR 0.31; 95% CI, 0.11-0.88; 
P = 0.027) and a diagnosis of chronic pancreatitis (OR 0.19; 
95% CI, 0.05-0.69; P = 0.012) were independent predictors 
for a reduced likelihood of undergoing IAT.

Of the 114 patients who underwent pancreatic resec-
tion, 78 (68.4%) were still alive at the time of the final 

follow-up assessment (Figure 3). Among the deaths attrib-
uted to pancreatic surgery, 9 (6.2%) patients experienced 
fatal complications while still hospitalized. Their median 
survival period was 16 d. Additionally, 1 patient (0.9%) 
died from postoperative complications related to underly-
ing comorbidities after discharge. Among the deaths not 
linked to pancreatic surgery, 17 (19.7%) occurred postdis-
charge, primarily because of the recurrence of the initial 
pancreatic neoplastic disease.

Additionally, 6 (2.3%) patients died from other causes, 
including metachronous cancer, cardiovascular disease, 
and COVID-19 infection. The cause of death was unknown 
in 3 (2.6%) patients. The univariate analysis using Cox 
proportional hazards regression (Figure 3) showed that 
older age, higher basal transaminase levels, malignant neo-
plasia, head of pancreas localization, and a larger extent 
of pancreatectomy were associated with an increased risk 
of death. The multivariate analysis further confirmed that 
head of pancreas localization was an independent risk fac-
tor for death.

A subanalysis was conducted to assess the oncologic 
follow-up of patients with malignant neoplasia who 
underwent IAT. Of the 75 patients with malignant neo-
plasia, 37 (49.3%) received adjuvant chemotherapy or 
radiotherapy, and 54 (72%) were disease-free at the last 
follow-up. The recurrence of neoplasia occurred in 21 
patients (28%; median 322 [95% CI, 226-417] d after 
surgery) with a distribution of local recurrence in 19% 
(median 432 [286-577] d), metastatic recurrence in 52.4% 

TABLE 2.

Patient characteristics according to IAT indication

Characteristics  

Simultaneous IAT after 
pancreatectomy for chronic 

pancreatitis/trauma 
Simultaneous IAT after 
total pancreatectomy  

Simultaneous IAT 
after extended distal 

pancreatectomy 
Salvage IAT after 

relaparotomy 

Recruited, N 14 65 41 27
Center local/remote 11/3 34/31 41/0 21/6
Age, y 45.6 ± 16 68.3 ± 10.1 53 ± 15.2 58.4 ± 16.8
Sex (M/F) 9/5 49/16 15/26 18/9
Weight, kg 66.5 ± 8.3 74.8 ± 13.9 72.3 ± 17.7 71.3 ± 17.8
BMI, kg/m2 22.3 ± 3.3 26.4 ± 4.3 25.3 ± 4.7 25.8 ± 4
EGFR, mL/min/1.73 m2 106.3 ± 25 85.9 ± 36.8 99.7 ± 27 80.9 ± 37
Glucose, mg/dL 101 ± 18 98 ± 16 86 ± 18 106 ± 36
HbA1c, % 5.5 ± 0.6 5.38 ± 0.64 5.28 ± 0.45 5.66 ± 0.49
Insulin, mU/mL 5.15 (4.3–18) 9.1 (4.6–15.8) 9.05 (5.6–16.2) 6.9 (4.3–9.7)
C-peptide, ng/mL 1.38 (0.77–3.7) 2.5 (1.5–3.9) 2.21 (1.48–3.23) 2 (1.75–2.53)
Insulin HOMA2-IR 0.78 (0.66–2.78) 1.45 (0.82–2.71) 1.33 (0.78–2.43) 1.05 (0.75–1.36)
C-peptide HOMA2 %B 81.7 (54.99 140 (98–164) 139.7 (102–186) 137.2 (111–172)
White blood cell, ×109/L 8.9 (6.6–16.12) 7.5 (6.5–12.4) 10.3 (6.45–13.3) 17 (13.7–24.2)
Hemoglobin, g/dL 12.7 (11.1–13) 11.7 (10.8–13.4) 12.3 (11.3–13.1) 10.1 (8.9–10.6)
Planned surgery     
  Pancreaticoduodenectomy 2 24 0 25
  (Sub)total pancreatectomy 10 41 0 0
  Distal pancreatectomy 2 0 37 0
  Middle pancreatectomy 0 0 4 0
  Enucleation 0 0 0 2
Definitive surgery: total/subtotal/partial 10/2/2 65/0/0 0/1/40 24/0/3
Time from first surgery to relaparotomy, d  – – 13 (8–22)
  Splenectomy 10 (71.4) 15 (23.1) 26 (63) 17 (62.9)
  Transplanted N = 8 (57.1) N = 55 (84.6) N = 36 (87.8) N = 15 (55.5)

