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Abstract
Islet transplantation has been reported to restore normoglycemia and the overall metabolic control in type 1 diabetes
mellitus (DM). In the most experienced centers, islet transplantation clinical outcome is similar to that of the whole
pancreas transplantation. Long-term islet transplantation function remains a very interesting matter worth discussing. A
progressive islet function decrease was reported, probably due to islet exhaustion. In 5 islet-transplanted patients with at
least 3-yr follow-up and still insulin independent, their glycemic control was characterized by a blinded retrospective
continuous glucose monitoring system (CGMS). Islet transplantation restored glycemic control and glucose variability. Data
were compared with patients in the waiting list. All the parameters of glycemic variability tested had improved significantly
in patients who had islet transplantation compared with those patients who were on the waiting list. In conclusion, islet
transplantation is able to maintain a proper glucose control and normalize glycemic variability in selected patients. A blinded
retrospective CGMS is a useful method to characterize glucose homeostasis deeply in vivo in islet-transplanted patients.
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Introduction

Islet transplantation has been reported to restore normogly-

cemia and the overall metabolic control in type 1 diabetes

mellitus (DM). Following transplantation, the patients

showed a significant reduction in HbA1c along with hypo-

glycemic episodes, mean glucose profiles, and glycemic

variability1–2. The metabolic effects are not limited to the

glucose homeostasis. Even in the case of partial graft func-

tion, islet recipients normalized the alterations of protein and

lipid metabolism.3 The overall metabolic improvement

induced significant consequences upon the chronic compli-

cations. Islet graft function was described to delay the onset

or to reduce the progression of chronic complications of

retinopathy, neuropathy, nephropathy, microangiopathy, and

macroangiopathy4–6. The effects on complications might be

mediated by metabolic control or by a direct C-peptide7

action and, in the case of macrovascular complications, also

by improved glycemic variability8.

Available data on glycemic control and on variability are

limited to the first 2 yr after transplantation2,9–11. Indeed,

a progressive impairment of glycemic control in long-term

follow-up was reported. In 5 patients who remained insulin

independent for at least 3 yr after islet transplantation, the

effects of islet transplantation on glycemic variability were

assessed by using different glycemic variability indexes cal-

culated with data taken from a blinded, continuous glucose

monitoring system (CGMS).
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Materials and Methods

Islet Production

The Islet Transplant Program at Niguarda Hospital started in

2009, and the activities were communicated to the Ethical

Committee of Niguarda Hospital. Niguarda Hospital is certi-

fied by the Italian National Centre of Transplantation for islet

production and distribution. Pancreata were obtained from

multiorgan cadaveric donors utilizing cold perfusion (Celsior,

Genzyme, Nederland). Exclusion and inclusion criteria were

applied based on the Italian guidelines12. Islets were isolated

by using the automated method described by Ricordi et al.13

Pancreata were digested by a cold enzymatic blend solution

(collagenase NB1 or collagenase Good Manufacturing Prac-

tice grade, SERVA, Heidelberg, Germany, or Liberase MTF,

Roche, Indianapolis, IN, USA) reconstituted in 25 mM

Hank’s Balanced Salt Solution (Euroclone, Pero, Italy) and

supplemented with neutral protease (protease NB, SERVA,

Heidelberg, Germany) or thermolysin (Roche, Indianapo-

lis, IN, USA). Enzyme activity was assessed as previously

described14. Subsequently, islets were purified with discon-

tinuous gradient: polysucrose solutions at decreasing

density 1.132, 1.108, 1.096, 1.060, and 1.037 g/L (Mediatech-

Cellgro, Manassas, VA, USA). Islets were cultured at 24 �C
and 5% CO2 in Miami Media 1 (Mediatech-Cellgro)

supplemented with ciprofloxacin (Fresenius Kabi, Verona,

Italy) for 24 to 48 h before transplantation. In vitro islet

viability characterization was assessed before transplant

with propidium iodide (Sigma-Aldrich, Milan, Italy) and

calcein AM (Invitrogen, Thermo Fisher Scientific, Waltham,

MA, USA). A preparation was considered suitable for

the transplant if the number of islets was >5,000 islet

equivalents (IEQ)/kg/injection, tissue volume <10 mL, and

85% cell viability. Purity was expressed as percentage of

islet versus the total tissue volume. Patients were scheduled

to receive up to 2 islet infusions with a target islet mass of

10,000 IEQ/kg body weight.

Islet Transplantation

Islet preparation was suspended in Ringer Lactate (Fresenius

Kabi) supplemented with bicarbonate (1 mEq/mL, S.A.L.F.,

Bergamo, Italy) and human serum albumin 20% (Kedrion,

Lucca, Italy), loaded in a 50 mL syringe, packaged in double

wrap, and transported to the radiology department.

