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Islet transplantation is one of the most promising and effective therapies for restoring normoglycemia in type 1 
diabetic (T1D) patients, but islet engraftment is one of the main obstacles hampering long-term success. Monitoring 
graft loss, caused either by immunological or nonimmunological events, occurring in the first phase after transplan-
tation and at later stages of a patient’s life is a very important issue. Among the imaging approaches previously 
applied, magnetic resonance imaging (MRI) monitoring of islet fate following labeling with superparamagnetic 
iron oxide agents yielded promising results. The aim of this study was to translate into patients the method of 
islet labeling and MRI monitoring developed in our preclinical setting and to compare imaging results with 
graft clinical outcome.Three T1D patients and one nondiabetic patient undergoing autotransplantation following 
subtotal pancreatectomy received Endorem®-labeled islets. Patients were monitored by MRI and metabolically 
(HbA1c, exogenous insulin requirement, and C-peptide, TEF) at 1, 3, and 7 days following transplantation and 
once a month up to 10 months. Labeled transplanted islets appeared as hypointense areas scattered within the 
liver parenchyma, whose absolute number at 24 h after transplantation reflected the labeling efficiency. In Pt#1 
and 3 with good midterm graft function, MRI follow-up showed an important early loss of hypointense spots 
followed by a slow and progressive disappearance at later timepoints. Graft loss of function in Pt#2 4 weeks 
after transplantation was associated with the complete disappearance of all hypointense signals. The autotrans-
planted patient, stably insulin free, showed no significant signal reduction during the first 3 days, followed by 
loss of spots similar to a Pt with good mid-term graft function. These results suggest that MRI monitoring of islet 
transplantation at early time points could represent a meaningful readout for helping in predicting transplant failure 
or success, but its relevance for mid-/long-term islet function assessment appears evanescent.

Key words: Pancreatic islet transplantation; T1 diabetes patients; Autoimmunity;  
Autologous islet transplantation; Superparamagnetic iron oxide particles (SPIO);  
Magnetic resonance imaging (MRI); Inflammation; Cytokines

INTRODUCTION

Despite technological advancements in the treatment 
of type 1 Diabetic (T1D) patients (14,23), islet transplan-
tation (Tx) stands out as the most effective and promising 
procedure for restoring normoglycemia and for pre-
venting long-term complications (3,15). Despite recent 
advances in achieving insulin independence following 
islet Tx (2,35), the mechanisms involved in islet engraft-
ment are still poorly defined.

Monitoring graft loss, caused either by immunological 
or nonimmunological events, occurring in the first phase 
after Tx and at later stages, is a relevant issue. Considerable 
efforts have been made in recent years toward the develop-
ment of noninvasive in vivo imaging methods to follow 
islet fate after intraportal infusion (10).

Several studies demonstrated the effectiveness of 
labeling islets with superparamagnetic iron oxide (SPIO) 
for in vivo detection of transplanted islets by magnetic 
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resonance imaging (MRI) (5,11,17,20). The presence of 
labeled islets can be monitored noninvasively and repeat-
edly over time by MRI, and graft rejection was shown to 
be associated with disappearance of hypointense regions 
of interest (ROIs) representing labeled islets in animal 
models (12,22). After preclinical development in rodent 
models, this imaging approach was translated into the 
clinic, demonstrating its feasibility and safety of monitor-
ing labeled islets up to 6 months after Tx (34,36). Since 
immunological events are thought to play a crucial role in 
loss of transplanted islets (24), herein we extend previous 
work with the aim of monitoring up to 10 months beside 
allotransplanted T1D patients and also, for the first time, 
an autotransplanted subject and to verify by quantitation 
of hypointense MRI signals following Tx of SPIO-labeled 
islets, whether their persistence/disappearance correlates 
with metabolic data reflecting graft function.

