
ORIGINAL ARTICLE

In vivo magnetic resonance imaging of vascularization
in islet transplantation
Eba Hathout,1 Lawrence Sowers,1 Rong Wang,2 Annie Tan,1 John Mace,1 Ricardo Peverini,1

Richard Chinnock1 and Andre Obenaus2

1 Islet Transplant Laboratory, Departments of Pediatrics, Loma Linda University School of Medicine, CA, USA

2 Radiation Medicine, Loma Linda University School of Medicine, CA, USA

A main challenge for long-term insulin-independence fol-

lowing islet transplantation in type 1 diabetes is occult

hypoxic, inflammatory, and immune graft loss [1–3].

Anoxia from initial avascularity is particularly stressful to

islets function in the hyperglycemic milieu of a diabetic

recipient [4,5]. Therefore, monitoring and improving

early vascularization of islet grafts is pivotal for their

long-term viability and function in both experimental

and clinical settings.

Although microscopy provides high spatial-resolution

images of preserved tissue, clinically facile methods are

needed to image viable islet grafts in situ. Several studies

have confirmed the ability to localize islets by magnetic

resonance imaging (MRI) both in vitro and in vivo

[6–10]. Other imaging modalities, such as positron

emission tomography using 18-fluro-deoxyglucose, can

also visualize islet location but suffer from short half-

lives and poor resolution, favoring MR contrast as a

high-resolution method. [11].

Dynamic contrast-enhanced (DCE) MRI is an imaging

modality that can noninvasively measure key hemo-

dynamic parameters such as blood flow, blood volume,

interstitial volume, and capillary permeability in real time.

The method has been used experimentally and clinically

to assess the tumor angiogenesis and develop the antican-

cer drugs [12–16]. DCE MRI has also been used to evalu-

ate the angiogenesis of tissue-engineered bladders [17]

and to test the response to vascular endothelial growth

factor therapy [18].

We previously reported that a significant increase in

islet vascularization follows a rise in hypoxia-inducible

factor-1a in islet grafts, and that development of newly

formed microvessels is more abundant on post-transplant

day 14 in comparison to day 3 [19].To understand better

the time-course of vascularization of islet grafts, and its

relation with function, an accurate and reproducible

method of imaging islet revascularization in vivo is

needed. To our knowledge, this is the first published
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Summary

To evaluate changes in neovascularization of transplanted islets in vivo,

dynamic contrast (gadolinium) enhanced magnetic resonance imaging (MRI)

was used. Both iron (Feridex)-labeled and unlabeled syngeneic murine subcap-

sular islet grafts were studied. Differences in dynamic contrast enhancement of

islet grafts were quantified after gadolinium injection at post-transplant days 3

and 14. Normalized contrast concentrations at day 14 in transplanted islets

were increased relative with that on day 3. Time to peak contrast enhancement

was faster by 12 min at day 14 compared to day 3 islets (while kidney and

muscle peak times remained the same). Areas under the curve for contrast con-

centration versus time plots were larger in 14-day relative to 3-day islet grafts.

In conclusion, noninvasive assessment of neovascularization is achievable.

In vivo dynamic contrast-enhanced MRI can be used to detect and quantify

changes in vascularization following islet transplantation. This technique may

be useful in developing pro-angiogenic strategies to improve the transplanta-

tion outcome in experimental and clinical settings.
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work on the use of DCE MRI to evaluate vascularization

in islet transplantation to date. In this study, we demon-

strate that this temporal evolution of neovascularization

in islet grafts can be detected by contrast-enhanced MRI.

Research design and methods

Animals

Adult Balb/c mice weighing 25–30 g were purchased

(Harlan, Indianapolis, IN, USA) and housed under spe-

cific pathogen-free conditions with a 12-h light/dark cycle

and had free access to food and water. The Institutional

Animal Care Use Committee approved the experimental

protocol.

Islet transplantation studies

Islets were isolated by collagenase digestion of the pan-

creas and Ficoll density gradient centrifugation and

then hand-picked [20]. Four hundred syngeneic islets

were transplanted under the kidney capsule of normal

recipients.

