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To evaluate first-pass renal perfusion with ultrasmall super-
paramagnetic iron oxide (USPIO) particles by MRI, 40 normal
rats (20 Dark Agouti (DA) rats and 20 Brown Norway (BN) rats)
and 16 transplanted rats (12 allografts and four isografts) were
studied on day 4 post-transplantation with different USPIO
doses (3.0–18.1 mg Fe/kg/body weight). All animals underwent
128 consecutive snapshot fast low-angle shot (FLASH) coronal
dynamic studies in 43 s. In the normal rats, a larger maximum
signal decrease (MSD) in the cortex and the outer medulla is
observed with an increasing dose of USPIO particles (P < 0.01).
No significant differences were observed between the right and
left kidneys at all doses studied. Higher MSD, time of occur-
rence of MSD (tMSD), and wash-in slope appear with higher
doses of USPIO particles. The dynamic curves for DA rats show
similar shapes when compared to those for BN rats. In the
transplanted rats, allograft kidneys show lower MSD, longer
tMSD, and lower wash-in slope compared to those in the normal
kidneys. Isograft kidneys show perfusion patterns similar to
those of normal kidneys in the cortex and the outer medulla.
Histopathology indicates acute vascular rejection in all allo-
grafts and normal kidney architecture in all isografts. The re-
sults clearly show good agreement between the renal graft
perfusion measurements and histopathological changes asso-
ciated with rejection. This work also introduces a new signal
analysis methodology for the automatic detection of trans-
planted organ rejection. This method compares the dynamics
of the intrarenal signal intensities for native and transplanted
kidneys. A quantitative measurement to detect significant dif-
ferences between these signals was developed, and showed
that this technique exhibits good performance in identifying
renal rejection. Magn Reson Med 46:1152–1163, 2001.
© 2001 Wiley-Liss, Inc.
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Successful renal transplants have been performed since
the early 1950s. Approximately 12000 renal transplants
are performed in the United States annually (1). Kidney
transplantation is now widely accepted as the treatment of
choice for patients with end-stage renal disease since it
offers the best prognosis, a superior quality of life, and
improved rehabilitation. Graft survival rates now are more
than 85%, 60–80%, and 40–50% at 1, 5, and 10 years,

respectively (1,2). However, the immunological reaction of
rejection, especially the acute rejection that occurs in the
first few weeks following surgery, as well as chronic graft
rejection, is still one of the major causes of functional
failure in organ transplantation. Renal biopsy plays a crit-
ical role in diagnosing kidney allograft rejection, but this
procedure subjects patients to multiple risks, including
bleeding and infection. In addition, the relatively small-
needle biopsies that are typically obtained from these al-
lografts are subject to sampling errors and may lead to
over- or underestimation of the extent of inflammation in
the entire graft.

Because of the prevalence of graft failure, a reproduc-
ible, repeatable, and noninvasive technique for the detec-
tion of acute renal rejection would be a valuable diagnostic
tool in renal transplantation. Although scintigraphy is tra-
ditionally the primary method for evaluating functional
abnormalities, color Doppler ultrasonography and gado-
linium-enhanced MRI provide more anatomic details (3).
Color Doppler ultrasonography is a valuable method in the
detection of segmental infarction or large areas of cortical
necrosis (4). However, superficial cortical blood flow can-
not be evaluated, and alteration of echogenicity is incon-
sistent and not specific. Color Doppler ultrasonography is
not sensitive enough in the diagnosis of superficial cortical
necrosis or small peripheral perfusion defects, particularly
in the case of hemorrhagic necrosis (3). Several early stud-
ies using T1- and T2-weighted spin-echo sequences and
T1-weighted gradient-echo sequences have been applied to
analyze the graft status by assessing structural and anatom-
ical changes. Allograft rejection results in an increase in
the T1 shortening of the renal cortex compared to that of
the medulla, which is related to interstitial edema of the
renal cortex. The loss of corticomedullary differentiation
in T1-weighted images has been reported as the most con-
sistent MRI finding in the evaluation of acute rejection
(5–7). However, some other studies have suggested that
these findings were nonspecific, because the loss of corti-
comedullary differentiation could also be seen in acute
tubular necrosis, cyclosporine toxicity, and infectious ne-
phritis (8,9). Dynamic contrast-enhanced renal MRI has
been shown to provide morphologic information compa-
rable to computer tomography and ultrasonography, while
simultaneously providing the functional data with regard
to excretory function, renal perfusion, and blood flow (10).
The most commonly used MR contrast agents are gadolin-
ium chelates, which are filtered freely by the glomerulus
without tubular secretion or reabsorption and have no
known nephrotoxicity, and thus have been used as renal
MRI contrast agents. Recent studies have measured rela-
tive perfusion in renal grafts by MRI following the admin-
istration of a contrast agent in an animal model (11) and in
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humans (12,13). These results suggest that MR perfusion
imaging of renal allografts can be used to noninvasively
differentiate acute tubular necrosis from acute allograft
rejection during the post-transplant period. However, us-
ing gadolinium chelates, the vascular and tubular phases
are difficult to distinguish, especially at the end of the first
pass, due to interstitial diffusion and elimination by glo-
merular filtration. Moreover, the biphasic effect is related
to a weak R2/R1 ratio, approximately equal to 1. Thus,
gadolinium chelates with dynamic MRI seem better suited
for analyzing glomerular filtration than perfusion (14–16).
We previously reported that a quantitative measurement of
renal cortical perfusion by arterial spin-labeled MRI can
provide a noninvasive diagnostic method for monitoring
the status of renal transplants without using a contrast
agent (17). The drawback in using the arterial spin-labeling
technique in kidney is that quantitative renal cortical per-
fusion cannot be measured in the coronal direction due to
technical constraints. Also, the left and right kidneys must
be studied in separate scans since native and transplanted
kidneys do not appear within the same transverse slice.