BMI, body mass index; EGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HOMA, homeostasis model assessment; IAT, islet autotransplantation; IR, insulin resistance.
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(median 322 [155-488] d), and simultaneous recurrence in 
28.6% (median 225 [73-377] d). Among the 17 patients 
experiencing the systemic recurrence, 13 had liver metas-
tasis (median 254 [40-367] d), 4 exhibited lung involve-
ment (median 352 [299-404] d), 4 presented peritoneal 
recurrence (median 178 [0-437] d), and 1 displayed bone 
involvement (738 d). This recurrence pattern did not show 
significant differences between patients receiving IAT and 
those who did not (Table S2, SDC, http://links.lww.com/
TP/D50).

Validation of Modified Igls Criteria
Metabolic outcomes were evaluated using the revised 

Igls criteria (Table 1),26 which categorize beta-cell graft 
function into 4 groups: optimal, good, marginal, and 
failed, based on HbA1c, severe hypoglycemia events, 
insulin requirements, and C-peptide levels. If any 
required information was unavailable at a given time, the 
outcome was labeled as “not evaluable.” The study fol-
lowed 114 patients for a median of 6.3 y (interquartile 
range, 4.8–7.8 y). Of these, 78 (68.4%) were still alive 

FIGURE 1. Patient disposition for islet isolation during the study. ITT, intention to treat.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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at the last follow-up. The number of patients available 
for analysis at different follow-up intervals was 96 at 1 
y, 51 at 5 y, and 20 at 10 y. To assess the validity of the 
modified Igls criteria, we analyzed data from 937 time 
points collected during the follow-up period (Figure 4). 
Due to incomplete data, 107 time points (11.4%) were 
excluded from the analysis. Among the remaining 830 
time points, optimal beta-cell graft function (HbA1c 
5.7% [5.3–5.9], fasting C-peptide 1.76 ng/mL [1.3–2.3], 

and insulin requirement 0 U/kg/d) was observed in 435 
instances (46.4%). Notably, the majority of these optimal 
outcomes (64.3%) occurred within the initial years fol-
lowing IAT, with a gradual decline over time (Figure 4). 
Good beta-cell graft function (HbA1c 6.5% [5.9–6.7], 
fasting C-peptide 1.48 ng/mL [0.9–2.14], and insulin 
requirement 0.16 U/kg/d [0.01–0.28]) was observed in 
136 instances, accounting for 14.5% of the total. Similar 
to optimal outcomes, good function was primarily 

TABLE 3.