MATERIALS AND METHODS

Study Design

The clinical nonrandomized pilot study was approved 
by the IRB of the San Raffaele Scientific Institute (Prot 
N. EFSD/MSD ISLET MRI). Eligible participants were 
all T1D patients (Pts) on the local waiting list for hypo-
glycemia unawareness syndrome based on the published 
inclusion criteria (24). Exclusion criteria were basal liver 
iron overload (e.g., Pts with hemochromatosis or under 
iron treatment) and the presence of liver steatosis or focal 
lesions that could compromise adequate detection of 
labeled pancreatic islets. Pts were treated according to the 
standard Edmonton immunosuppression protocol (24). 
Since one of the objectives of the study was to assess 
safety, only the first islet infusion for each Pt was per-
formed with labeled islets. All Pts received an MR scan 
of the abdominal region before and at 24, 48, and 72 h  
and 7 days post-islet Tx and subsequently once a month 
up to 10 months.

Human Islet Isolation and Labeling With Endorem®

Pancreatic islets were isolated essentially according to 
Ricordi’s method (32). Pancreata were digested in a Ricordi 
chamber (31) and purified on continuous Ficoll gradients 
by Cobe 2901 (Cobe Laboratories Inc., Lakewood, CO, 
USA). Islets were cultured overnight in a modified CMRL 
(Mediatech, Herindon, VA, USA) as previously described 
(26). “First Layers” of islet preparations, with a purifica-
tion degree of ³70%, were subjected to SPIO labeling 
(Endorem®, Guerbet, S.p.A., Genoa, Italy). Except for the 
autoTx subject, one third of total islet equivalents (IEQ) 
to be infused (see Table1) were subjected to labeling for 
18–24 h according to a standard operative procedure as 
previously described (25). Labeled islets were pooled 
with unlabeled of the first and the second layers and resus-
pended in an appropriate volume for Tx. Ta
bl
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In Vitro Quality Control Tests

Labeling efficiency, viability assays, insulin content, 
and secretion following Endorem® labeling along with 
determination of inflammatory cytokines are described 
in the supplementary material (SM) section with refer-
ence to the employed methods http://www.fcm.in.cnr.it/
research/malosio/p1/sm/celltransplantation.pdf.

Islet Tx

Each T1D Pt received only the first infusion with 
labeled islets. Pt#1 and Pt#3 received the second infu-
sion 106 days and 174 days following the first, respec-
tively. Islet Tx was performed intrahepatically, by portal 
vein infusion, in Pts under local anesthesia as previously 
described (37).

Functional Studies

Pts were subjected to blood tests for fasting glyce-
mia and C-peptide, glycated hemoglobin (Hb1Ac), ala-
nine aminotransferase (ALT), aspartate aminotransferase 
(AST), cross-linked fibrin degradation product (XDP), 
C reactive protein (CRP) on admittance, every day for 
the first 7 days after Tx, then once a month concomi-
tantly with MRI follow-up. Daily exogenous insulin 
requirement (EIR) and transplant estimated function 
(TEF) were calculated as previously described (8). 
Islet transplant outcome was measured and defined as 
stated earlier (29). Serum C-peptide levels were assayed 
by radioimmunoassay using commercial kits (Dako, 
Cambridgeshire, UK); HbA1c was measured by Bio-
Rad Variant II HbA1c analyzer (Bio-Rad Laboratories, 
Munich, Germany); autoantibodies and donor-specific 
alloantibodies were measured and evaluated as previ-
ously described (29); serum AST and ALT and CRP 
were measured with the ADVIA 2400 Chemistry System 
(Bayer Healthcare, Tarrytown, NY, USA); XDPs were 
measured with an immunoturbidimetric method (STA-
Liatest, Diagnostica Stago, France).