Dextran-coated ultrasmall superparamagnetic iron oxide
(USPIO) particles are known to have an intravascular dis-
tribution, migrate very slowly across the capillary endo-
thelium, and have a relatively long blood half-life (18,19).
The slow elimination of these particles allows analysis of
the blood pool tracer-related signal modifications, which
remain stable during the observation period. The optimal
dose of dextran-coated USPIO particles for a first-pass
dynamic MRI study is dependent on the MR pulse sequence,
field strength, etc. The purpose of the present study was to
evaluate first-pass renal perfusion with different doses of
dextran-coated USPIO particles in normal rats in order to
find the optimal dose of USPIO particles for the chosen pulse
sequence. We then applied this method to an experimental
kidney transplant model in rats to evaluate whether USPIO-
enhanced first-pass renal perfusion MRI can accurately de-
tect acute renal allograft dysfunction.

In this work we also present a new signal analysis
method for the automatic detection of renal rejection in
kidney transplantation. Our method fits a parametric sig-
nal processing model to the intrarenal signal intensity.
This parametric model is of the class of autoregressive
(AR) models widely used in signal processing. The dynam-
ics associated with the AR model closely track the dynam-
ics of the intrarenal signal intensity. We have thus devel-
oped a metric that can be used to compare the similarity or
dissimilarity of the AR models corresponding to each in-
trarenal signal. We show with the data collected from four
isograft rats and six allograft rats that our metric is large
when rejection occurs, as compared to the value of the
metric when rejection does not occur.

MATERIALS AND METHODS

Animals

Inbred Dark Agouti (DA) (RT1a) and Brown Norway (BN)
(RT1n) male rats weighing 250–300 g were purchased from
Harlan-Sprague Dawley Inc. (Indianapolis, IN) and were
housed in the animal facility of the Pittsburgh NMR Center
for Biomedical Research. Animal care and experimenta-

tion were in compliance with the Principles of Laboratory
Animal Care and Guide for the Use of Laboratory Animals,
published by the National Institutes of Health (NIH Publi-
cation No. 96-03, revised 1996). The present study was
approved by the Institutional Animal Care and Use Com-
mittee of Carnegie Mellon University.

Forty normal rats [DA (N 5 20) and BN (N 5 20)] were
observed for at least 3 d before the study, and exhibited
normal eating and drinking patterns. Each group was divided
into four subgroups (five rats in each subgroup) receiving
USPIO doses of 3.0, 6.0, 12.1, and 18.1 mg Fe/kg/body weight
(or 54, 108, 216, and 324 mmol Fe/kg/body weight).

Sixteen transplanted rats underwent MR perfusion imag-
ing of the kidneys at day 4 after transplantation. The BN rats
were used as recipients throughout and as donors for synge-
neic transplantation (isografts), and the DA rats served as
donors for allogeneic transplantation (allografts). The ani-
mals were anesthetized by inhalation of methoxyflurane
(Mallinckrodt Veterinary, Mundelein, IL). Left nephrectomy
of the recipients was performed before the left kidney trans-
plantation. The graft (the donor left kidney) was flushed with
lactated Ringer’s solution (Abbott Laboratories, North Chi-
cago, IL) containing heparin and then stored in the same
solution at 4°C. The ischemia time was about 25 min. Fol-
lowing the microsurgical technique of Lee (20), the donor
renal artery and vein were anastomosed end-to-side to the
recipient abdominal aorta and inferior vena cava with 10-0
sutures (Sherwood Medical, St. Louis, MO). The ureter of the
recipient was anastomosed end-to-end with the donor’s ure-
ter by 10-0 sutures using four stitches. The right kidney was
kept intact as an internal control for each individual trans-
planted rat. Six allograft (DA3 BN) and four isograft (BN3
BN) rats were injected with 6.0 mg Fe/kg USPIO particles,
and six allograft (DA3 BN) rats were injected with 12.1 mg
Fe/kg USPIO particles.

Before MRI, a 30-cm PE50 extension tube was inserted
into the right jugular vein for the infusion of USPIO par-
ticles. A heparinized lactated Ringer’s solution was main-
tained in the extension tubing to prevent coagulation.

Preparation of USPIO Particles

Dextran-coated USPIO particles were synthesized in our
laboratory according to Palmacci and Josephson (21) with
slight modifications. A spectrophotometric method was
used to determine the iron content in the particle suspen-
sions (22). Measurements of iron-core size and mean di-
ameter of whole particles were carried out as described in
Dodd et al. (23). Iron-core size measured by transmission
electron microscopy (TEM) was found to be in the range of
4.0–7.5 nm. The mean diameter of whole particles mea-
sured by laser light scattering was 27 6 1.1 nm. The MR
relaxivities, R1 (spin-lattice relaxation rate, 1/T1, per mol
of Fe in USPIO) and R2 (spin-spin relaxation rate, 1/T2, per
mol of Fe in USPIO) measured at 27.8°C with a Bruker
Minispec (Bruker Canada, Ltd., Milton, Ontario, Canada)
operating at 0.47 Tesla, were 3.83 3 104 and 10.8 3 104

M–1 s–1, respectively.
For in vivo studies, the USPIO suspensions were dia-

lyzed in phosphate-buffered saline (PBS), sterilized by
filtration, and assayed for iron content (22). The solution
was then diluted with PBS, and suspensions containing
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3.0, 6.0, 12.1, and 18.1 mg Fe/kg were injected intrave-
nously into the jugular vein.

Dynamic MRI Studies

All animals underwent snapshot fast low angle shot
(FLASH) dynamic studies on a 4.7-T Bruker AVANCE
DRX MR instrument equipped with a 40-cm horizontal
bore superconducting solenoid and a 15-cm shielded gra-
dient insert using a 7-cm diameter Bruker volume coil,
which was used as an RF transmitter and receiver. MR
experiments were carried out with the rats in a supine
position in the center of the coil, under general anesthesia
and mechanical ventilation with 2% isoflurane (Abbott
Laboratories, North Chicago, IL) in an oxygen/nitrous ox-
ide (70%:30%) mixture administered via an endotracheal
intubation.