Patient characteristics according to pancreatectomy extension

 All (N = 114) Total (N = 74) Partial (N = 40) P 

Baseline characteristics     
  Age, y 61.5 (49–71) 67 (55.8–73.2) 51 (42.3–62) <0.001
  Sex (M/F) 70/44 54/20 16/24 0.001
  Weight, kg 70 (63–80) 72.5 (65–80) 67 (59.2–77.2) 0.12
  BMI, kg/m2 24.6 (22.8–28.2) 25.4 (23.2–28.4) 24.1 (21.7–27.5) 0.1
  EGFR, mL/min/1.73 m2 89.5 (69.25–113) 83 (60.5–115) 96.5 (83–113) 0.033
  Glucose, mg/dL 92 (82–103) 96 (84–104) 88 (79–96) 0.003
  HbA1c, % 5.4 (5–5.8) 5.4 (5–5.8) 5.3 (5–5.7) 0.53
  Insulin, mU/mL 7.7 (5.5–14.8) 7.5 (5.1–13.4) 8.7 (5.6–16.3) 0.408
  C-peptide, ng/mL 2.17 (1.5–3.2) 2.26 (1.5–3.24) 2.02 (1.5–3.2) 0.34
  Insulin HOMA2-IR 1.2 (0.78–2.10) 1.1 (0.79–1.97) 1.27 (0.78–2.6) 0.73
  C-peptide HOMA2 %B 138 (101–166) 145 (103–164) 133 (100–179) 0.75
  White blood cell, ×109/L 9900 (7200–13 800) 8300 (6900–14 800) 10 850 (8125–13 750) 0.31
  Hemoglobin, g/dL 11.8 (10.4–13.1) 11.3 (10.1–13.2) 12.3 (11.3–13) 0.2
Baseline disease     
  Malignant neoplasia 75 (65.8) 58 (78.4) 17 (42.5) <0.001
  Periampullary adenocarcinoma 50 (43.9) 50 (67.6) 0 (0) <0.001
  AdenoK ductal 16 (14) 16 (21.6) 0 (0) 0.001
  Endocrine tumor 23 (20.2) 6 (8.1) 17 (42.5) <0.001
  Pancreatitis 8 (7) 7 (9.5) 1 (2.5) 0.26
  Other diagnosis 33 (28.9) 11 (14.9) 22 (55) <0.001
Surgery-related procedure     
  Splenectomy 46 (40.4) 22 (29.7) 24 (60) 0.003
  Relaparotomy 15 (13.2) 13 (17.6) 2 (5) 0.081
  Pre-IAT biliary endoprosthesis 34 (29.8) 33 (44.6) 1 (2.5) <0.001
  Post-IAT adjuvant therapies 38 (30.7) 35 (47.3) 3 (7.5) <0.001
Islet preparation     
  Pancreas weight, g 59 (38.7–77.1) 70 (55–82) 37 (28.2–49.2) <0.001
  Islet yield (IA × 103) 203.87 (145.12–256.1) 210 (163.75–282.5) 181.25 (122.42–235.62) 0.045
  Islet yield (IA)/kg body weight 2850 (2104–3619) 3038 (2272–3706) 2475 (1571–3596) 0.066
  Islet yield (IEQ × 103) 106.46 (72.35–151.30) 119.66 (88.5–162.56) 89.57 (47.71–106.44) <0.001
  Islet yield (IEQ)/kg body weight 1546 (1060–2120) 1694 (1243–2191) 1113 (676–1606) 0.001
  Isolation index 0.54 (0.42–0.93) 0.61 (0.43–0.77) 0.47 (0.36–0.64) 0.032
  In vitro culture 103 (90.4) 64 (86.5) 39 (97.5) 0.093
  Time of culture, h 15 (13–16) 14 (12–16) 16 (15–17) 0.001
  Purity 40 (20–60) 40 (20–60) 35 (20–60) 0.82
  Tissue volume, mL 1.5 (1–2.5) 1.5 (1–2.5) 1.4 (0.55–2.73) 0.25
Islet infusion-related procedure     
  Intraportal infusion 107 (93.9) 67 (90.5) 40 (100) 0.094
  Change in portal vein pressure 1 (0–2) 1 (0–2) 1 (0–1) 0.32
  Islet infusion complication 19 (16.7) 15 (20.3) 4 (10) 0.19
Any portal vein thrombosis 6 (5.3) 5 (6.8) 1 (2.5) 0.66
Any bleeding 12 (10.5) 9 (12.2) 3 (7.5) 0.53
  Microbial contamination 18 (15.8) 15 (20.3) 3 (7.5) 0.106

