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Abstract

This paper addresses the problem of enhancing spatiotemporal resolution of ultra-small superparamagnetic iron oxide (USPIO)-enhanced
dynamic MRI of rat kidneys. To alleviate the limited resolution problem of conventional full-scan Fourier imaging methods, we use a
generalized series-based imaging scheme to reduce coverage ofk-space. Experimental results demonstrate that the generalized series
imaging method with basis functions constructed using two references (pre- and post-contrast) can reduce the number of phase encodings
measured during the dynamic contrast wash-in process by a factor of 4 with a negligible or minimal loss of image quality. The method is
expected to make 3D studies possible using USPIO-enhanced dynamic imaging of rat kidneys, and prove valuable for early detection of
renal rejection after kidney transplantation. © 2003 Elsevier Inc. All rights reserved.

1. Introduction

Kidney transplantation is widely used for treating pa-
tients with end-stage renal disease [1,2]. Because of the
prevalence of graft failure, reliable noninvasive imaging
techniques for early detection of renal rejection are ex-
tremely valuable. Scintigraphy has been used for evaluating
functional abnormalities, whereas color Doppler ultra-
sonography and contrast-enhanced MRI often provide more
anatomic details [3]. Color Doppler ultrasonography is use-
ful for detecting segmental infarction or large areas of
cortical necrosis [4] but is not sensitive enough for diagno-
sis of superficial cortical necrosis or small peripheral per-
fusion defects, particularly in the case of hemorrhagic ne-
crosis [3]. Dynamic contrast-enhanced renal MRI can
provide both morphologic and functional information with
regard to excretory function, renal perfusion, and blood flow
[5]. The most commonly used MR contrast agents are gad-
olinium chelates, which are filtered freely by the glomerulus
without tubular secretion or reabsorption and have no

known nephrotoxicity. However, using gadolinium che-
lates, the vascular and tubular phases are difficult to distin-
guish, especially at the end of the first pass, due to intersti-
tial diffusion and elimination by glomerular filtration.
Dextran-coated ultrasmall superparamagnetic iron oxide
(USPIO) particles are known to have an intravascular dis-
tribution, migrate very slowly across the capillary endothe-
lium, and have a relatively long blood half-life [6,7]. The
slow elimination of these particles allows analysis of the
blood pool tracer-related signal modifications, which re-
main stable during the observation period.

In our previous studies, USPIO-enhanced dynamic MRI
experiments were carried out on normal and transplanted rat
kidneys using a FLASH sequence with data acquisition
parameters:� � 15°, TE� 2.1 ms and TR� 3.45 ms. The
temporal resolution (taking into account of the time delay
due to duty cycle constraints) was about 334 ms [8]. This
paper investigates the use of reduced-encoding imaging to
improve the spatiotemporal resolution of USPIO-enhanced
dynamic MRI.

Although reduced-encoding imaging traditionally results
in a significant loss of image quality, recent methods based
on the data-sharing principle are able to produce high-
resolution dynamic images with as few as 16 encodings per
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frame. A common feature of these methods is that a high-
resolution reference image and a sequence of reduced dy-
namic data sets (usually in central k-space) are collected.
Assuming that N encodings are collected for the reference
data set and Mencodings for each of the dynamic data sets,
a factor of N/M improvement in temporal resolution (or
imaging efficiency) is gained. In image reconstruction, the
reference data are used to compensate for the loss of high
frequency data in the dynamic data sets. In the keyhole
method [9,10], this is done in a straightforward fashion, that
is, the unmeasured encodings of each dynamic data set are
replaced directly by the corresponding reference data to
create a “ full-size” data set. A weakness of this data-sharing
method is that any data inconsistency between the dynamic
and reference data sets will result in data truncation artifacts
and, as a result, dynamic image features are produced only
at low resolution. With RIGR (Reduced-encoding Imaging
by Generalized-series Reconstruction), image reconstruc-
tion is done using a generalized series model [11,12], in
which the basis functions are determined by the reference
data and the coefficients are determined by the dynamic
data. This reconstruction algorithm is approximately opti-
mal in the minimum cross-entropy sense [11] and can over-
come the limited resolution problem with the keyhole
method. It has also been shown that with multiple refer-
ences, RIGR can reconstruct dynamic features in a resolu-
tion close to that of the reference image [13,14]. In this
paper, we will use an improved algorithm based on two
references to construct a set of basis functions for fast
imaging of the wash-in/wash-out process of USPIO parti-
cles in rat kidneys.

The rest of the paper is organized as follows: Section 2
describes the proposed method in detail; Section 3 presents
some simulation and experimental results; and Section 4
concludes the paper.

2. Proposed method

The proposed method is based on a generalized series
(GS) imaging scheme in which an unknown image function
is expressed as [11]

I� x�� � �
n

cn�n� x��. (1)

The basis functions �n (x�) are given by

�n� x�� � w� x��ei2�n�k�x�, (2)

where the weighting function w(x�) is chosen based on a
priori information. Treating w(x�) as an initial estimate of
I(x�), the basis functions in Eq. (2) are approximately optimal
according to the minimum cross-entropy principle [11].
After w(x�) is determined, the series coefficients can be
found by solving a set of simultaneous linear equations [11].
We next describe how to use this model to improve spatio-

temporal resolution of USPIO-enhanced dynamic imaging
of rat kidneys.