The snapshot FLASH sequence is characterized by low
flip angle and very short pulse duration and signal read-
outs (24). This sequence consisted of a very short TE
(2.1 ms) and TR (3.45 ms) with an acquisition time for a
64 3 38 data matrix of 134 ms per image. Because of duty
cycle constraints, a time delay of 200 ms was added be-
tween successive image acquisitions. Images were thus
repeated every 334 ms. The field of view (FOV) and the
section thickness were 6 cm and 2 mm, respectively, and
the image matrix was 64 3 64. Each dynamic MRI study
consisted of 128 snapshot FLASH images obtained in a
total imaging time of 43 s. A flip angle of approximately
a 5 15° was found to be optimal for the maximum signal
intensity.

Pilot images with a T*2-weighted gradient-echo sequence
(TR/TE 5 300 ms/7 ms; Ernst angle; 128 3 128 matrix;
6-cm FOV) in the axial and coronal plane were initially
acquired to determine the optimal coronal plane. Then,
the coronal plane with 2-mm slice thickness passing
through the central parts of both kidneys was chosen as the
final position for the dynamic study. To confirm image
quality and location, 128 dynamic snapshot FLASH im-
ages without USPIO infusion were obtained, then the ex-
tension tubing was loaded with the USPIO particles. These
particles were injected simultaneously as the snapshot
FLASH dynamic scan was started. All USPIO particles
were bolus-injected manually, as fast as possible (,2 s), by
the same operator.

Signal Intensity Analysis

Image analysis was carried out using the Bruker ParaVi-
sion software. The regional dynamics of the intrarenal
signal intensity were initially studied qualitatively by vi-
sual analysis. These signal intensities were then quantified
by the following procedure. For each kidney, three regions
of interest (ROIs) within the cortex and three ROIs within
the outer medulla were chosen. These ROIs were chosen to
be the same across the 128 frames of the sequence. Each
ROI was 2 3 2 pixels. For each frame and each kidney, the
signal intensities were averaged over the three cortex ROIs
across the whole sequence to obtain for each kidney one
signal-intensity time series Ic(t) of 128 samples. A similar
procedure gave the corresponding medulla signal-inten-
sity time series Im(t), which again had 128 samples. The

two signal intensities Ic(t) and Im(t) were then normalized
as a means to correct the signal changes not directly re-
lated to the USPIO particles. To achieve this normaliza-
tion, across the 128 frames were first chosen the same 3 3
3 pixel ROI in the psoas major muscle. The psoas major
muscle was selected because the muscle tissue does not
take up iron (19,25). The average signal intensity Ipsoas(t)
over the 9 pixels of the ROI for each frame, t 5 1,2,. . .,128,
of the sequence was computed. Then, the two signal in-
tensities Ic(t) and Im(t) were normalized by Ipsoas(t) to ob-
tain S9c(t) 5 Ic(t)/Ipsoas(t) and S9m(t) 5 Im(t)/Ipsoas(t). Finally,
the two time series were renormalized by the signal inten-
sity obtained for the first frame in order to obtain

Sc~t! 5 S9c~t!/S9c~1! [1a]

Sm~t! 5 S9m~t!/S9m~1!. [1b]

Hereafter, the subscripts in Sc(t) and Sm(t) are usually
omitted and we simply refer to the signal intensity S(t).

The ROI intensity data were then analyzed by two inde-
pendent techniques. The first method involved character-
izing the normalized signal intensity curve by three pa-
rameters: maximum signal decrease (MSD); time at which
this MSD appeared (tMSD); and wash-in slope. Standard
statistical analysis of these parameters was carried out.
The MSD for each dose was determined using the formula
MSD 5 [1 – S(tMSD)] 3 100%. The wash-in slopes of the
signal intensity change were obtained by a three- to five-
point linear regression on the wash-in curve (R2 . 0.95).
The second technique involved an autoregressive model-
ing and subspace distance analysis to automatically dis-
criminate between the signals S(t) corresponding to the
native kidney and the signals S(t) for kidneys undergoing
rejection. Our method was based on an autoregressive
statistical model that we fitted to the dynamic signal S(t).
The concept of subspace distance was used as an objective
criterion for early detection of rejection.

Autoregressive Modeling

The signals are first conditioned by subtracting the sample

mean S 5 ( 1
128)¥

t51

128

S~t! from the original relative intensity

signal S(t), and then are fitted to the mean centered relative
intensity signal S(t) in an AR model (26). From now on,
S(t) is assumed as zero mean. With AR modeling, future
samples of the sequence {St} are modeled as a linear com-
bination of past samples plus a noise sample {ut}, i.e.,

St 5 2O
i51

p

aiSt2i 1 ut. [2]

In Eq. [2], p is the AR model order and {ai} is the AR model
coefficients (26). The sequence {ut} is known as the pre-
diction error sequence. The AR model (Eq. [2]) shows that
the signal sample at time t, St is described as a regression
over the past p signal samples plus a noise ut.

From signal processing theory, it is known that the dy-
namic behavior of an AR model is well characterized by its
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poles (27). The poles of the AR model are the roots of the
monic polynomial (the coefficient of the highest order
term is 1) associated with Eq. [2]:

p~x! 5 xp 1 O
i51

p

aixp2i, p $ 1. [3]

The characteristic polynomial is of degree p, the order of
the AR model, and the coefficients of the polynomial are
the AR model coefficients {ai}. We can also associate with
the AR model of Eq. [2] a p-th order matrix A determined
from the AR model coefficients {ai},

A 5 3
0 1 · · · 0
···

···
· · ·

···
0 0 1

2ap 2ap21 · · · 2a1

4, p $ 1. [4]

Note that for p 5 1, we get A 5 –a1, i.e., A is the scalar –a1.
The A matrix is said to be in companion form. Equation [2]
can now be written in vector-matrix form by introducing
the p-dimensional “state” vector as

st 5 F St2p11···
St

G. [5]

We also introduce the p-dimensional unit vector as

b 5 3
0
···
0
1
4. [6]

Again, if p 5 1, then b 5 1. Equation [2] can now be
rewritten as

st11 5 Ast 1 but11. [7]

Let li, i 5 1, . . . , p represent the eigenvalues associated
with A, and vi be the corresponding eigenvectors, i.e.,

Avi 5 livi i 5 1, . . . , p. [8]

All the li, i 5 1, . . . , p are assumed as distinct. The
eigenvalues of the companion matrix A equal the poles of
the AR model given by Eq. [2], and are also the roots of the
characteristic polynomial (Eq. [3]) (26).