BMI, body mass index; EGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HOMA, homeostasis model assessment; IA, islet absolute number; IAT, islet autotransplantation; IEQ, 
islet equivalent quantity; IR, insulin resistance.
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observed during the first year after IAT (n = 98; 72%), 
followed by a decrease over time. Marginal beta-cell 
graft function (HbA1c 7.4% [7–8.2], fasting C-peptide 
0.72 ng/mL [0.49–.52], and insulin requirement 0.36 U/
kg/d [0.13–0.52]) was observed in 157 instances (16.7%). 
Failed beta-cell graft function (HbA1c 7.1% [6.3–8], 
fasting C-peptide 0.17 ng/mL [0.07–0.22], and insulin 
requirement 0.43 U/kg/d [0.35–0.6]) was observed in 102 
instances (10.8%), exhibiting an increasing trend over 
time, in contrast to optimal and good function.

The arginine test and MMTTs provided valuable 
standardized parameters for assessing the effectiveness 
of IAT, including measurements of stimulated insulin and 
C-peptide secretion. Significant differences in acute insulin 
secretion response to arginine and peak C-peptide secre-
tion during the test were observed among the 4 metabolic 
categories. The 2-h C-peptide release AUC exhibited sig-
nificant differences among the comparison groups, except 
between the optimal and good outcome groups. Fasting 
glucose levels aligned with HbA1c and varied among the 
groups, whereas fasting proinsulin levels were significantly 
lower only in the failure group. These findings validate the 
modified Igls Classification as an effective means of evalu-
ating the metabolic outcome of IAT.

Metabolic Outcome of IAT According to the Extent 
of Pancreas Resection

A subsequent analysis was undertaken with the primary 
aim of preemptively differentiating between the 2 modalities 
of pancreatectomy: total pancreatectomy (n = 74) and partial 
pancreatectomy (n = 40). Table 2 provides comprehensive 
information on patient and islet characteristics according 
to the extent of pancreas resection. Partial pancreatectomy 
patients demonstrated excellent disease-free survival and 
overall survival as expected because of the selected indication 
for benign/borderline lesions and neuroendocrine tumors in 
the body or neck of the pancreas (Figure 5). Metabolically, 
partial pancreatectomy patients received fewer islets, as 
expected because of reduced pancreatic tissue availability for 
isolation. However, they demonstrated exceptional metabolic 
outcomes because of the residual naive pancreas contributing 
to glucose control maintenance. All partial pancreatectomy 
patients sustained C-peptide secretion for 10 y, with a high 
prevalence of optimal and good beta-cell function. They also 
had an extremely low risk of developing diabetes (HR 0.1; 
95% CI, 0.05-0.18) or insulin dependency (HR 0.07; 95% 
CI, 0.04-0.13) compared with total pancreatectomy patients. 
Despite receiving more islets, total pancreatectomy patients 
had less favorable metabolic outcomes, with a gradual 

FIGURE 2. Probability of undergoing IAT as determined by logistic regression analysis. Univariate and multivariate odds ratios for 
IAT are presented. Logistic regression was used to evaluate the associations between patient characteristics and IAT. All presurgery 
variables that were analyzed are included. The dots represent the odds ratio after log transformation, whereas the lines indicate the 
95% confidence intervals. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CRP, C-reactive 
protein; EGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; Hb, hemoglobin; HbA1c, glycated hemoglobin; HOMA, 
homeostasis model assessment; IAT, islet autotransplantation; PLT, platelet; WBC, white blood cell.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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increase in marginal and failed beta-cell function over time. 
These patients also had an extremely lower probability of 
maintaining sustained C-peptide secretion (HR 0.10; 95% CI, 
0.04-0.23) and graft survival (HR 0.11; 95% CI, 0.045-0.27) 
compared with partial pancreatectomy patients. Cox regres-
sion analysis was used to identify the factors influencing the 
maintenance of sustained C-peptide secretion and islet trans-
plant survival in total pancreatectomized subjects (Figure 6). 

