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Abstract
Object There is a clinical need to be able to assess graft
loss of transplanted pancreatic islets (PI) non-invasively with
clear-cut quantification of islet survival. We tracked trans-
planted PI in diabetic mice during the early post-transplant
period by magnetic resonance imaging (MRI) and quantified
the islet loss using automatic segmentation technique.
Materials and methods Magnetically labeled islet iso-, allo-
and xenografts were injected into the right liver lobes.
Animals underwent MRI scanning during 14 days after PI
transplantation. MR images were processed using custom-
made software, which automatically detects hypointense
regions representing PI. It is based on morphological
top-hat and bottom-hat transforms.
Results Manually and automatically detected areas, corre-
sponding to PI, differed by 4% in phantoms. Signal loss
regions due to PI decreased comparably in all groups dur-
ing the first week post transplant. Throughout the second
week post-transplant, the signal loss area continued in a
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steep decline in case of allografts and xenografts, whereas
the decline in case of isografts slowed down.
Conclusion Automatic segmentation allows for the more
reproducible, objective assessment of transplanted PI. Quan-
tification confirms the assumption that a significant number
of islets are destroyed in the first week following transplan-
tation irrespective of allografts, xenografts or isografts.

Keywords Magnetic resonance imaging (MRI) ·
Pancreatic islets (PI) · Quantification · Automatic
segmentation · Animal model

Introduction

Pancreatic islet (PI) allotransplantation has been exploited as
an alternative treatment of Type-1 diabetes in hypoglycemia
unaware diabetic patients [1,2]. Some estimate that 60%, or
more, of PI transplanted by portal vein infusion are destroyed
within the first two days [3–7]. In addition, the initial high
number of patients (∼80 %) independent of exogenous insu-
lin decreases to ∼15% 5 years after transplantation [8]. Thus
there is a strong clinical need to be able to assess graft loss
non-invasively with clear-cut quantification of PI survival.

The experimental visualization of iron labeled cells in vivo
with cellular MRI has become routine [9–13] with detection
now at the single cell level [14,15]. Iron labeled cells appear
as regions of signal loss in MR images. A number of studies
have now provided evidence that cellular MRI can be used
to detect and monitor transplanted islets in vivo in animal
models [16–20]. However, it is not always possible to iden-
tify and quantify the iron labeled cells unambiguously. The
goal of this work was to further develop our cellular MRI
technology to permit measurements of PI graft survival and
rejection. Here we present a simple and robust method, which
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allows the in vivo quantification of labeled PI in MR images.
Our results on phantoms suggest that the technique described
here will allow for the reproducible, more objective assess-
ment of transplanted PI. We have applied our approach to the
task of tracking transplanted allo-, xeno- and isografts of PI
in diabetic mice during the early post-transplant period.

Materials and methods

All protocols used in this study were approved by the Univer-
sity of Western Ontario Animal Care Committee and were
conducted in accordance with the policies contained in the
Canadian Council on Animal Care.

Pancreatic islet isolation, labeling

Pancreatic islets were isolated from adult male C57BL/6
and BALB/c mice and Lewis rats (Charles River Laborato-
ries, Inc., Canada) using a modified technique described by
Gotoh et al. [20]. Briefly, islets were obtained after disten-
sion of the pancreas by collagenase solution (Collagenase V,
Sigma-Aldrich, USA, 1 mg/ml mice 3 ml for mice, 15 ml for
rats) followed by 10–15 min incubation at 37◦C and puri-
fication using a discontinuous density gradient (islet gradi-
ent 1.037, 1.069, 1.096, 1.108 g/ml; Mediatech, Inc., USA).
Isolated PI were labeled with superparamagnetic iron oxide
(SPIO) nanoparticles by incubation overnight in CMRL-1066
medium (37◦C, 5% atm. CO2; HyClone, USA) with 10%
fetal calf serum, 1% HEPES, 1% l-glutamine, 1% antibiotics
(penicillin 10,000 IU/ml; streptomycin 10 mg/ml, all from
Sigma-Aldrich, USA) and the SPIO MRI contrast agent
Feridex� (Berlex Laboratories, Canada) complexed with
poly-l-lysine (PLL, Sigma-Aldrich, USA) (25.0 mg Fe/ml:
15 ml/ml PLL). We followed the protocol used previously in
our lab, which resulted in normal insulin secretion and excel-
lent viability [11]. Feridex labeled islets were transferred
from a tissue culture flask to a 50 ml tube with fresh tissue
culture media and allowed to gravity sediment for 10 min-
utes. Settled down islets were then transferred to a dark glass
dish and handpicked under a surgical microscope using a 27G
shielded winged needle connected to 1 ml syringe (Becton
Dickinson, Mexico).