Magnetic Resonance Imaging

MR scans were performed with a 1.5 T magnet (Achieva 
Nova, Philips Medical Systems, Best, The Netherlands; 
release 2; maximum gradient strength: 33 mT/m; maxi-
mum gradient slew rate: 180 mT m−1 sec−1) equipped 
with a four-channel sensitivity encoding (SENSE)-body 
coil applying T2*w fast field echo breath-hold sequences 
[relaxation time (TR) = 220 ms; echo time (TE) = 18 ms; 
flip angle (FA) = 250). For each Pt, two expert radiologists 
in agreement defined the number of MRI hypointense 
spots referring to labeled islets. In particular, all hypoin-
tense ROIs with a round/elliptic shape, recognizable on 
T2* images acquired 24 h after Tx, that were not visible in 
the pre-Tx MRI study, were considered as labeled islets. 
Usually these ROIs were evident in a single slice, but in 

no more than two to three adjacent image slices, contrary 
to intrahepatic vessels that appear as long hypointense 
structures detectable in several subsequent slices.

In each Pt, the absolute number determined at 24 h 
post-Tx was considered as 100%, and results of subse-
quent MRI scans were expressed as a percentage of the 
initial value.

Statistical Analysis

Data were represented as mean ± SD or SEM. Statistical 
analysis of the data including linear regression calculation 
has been performed with Prism_V5 (GraphPad Software, 
Inc., La Jolla, CA, USA).

RESULTS

Patients

Three Pts with brittle T1D (Table 1) enrolled in the 
study were transplanted with Endorem®-labeled islets 
(Pt#1–3). One nondiabetic Pt (Auto-Tx8), suffering 
from recurrent pancreatitis was transplanted with his 
own labeled islets after subtotal pancreatectomy. Table 1  
reports the characteristics of Pts and of the first infu-
sions. Endorem®-labeled islets represented 30% of total 
infused in T1D Pts, while 75% of islets were labeled for 
the autologous Tx.

Quality Control of Labeled Islets

Based on the scored labeling efficiency (SM:http://
www.fcm.in.cnr.it/research/malosio/p1/sm/celltransplan 
tation.pdf; Materials and Methods) (Fig. S1A) labeled 
transplanted islets were 10%, 12%, and 26% of total 
infused islets for the three T1D Pts (Table 1).

The average iron incorporation for the first two islet 
preparations (HP884 and HP886) was 0.528 ± 0.166 and 
1.5 ± 0.158 pg Iron/103 IEQ, respectively. The two islet 
preparations (HP894/895) used for the third T1D patient 
incorporated 5.88 ± 0.358 and 3.22 ± 0.066 pg Iron/103 
IEQ, respectively.

Viability of labeled islets at 24 h and 48 h after label-
ing was not different compared to unlabeled ones for 
HP884 and HP886, while labeled HP894/895 prepara-
tions showed a viability of 69 ± 6% at 48 h (SM:Fig.S1B). 
Moreover, labeled islets exposed for 24 h to proinflam-
matory cytokines following labeling did not show a note-
worthy viability decrease compared to unlabeled ones 
(SM:Fig. S1C).

Insulin content was not affected by iron labeling (SM: 
Fig. S2A). Secretion index (stimulated/basal release) after 
static insulin stimulation (SM:Fig. S2B) was similar in all 
labeled and unlabeled islet preparations. Dynamic insulin 
secretion studies on two labeled and unlabeled islet prepa-
rations (HP884 and HP886) showed similar performances 
(SM:Fig. S2C, D). Moreover ADP/ATP ratio and insulin 
content (measured by two independent ways), tissue factor, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 



4	 Malosio ET AL.

monocyte chemotactic protein-1, interleukin-6 (IL-6), and 
IL-8 were unchanged upon labeling (SM:Supplementary 
Table 1). Owing to the overall small amount of trans-
planted islets destined to the auto-Tx8 Pt, islets were not 
withdrawn for quality control analyses.