AR Model Fitting: Combined Information Criterion and
Burg Methods

AR models are very compact statistical descriptions for the
time series, i.e., instead of working with the 128 samples of
the time series, we only need to work with the p AR model
coefficients {ai}. This may represent considerable data re-
duction. The challenge is to determine the order p and the
AR coefficients {ai} of the AR model. The combined infor-
mation criterion (CIC) (28) is used to select the order of the
AR model. The CIC is defined as

CIC~p! 5 ln$RES~p!% 1 maxFP
i50

p
~1 1 ni!

~1 2 ni!
2 1, 3 O

i50

p

niG,

[9]

where ln is the natural logarithm, P stands for the product
(multiplication), max returns the max of the two quantities
in its argument, and RES(p), is the residue noise variance

RES~p! 5
1

N 2 p O
t5p11

N

@St 2 ~2 O
i51

p

aiSt2i!#
2, [10]

and the {vi} are referred to as the finite sample variance
coefficients (28).

There are several possible choices for the coefficients {vi} in
Eq. [9] corresponding to different possible methods to esti-
mate the AR coefficients {ai}. We have chosen to estimate the
AR coefficients by application of Burg’s method (29) (for
details, see Appendix A). Burg’s method is based on the
minimization of the sum of the forward and backward
squared prediction errors. Accordingly, we have chosen

ni,Burg 5
1

~N 1 1 2 i!
. [11]

The order p selected for the AR model is referred to as M,
which is given by

M 5 arg min
p

~CIC~p!!, [12]

i.e., it is the value of p such that the quantity CIC(p) in Eq.
[9] is minimized.

By applying CIC(p) to the test data presented below, we
have found that a fourth-order AR model represents the
best fit for the several relative intensity signals under
study. From the estimates {âi} of the AR coefficients found
with Burg’s method, we have determined the poles of the
AR model by rooting the polynomial in Eq. [3]. As noted
above, the poles are the eigenvalues {l̂i} of the companion
matrix A. The associated eigenvectors {v̂i} have also been
determined. As shown in the next section, the poles of the
AR model corresponding to the transplanted kidney, and
the poles of the AR model corresponding to the native
kidney may exhibit different patterns. The poles may be
complex numbers. We consider next how to best quantify
the similarity or dissimilarity between these two sets of
poles corresponding to the native and transplanted kidneys.

Subspace Distance

The Euclidean distance between the set of poles is not a
good measure for pattern similarity. We propose, instead,
to measure the similarity or dissimilarity between the pole
configurations by a subspace distance. This provides us
with a quantitative criterion for decision-making. The sub-
spaces of interest are the subspaces spanned, or generated,
by the eigenvectors (modes of the AR model). Since A is
4 3 4, if we use the corresponding four eigenvectors, a 4D
space is obtained. Using all four eigenvectors gives the
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whole space, so there is no distinction between the space
corresponding to the left and right kidneys. Hence, we
need to use a subcollection of the four eigenvectors. In Fig.
2a and b, the four star poles and the four diamond poles
are grouped into two pairs: the left pair (poles roughly at
the [–0.5, 6 0.5] positions) and the right pair (close to the
[0,1] position). Focusing on the left pair of poles, it is seen
that, in plots a and b, the diamonds are close to the stars.
On the other hand, with the right pair of poles, the dia-
monds are close to the stars on plot a, while the diamonds
have moved to the real line (horizontal axis) on plot b.
Because of this dissimilarity in the pattern of the right pair
of poles, we have chosen to work with the subspaces
spanned by the two eigenvectors associated with the right
pair of poles. For each of the left and right kidneys, we
superscript these eigenvectors v̂i, i 5 1, 2, by L and R to
indicate the left and right kidneys, respectively.

We consider the subspace spanned, i. e., generated, by
the pair of eigenvalues associated with the left kidney, v̂i

L,
i 5 1,2, and the subspace spanned by the pair v̂i

R, i 5 1,2,
associated with the right kidney. A distance between these
two subspaces is introduced. To do that, the 4 3 2 matrices
are defined as

VL 5 @ v̂1
L v̂2

L
# [13a]

VR 5 @ v̂1
R v̂2

R
#. [13b]

The distance between the subspaces that quantifies the
dissimilarity between the left and the right kidneys is
calculated by

D 5 iVL~VL
HVL!

21VL
H 2 VR~VR

HVR!21VR
Hi2, [14]

where VL
H is the transpose conjugate of the matrix VL, and

iBi2 is the spectral norm of the matrix B computed by

iBi2 5 Îlmax [15]

with lmax the maximum eigenvalue of BTB (30). Note that
the subspace distance is bounded, i.e., 0 # D # 1 (see Ref.

30). Note that in Eq. [14], VL is 4 3 2 and noninvertible, but
VL

HVL is 2 3 2 and invertible. A similar condition holds
for VR.

Histopathology

All transplanted rats were sacrificed after the MRI exami-
nations, and the kidneys were removed for evaluating the
pathological changes. Kidneys were cut in the same coro-
nal orientation as the section orientation of the MR images.
The samples were fixed in 4% paraformaldehyde, embed-
ded in paraffin, and processed for 5-mm sections. Hema-
toxylin-eosin (H & E) staining was performed in the Trans-
plantation Pathology Laboratory of the University of Pitts-
burgh Medical Center.