Islet labeling

Iron labeling of islets was performed by overnight co-cul-

ture of freshly isolated islets in Feridex (Advanced Mag-

netics Inc., Cambridge, MA, USA)-supplemented medium

at 200 lg iron/ml as described [6].

MRI

Mice were lightly anesthetized using isoflurane (3%

induction and 1% maintenance). A tail vein catheter was

inserted and fastened to the tail for infusion of gadolin-

ium DTPA (Gd-DTPA,-BMA, Gadodiamide, 0.1 mmol/kg

body weight, Omniscan, Amersham Health, Princeton,

NJ, USA) contrast. Body temperature was maintained at

36 ± 1 �C using a thermostat-controlled heated water

cushion placed under the mouse. Respiration was moni-

tored with an MR-compatible pressure transducer on a

Biopac MP150 (Goleta, CA, USA) system. MRI data were

collected on a Bruker Advance 11.7 T MRI (8.9-cm bore)

with a 3.0 cm (ID) volume radiofrequency coil (Bruker

Biospin, Billerica, MA, USA). Scout images were obtained

in the axial, sagittal, and coronal planes to position slices

accurately. Specifically, the imaging parameters were as

follows. 10 echo T2 sequence with a TR/TE of 4600/

10 ms, a 128 matrix, a 3-cm field of view (FOV), two

averages for a total acquisition time of 20 min. The pre/

postcontrast T1 was composed of a TR/TE of 832/10 ms,

a 256 matrix, 3-cm FOV, and two averages for a total

acquisition time of 14 min. The standard T2 and T1

sequences collected 20 coronal slices that were 0.75-mm

thick and interleaved by 0.75 mm. The DCE sequence

was a rapid image acquisition that acquired one image

slice through the kidney at the level of the islets with the

following parameters: TR/TE = 250/10 ms, 64 matrix,

3-cm FOV, one average for an acquisition time of 16 s/

image and a total acquisition time of 32 min with 120

images collected. The entire MRI data collection period

lasted about 100 min.

MRI analysis

All T2 and T1 image data sets were visually evaluated to

identify the location of transplanted islets within each

animal. The DCE acquisition slice was then placed over

the region of maximal volume of transplanted islets.

Beyond visual inspection of imaging, quantitative evalua-

tion of MR parameters was undertaken. This included: (i)

calculation of islet volume, (ii) mapping T2 values in the

transplanted islets, muscle and kidney, and (iii) DCE

analysis for temporal changes in vascularization in three

tissue regions (islets, muscle, and kidney).

Islet volume

Transplanted islet volume was calculated by obtaining

the area on each T2 and T1 imaging slice and then

calculating the total islet volume using cheshire soft-

ware (Parexcel, International Corp., Waltham, MA,

USA).

T2 relaxation values

Islet T2 relaxation times were extracted from T2 maps

calculated using an in-house matlab program to calcu-

late a pixel-by-pixel T2 map, as previously described [21].

T2 relaxation regions of interest (ROI) analysis was per-

formed on a single image from the data set in islets, kid-

ney and muscle and results were summarized in a

spreadsheet and reported as mean ± SEM for the total

cohort.

DCE analysis

Temporal change of signal intensity was visualized and

quantified using jim software (Thorpe, Waterville, UK).

ROIs (islet, muscle, and kidney) were outlined on the

DCE data based on T1 and T2 high resolution images.

Kinetic analysis used a bidirectional two-compartment

model based on the equations of Tofts et al. [22]. All sig-

nal intensities were converted to (Gd) values by averaging

precontrast R1 (1/T1), and assuming that:

R1 ¼ R1preþ qðGdÞ;

where q = 1 as we assumed that there was no difference

between plasma relaxivity (relaxivity of the contrast agent

Imaging neovascularization in islet transplantation Hathout et al.