In the univariate analysis, a lower islet yield, particularly 
when expressed as IE quantity (IEQ) per kg of body weight 
(HR 0.48; 95% CI, 0.29-0.78; P = 0.003), a larger tissue vol-
ume (HR 1.19; 95% CI, 1.01-1.4; P = 0.039), and extrahe-
patic infusion site (HR 1.19; 95% CI, 1.01-1.4; P = 0.039) 
were associated with the loss of sustained C-peptide secre-
tion. Multivariate analysis confirmed that lower islet yield 
and extrahepatic infusion site were independent risk factors 

FIGURE 3. Follow-up: overall survival. The probability of survival in patients receiving IAT is presented using Kaplan-Meier analysis 
(upper panel). The associations between patient characteristics and overall survival were evaluated using Cox regression analysis (lower 
panel). All presurgery variables that were analyzed are included in the analysis. The dots in the figure represent the hazard ratio after 
log transformation, and the lines represent the corresponding 95% confidence intervals. ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; BMI, body mass index; CRP, C-reactive protein; EGFR, estimated glomerular filtration rate; FPG, fasting plasma 
glucose; Hb, hemoglobin; HbA1c, glycated hemoglobin; HOMA, homeostasis model assessment; IE, islet equivalent; PLT, platelet; 
WBC, white blood cell.
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FIGURE 4. Metabolic outcome of IAT according to Igls criteria. The β-cell graft function of 114 IAT cases was evaluated and classified 
into 4 categories: “optimal,” “good,” “marginal,” or “failure” based on the revised Igls criteria (Table 1). Of 204 arginine tests performed, 
58, 58, 57, and 31 results fell into the categories of optimal, good, marginal, and failed beta-cell function, respectively. Similarly, among 
169 MMTTs conducted, 106, 22, 26, and 15 results corresponded to optimal, good, marginal, and failed beta-cell function, respectively. 
The upper panel presents the β-cell graft function outcomes according to the Igls criteria during a 10-y follow-up period. The lower panels 
display the distribution of metabolic parameters using box plots. The centerline of the box plot represents the median value, and the box 
encompasses the interquartile range of the data set. The whiskers extend to the 1st and 99th percentiles. Values beyond these bounds 
are considered outliers and are depicted as black dots. Statistical analysis was conducted using the Kruskal-Wallis test, followed by post 
hoc Dunn’s multiple comparison test. The results of the analysis are as follows: aall groups showed statistically significant differences, 
except for the comparison between the “marginal” and “failed” groups; ball groups exhibited statistically significant differences from 
each other; call groups demonstrated statistically significant differences, except for the comparison between the “optimal” and “good” 
groups; and dthe “failed” group exhibited statistically significant differences from all other groups. HbA1c, glycated hemoglobin; IAT, islet 
autotransplantation; MMTT, mixed meal tolerance test.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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for this outcome. Lower islet yield was significantly and inde-
pendently associated with graft survival (Figure 6). Based on 
these findings, patients were divided into 3 groups based on 
the tertiles of their received islet yield: >2060 IEQ/kg, between 
2060 and 1426 IEQ/kg, and <1426 IEQ/kg (Figure 7). 
Transplanting >2060 IEQ/kg resulted in a high likelihood of 
graft survival and sustained C-peptide secretion, leading to 
predominantly optimal and marginal metabolic outcomes. 
Conversely, transplanting <1426 IEQ/kg was associated with 

transient graft survival and function that generally declined 
over time. Patients who received between 2060 and 1426 
IEQ/kg had intermediate outcomes.