Statistical Analysis

For statistical analysis, differences among the four doses in
normal rats were examined by Kruskal-Wallis analysis,
and differences between the left and right kidneys with
respect to MSD, tMSD, and wash-in slope were analyzed

FIG. 1. Representative dynamic snapshot FLASH MR images at selected time points with four different USPIO doses in normal BN rats.
Shown from left to right are images at time periods of 0, 2.4, 4.4, 6.4, 8.4, 10.4, 12.4, and 14.4 s after USPIO infusion.

FIG. 2. The poles of the AR model of the signal in the cortex for two
rats: (a) isograft and (b) allograft. The stars represent the poles of the
right kidney, and the diamonds represent the poles of the left
kidney. Im 5 imaginary part; Re 5 real part; ✳ 5 native kidney; and
L 5 transplanted kidney.
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with the paired t-test. A probability level (P) , 0.01 was
considered significant.

RESULTS

Normal Rats

Because the optimal dose is related to the MR pulse se-
quence selected, we have evaluated first-pass renal perfu-
sion with different doses of USPIO particles in normal rats
in order to find the optimal dose of USPIO particles for the
chosen pulse sequence. Our previous study (31) showed
that the allograft (DA 3 BN) undergoes moderate acute
rejection on day 4 after transplantation. We chose day
4 post-transplantation as the time point for the first-pass
dynamic study. All animals survived after bolus USPIO
infusion. All kidneys with the doses of 3.0, 6.0, and
12.1 mg Fe/kg showed signal intensity changes typical of
first-pass transit of a bolus of USPIO particles through the
kidney vasculature. Figure 1 shows MR images at selected
time points following bolus injection of USPIO particles of
3.0, 6.0, 12.1, and 18.1 mg Fe/kg, respectively. We ob-
served a signal intensity decrease within the cortex first,
followed by a centripetal progression of the signal de-
crease toward the medulla. This was followed by a signal
intensity increase in the cortex and the medulla because of
the wash-out of the bolus. In the kidneys with a dose of
18.1 mg Fe/kg, no increase of the signal intensity was
observed after the initial signal intensity decrease in the
cortex and the outer medulla. The plots for the regional
change in the relative signal intensity over time in the BN
rats are presented in Fig. 3. Data points represent the
means of the normalized regional signal intensities S(t) for

all rats in the group; shaded bars represent the standard
deviation (SD) of this mean. Well-shaped first-pass dy-
namic curves are demonstrated only for the doses of
3.0 and 6.0 mg Fe/kg in the cortex. The dynamic curve
appears more rounded at the dose of 12.1 mg Fe/kg. With
the dose of 18.1 mg Fe/kg, the dynamic curve does not
recover after maximum signal intensity reduction. A steep
decrease of relative signal intensity in the cortex and a
gradual decrease of relative signal intensity in the outer
medulla have been observed at all doses. This signal in-
tensity change is symmetric; no significant differences for
MSD, tMSD, or wash-in slope are observed between the
right and the left kidneys at all four doses. Table 1 sum-
marizes the means of MSD, tMSD, and wash-in slope for the
renal cortex of all rats studied in the various groups.
Higher MSD, tMSD, and wash-in slope appear with higher
doses of USPIO particles. However, the MSD, tMSD, and
wash-in slope at 12.1 and 18.1 mg Fe/kg are not significantly
different in the cortex. The dynamic curves in DA rats show
shapes similar to those observed in the BN rats. However, as
shown in Table 1, with the same USPIO dose, lower MSD,
shorter tMSD, and higher wash-in slope values in the cortex
are observed in the DA rat group (P , 0.01). With the 12.1 mg
Fe/kg USPIO dose, the dynamic curve in the DA rats appears
to recover faster than that in the BN rats.

Rats With Transplanted Kidneys

All animals survived after infusion of a bolus of USPIO
containing 6.0 or 12.1 mg Fe/kg. The allograft kidneys
show graft enlargement and a delayed perfusion pattern
compared with normal kidneys. Isografts show perfusion

FIG. 3. Plots of the relative signal intensity changes vs. time in the cortex and the outer medulla in normal BN rats after a bolus injection
of four different doses. Images were repeated at 334 ms. Shaded bars represent the SDs of the normalized signal intensities.
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patterns similar to those of normal kidneys. The plots for
regional changes in the relative signal intensity over time
in the transplanted rats are presented in Fig. 4. Well-
shaped first-pass dynamic curves are demonstrated for
doses of both 6.0 and 12.1 mg Fe/kg in the cortex in native
kidney (right kidney). Allograft kidneys (left kidney) show
lower MSD, delayed tMSD, and lower wash-in slope com-
pared with normal kidneys (all P , 0.01) (Table 1). A
greater decrease of signal intensity in the cortex and me-

dulla is observed with increasing dose of USPIO particles.
The perfusion patterns in the cortex and outer medulla of
the isograft kidneys are similar to those of normal kidneys
(Fig. 5). No significant differences for the MSD, tMSD, or
wash-in slope are observed between the native kidney
(right kidney) and the isograft kidney (left kidney).