ª 2007 The Authors

1060 Journal compilation ª 2007 European Society for Organ Transplantation 20 (2007) 1059–1065



in plasma) and interstitial relaxivity (relaxivity of the con-

trast agent in the extra-vascular extra-cellular space) and

R1pre is the average precontrast R1.

In the standard Tofts model, the tissue (Gd), Ct (t) is

related to the plasma (Gd), Cp (t) by:

CtðtÞ ¼ Ktrans

Z t

0

CpðtÞexpð�Ktransðt � TÞ=veÞdT;

where ve is the extra-vascular extra-cellular space volume

fraction. This model neglects any contribution to the sig-

nal intensity of the passing contrast in intact blood vessels

within the tissue of interest. The arterial input function

was defined from the abdominal aorta that was visible

within the slice of interest. DCE analysis using the Tofts

model yields estimates of constants such as the transfer

constant (Ktrans), the extravascular extracellular space frac-

tional volume (ve), and a measure of the goodness of fit.

DCE MRI tissue Gd concentration curves extracted from

jim software were normalized for inter- and intra-animal

comparisons.

Selected time-points for imaging

In our previously published data to evaluate the temporal

progression of neovascularization in islet grafts prior to

MRI, we assessed subcapsular islet grafts on post-trans-

plant days 3, 7, and 14 by optical microscopy [19,20].

Over the course of this experimental period, there was a

progressive increase in blood vessel formation. Others

have shown that islet graft vascularization is complete by

day 14. Based on the above information, days 3 and 14

were selected as two representative time points for the

detection of neovascularization (immature and advanced,

respectively) in transplanted islets using DCE MRI.

Statistical analysis

Statistical evaluation was performed using sigmastat

software (SPPS, Chicago, IL, USA) and differences among

experimental groups were considered significant for

P < 0.05. Data were expressed as the mean ± SE of the

mean (SEM).

Results

Quantitative MR analysis of transplanted islets

Feridex-labeled islets could be seen under the kidney cap-

sule as distinct hypointense regions on day 3 and 14

(Fig. 1a). Islet volume was not significantly different

between day 3 and day 14 (Fig. 1b). T2 values in three

ROIs, islets, muscle, and kidney, were evaluated. Within

the transplanted islets, no significant differences were

observed between day 3 (122.9 ± 18.8 ms) and day 14

(125.8 ± 24.5 ms). Similarly, muscle (63.3 ± 1.6 vs.

65.3 ± 2.0 ms) and kidney (75.1 ± 5.2 vs. 73.9 ± 2.4 ms)

T2 values remained unaltered between day 3 and day 14.

However, within the day three experimental period, there

was a significant difference in islet T2 values (123 ±

38 ms) compared to T2 values of muscle (63 ± 3 ms)

and kidney (75 ± 10 ms, P < 0.05). At day 14, islet T2

values were not significantly elevated when compared to

kidney (P < 0.08), but was significantly increased when

compared to muscle (P < 0.05). There were no significant

differences between muscle and kidney at any time point

(Fig. 1c).

Contrast-enhanced imaging of unlabeled

and labeled islet grafts

Unlabeled islets

Standard T1-weighted imaging (T1WI; pre- and postcon-

trast) was undertaken to determine the location of the

transplanted islets (n = 10 mice). In T1WI without con-

trast, there was no visible transplanted tissue in any of

the animals imaged at days 3 or 14. However, injection of

the T1 contrast agent, gadolinium DTPA (0.6 ml/kg),

allowed visualization of signal enhancement in every case

of subcapsular islet transplantation at day 3 and at day 14

animals.

Labeled islets

To check if microscopically observed blood vessels in islet

grafts on day 14 could be detected in vivo, contrast imag-

ing of iron-labeled islet grafts was performed (n = 4, one

graft per recipient). Postcontrast MRI at day 14 clearly

showed blood vessels (Fig. 2a and b) in the vicinity of the

transplanted islets, with no similar findings in the contra-

lateral kidneys. The relationship between transplanted

islets and newly formed blood vessels was further exam-

ined by macroscopic photography of the transplanted

islets and kidney (Fig. 2c).