Clinical Outcome

Transplanted Pts did not experience major procedural 
complications. Liver enzymes ALT (reference range 10–40 
IU/L) and AST (reference range 6–40 IU/L) were moni-
tored immediately after islet infusion. A peak increase was 
observed at day 7 in Pt#2 and 3, while Pt#1 showed only 
a mild increase at day 21 declining to pre-Tx levels at day 
28 (Fig. 1A, B). XDP (reference range 0.27–0.77 µg/ml) 
determinations in T1D patients showed peri-Tx levels 
above threshold only in Pt#3 (Fig. 1C). CRP (reference 
value £5–10 mg/L) was transiently increased in T1D Pt#1 
and 3, but was not altered in Pt#2 (Fig. 1D).

The C-peptide, MRI ROIs, and insulin dependency 
are shown for each patient in Figure 2. Pt#1 and Pt#3 
showed beside C-peptide levels >0.3 ng/ml (Fig. 2A 
and C), lower EIR < 50% 3 months after transplantation 
(Fig. 3A), reduced Hb1Ac (Fig. 3B), and a TEF around 1 
from month 1 to month 6 post-Tx (Fig. 3C). Pt#1 became 
insulin free for 6 months after the second islet infusion 

(Fig. 2A). Pt#3 received a second islet infusion at 6 
months, but never became insulin free, despite showing 
a progressive decline in EIR (from 0.79 to 0.21 Ins U/
die/kg) (Fig. 3A). In Pt#2, experiencing graft failure at 
1 month following Tx, some C-peptide production was 
detected 7 and 14 days following islet infusion (0.59, 
0.51 ng/ml, respectively) (Fig. 2B) along with a mild 
reduction in EIR values (−38%) compared to pre-Tx (Fig. 
3A). TEF in this patient was below 0.2 at 1 month and 
became negative at 6 months (Fig. 3C). Islet transplant 
survival defined as the number of days with C-pep > 0.3 
ng/ml were 300 (Pt#1), 7 (Pt#2), and 300 (Pt#3).

Concerning autoimmunity, Pt#2 was highly gutamic acid 
decarboxylase autoantibodies (GADA)-positive before Tx 
but showed no further increase in the autoimmune response 
thereafter. Pt#3, who was negative for GADA, insulinoma-
associated protein 2 autoantibodies, and zinc transporter 
8 autoantibodies before Tx, showed a serum conversion 
above threshold [5.2 AU (29)] for GADA 15 days follow-
ing Tx and oscillated thereafter between negative and posi-
tive values. Pt#1 was autoantibody negative before Tx and 
along the entire follow-up post-Tx. None of the three T1D 
patients showed donor-specific alloantibodies.

Auto-Tx8 receiving autologous islets had a C-peptide 
value of 0.61 ng/ml after pancreatectomy before Tx and 

Figure 1.  Liver enzymes, XDP, and CRP levels in transplanted Pts. Liver enzyme levels: (A) ALT and (B) AST measured up to  
30 days in Pts following Tx with labeled islets. (C) Cross-linked (X) fibrin degradation product (XDP) measurements (µg/ml) during 
the first week after Tx in Pts receiving labeled islets; (D) CRP levels (mg/L) during the first week after Tx. Arrows on the left of the 
Y-axes indicate the threshold for each parameter.

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 



IMAGING OF TRANSPLANTED PANCREATIC ISLETS IN HUMANS	 5

F
ig

ur
e 

2.
 C

or
ep

re
se

nt
at

io
n 

of
 C

-p
ep

tid
e 

va
lu

es
 a

nd
 h

yp
oi

nt
en

se
 s

po
ts

 m
ea

su
re

d 
by

 M
R

I 
in

 th
e 

th
re

e 
T

1D
 P

ts
 a

nd
 in

 th
e 

au
to

tr
an

sp
la

nt
ed

 s
ub

je
ct

 r
ec

ei
vi

ng
 la

be
le

d 
is

le
ts

. (
A

) 
Pt

#1
; 

(B
) P

t#
2;

 (C
) P

t#
3;

 (D
) A

ut
o-

T
x8

. A
rr

ow
s 

at
 th

e 
X

-a
xi

s 
re

pr
es

en
t t

im
e 

po
in

t o
f i

sl
et

 in
fu

si
on

s.
 T

he
 a

st
er

is
k 

de
no

te
s 

is
le

t t
ra

ns
pl

an
t f

ai
lu

re
, 0

 in
di

ca
te

s 
no

 m
or

e 
de

te
ct

ab
le

 h
yp

oi
nt

en
se

 
sp

ot
s 

in
 M

R
I.