The primary goal of this study is to develop a technique
to detect organ rejection via MR-observable indices. It
appears that all three parameters characterizing the MR

Table 1
MSD Values, Time of Occurrence of MSD, and Wash-In Slope in the Cortex Following Infusion of USPIO Particles

MSD (%) tMSD (s) Slope (per s 3 1022)

Right Left Right Left Right Left

BN rats
3.0 mg Fe/kg (N 5 5) 38.4 6 7.4 41.4 6 6.2 5.1 6 0.4 5.1 6 0.3 23.0 6 0.4 23.4 6 0.4
6.0 mg Fe/kg (N 5 5) 76.8 6 6.5 74.1 6 1.5 6.0 6 0.9 6.2 6 0.7 25.5 6 0.5 25.6 6 0.7
12.1 mg Fe/kg (N 5 5) 89.8 6 1.4 87.8 6 1.5 6.8 6 0.8 6.6 6 0.5 26.9 6 0.8 27.2 6 1.2
18.1 mg Fe/kg (N 5 5) 92.0 6 4.2 91.2 6 3.2 7.3 6 0.4 7.1 6 0.7 26.9 6 0.9 26.8 6 0.8

DA rats
3.0 mg Fe/kg (N 5 5) 30.2 6 7.5 26.9 6 10.2 3.1 6 0.4 3.0 6 0.4 24.1 6 1.2 24.4 6 1.1
6.0 mg Fe/kg (N 5 5) 61.0 6 6.0 60.8 6 11.6 3.4 6 0.5 3.7 6 0.3 27.7 6 1.6 27.6 6 1.7
12.1 mg Fe/kg (N 5 5) 84.9 6 4.6 85.8 6 3.3 4.4 6 0.4 4.3 6 0.3 28.2 6 1.1 28.1 6 1.5
18.1 mg Fe/kg (N 5 5) 90.0 6 2.3 90.8 6 1.3 5.0 6 0.5 5.0 6 0.6 238.2 6 2.7 28.1 6 2.5

Allograft (DA 3 BN)
6.0 mg Fe/kg (N 5 6) 78.3 6 5.5 55.8 6 9.4a 5.3 6 1.2 6.7 6 1.1a 25.5 6 0.8 22.7 6 1.3a

12.1 Fe/kg (N 5 6) 88.2 6 3.5 72.1 6 11.4a 5.6 6 0.6 7.2 6 0.8a 26.7 6 0.8 24.4 6 1.3a

Isograft (BN 3 BN)
6.0 mg Fe/kg (N 5 4) 78.1 6 6.9 75.9 6 9.3 5.3 6 0.5 5.7 6 1.4 25.4 6 1.4 24.7 6 1.0

All values are expressed as mean 6 SD. MSD, maximal signal decrease; tMSD, time of maximal signal decrease.
aP , 0.01 versus contralateral kidney. In the rats with transplanted kidneys, the right kidney is native; the left kidney is the graft.

FIG. 4. Plots of the relative signal intensity changes vs. time in the cortex and the outer medulla in the allograft rats after a bolus injection
of two different doses. Images were repeated at 334 ms. Shaded bars represent the SDs of the normalized signal intensities.
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signal during wash-in/wash-out of the USPIO bolus, i.e.,
MSD, tMSD, and wash-in slope, of the allografts are differ-
ent from those of the isografts and the native kidneys, and
thus may be used as indices of organ rejection. While each
of these parameters shows differences in the allografts
compared to the isografts and the native kidneys, these
parameters considered as a set will show wider differences
between normal and diseased kidneys. To define a range
for these sets of parameters for normal and transplanted
kidneys, we have created scatter plots using the individual
data for all rats. A scatter plot of all three parameters for
normal kidneys will yield a 3D plot from which a range of
normal values can be identified. For illustrative purposes,
we present in Fig. 6 a 2D scatter plot for tMSD vs. MSD,
which shows enhanced differences between normal and
diseased kidneys when the parameter pairs are considered
together. It is apparent that the tMSD/MSD parameter pairs
for kidneys with normal function cluster around the dot-
ted area, which can be regarded as the range of normal
values. Values outside this region are considered abnor-
mal, with rejecting kidneys characterized by a shift of the
parameter pair upwards and to the left. Another method of
incorporating the combined effect of MSD, tMSD, and
wash-in slope is (as described above) through autoregres-
sive modeling and subspace analysis, in which a single
parameter, the subspace distance, characterizes the differ-
ence in the shape of the wash-in/wash-out curves between
a normal and a diseased kidney.

We have applied the AR model fitting technique by
fitting an AR model to each of the relative intensity signals
S(t) under study. We present here only the results for the
cortex relative intensity signals for the left and right kid-

neys, for each of the six allograft rats, and for each of the
four isograft rats after USPIO infusion of a dose of 6.0 mg
Fe/kg USPIO. We have repeated these studies with the
medulla signals for both groups of rats, but have found that
the cortex signals provide better discrimination for early
rejection detection. In the present study, we present only
the results for the cortex signals.

Figure 2 displays, on the complex plane, the configura-
tion of the resulting poles (eigenvalues) of the AR model
for each of four cases: (i) the left kidney cortex signal
(transplanted kidney, L), (ii) the right kidney cortex signal
(native kidney, ✳), (iii) for one of the isograft rats (left plot),
and (iv) one of the allograft rats (right plot).

We now interpret these complex plane pole configura-
tions of the AR model. First, note that for each cortex
signal, the four poles come into two pairs; for example, the
four diamonds on the left plot can be grouped into a pair of
diamonds on the left of the plot (left pair) and a pair of
diamonds on the right of the plot (right pair). Similarly, the
diamonds on the right plot can be grouped into two pairs,
as can the four stars in each of the plots. As shown in Fig.
2, it is apparent that in the isograft case the poles of the left
and the right kidneys are quite close to each other. In other
words, the left and right pairs of diamond and star poles
are very close to each other on the left plot of Fig. 2, and
these poles display a very similar pattern. In contrast, in
the allograft cases the pattern for the right pair of poles of
the transplanted kidney is quite different from the pattern
of the right pair of poles of the native kidney. This pattern
of similarity and dissimilarity among the left and right
pairs of poles was systematically observed in all four
isograft rats and six allograft rats studied. We used the

FIG. 5. Plots of the relative signal intensity changes vs. time in the cortex and the outer medulla in the isograft rats after a bolus injection
of 6.0 mg Fe/kg. Images were repeated at 334 ms. Shaded bars represent the SDs of the normalized signal intensities.
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pattern for the right pair of poles as the distinguishing
characteristic between the healthy kidney and trans-
planted kidneys undergoing rejection.