Gel samples were prepared for imaging by placing 1–10
labeled and unlabeled PI in a 350 ml well, in a single plane
sandwiched between two layers of gelatin; the bottom layer
was 4% (w/w) gelatin and the top layer was 2% gelatin. Other
gel samples consisted of 100–400 labeled PI in a 50 ml tube
in a single plane sandwiched between two layers of gela-
tin; the bottom layer was 4% (w/w) gelatin and the top layer
was 3% gelatin. Images from these phantoms were used to
validate the quantification methodology.

Experimental animals, pancreatic islet transplantation

Diabetes was induced by the intraperitoneal administration
of streptozotocin (220 mg/kg, Sigma-Aldrich, USA), 7 days
before transplantation. Blood glucose levels were measured
daily during the first week post-transplant and every other
day during the second week post-transplant. Blood glucose
levels over 18 mmol/l, on two consecutive days, were con-
sidered to indicate diabetes.

Two-month-old BALB/c male mice (inbred strain,
20–22 g, Charles River Laboratories, Inc., Canada) were
used as PI recipients. Three transplant groups were stud-
ied: allografts (n = 4 C57BL/6 mouse donors), xenografts
(n = 3 Lewis rat donors) and isografts (n = 6 BALB/c
mouse donors). Healthy BALB/c mice were used as con-
trols: five untouched mice, two mice received unlabeled PI
and three mice received free iron (concentration equivalent
to approximately 230 labeled islets according to Tai et al.
[11]) via the same delivery methods described below.

Two hundred to three hundred Feridex labeled and puri-
fied PI were injected into the right liver lobes of diabetic
mice using an approach described by Yonekawa et al. [21].
In this novel transplantation model the left hepatic branch
of the portal vein is temporarily clamped and PI are injected
into the ileocaecal vein. Briefly, mice were anesthetized for
transplantation using inhalational anesthesia (3% isoflurane
in oxygen for induction, 1.5% for maintenance). Buprenor-
phine (0.03 mg/kg) was injected subcutaneously at the begin-
ning of surgery. The mouse recipient abdomen was opened
by a midline laparotomy, the left hepatic branch of the portal
vein was temporarily clamped with a Micro Serrefine clip
(Fine Science Tools GmbH, Germany) and the PI were sub-
sequently injected into the ileocaecal vein in 500 ml of media.
The tip of the needle was covered by microfibrillar collagen
hemostat (Avitene, Bard Canada) before being removed, and
gentle pressure was applied to the puncture to stop the bleed-
ing. Twenty seconds after the PI injection, the vascular clamp
was removed and the full liver blood supply re-established.
The color of the liver tissue normalized rapidly. The abdom-
inal wall was closed in two layers using continuous suture
(5-0 silk, Johnson & Johnson, USA).