 T
he

 b
la

ck
 s

qu
ar

e 
in

di
ca

te
s 

w
ith

dr
aw

al
 f

ro
m

 t
he

 i
m

m
un

os
up

pr
es

si
ve

 r
eg

im
en

. T
he

 h
or

iz
on

ta
l 

ba
r 

sh
ow

s 
th

e 
in

su
lin

 r
eq

ui
re

m
en

t. 
R

ig
ht

 a
xi

s 
sh

ow
s 

co
rr

es
po

nd
in

g 
C

-p
ep

tid
e 

le
ve

ls
.

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 



6	 Malosio ET AL.

had an average C-peptide value of 0.22 ng/ml ± 0.13 SEM 
during the first 6 days following Tx, stably reaching val-
ues above 1 ng/ml from day 7 onward. This Pt received 
insulin during the first month (0.11 to 0.06 Ins U/die/kg) 
and was stably insulin-free thereafter (Fig. 2D). Auto-Tx8 
Pt showed near normal values of ALT and AST enzymes 
along the entire follow-up following Tx (Fig. 1A, B), 
whereas the XDP and CRP values were significantly ele-
vated following pancreatectomy and had a peak increase 
1 day following Tx (Fig. 1C, D).

Quantitative Analysis of Endorem®-Labeled  
Islets in Transplanted Patients

Using T2*-weighted sequences and comparing post-Tx 
with pre-Tx MRI scans, labeled islets were clearly visible 
already at 1 day post-Tx as hypointense spots scattered 
within the liver of Pts, preferentially localized in the right 
lobe (Fig. 4). The number of ROIs scored in MRI images 
at this early time point plotted against the in vitro label-
ing efficiency of islet preparations showed a linear cor-
relation (r2 = 0.999; linear regression analysis; Pt#1: 27 
spots, Pt#2: 41, Pt#3: 158) (Fig. 5A). This number was 
used as reference (100%) for each patient. The percent-
age of hypointense ROIs detected by MRI at later time 
points with respect to the reference value was plotted for 
each patient along with C-peptide values measured at the 
same time (Fig. 2). The cumulative decline in hypoin-
tense ROIs in all three T1D Pts receiving labeled islets 
(Fig. 5B) showed a similar pattern: within the first 3 days, 
a reduction in the ROI numbers to 76% ± 0.04% (avg ± SD)  
(Fig. 5B). The decline showed a higher degree of vari-
ability at day 7 post-Tx (residual signal in Pt#1 70%, in 
Pt#2 60%, and in Pt#3 49%, avg 60±0.1% SD). At the 
end of the first month, Pt#2 showed an almost complete 
loss of all visible MRI hypointense spots, which disap-
peared completely at 2 months, paralleling a drastic loss 
of graft function confirmed by undetectable C-peptide 
levels (Fig. 2B). The reduction in islet associated ROIs at 
1 month was less severe in Pt#1 (41% of initial ROIs) and 
3 (18% of initial ROIs), who showed functional grafts 
(Fig. 2A &  C). During the subsequent months, a slow 
and progressive disappearance of the remaining hypoin-
tense ROIs was observed (about 2–10% of ROIs lost per 
month) with a persistence of only 4% of labeled islet-
related signals after 10 months (Fig. 5B).