We computed the subspace distance given by Eq. [14] for
the subspaces associated with the right pair of poles for the
AR models fitting the data {St} for each individual rat in the
two groups of allograft and isograft rats. Figure 7 shows a
bar diagram for the subspace distances of the cortex signals
between the left and right kidneys for each of the four
isograft rats and each of the six allograft rats. From Fig. 7,
we conclude that the subspace distances for the cortex
signals between the left and right kidneys for the six allo-
graft rats are consistently larger than the distances for the
four isograft rats. The mean 6 SD of these subspace dis-
tances is 0.1926 6 0.1459 for the allograft rats vs. 0.0227 6
0.0066 for the isograft rats. These results are consistent
with those obtained with the Kruskal-Wallis analysis in
terms of the MSD, tMSD, and the wash-in slope. It is rea-
sonable to infer that the subspace distance between the left
and right kidneys is a good measure for investigating kid-
ney function dissimilarity.

Histopathology of kidneys at four days after transplan-
tation shows early acute rejection in all allografts, which is
characterized by graft enlargement; entire interstitial infil-
tration by mononuclear inflammatory cells, particularly in
or around glomeruli and the perivascular area; foci of
moderate or severe tubulitis; and mild intimal arteritis
(Fig. 8a and b). All isografts show normal kidney architec-
ture and some tubular edema is observed in isografts, but
without damage to the renal parenchyma and vessels (Fig.
8c and d).

DISCUSSION

The diagnostic accuracy of renal perfusion MRI can be
improved by using a contrast agent that would only study
perfusion and would have no interstitial diffusion, glomer-

ular filtration, or tubular excretion. Dextran-coated iron
oxide particles are such a type of blood pool agent, and
have a safety margin considerably higher than that of con-
ventional radiopaque and paramagnetic MR contrast
agents (25). Because of the local field inhomogeneity in-
duced by the susceptibility effects of iron oxide particles
within and around the vessels, decreased signal intensity
within the renal parenchyma is linked mostly to spin
dephasing. Thus, the MRI potential of dextran-coated su-
perparamagnetic iron oxide (SPIO) and USPIO has been
the focus of many investigations (18,19,32–34).

SPIO particles (30–1000 nm in diameter) are useful as
renal perfusion MRI markers in organs during the initial
postinjection period (32). SPIO particles have the advan-
tage of increased relaxivity and high magnetic susceptibil-
ity (33). The susceptibility allows for first-pass MRI with
high signal loss after administration of a small volume in a
narrow bolus. Thus, SPIO particles can act as an MRI
superparamagnetic negative blood-pool contrast agent,
which can be used to mark the vascular compartment.
Trillaud et al. (34) carried out a first-pass study of renal
perfusion in the rabbit using SPIO with turbo FLASH MRI,
and showed the effectiveness of SPIO in the qualitative
evaluation of first-pass renal perfusion. However, the turbo
FLASH sequence they used allowed a temporal resolution
of approximately 1 s. This coarse temporal resolution
probably explains why not much difference was observed
in the first-pass dynamic curves between the cortex and
the outer medulla. Furthermore, using SPIO particles has
the drawback that the rapid uptake by the mononuclear
phagocytic system (MPS) precludes steady-state examina-
tion of the vascular sector of kidney. The smaller USPIO
particles (,30 nm in diameter) have an intravascular dis-
tribution, migrate very slowly across the capillary endo-
thelium, and have a blood half-life of 81 min in rats (19).
The slow elimination of these particles allows analysis of
the tracer-related signal modifications, which remain sta-
ble during the observation period. Therefore, the pro-
longed blood pool effect of USPIO particles, compared
with SPIO, indicates their potential utility for assessing
vascular structure (18).

FIG. 7. The subspace distances between the left and right kidneys
for six allograft and four isograft rats. The left six columns represent
the allograft rats, and the right four columns represent the isograft
rats.

FIG. 6. Plot for tMSD vs. MSD shows enhanced differences between
normal and transplanted kidneys when the parameter pairs are
considered together. It is apparent that the tMSD/MSD parameter
pair for the kidneys with normal function clusters around the area
bounded by the dotted area, which can be regarded as the range of
normal values.
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The evaluation of renal perfusion with MRI has become
feasible with the development of rapid data acquisition
techniques, which allow collection of an image in less
than 1 s. Signal vs. time following injection of contrast
agents could be plotted pixel-by-pixel to characterize and
evaluate regional perfusion (14). We designed the renal
perfusion study in normal rats to use a snapshot FLASH
sequence, which allows acquisition times of 134 ms for an
image (Fig. 1). We used a bolus tracking method to evalu-
ate local renal blood flow with different doses of USPIO
particles. It is clear from our data that first-passage of bolus
through the kidneys is completed in less than 10 s. Accu-
rate measurement of the time course of this passage is
needed to obtain reliable values of tMSD, wash-in/wash-out
slope, etc. This can be achieved only with very high tem-
poral resolution. To our knowledge, this work has the
fastest acquisition time used to date for evaluating first-
pass renal perfusion.

The TR in the snapshot FLASH sequence may be too
short to allow for complete dephasing of the spins in the
transverse plane. After the first several cycles, the residual
transverse magnetization gradually reaches a steady state.
For this reason, we used the signal intensities of the mus-
cle to rectify those of the cortex and outer medulla. Using
this fast gradient-echo sequence, first-pass dynamic curves

were clearly detected with doses of 3.0 and 6.0 mg Fe/kg
USPIO particles. Based on the data of maximal signal
reduction and wash-in, we found 6.0 mg Fe/kg USPIO
particles to be a good dose for evaluating renal blood status
in normal rats.