Islets were slowly infused into the portal vein through a

percutaneous transhepatic injection. Immunosuppression

included induction with polyclonal ALG (Thymoglobulin,

Sanofi, Italy, 1 mg/kg/day for 5 d in the case of the first

transplant) or Basiliximab 20 mg on days 0 and 4 (in the

case of a second islet transplant). In the first transplant of

islets-alone recipients, 3 mg of everolimus was added to the

induction treatment 6 to 12 h before the islet transplantation

and 12 to 18 h after the procedure. Maintenance immuno-

suppression treatment consisted of 0.1 mg/kg slow-release

tacrolimus (Advagraf, Astellas, Italy) o.i.d. starting on day 1

posttransplant (BTL 10 to 15 ng/mL up to 1 mo, 6 to 10

thereout) and 1 g of mycophenolate mofetil b.i.d. starting on

day 5 through day 15 and 500 mg b.i.d. thereout. Patients

were also treated with 5 mg of exenatide b.i.d from day 1 for

1 mo after transplantation. Ten patients were transplanted

with this protocol, and their clinical outcome was published

in 201615. The current clinical outcome is still the same with

5 insulin-independent patients, 4 patients with a partial graft

function (one of them was retransplanted and now is insulin

independent too), and one transplant failure.

Patients

Inclusion criteria were C-peptide-negative patients with

type 1 diabetes, aged between 18 and 65 yr, a minimum

disease duration of 5 yr, and brittle diabetes. Brittle dia-

betes was defined by the occurrence of frequent acute

complications (ketoacidosis or severe hypoglycemic epi-

sodes requiring third-part assistance or unawareness

despite well-conducted intensive insulin therapy). The

main exclusion criteria were as follows: history of cancer,

active infections, glomerular filtration rate less than

45 mL/min/1.73 m2 (grade 3b CKD), and liver or coagu-

lation abnormalities. Each patient gave written-informed

consent according to the requirement of the National

Transplant Agency and the Niguarda Hospital Ethical

Committee. Measures of hypoglycemia unawareness

(Clarke score) were calculated from questionnaires, event

diaries, and self-monitoring of blood glucose records,

respectively, as previously described16. The clinical char-

acteristics of the transplanted patients and of the patients

in the waiting list are described in Table 1.

According to the glycemic levels, insulin administration

was progressively reduced after the transplantation, and it

was started again in the presence of persistent fasting glyce-

mic levels higher than 140 or 2-h postprandial glucose val-

ues higher than 180 mg/dL or HbA1c > 52 mmol. At the last

follow-up (7 yr in patient #1, 6 in patient #2, 4 in patient #3,

and 3 in patients #4 and #5), a blinded retrospective contin-

uous glucose monitoring (IPRO2, Medtronic, Minneapolis,

MN, USA) was applied for a complete assessment of glyce-

mic control as our standard of care in patients affected by

type 1 DM. Five patients in the waiting list for islet trans-

plantation were selected as control group. They were

matched with the transplanted patients’ age, body mass

index, and diabetes duration. Briefly, a sensor for glucose

was applied in the subcutaneous space, and it was removed 4

to 6 d later. The sensor was able to measure the glucose

concentration in the interstitial space that is in equilibrium

with the plasma glucose concentration.

Statistical Analyses

Different parameters are available for the analyses of glu-

cose variability17–21. The following variability and risk

indexes were analyzed.

Bertuzzi et al 841



Variability indexes

(1) Coefficient of variation is calculated as standard

deviation (SD) divided by the mean of the glucose

values. This is one of the most common parameters

used for glycemic variability.

(2) The mean amplitude of glucose excursion (MAGE) is

calculated by using the formula as the mean height of

excursions (greater than 1SD). This parameter is usu-

ally calculated from discontinuous glucose measure-

ments by glucometer. In our article, it is calculated

from continuous glucose monitoring data using a dif-

ferent specific algorithm22. Therefore, the values

obtained by the 2 different methods cannot be com-

pared. MAGE in its report represents the mean of the

daily glucose excursions that exceeds the upper SD

measured over the 24-h period. This is an integration

of within-day glycemic excursions that correlates

with oxidative stress in DM21.

(3) The mean of daily differences is a measure of the

day-to-day variation of the glucose pattern. It is

defined as the mean of the absolute differences

between glucose values on day 2 and the corre-

sponding values on day 1 at the same time22.

(4) CONGA-4 is the continuous overall net glycemic

action, and it is a measure of the overall intraday

variation of glucose recordings. The CONGA-4 is

defined as the SD of the differences between the

current observation and the observation of the pre-

vious 4 h. Higher CONGA values therefore indicate

greater glycemic variation22.