MR imaging

Imaging was performed on a 3T MRI scanner (GE Medical
Systems, USA) using a custom-built, high-performance gra-
dient coil insert and a customized whole mouse body solenoid
radiofrequency coil (3 cm diameter, 5 cm length). Images
were acquired using a 3D fully refocused (steady-state free
precession) gradient-echo sequence (known as FIESTA on
GE scanners) with the following parameters: repetition time
(TR)=3.8 ms, echo time (TE)=1.8 ms, flip angle (FA)=25◦,
bandwidth = 62.5 kHz, field of view (FOV) = 4 × 4 cm2.
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The scanned resolution was 200 × 200 × 200 mm3. Zero fill-
ing was used to give an interpolated voxel dimension of 78×
78×100 mm3. The scan time was 25 min for mice (3 min for
gel phantoms). Mice were anesthetized during imaging using
isofluorane (3% for induction, 1% for maintenance). Auto-
matic segmentation techniques was also tested on phantoms
containing 100–400 PI scanned on a 4.7 T Bruker spectrom-
eter (Bruker BioSpec, Germany) using resonator coil (7 cm
diameter, Bruker BioSpin, Germany). Images were acquired
using turbo spin echo (RARE) sequence (TR = 3000 ms,
TE = 36 ms, FOV = 4.5×4.5 cm2, turbo factor = 8) and fast
low-angle gradient echo (FLASH) sequence (TR = 100 ms,
TE = 3.7 ms, FOV = 4.5 × 4.5 cm2). Plane resolution was
176×176 mm2 for both types of sequence. To change a frac-
tional signal loss of labeled PI, and image signal-to-noise
ratio, the slice thickness varied between 0.85 and 4 mm, and
number of acquisitions varied between 1 and 16.

Image processing, detection and quantification
of pancreatic islets

Image signal to noise ratio was measured as the mean
signal intensity (SI) in the kidney cortex divided by the stan-
dard deviation of the signal from noise in background air.
MR images were converted to bitmap format (BMP, 256
grayscale) and processed using an in-house program, written
in Matlab (The Mathworks Inc, USA), which detects hyp-
ointense regions representing PI independently of the user.
The first step was the automatic enhancement of contrast
between the regions of signal loss and the liver tissue. This
was based on morphological top-hat and bottom-hat trans-
forms [22,23]. Briefly, the top-hat transform is defined as the
residuum between the original image and its opening. The
opening of an image results in removing small bright details,
which are smaller than size of the structuring element. Other
image regions will remain unchanged. The shape and size
of this structuring element define which bright objects will
be removed from the original image. Thus, the top-hat trans-
form (as a difference between original and opened image)
emphasizes these bright objects, providing at the same time
equalization of image background. Similarly, the bottom-hat
transform is defined as the difference between the image clos-
ing and the original one. The closing of an image, opposite
to its opening, ensures erasing small dark objects, smaller
than the size of structuring element. In consequence, the
bottom-hat transform results in small dark image details on
reasonably even background. Combining these operations
together, i.e. adding the original image to its top-hat trans-
form and subtracting the bottom-hat transform from the result
leads to image enhancement. The shape of the structuring ele-
ment was set experimentally, based on the size and shape of
the analyzed islets in MR images of phantoms and livers, as
the circle and its diameter was 4 pixels which corresponds

to the smallest observed hypointense area due to labeled PI
in gel samples. The shape and size of that element was the
same for all analyses.

In the second step, a histogram of the entire image slice
was generated and a threshold was automatically determined
for the identification of regions of signal loss due to trans-
planted PI in each slice. The threshold was based on image
histogram and was set as the first local minimum signal inten-
sity value, representing the point between the signal inten-
sities of the background and foreground tissues. The pixels
within the liver tissue with signal intensity values below this
threshold were considered to be PI. If the threshold differed
by more than 15% in two neighboring slices, a weighted aver-
age was calculated from the currently analyzed image slice
(weight = 0.30) and the five previous slices (weight = 0.14)
to minimize the segmentation error. As a result of the thres-
holding, all pixels identified as regions of signal loss were
re-assigned to a zero signal intensity (black pixels). Images
of labeled PI in gelatin samples, and in vivo in mouse liver,
before and after application of this processing, are shown in
Fig. 1. The liver was outlined manually by experienced inves-
tigators to eliminate false positive findings originating from
the tissue outside the liver and the black pixels (signal inten-
sity = 0) within the liver tissue were counted automatically
using ImageJ software (NIH, USA).