The fourth patient, receiving labeled autologous islets, 
despite receiving the lowest number of IEQ/kg body 
weight (Table 1) showed the highest number of hypoin-
tense ROIs at day 1 (Auto-Tx8: 220), most probably 
due to a higher proportion of islets labeled (75% of the 
infused number). Within the first 3 days, nearly no loss 
of hypointense signals was observed (96% of the ini-
tial number) (Fig. 2D); instead, subsequent MRI scans 
revealed a trend of signal loss similar to that observed 
in T1D patients with successful transplantation (Pt#1 and 
#3). In particular, at 1 week, 70% of the initial ROIs were 
detected, and at 1 month, they decreased to 42% (Fig. 
2D). ROIs progressively decreased to 7% at 150 days. 
This patient was insulin free along the entire follow-up.

DISCUSSION

The possibility of monitoring islet persistence or dis-
appearance by noninvasive imaging would undoubtedly 
represent an important asset to the islet Tx field. Previous 
studies have shown the feasibility both in animals (11,19, 

Figure 3.  Metabolic parameters of the T1D Pts included in the 
study. (A) EIR (U/kg/day); (B) glycated hemoglobin (Hb1Ac, 
%); (C) TEF of Pt# 1–3 receiving labeled islets. Dot plots repre-
sent values from single Pt.
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20,22,25) and in Pts (34,36) of MRI monitoring SPIO-
labeled islets in the context of islet Tx. The safety and 
efficacy of this approach for midterm monitoring and 
comparison of the outcome in the context of auto-Tx had 
never been specifically addressed before.

The present study was undertaken with the aim of 
extending previous work on the usefulness of islet label-
ing with a clinically approved SPIO-based contrast agent 
for the evaluation of short- and midterm islet Tx success. 
This is the first time that Endorem® was used for labeling 
islets in a clinical study. Despite a report indicating that 
Resovist™ is superior in labeling efficiency to Endorem® 

(33), we chose the latter because Resovist™ was not 
available on the Italian market for the entire study. Three 
T1D Pts receiving labeled islets on the first infusion were 
evaluated for efficacy and safety. Moreover, detectabil-
ity of labeled islets by MRI was also investigated in a 
partially pancreatectomized Pt, who received autolo-
gous islets, in order to assess the burden of allogeneic 
immune response in the outcome of MRI detection of Tx 
islets. Despite the initial program to investigate more Pts, 
Endorem® was withdrawn from the market for commer-
cial reasons while the study was ongoing thus preventing 
recruitment of more Pts for Tx with labeled islets.

Figure 5.  Correlation between islet labeling efficiency and number of MRI signals and their analysis over time. (A) Linear correlation 
between islet labeling efficiency and number of hypointense ROIs detected by MRI 24 h post-Tx in Pt#1–3. (B) Cumulative decline 
in MRI signals over time in the three T1D Pts transplanted with labeled islets and in the autotransplanted Pt (Auto-Tx8). Pt#1: filled 
circle; Pt#2: filled triangle; Pt#3: filled square; AutoTx8: open circle. The second infusion in Pt#1 and 3 is marked by arrows.
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All quality control tests performed in vitro on islet 
preparations infused into Pts showed no signs of func-
tional impairment, loss of viability, secretion of proin-
flammatory cytokines, previously associated to negative 
Tx outcome (18,30), nor a different susceptibility to 
proinflammatory cytokine exposure compared to unla-
beled ones, thus confirming that islet labeling is not dis-
advantageous. Monitoring liver function by ALT and AST 
levels, as markers of early post-Tx complications in T1D 
Pts receiving labeled islets, showed a transient increase, 
which was according to previous observations (6,27). The 
coagulation marker XDP never reached a pathological 
value indicating no further damage to the livers receiving 
labeled islets, further confirming also in vivo the safety 
of the procedure. Also CRP was moderately altered, but 
only transiently, in two T1D Pts out of three.