DISCUSSION
This article presents findings that contribute evidence 

to ongoing discussions9,22,28-30 regarding the expansion of 
IAT indications and its role in managing pancreatogenic 

FIGURE 5. Metabolic outcome of IAT according to the extent of pancreas resection. The functional outcomes of β-cell replacement 
therapy were evaluated separately for the 2 distinct groups of patients who underwent different types of pancreatectomy: total 
pancreatectomy (n = 74) and partial pancreatectomy (n = 40). The upper panel displays the outcomes based on the Igls criteria during 
a 10-y follow-up period. The lower panels present Kaplan-Meier analyses, showcasing the overall, disease-free, diabetes-free, and 
insulin-free survival rates, along with the probability of sustained (>0.5 ng/mL) or minimal (>0.3 ng/mL) C-peptide secretion. IAT, islet 
autotransplantation.
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diabetes and proposes multiple points of interest. First, 
the analysis demonstrates that IAT shows promising 
results in preserving beta-cell function and glycemic 
control, aligning with previous studies that have dem-
onstrated the effectiveness of IAT in preserving beta-cell 
function and improving glucose homeostasis in patients 
with chronic pancreatitis.7,8,14,31 Over the 10-y follow-up 
period, patients displayed a sustained C-peptide secre-
tion, and there was a significant prevalence of optimal 
and good beta-cell function. Moreover, the study under-
scores the importance of adequate islet yield and the sig-
nificance of the extent of pancreatectomy in achieving 
better metabolic outcomes. Second, the study proposes 
modified Igls criteria26 to better assess beta-cell graft 
function in the context of IAT and validated them using 
arginine test and MMTT. Instead of using stimulated 
C-peptide values, we focused on fasting C-peptide values 
because this approach proves to be more accessible and 
circumvents the necessity for tests that patients frequently 
refuse or are unable to complete adequately, particularly 
in cases involving insulin treatment, underlying neoplas-
tic disease, marginal transplant function, and varying 
degrees of exocrine secretion deficiency. Furthermore, 

we set the fasting C-peptide threshold at 0.5 ng/mL, dis-
tinguishing between good and marginal function, and 
at 0.3 ng/mL, distinguishing between marginal function 
and failure, instead of the original Igls thresholds of 
0.2 ng/mL and 0.1 ng/mL, respectively. It is important to 
note that some critics might consider our thresholds too 
stringent because fasting C-peptide values ranging from 
0.09 to 0.2 ng/mL have been reported as sufficient for 
protection against hypoglycemia32-34 and microvascu-
lar disease progression.35 When evaluating IAT function 
in patients undergoing pancreatic surgery according to 
the Milan Protocol, it is essential to consider the over-
all goal. The primary objective of pancreatic surgery is 
to treat the underlying pancreatic disease, and as such, 
patients with IAT can achieve a “successful” surgical 
outcome regardless of islet function. However, improved 
diabetes outcomes could potentially lead to better over-
all results, which would be desirable. Nonetheless, it is 
worth noting that the procedure is expensive, requires a 
high level of coordination, and is sometimes performed 
in emergency situations. Therefore, being more stringent 
in justifying the procedure is appropriate. Currently, 3 
other studies have used modified Igls criteria to assess 

FIGURE 6. Metabolic follow-up: C-peptide secretion maintenance in totally pancreatectomized patients. Cox regression analysis was 
used to examine the associations between patient characteristics and the risk of losing C-peptide secretion. All presurgery variables 
that were analyzed are included. The dots in the figure represent the hazard ratio after log transformation, and the lines represent the 
corresponding 95% confidence intervals. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BM, bone marrow; BMI, 
body mass index; CRP, C-reactive protein; EGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; Hb, hemoglobin; 
HbA1c, glycated hemoglobin; HOMA, homeostasis model assessment; IA, islet absolute number; IAT, islet autotransplantation; IEQ, 
islet equivalent quantity; PLT, platelet; WBC, white blood cell.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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IAT outcomes.36-38 One notable study, conducted by the 
University of Minnesota,36 examined a large cohort of 
379 patients who received 4264 IEQ/kg and underwent 
total pancreatectomy with IAT for chronic pancreatitis. 
At 1-y follow-up, 115 patients were excluded because of 
missing data, and of the patients who completed the 1-y 
follow-up, 36% had optimal outcomes, 37% had good 
outcomes, 24% had marginal outcomes, and 3% had 
failed outcomes. These results are consistent with our 
own, where patients who received the highest amount of 
islet infusion (2646 IEQ/kg) following total pancreatec-
tomy and IAT achieved 1-y outcome of 38.8% optimal, 
22.2% good, 33.3% marginal, and 5% failed.