Histology

Animals were killed 2 weeks after transplantation and their
livers excised for histological examination. Liver tissue was
fixed in 10% buffered formalin for 2 days, embedded in par-
affin, and 5-mm thick sections were subsequently stained with
hematoxylin and eosin (H&E) standard techniques. For insu-
lin immunohistochemistry tissue sections were heated in the
microwave with citric acid buffer (10 mm, pH 6.0) to unmask
the antigen. All sections were blocked by 10% normal horse
serum (Vector Laboratories, Burlingham, CA) and a peroxi-
dase blocking reagent (Dako, Carpinteria, CA). The guinea
pig anti-human insulin (Abcam, Cambridge MA, USA) was
diluted to 1:50, then incubated for 60 min at room temper-
ature (RT). After washing, the sections were incubated with
rabbit EnVision+ polymer-HRP (Dako, Carpinteria, CA) for
30 min at RT. The sections were rinsed in PBS and were
stained in DAB solution (Dako, Carpinteria, CA) for 2–5 min
at RT, and counterstained with hematoxylin.

Statistical analysis

Differences in the area of signal loss in the liver tissue in
the three transplant groups were determined using the Stu-
dent t test assuming equal variances. The three transplant
groups were compared using one-way ANOVA with Tukey’s
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Fig. 1 MR images of labeled
islets in the phantom and in the
mouse liver. Images of labeled
islets in gelatin are shown
before (a) and after (b) the
segmentation and thresholding
process. Images of labeled islets
in the mouse liver are shown
before (c) and after (d) the
automatic contrast enhancement
used for thresholding

post hoc test (statistical program GraphPad Prism, USA).
A value of P < 0.05 was considered statistically significant.

Results

Imaging of PI in gel samples, validation of automatic
segmentation methods

To validate the automated segmentation method, MR imaging
was first performed on gel samples containing 1 to 10 labeled
PI (Fig. 1). The PI were visible as hypointense regions
(Fig. 1a), the mean fractional signal loss was 54 ± 3%. The
total area of signal loss detected in the images of labeled PI
in gelatin by the automatic segmentation method (Fig. 1b)
was 96 ± 9% of that outlined manually by three different
trained personnel. No area of signal loss was detected in gel
samples containing non-labeled PI. More detailed analysis
for validation of automatic segmentation technique was per-
formed on gel samples containing 100–400 PI. Islets were
automatically detected if fractional signal loss of area corre-
sponding to PI was 30% or higher. In case of images acquired

with high image signal-to-noise ratio (30–130), the standard
deviation of automatic detected area of signal loss was 4.7%.
For lower signal-to-noise ratio, the automated segmentation
method failed: for example for signal-to-noise ratio between
4 and 14, the standard deviation of automatic detected area of
signal loss was 51.1%. We also determined the inter observer
variability by comparing the evaluation of the same images
without and with automatic segmented area. Five persons
assigned the PI area in three different images, each six times.
Without automatic segmentation, the standard deviation of
detected area corresponding to PI was 30.6% (n = 5) and
the inter-observer variability was in the range of 4.5–29.4%
(the mean standard deviation in person was 13.6%). After
automatic segmentation, all experts obtained the same results
regarding the PI area, thus the inter observer variability was
0%.

In vivo imaging of PI

Mice were imaged at 3T on days 1, 3, 5, 7, 10 and 14 post-
transplantation. The image quality was high with a mean
signal-to-noise ratio of at least 40 (measured in the kidney
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Fig. 2 Automatic detection of transplanted islets in the mouse liver.
In vivo MRI of the mouse liver one day after allogeneic transplanta-
tion into the right lobe (dotted line). Segmented pancreatic islets in the
transplanted lobes appear as black voids. No islets were detected in
the control liver tissue (dashed line). The liver was outlined manually
to eliminate false positive findings, for example the hypointense signal
from the bone of rib (arrow)

cortex). In all transplanted mice the regions of signal loss,
attributed to PI, were detected in the right liver lobes on coro-
nal MR images of the mouse body, confirming the technical
success of transplantation (Fig. 2). Regions of signal loss
attributed to PI were not observed in the non-transplanted
control left lobes of the PI recipients or in the liver of mice
that received unlabeled PI or free iron (data not shown). By
transplanting PI into a specific and known portion of the liver
only, the regions of signal loss caused by PI could be readily
identified while the liver lobes which were free of PI served
as control tissue in the same animal. This is best visualized in
a 3D representation of the image data where the transplanted
PI are depicted as blue spots (Fig. 3).