Risk indexes

(1) The J index is calculated with mean and SD

of blood glucose measurements in mg/dL:

J ¼ 0.001 � (mean þ SD)2. The J index calculated

on total measurements, no weighting for minor or

major variations, is an indicator of between days’

variability when compared with the SD of more

than 2 consecutive days23.

(2) The low blood glucose index (LBGI) and high blood

glucose index (HBGI) formulae are implemented by

converting glucose values into risk scores. If the glu-

cose risk score is below 0, then the risk is labeled as

LBGI (normal range 0.0 to 6.9), and if it is above 0,

then it is labeled as HBGI (normal range 0.0 to 7.7)24.

The LBGI and HBGI were developed by Kovatchev,

as a logarithmic transformation of glycemic data. The

LBGI and HBGI represent the frequency and extent

of low and high glycemic values, respectively. They

measure the variability relative to a specific length

period of time. Their predictive value has been exten-

sively demonstrated. In addition, their risk degree is

very easy to interpret.

(3) The blood glucose risk index (BGRI), mean, and SD

are calculated by using the HBGI and LBGI as

BGRI ¼ HBGI þ LBGI25.

(4) The average daily risk range (ADRR) is calculated

by using the HBGI and LBGI as ADRR ¼ max of

HBGI þ max of LBGI26.

Data from CGM were used to define time in range of

glycemic values of each patient. The time was defined in

range referring to the ADA criteria that means between 70

(fasting) and 180 mg/dL (post prandial)27.

Data are expressed as mean + SD. Descriptive statistics

have been used to summarize patient’s characteristics. This

includes mean and SD. Summary statistics have been

reported with maximum 1 decimals as appropriate. Contin-

uous variables have been compared by using the Wilcoxon

test. Comparisons of categorical variables have been per-

formed by means of the w2 test. Statistical tests are based

on a 2-sided significance level of 0.05. The SAS software,

version 9.4 (SAS Institute Inc., Cary, NC, USA) has been

used to perform statistical analyses.

The following variables have been created:

� Time in range ¼ percentage of time with sensor

glucose between 70 and 180 mg/dL.

� Glycemic variability indexes have been calculated

as described above.

Table 1. Patient Clinical Characteristics.

Patient Age (Gender) Weight (BMI) Years of Diabetes HbA1c % (mmol) Clark Score Experimental Group

#1 48 (F) 43 (17) 35 72 4 Transplanted
#2 39 (F) 56 (17) 27 65 6 Transplanted
#3 37 (F) 58 (19) 26 84 2 Transplanted
#4 53 (M) 69 (23) 12 79 3 Transplanted
#5 50 (F) 72 (27) 34 71 4 Transplanted
#6 50 (F) 57 (21) 29 83 3 In waiting list
#7 49 (M) 80 (26) 17 61 6 In waiting list
#8 48 (M) 71 (22) 38 62 5 In waiting list
#9 38 (M) 58 (20) 32 70 4 In waiting list
#10 40 (F) 60 (22) 33 78 5 In waiting list

Note: Body mass index (BMI) expressed as kilogram of body weight/centimeter2 height was measured at the time of the transplant.
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Results

The characteristics of the transplanted islet preparations and

the clinical outcome are reported in Table 2. All the patients

with one exception (patient #4) received a high number of

transplanted islets (more than 10,000 IEQ/kg of recipient).

Five patients who were still insulin independent at that

time were included in the study. The follow-up from the last

islet infusion at the time of CGM analysis was 84 mo for

patient #1, 72 mo for patient #2, 50 mo for patient #3, 38 mo

for patient #4, and 36 mo for patient #5. The C-peptide

values available at the last follow-up are reported in Table

1. In patient #3, 850 mg of metformin b.i.d was introduced

due to a slight increase in HbA1c.

A blinded retrospective CGMS was applied to the

patients. CGM data were recorded for 5, 4, 7, 7, and 5 d in

transplanted patient from #1 to #5, respectively, and for 5, 5,

5, 7, and 6 d in control patients from #1 to #10, respectively.

In the transplanted patients, the glucose profiles appeared

well controlled and mainly within the 70- to 180-mg/dL

range (Fig. 1, Table 3). A series of glycemic variability para-

meters were calculated on the CGM data (Table 3). After islet

transplantation, all the parameters of glycemic variability

significantly improved compared to the values in patients

in the waiting list for islet transplantation. There was no

significant correlation between the different parameters of

islet variability and the length of follow-up after islet trans-

plantation, HbA1c, or C-peptide values (data not shown).

Indeed, among all the parameters for glycemic variability,

BGRI showed the best direct correlation with the length of

follow-up (P ¼ 0.188) and the indirect correlation with

C-peptide values (0.068), although both were not significant.