The kidney, which is the most important organ for main-
taining ion/electrolyte homeostasis, are composed of two
major regions: the cortex and the medulla. Glomerular
filtration and proximal tubular resorption take place in the
cortex, which has a very high blood flow (approximately
85% of the total renal blood flow), while the medulla
participates in urine concentration-dilution phenomena
and has a lower blood flow (15% of the total renal blood
flow). In the present study, the differences in the plots of
signal intensity vs. time in the cortex and outer medulla
probably reflect differences in blood flow in each compart-
ment. Our dynamic curves show that the transit and wash-
out of the USPIO particles are rapid in the cortex. In the
outer medulla, where blood flow is not as high, transit
appears to be slower and wash-out appears to occur later.
The results for the normal rats were used as a standard in
our extended study to evaluate renal perfusion status in
rats with transplanted kidneys.

Some recent reports indicate that MR perfusion imaging
using gadolinium chelates could be useful to differentiate

FIG. 8. Hematoxylin and eosin staining of kidney grafts on day 4 post-transplantation at (a and c) 1003 and (b and d) 4003 magnification.
a and b: Allografts exhibit a significant amount of mononuclear cell infiltration, interstitial edema, and tubulitis. c and d: Isografts exhibit
normal kidney architecture with mild focal interstitial mononuclear cell infiltration and slight tissue edema.
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acute tubular necrosis from acute allograft rejection during
the post-transplant period in patients (12,13,35). Although
the first-pass dynamic curves from gadolinium chelates
were not so well defined as those obtained from our USPIO
study, gadolinium-enhanced dynamic MRI still seems to
be a helpful diagnostic technique for the noninvasive eval-
uation of graft status in patients with renal allograft dys-
function during the post-transplant period. In another
study, Beckmann et al. (11) used superparamagnetic con-
trast agent nanoparticles coated with bovine serum albu-
min as an MR contrast agent to evaluate transplant models
in rats. Orthotopic DA 3 Lewis rat kidney allografts were
analyzed by T1- and T2-weighted spin-echo images and
bolus-tracking perfusion assessment. MRI anatomical
scores (range 1–6) and perfusion rates were compared
with graft histology (range of rejection score 1–6). Their
study showed that MRI scores correlated significantly with
the histological scores, and perfusion rates correlated sig-
nificantly with the MRI score or the histological score in
both the acute and chronic phases of rejection. The utility
of MRI with the use of USPIO particles to demonstrate
renal nephrotoxicity has been reported in other recent
studies (36,37). However, to our knowledge, dextran-
coated USPIO particles have not previously been used to
study renal perfusion in transplantation. In the experimen-
tal design of this study, acute allograft rejection was in-
duced in BN rat recipients of a DA kidney. Acute allograft
rejection could be differentiated from normal native and
isograft kidney on day 4 after transplantation. Our results
demonstrate that first-pass USPIO-enhanced dynamic
curves sensitively reflect histopathologic changes in the
early stage of acute renal rejection.

We propose calculation of a subspace distance to mea-
sure the similarity between the intrarenal relative intensity
signals of the normal kidney and the transplanted kidney
in rats. The subspace distance captures the dynamic be-
havior of the relative intensity signal (for example, MSD,
tMSD, and wash-in slope) in a single quantitative measure.
It is a good measure with which to compare kidney func-
tionality patterns. We have tested this quantitative crite-
rion on four isograft and six allograft rats after a bolus
USPIO infusion of a dose of 6.0 mg Fe/kg. The results
demonstrate that the subspace distance can detect pattern
dissimilarity in dynamic intrarenal signals, and can be a
candidate for clinical assessment of kidney function.

In conclusion, this study demonstrates that rapid dy-
namic MRI with bolus administration of different doses of
USPIO yields a reproducible first-pass perfusion pattern of
USPIO particles in the kidney. The use of USPIO particles
as blood pool agents with a high temporal resolution se-
quence appears to be an excellent way to evaluate renal
perfusion. A dose of 6.0 mg Fe/kg appears to be optimal for
maximal signal reduction and fast wash-out in rat kidneys.
Our results clearly show a good agreement between renal
graft perfusion and histopathological changes associated
with rejection. The statistical model and distance criterion
used in this work provide a quantitative means to evaluate
kidney function. Thus, our USPIO-enhanced dynamic MRI
methodology may provide a useful noninvasive tool to
evaluate acute allograft rejection.
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APPENDIX A

CIC(p) is computed from Eq. [9] successively for several
values of the order of the AR model, p 5 1,2,. . .P. For each
p, CIC(p) has two terms. The first term requires knowledge
of the AR coefficients. We collect in this Appendix the
equations for Burg’s method to estimate the AR coeffi-
cients {ai} when the order p of the AR model is fixed. These
equations can be found, for example, in Ref. 30. In the
sequel, N is the number of samples; in our experiments,
N 5 128. Also, * stands for complex conjugate. Because in
our case the data are real valued, * can be ignored. Burg’s
method for estimation of the AR coefficients is given by the
following set of equations. Note that these equations are
used for each value of p 5 1,2,. . .P. Initialization:

r̂SS@0# 5
1
N O

t51

N

uS~t!u2

r̂0 5 r̂SS@0#

ê0
f @t# 5 S@t# t 5 2, 3, . . . , N

ê0
b@t# 5 S@t# t 5 1, 2, . . . , N 2 1.

Iteration:

For k 5 1, 2 . . . , p,

k̂k 5

22 O
t5k11

N

êk21
f @t#êk21

b @t 2 1#*
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k̂k for i 5 k.

~If k 5 1, â1@1# 5 k̂1.!

êk
f @t# 5 êk21

f @t# 1 k̂kêk21
b @t 2 1#

t 5 k 1 2, k 1 3, . . . , N

êk
b@t# 5 êk21

b @t 2 1# 1 k̂*kêk21
f @t#

t 5 k 1 1, k 1 2, . . . , N 2 1.
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The estimates are given as $âp[1#,âp@2#, . . . , âp@p#,r̂p%. Note
that in our notation

â1 5 âp@1#, â2 5 âp@2#, . . . , âp 5 âp@p#.
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