On day 1, the average volume of the voxels representing
PI was 34.4 ± 19.3 ml. This represents approximately 3% of
the whole liver volume [24]. This is larger than the actual vol-
ume of the transplanted tissue and is due to what is known as
the blooming artifact, an effect which causes the signal loss
generated in MR images to be much larger than the actual
area occupied by the iron-labeled cells [25].

Quantification of the transplanted islets

The total volume of signal loss measured in the transplanted
lobes of the liver on the first day after transplantation was
rated as 100% and subsequent measurements were recalcu-
lated as relative numbers. Mean values for the cumulative
decline of signal loss at each imaging time point are given
in Table 1. There was a dramatic decrease in the total vol-
ume of signal loss in all three groups. A statistically signifi-
cant decrease in the total volume of signal loss was observed
3 days after transplantation, in animals of both the allograft
and isograft groups, and 5 days after transplantation in the

Fig. 3 3D distribution of transplanted PI (blue) in the liver (red)
obtained with in vivo MRI. Green gall bladder, yellow veins

xenograft group (P < 0.05). The mean cumulative decline of
signal loss was comparable in all groups after the first week
post-transplant. The total volume of signal loss continued
to decline in transplanted livers of all mice over the 2-week
observation period. However, in the second week post-trans-
plant, regions of signal loss due to allografts and xenografts
continued to rapidly decline. A significant difference was
found between days 7 and 14, for the allografts (26.3±7.4%)
and xenograft (19.2 ± 4.0%) group (‡ P < 0.05). Regions
of signal loss due to allografts declined 4.4 ± 1.3% per day,
due to xenografts 2.75 ± 0.4% per day, and due to isografts
1.1 ± 0.2% per day.

Functioning of labeled pancreatic islets

Non-fasting blood glucose levels normalized by day 1
post-transplant. This confirms that labeled PI continue to
function which corresponds to previously reported results
[11]. While isografts maintained normoglycemia until the
end of the study (day 14), the function of allografts and
xenografts failed 10±3 days after transplantation. Mice in the
isograft group underwent partial hepatectomy on day 17 to
remove the right liver lobes with transplanted PI. All of these
mice became hyperglycemic within the next 3 days demon-
strating that it was the transplanted PI that were maintaining
glucose homeostasis (data not shown).
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Table 1 Decline in regional signal loss (%)

Animal group Days after transplantation

1 3 5 7 10 14

Allograft 100 85.1 ± 8.8∗ 71.8 ± 7.0 62.4 ± 8.8 45.5 ± 9.2 36.2 ± 4.3†‡

Isograft 100 80.6 ± 13.3∗ 62.7 ± 13.7 50.1 ± 9.8 47.4 ± 9.2 41.9 ± 9.7

xenograft 100 77.2 ± 23.9 66.8 ± 16.2∗ 54.3 ± 5.1 46.9 ± 9.7 35.1 ± 8.9†‡

Decline in regional signal loss (mean ± SD), relative to day 1, in the three different transplant groups. A significant decrease, compared to the
initial values, occurred at 3 days after transplantation in allograft and isograft groups and at 5 days in the xenograft group (∗ P < 0.05). The mean
cumulative decline of signal loss was comparable in all three groups in the first week after transplantation. In the second week post-transplant (day
14) a significant decrease was detected in allograft and xenograft groups († P < 0.05) compared with the isograft group. A significant difference
was also found between days 7 and 14, for the allografts and xenograft group (‡ P < 0.05)

Histology

In Fig. 4, H&E and anti-insulin staining is shown for
transplanted PI in livers from each group. Histology showed
a well-preserved PI structure, without lymphoid infiltration
and with many insulin positive cells (Fig. 4a, d), in livers
from mice in the isograft group. In contrast, all stages of PI
destruction and lymphoid infiltration were observed within
the livers of allografts and xenografts. The morphology of
allogeneic and xenogeneic islets, as observed by H&E
staining (Fig. 4b, c), was severely impaired; fewer islet cells
were detected and a rich lymphocyte infiltration was evident.
Immunohistology of allografts and xenografts (Fig. 4e, f)
showed fewer insulin positive cells localized within a limited
region of the islets and co-localized with regions of cellular
infiltration.