The relationship between islet detection by MRI and 
islet function deserves special attention. The total num-
ber of ROIs counted 24 h post-Tx in our T1D Pts is in the 
same range reported in the first clinical study (36), but it is 
significantly lower than that described in a second study 
performed by Saudek and colleagues (34). The latter dis-
crepancy could be explained by the following differences 
between the latter and the present study: (i) the different 
amount of labeled islets; in the present study we have pre-
cautionarily exposed only 30% of the total infused islets to 
iron labeling, whereas Saudek et al. (34) labeled all islets to 
be transplanted; (ii) we used Endorem® as labeling agent, 
which could provide a labeling efficiency slightly lower 
than Resovist™ (33) used in the other study (34).

The first month following Tx is considered pivotal 
for islet engraftment. All Pts receiving islets from allo-
geneic donors showed a rapid decline (about 30%) in the 
number of hypointense ROIs 3 days post-Tx. The decline 
showed a higher degree of variability at 1 week in Pts 
with functional grafts, ranging from 35 (Pt#1, #2, and 
Auto-Tx8) to 50% (Pt#3) reduction (avg residual spots 
60 ± 0.1% SD), similarly to what has been reported previ-
ously at 7 days post-Tx (34). Rapid ROI disappearance 
in Pt#2 at 1 month paralleled loss of islet function, con-
firming the effectiveness of MRI imaging in diagnosing 
short-term failure, whereas Pt#1 and #3 with functional 
grafts at 1 month showed residual ROIs, which were in 
one case (Pt#1; 41%) similar to what had been previ-
ously shown [45.5 ± 5.8 SD; (34)] in the other case lower 
(Pt#3; 18%). We cannot exclude that the difference in the 
number of hypointense spots observed at 3 months in our 
study compared to previously reported (34) might be due 
to the different labeling agents employed. Another pos-
sible explanation however could be attributed to recurrent 
autoimmunity (GADA), which was observed in Pt#3, 
who showed the lowest residual ROI number at day 7, 
as well as 1 and 3 months following Tx. This fits with 
Tx recipients showing recurrent autoimmunity having 

significantly lower probability of graft survival (29). 
Interestingly, the autotransplanted Pt showed no decline 
in the number of hypointense ROIs during the first 3 days 
following Tx. This patient lacks the immune reaction 
harnessing allogeneic islets and does not show signs of 
liver damage, not even the transient increase in ALT and 
AST levels observed in the T1D Tx recipients, suggest-
ing that this could be related to the lack of inflammatory 
response elicited by the autologous islets or by the lower 
absolute number of islets infused in this patient. Thus the 
lower decrease in hypointense ROIs observed within the 
first days in Auto-TX8 Pt could be interpreted as a sign 
of higher early islet survival, a feature that is considered 
pivotal for the long-term success of islet Tx. Surprisingly 
enough, however, this Pt showed thereafter the same type 
of signal decline observed in Pt#1. Compared to T1D, 
Auto-Tx8 Pt showed higher XDP and CRP values, which 
were observed following pancreatectomy before and after 
Tx and could be most probably due to the surgery. These 
changes have been shown, however, not to correlate with 
graft function (6). Auto-Tx8 Pt suffers from a genetic 
condition causing recurrent pancreatitis, which was the 
reason why he underwent partial pancreatectomy; thus it 
could be interesting to investigate whether in such cases 
other still unknown factors could have a negative impact 
on Tx islet engraftment. Overall the important decrease 
in ROI number measured within the first month in all 
patients suggests that an important loss of islets occurs 
during engraftment. This loss of islets is not a trigger for 
autoimmunity recurrence as shown in Pt#2 experiencing 
massive early graft loss with no further increase in GADA 
titer or further serum conversion. Moreover islet loss in 
Pt#2 does not induce false positive hypointense signals 
as could have been predicted if Endorem® released from 
islets was unspecifically retained by liver cells (33). This 
is in agreement with previous observations produced in 
allogeneic transplantation experiments with islets labeled 
with Feridex®, the same reagent as Endorem®(12).