Third, findings of this study underscore the viability 
and safety of IAT for a wider range of pancreatic surgery 
patients, encompassing those beyond chronic pancreatitis. 
The IAT procedure was successfully performed on 77.6% 
of eligible patients, and a centralized isolation facility 
seamlessly supplied islets to both local and remote surgical 
units throughout the study. This demonstrates the feasi-
bility of multicenter IAT programs, even with expanded 
indications, as previously proposed for IAT in chronic pan-
creatitis.39,40 Additionally, the analysis identified several 
factors associated with the likelihood of undergoing IAT, 
providing valuable insights for enhanced patient selec-
tion in the future. The study identified procedure-related 

complications in 16.7% of patients, with potentially severe 
complications occurring at a rate of 4.3%. This rate is 
consistent with previous experiences with IAT and higher 
than expected on the basis of previous allotransplanta-
tion experience, likely because of the severity of concomi-
tant illness and complex pancreatic surgical procedures. 
Moreover, results of this study confirm that IAT does not 
pose an increased risk of disease recurrence or metastasis 
in patients with malignant neoplasms, which appears in 
line with that expected for these patients on the basis of 
literature and our experience.41-43

The study has limitations worth acknowledging. 
Despite being the largest study of IAT for extended 
indications, the sample size is relatively small and the 
patient population is quite heterogeneous. This heter-
ogeneity may limit the applicability of the findings to 
broader populations. Moreover, an available control 
group for comparative outcome analysis is lacking. One 
potential option could involve assessing patients ini-
tially considered for IAT but who did not undergo the 
procedure. However, we excluded this group from con-
sideration, except when examining the recurrence pat-
tern. The exclusion was made because the selection of 
patients for the non-IAT group was not randomized and 
various factors such as patient characteristics, disease 
severity, or physician discretion may have influenced the 

FIGURE 7. Metabolic follow-up in totally pancreatectomized patients according to the received islet yield. Patients were categorized 
into 3 groups according to the received islet yield in tertiles: >2060 IEQ/kg (n = 25), between 2060 and 1426 IEQ/kg (n = 25), and 
<1426 IEQ/kg (n = 24). The left panel displays outcomes using Igls criteria during a 10-y follow-up. The right panels present Kaplan-
Meier analysis for the probability of sustained (>0.5 ng/mL) or minimal (>0.3 ng/mL) C-peptide secretion. P values are from the log-rank 
(Mantel-Cox) test, assessing differences in C-peptide secretion among the groups. IEQ, islet equivalent quantity.
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decision not to proceed with IAT. These factors could 
introduce biases, potentially affecting the comparison 
between the 2 groups and influencing the interpretation 
of the results.

In summary, the findings presented in this article con-
tribute to our understanding of the potential benefits 
and challenges of IAT in managing pancreatogenic dia-
betes following pancreatic surgery. The results support 
the effectiveness of IAT in preserving endocrine func-
tion and improving glycemic control. Insights gained 
from the Milan Protocol experience can inform future 
research collaborations and guide the optimization of 
IAT indications. Further studies are necessary to vali-
date these findings, explore the long-term outcomes of 
IAT, and refine patient selection criteria for this innova-
tive therapeutic approach.
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