DCE MRI of islet grafts

Dynamic contrast-enhanced MRI was undertaken to

determine the feasibility of in vivo imaging of micro-

scopically detected increased islet graft vascularization

between day 3 and day 14. A group of four animals

underwent DCE MR imaging to determine the relation-

ship between vessel formation and contrast enhancement

within transplanted islets. High-resolution precontrast

images were obtained prior to DCE MRI to assist in

localization of the ROIs (transplanted islets, muscle, and

kidney). DCE MR imaging was started and a bolus of

contrast (Gd-DTPA, 0.6 ml/kg) was injected 2 min after

the onset of imaging. There was an incremental increase
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in contrast within the tissues over the course of the 30-

min evaluation period.

Quantification of the temporal increase in contrast

enhancement was undertaken (Fig. 3). There was a grad-

ual increase in gadolinium tissue concentration within the

islets at day 3 over the course of the 30-min DCE experi-

ment (Fig. 3a). In islet day 3 datasets, the time to maxi-

mal relative tissue concentration of contrast was

21.40 min (1284.02 ± 187.61 s). There was a slow contin-

uous rise in contrast concentration over the 30-min

observation period, which then reached a plateau. In the

day 14 animals, gadolinium concentration reached a peak

at 9.77 min (586.30 ± 24.06 s), which was significantly

shorter than day 3 (P < 0.01). The time to peak in mus-

cle and kidney at day 3 was significantly shorter than

islets (P < 0.05). There was no significant difference

within muscle or kidney in time to peak at either day 3

or day 14 (anova). In day 14 transplanted islets, maximal

tissue concentration was observed 11.63 min earlier than

in day 3 islets (Fig. 3a). In addition, the normalized max-

imal tissue concentration in islets was 1.04 at day 3 com-

pared to 1.63 at day 14, representing a 57% increase in

gadolinium tissue concentration. The area under the

curve of the islet DCE MRI datasets (Fig. 3a) was also

62% larger at day 14 compared to day 3 (P < 0.05,

Fig. 3b).

Discussion

This study builds on the work of many others who

have already unequivocally demonstrated that Feridex

labeling of islet grafts is specific, safe, and effective for

their localization by MRI [23–25]. To achieve direct

visualization of transplanted islets by MRI, iron labeling

of isolated islets before transplantation seemed to be a

logical method to facilitate detection and tracking of

the islet grafts. The methodology of iron labeling in

pancreatic islets has been formally addressed by Evge-

nov et al. [6,23] and Kriz et al. [24]. In this study, we

similarly showed that in vitro iron labeling of islets

resulted in precise localization of islet grafts character-

ized by robust hypointensities on day 3 and day 14. To

our knowledge, ours is the first demonstration of non-

invasive in vivo imaging of changes in vascularization

following islet transplantation using DCE MRI. In this

study, we showed in an experimental islet transplant

setting that changes in vascularization could be quanti-

fied in vivo via this approach.

(a)

(b) (c)

Figure 1 Temporal imaging of iron-labeled islets. (a) T2-weighted image at day 3 and day 14 illustrate that iron-labeled islets can be visualized

(loss of signal, arrow) after implantation. (b) Volumetric analysis of the implanted islets demonstrates an unchanged islet mass with time post-

transplantation. *P > 0.05, n = 4. (c) Quantitative evaluation of T2 values from islets shows no change with time post-transplantation. *P > 0.05,

n = 4.
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It has been previously reported that up to 60% of

transplanted islets undergo apoptosis following transplan-

tation [2]. Evaluation of T2 values and volumetric islet

analysis did not show significant differences between day

3 and day 14. These findings suggest that iron labeling of

islets can be used to localize islet grafts through noninva-

sive in vivo MRI, but may not alone be optimal for moni-

toring hemodynamic changes of islets after

transplantation. As far as islet volume assessment, nega-

tive signals from the islet volumes are confirmed with T1

and Gd injection. The negative signals are relative changes

in islet volume that allow extraction of islet volumes.