Discussion

Our results support the hypothesis that in the first few days
after PI transplantation there is a dramatic loss of transplanted
tissue [3,5,6]. This is in agreement with a previous MRI
study of islet loss during the first 2 weeks post-transplan-
tation [26,27] and with similar studies using other imaging
modalities [7,28]. In the Evgenov paper [26] a 2D imag-
ing sequence was employed and 13 MR slices (500 microns
each) were used to quantify the number of signal voids in the
mouse livers, by manually counting voids. In the Kriz paper
[27] a threshold used for detection of transplanted PI was
based on the contrast between transplant and nontransplant
liver lobes and it was very sensitive to accurate perimeter
of these lobes; some of adjacent tissues of liver are hypoin-
tensive on MR images (for example lung) and for that cases
even small imprecision could significantly affect the number
of detected PI. To reduce the imprecision given by subjectiv-
ity in manual evaluation we developed an automated method

for detection and quantification of transplanted islets in MR
images which takes advantage of 3D high resolution image
data and which takes into account signal voids present in all
images slices to determine the total volume of signal loss.
Signal voids were detected only in phantoms containing iron
labeled islets and in right liver lobes in mice, which confirms
that this method does not produce false positive results. The
high signal-to-noise ratio and the high fractional signal loss
of the transplanted PI represented by hypointense regions
significantly increased the accuracy of segmentation algo-
rithm. The morphological approach used for segmentation
is less general than other image enhancement techniques,
like linear or nonlinear gray level adjustment. However, it
is very suitable when dark objects on brighter image back-
ground (or vice-versa) have to be emphasized. The sensitivity
of this algorithm used for PI detection rapidly decreases in
case of lower fractional signal loss (<30%). Applied morpho-
logical operations affect the image only locally (fragments
where small bright or dark objects are located), thus it does
not modify image gray level distribution as significantly as
histogram equalization procedure. The latter, also used for
image contrast improvement, is a strongly non-liner oper-
ation which often leads to loss of important image infor-
mation. Our segmentation technique could be beneficial in
clinical practice where islets would presumably be distrib-
uted throughout the whole liver and therefore there is no
tissue free of signal voids which could be used for manual
threshold setting. This automatic segmentation can also be
used for the analysis of various types of iron-loaded cells in
any tissue, not only PI in the liver.

The interpretation of relative changes is easier if we look
at the data week by week than total relative PI signal decline
(Table 1). Our results show a substantial loss of PI within
the first week post-transplant in allografts, xenografts and
isografts, all transplant groups showed a comparable signal
loss in day 7. This early loss could be due to damage to
the PI during isolation, labeling and transplantation, where
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Fig. 4 H&E (a–c) and anti-insulin (d–f) staining of the liver containing
transplanted islets. Isografts are shown in a and d, allografts in b and
e and xenografts in c and f. H&E of the isograft (a) shows a well-
preserved islet. In contrast H&E of the allograft and xenograft
(b, c) shows massive cellular infiltration and islet destruction. Anti-insu-

lin staining of the isograft shows many insulin positive cells (brown),
whereas in the allograft (e) and xenograft (f) fewer insulin positive
cells are detected and those that remain are co-localized with regions
of immune cell infiltration

PIs are exposed to various insults and toxic stresses (mechanic
injury, ischemia, instant blood mediated inflammatory
reaction, hyperglycemia) [29]. However, in the second week
post-transplant, the transplant animal groups significantly
differed.

This suggests that monitoring of PI losses by MRI could
begin approximately 1 week post-transplant when the effects
of acute rejection dominate. These results are compatible
with previously published studies describing the acute rejec-
tion of PI after transplantation [30] and its monitoring by MRI
[26,31] where it has also been shown that MRI is sensitive
to differences in the rates of islet loss for different transplant
groups.