Time in the range of glycemic values was significantly

improved and near to be 100% in transplanted patients.

Discussion

In the most experienced centers, the overall success rate of

islet transplantation is at present similar to the whole

pancreas transplantation. However, in the long-term

follow-up pancreas was reported to be more efficient than

islets in taking recipients off insulin28. Islet transplantation

has been reported to progressively lose its capability to

maintain insulin independence, probably as a consequence

of a progressive islet loss. Islet graft in our 5 patients with a

follow-up longer than 3 yr provided a proper glucose control

with no need of exogenous insulin administration. All the

analyzed parameters (fasting C-peptide, glycemic values,

and HbA1c values) confirmed a good glycemic homeostasis,

even if HbA1c of patient #3 remained a bit higher than

expected. Patient #3 was placed under metformin treatment

due to the mild increase in HbA1c values. As previously

reported, a possible progressive graft exhaustion cannot be

excluded28. The use of a blinded CGMS offered an addi-

tional way to further characterize the quality of glucose con-

trol achieved by islet graft function2,9–11. In our patients, the

glucose values were always within the 70- to 180-mg/dL

range (nearly up to 100%) all the time in all 5 patients. In

addition, the analyses of CGM data allowed the analyses of

glycemic variability. The role of glycemic variability as an

independent risk factor for diabetic micro and macrovascular

complications, able to predict severe hypoglycemia in type 1

DM, was supported by different studies29. In our study, dif-

ferent parameters of glycemic variability were calculated by

using data taken from the continuous glucose monitoring

data. All the parameters of glycemic variability were signif-

icantly improved compared to the parameters of patients in

the islet transplantation waiting list, thus confirming the

good quality of glycemic control in all the transplanted

patients. All these parameters taken altogether allowed to

have a complete characterization of glycemic variability.

These varying parameters have specific inherent properties

depending upon the purpose for which they were designed.

Therefore, there is not a gold standard for measuring glyce-

mic variability30. Some parameters appeared to be indices of

glycemic variability in term of acute, short-term, intraday, or

interday fluctuation in blood glucose. Other indices assess

the quality of glycemic control giving penalty points for

glucose values that are abnormally low or high (risk

indexes)30. Altogether they offer the opportunity to have a

complete overview on glycemic variability.

The clinical values of all these parameters in islet-

transplanted patients need further investigation. The limits

of our study are that this is a single-center experience per-

formed on a small sample. The statistical comparison can be

misleading due to the sample size and heterogeneity of the 2

groups. Furthermore, no baseline characteristics were avail-

able for the patient.

However, this remains the first study on glycemic varia-

bility of long-term insulin-independent patients after islet

transplantation. We suggest that one or more can be used

to monitor islet graft function during follow-up and detect

early signs of graft dysfunction. BGRI appeared to be among

the others, the only parameter that appeared to be directly

correlated with the length of follow-up and inversely with

Table 2. Transplantation Details.

Patient
IEQ

(IEQ/kg b.w.)

Time from Islet
Transplantation

(month)

Last
C-peptide
(ng/mL)

Last
HbA1c

(mmol/%)

#1 398,900 (9,277)
300,000 (6,977)

84 1.7 41/5.9

#2 315,000 (5,625)
484,160 (8,646)

72 2.0 33/5.2

#3 629,500 (10,853) 50 2.3 50/6.7
#4 369,200 (5,350) 38 3.9 39/5.7
#5 447,600 (6,216)

605,800 (8,413)
36 2.9 41/5.9

Note: Islet equivalent/kilogram body weight (IEQ/kg b.w.) is presented for
each infusion. When patients received 2 islet preparations in an infusion,
respectively, IEQ, IEQ/kg b.w., and purity are expressed as total IEQ and
total IEQ/kg b.w.
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Fig. 1. Glucose profiles achieved by retrospective continuous glucose monitoring systems. Each panel represents the glucose profiles of
single patients. The glucose profiles of consecutive days (represented by different lines) of single patients are overlapped by one another. In
panel A, a representative glucose profile of a patient in the waiting list for a transplant (control group) is shown. In panel B, glucose profiles of
the 5 transplanted patients are reported.
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C-peptide values, although these correlations were not sta-

tistically significant. Indeed, our study is not a longitudinal

one, and therefore, additional studies have to be designed for

the identification of parameters for glycemic variability pre-

dictive of the graft fate. Alternatively, glycemic variability

should be analyzed in patients with early signs of impaired

islet graft function.

In conclusion, we believe that the CGMS might be pro-

posed as a useful tool for islet graft function monitoring. In

the 5 patients studied, transplanted islet graft function was

able to maintain a good glucose control and to normalize

glycemic variability even after a follow-up over a period

of time longer than 3 yr.
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