Although this is a valid method, the study focus was on

relative changes in, rather than definitive, islet volumes.

In this study, we showed that transplanted islets could

be visualized on day 3 without labeling by contrast MRI.

To our knowledge, this is the first demonstration of the

use of systemic contrast agent injection (30 min before

imaging) to detect unlabeled islet grafts by MRI.

Increased T2 values (seen in islet grafts relative to kidney

and muscle) typically reflect increased proton (water)

relaxation. This suggests either edema or increased vessel

permeability in the graft vicinity compared with other

organs.

This approach focuses on increased post-transplant vas-

cularization, and it remains to be tested whether this

translates into, or correlates with, enhanced islet number

and/or function.

We and others have shown a temporal evolution of

new vessel formation in islet grafts using immunohisto-

chemistry [19,26]. On post-transplant day 3 in this study,

observed signal enhancement at the transplant site may

result from leakage of contrast in newly formed blood

vessels. No similar enhancement was observed in the sur-

rounding kidney tissue possibly because of rapid clearance

of gadolinium from pre-existing intact blood vessels.

Contrast enhancement around islet grafts could also be

seen at later stages of transplantation (beyond 14 days,

preliminary data not shown). These findings may reflect

proportional variations in permeability and vascular den-

sity in islet grafts on days 3,14, and beyond. In the course

of the current study, a region of contrast enhancement

consistent with a blood vessel was seen connecting

the graft to the host tissue. If concomitant microscopy

(a)

(b) (c)

Figure 2 Representative imaging of vascularization of iron-labeled islet grafts on day 14. (a) Postcontrast magnetic resonance imaging (MRI) at

day 14 shows a contrast-enhancement (red arrows) in the vicinity of labeled transplanted islets. Similar densities were not observed in the contra-

lateral kidney. (b) Expanded view of ‘A’ revealing selective enhancement (asterisk) within the islets (dotted line) and the linear density (possibly a

communicating vessel) (arrows). (c) Following MRI, the kidney (circle) was exposed in vivo and a low power photomicrograph was taken of the

transplanted islets (dotted line). Note the blood vessels on the kidney surface near the transplant (a, b, and c are from the same kidney).
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confirms vascular nature, this may provide radiologic evi-

dence for islet graft revascularization of host origin [27].

Donor islet endothelial cells also reportedly participate in

neovascularization of islet grafts [28,29]. This study does

not adequately address the source of neovascularization

within islet grafts. However, our approach may be suit-

able for such studies particularly if donor mouse endothe-

lial cells were co-transplanted [30].

Vascularization from the host kidney combined with

vasculature from within the islets provides a conduit for

contrast circulation systemically within the transplant site.

This was demonstrated by our observations of contrast-

enhanced blood vessels in the vicinity of islet grafts on

day 14 (Fig. 2). Further support for this notion is pro-

vided by the rapid contrast enhancement on day 14, but

not on day 3. However, enhancement within the islets is

likely dependent on the number of healthy transplanted

islets, their subsequent revascularization, and the number

of known and unknown graft–host interactions.

A potential but unexplored question is whether Feri-

dex labeling of islets results in loss of gadolinium-DTPA

signal within the region of interest. While there are no

published studies, to our knowledge, of mutually adverse

effects between these two agents, some studies have

noted altered sensitivity of MR signals in clinical settings

[31].

These data are presented as a pilot study for a con-

cept, which may apply to other organ transplants. A

main limitation of our study from a diabetes point of

view is that it addresses islet transplantation in a site

that is not used clinically at present as the liver is

currently the most successful site for clinical islet trans-

plantation. However, it is likely that the field will shift

to alternate islet transplant sites in the near future,

especially in view of the inevitable resultant ischemia

from portal vein injection of islets. Given the impact of

enhanced vascularization on islet function [19,20],

development and testing of therapeutic interventions in

islet transplantation may greatly benefit from DCE MRI.

This technique may also be of value in experimental or

clinical organ transplantation.
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