Several additional MRI studies have reported that MRI
is useful for the detection and monitoring of transplanted
islets labeled with SPIO agents and the impact of labeling
PI with SPIO has been tested extensively [9–12,26,31–34].
These studies have shown that islet viability, insulin secre-
tion, apoptosis levels and the islet structure as observed by
electron and light microscopy are not affected by SPIO label-
ing at the levels required for detection by MRI. Toso et al.
[35] have used SPIO in human diabetic patients. In our study
the fact that normoglycemia was restored in diabetic mice
after transplantation of SPIO-labeled islets, of relatively low
numbers, also demonstrates that labeled islets are function-
ing normally. There are some limitations of the use of SPIO
for islet labeling and tracking by MRI. First, all types of sus-
ceptibility artifacts will cause signal loss, including artifacts
due to bone, vessels, hemorrhage or local field inhomogene-
ities. This has the potential to cause false positives, leading

to the incorrect identification of voids as PI. The exclusion
of above mentioned artifacts is subjective and depends on
experience of researcher(s). In this study, manual outlining
of the liver was used to minimize the occurrence of these
potential false positives.

There are also important points to consider regarding the
method of quantifying the islet loss using MRI. The hypoin-
tense areas on MR images reflect the presence of iron, not PI.
For instance, transplanted PI may be present in the liver as
single units or collections of PI of variable sizes and so, the
appearance of a discrete void in the image may represent one
or more labeled PI. Simply counting the number of voids in
a sample of image slices, which was previously the approach
of our lab, and others, will suffer from errors related to this
clustering. Therefore it is not possible to report absolute val-
ues for the number of PI. Furthermore, during the time the
iron can be released even from living PI and consequently
this islet will not produce hypointense area and therefore will
be not detected by any segmentation algorithm. In addition,
PI volume measurements made on the first scanning ses-
sion are different for each animal. This is because of small
differences in the numbers of PI arriving into the liver, and
because the iron content of each transplanted PI is not
identical. To compare differences between imaging
timepoints and transplant groups we reported the relative
decline in the total volume of signal loss, as a percentage, rel-
ative to the first scan. The development of new pulse
sequences which generate positive contrast from iron-labeled
cells, which is underway, may alleviate this concern
[36–38].
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Another issue is that the presence of free iron, that might be
released from dead or dying PI, may be mistakenly reported
as viable islets. Previous work has shown that with PI
rejection, after transplantation into the liver, regions of sig-
nal loss disappear within days, as they are cleared by resident
liver macrophages [26]. A recent paper by Pawelczyk et al.
[39], which studied iron uptake by bystander cells in an in
vitro model system, indicates that the transfer of iron parti-
cles to macrophages, from dead, iron-labeled cells, accounts
for <10% of the total iron in the labeled cells. These data
advocate caution since the implantation of iron-labeled cells
into tissues can result in uptake of label by macrophages, but
suggest that the amount of iron in these cells may be quite
low and that SPIO will be quickly degraded by macrophages
in the liver. However, in spite of all these problematic points,
the advantage of automatic segmentation algorithm is fast
quantification of transplanted PI with the same systematic
error of hypointense area segmentation which leads to better
reproducibility of results. It becomes more important in case
of large data set.

Conclusion

Our results on phantoms suggest that the segmentation
technique described here allows for the reproducible, more
objective assessment of transplanted PI. The quantification
of PI is attributed to the combination of high quality image
data, a simple and robust automatic segmentation read out
and a novel transplant model. The method of transplanting
iron-labeled PI into a unambiguously selected portion of the
liver allowed for the implementation and optimization of an
automatic segmentation technique in case of in vivo experi-
ments for the direct objective quantification of the total area
occupied by transplanted PI. We anticipate that this simple
and efficient technique will become an accessible tool for
the quantification of the fate of cells in a variety of appli-
cations for cellular MRI. We have applied our segmentation
technique to the detection of transplanted allo-, xeno- and
isografts of PI into the liver during the early post-transplant
period. Our quantification confirms the hypothesis that a sig-
nificant number of PI is destroyed in the first week following
transplantation irrespective of whether they were allografts,
xenografts or isografts. In the second week following trans-
plantation the regions of signal loss due to isografts disap-
peared more slowly than those representing allografts and
xenografts.
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