At later time points, despite functional islet grafts, mon-
itoring hypointense ROIs in all subjects showed a slow, but 
steady decline starting from 1 month after Tx onward. This 
could be explained by dextran-coated SPIO particles—
internalized by endocytic pathways (5,11) ending up in the 
lysosomal compartment—being unstable. In vitro stud-
ies evaluating the effects of low pH on the solubility of 
SPIO [Fe(III) structures] have demonstrated that pH 4.5 
(typical of the lysosomal compartment) induces increase in 
reducible free iron [Fe(II)] suggesting nanoparticle disso-
lution (1). Slow solubilization of SPIO particles potentially 
occurring upon endosome fusion with lysosomes might 
thus contribute to MRI signal loss over time.

In the absence of a clinically validated automated scor-
ing system for counting hypointense signals appearing fol-
lowing Tx of SPIO-labeled islets, applying identification 
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rules to the careful visual inspection of MRI images taken 
before and after Tx appeared to be the best approach to 
avoid overestimation errors. One might argue, however, 
that the discrepancy between the decline in MRI signals 
despite graft function might be related in part to insuf-
ficient sensitivity of MRI (16) and/or of the counting 
approach, which, relying on a visual score, might tend to 
include only signals coming from larger ROIs and miss 
multiple smaller ones. The development of a dedicated 
algorithm also able to identify weak signals significantly 
differing from the background could be very useful to 
tackle this issue. However small hypointense spots, 
which are missed by the visual scoring approach, have 
been recently shown to represent iron particles phagocy-
tized by CD68+ cells (19). Moreover, albeit only the pur-
est fraction of infused islet preparations was exposed to 
SPIO, we cannot exclude that nonendocrine contaminants 
were labeled as well (13). Since also non-b endocrine 
cells can take up SPIO (5,12,25), the overall disappear-
ance of iron signals could reflect in part the loss of both 
nonendocrine and non-b-cell components, accompanying 
islet engraftment (7,28).

Taken together, the study shows that (i) Endorem®-
labeled islets proved overall safe both in vitro and in Pts; 
(ii) ROI number in the short term parallels the number 
of successfully engrafted islets; (iii) within the setting of 
allotransplantation, an average of 20–30% of the detect-
able ROIs are lost within the first few days post-Tx, 
whereas this is not evident in the autotransplanted Pt; 
(iv) the relevance of mid- to long-term islet survival mon-
itoring by means of SPIO labeling is difficult to assess 
in the present study, probably also due to a suboptimal 
performance of Endorem® as a contrast agent.

Recently, some pharmacological treatments have been 
shown to improve islet Tx success both in mouse and in 
humans (4,9,21), possibly preventing islet death at early 
time points following Tx. An imaging approach provid-
ing a readout for early islet survival could be a valuable 
tool for validating novel therapeutic strategies improving 
early islet survival post-Tx, thus potentially leading to a 
lower need of IEQ/Pt to achieve insulin independence 
(actually 10,000 IEQ/kg of body weight). This would 
imply that more Pts could benefit from Tx.

The small number of cases studied certainly represents 
a limitation of our observations. This is due to the fact that 
Endorem® stopped being produced while the study was 
ongoing, and no replacement for it was available. Thus our 
observations would need a validation with more preclini-
cal and clinical studies, with newer contrast agents poten-
tially available for clinical and preclinical approaches.

In conclusion, the present study supports with detailed 
functional analyses that MRI-based monitoring of SPIO-
labeled islets after Tx within Pts is a safe procedure, 

which does not alter islet function, neither induces addi-
tional stress to the liver of transplanted Pts, nor was asso-
ciated to autoimmune recurrence. MRI-based monitoring 
of SPIO-labeled islets appears a promising way for moni-
toring short-term Tx success. If validated, it could be a 
very useful approach for testing the efficacy of novel 
immunomodulatory regimens preventing early islet loss.
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