2.1. Data acquisition

The data acquisition scheme of the proposed method is
similar to that of the two-reference RIGR method (TRIGR)
[13,14], which is characterized by: (a) the acquisition of two
high-resolution reference images, one pre-contrast image as
the baseline reference and another after the rapid dynamic
wash-in phase is completed; and (b) acquisition of a se-
quence of reduced data sets during the dynamic process.
The number of encodings collected for the references is
determined in principle by the desired spatial resolution
whereas the number of encodings for the dynamic data sets
is set based on the desired temporal resolution. In our
preliminary 2D imaging experiments, 64 phase encodings
were collected for the reference data sets and 16 for the
dynamic data sets in the center of k-space, and a FLASH
sequence was used for signal generation in which � � 15°,
TE � 2.1 ms an TR � 3.45 ms. The experiments were
performed on Brown Norwegian rats with USPIO dose of
12.1 mg Fe/kg body weight. The MR data acquisition was
done in a 4.7-T, 40-cm horizontal bore Bruker AVANCE
DRX MR instrument using a 7-cm diameter Bruker volume
transceiver RF coil. Further details on the experimental
protocol can be found in [8].

2.2 Image reconstruction

Let Ir,1 (x�) and Ir,2 (x�) be the high-resolution reference
images, and dq (k�), 1 � q � Q, be dynamic data sets such
that

dq�k�� � � Iq� x��e�i2�k�x� dx� , (3)

where Iq(x�) are the desired dynamic images. In USPIO-
enhanced dynamic MRI, Ir,1 (x�) can be treated as the base-
line such that Ir,2 (x�) � Ir,1 (x�) highlights areas of dynamic
signal variations. Consequently, we set

w� x�� � �Ir,2� x�� � Ir,1� x���, (4)

and

�dq�k�� � dq�k�� � dr,1�k��, (5)

where dr,1 (k�) is the pre-contrast reference data and � dq(k�)
is calculated at the k-space locations in which dq(k�) is
available. Let � Iq(x�) represent the dynamic signal changes
between the qth data set and the pre-contrast reference
image Ir,1 (x�), Iq(x�) can be expressed as

Iq� x�� � Ir,1� x�� � �Iq� x��. (6)

The question now is how to reconstruct �Iq(x�) in high
resolution. This can be done by applying the GS model
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directly to �dq(k�) using the basis functions constructed
based on the weighting function given in Eq. (4). An FFT-
based fast algorithm is also available to reconstruct �Iq(x�).
More specifically, we first rewrite the GS model in the
following form:

�Iq� x�� � w� x��C� x��, (7)

where C(x�) � ¥n cne�i2�k�n � x� is the contrast modulation
function. Let �Îq(x�) � Iq(x�) � h(x�) be the low-resolution
Fourier reconstruction of �Iq(x�) from the measured k-space
data, where h(x�) is the point spread function of the data
truncation window. We then have

� Îq� x�� � �w� x��C� x����h� x��. (8)

Noting that C(x�) is a smooth function [in the sense that
C(x�) does not vary significantly over any region of the shape
and size of the effective spatial support of h(x�)], we can
factor C(x�) out of the convolution integral in Eq. (8). Con-
sequently, we have

� Îq� x�� � �w� x�� � h� x���C� x�� � ŵ� x��C� x�� (9)

where ŵ(x�) � w(x�) � h(x�) is a low-resolution version of
w(x�), which is obtained by discarding the high spatial fre-
quency data that produced w(x�). From Eq. (9), we immedi-
ately obtain

C� x�� �
� Îq� x��

ŵ� x��
. (10)

The above equation provides a fast way to evaluate C(x�)
because the main computation here is the two FFTs used to
calculate �Îq(x�) and ŵ(x�). The solution provided by Eq. (10)
could be unstable due to division by zero (or numbers close
to zero). The problem can be easily dealt with by adding a
“ regularization” constant � to the magnitude of ŵ(x�) such
that

C� x�� �
� Îq� x��

��ŵ� x��� � ��ei	 � x��, (11)

where 	 (x�) is the phase function of ŵ(x�). Clearly, a large �
will give a more stable C(x�), but at the expense of accuracy.
We set � � 10�2 
, with 
 being the mean value of �ŵ(x�)�,
which gave acceptable results.

3. Results and discussion

We present in this section some representative simula-
tion and experimental results to illustrate the performance of
the proposed method.

Fig. 1 shows a set of simulation results based on the
experimental data acquired from a USPIO-enhanced dy-
namic imaging experiment. In this experiment, we acquired,
as the “gold” standard, a sequence of 64 dynamic images
with “high” spatial resolution (64 	 64 phase encodings
were used to avoid excessive temporal averaging). We then

truncated the measured k-space data in both directions to
obtain a reduced data set with 16 	16 phase encodings for
each data frame. Such data frames could be obtained using
a single-shot spiral or EPI sequence [15]. In image recon-
struction, two methods were used: the conventional Fourier
method and the proposed TRIGR method (using the FFT-
based reconstruction algorithm described in Section 2.2).
The reconstruction results for 12 temporal frames are pre-
sented in Fig. 1 along with the “gold” standard images (Fig.
1a). As can be seen from Fig. 1b, the images reconstructed
using the Fourier transform contain significant blurring ar-
tifacts and, as a result, it is very difficult to distinguish the
anatomic structures in these images. In contrast, the images
reconstructed using the proposed method (shown in Fig. 1c)
have a much better spatial resolution, comparable to that of
the “gold” standard in Fig. 1a. Anatomic structures, partic-
ularly the boundaries of the two kidneys are “equally” well
defined in both the TRIGR images and the “gold” standard
while TRIGR uses only 1/16 of the data for each data frame,
providing potentially a factor of 16 improvement in tempo-
ral resolution for 3D imaging experiments.

To illustrate the performance of the proposed method in
the practical setting of USPIO-enhanced dynamic imaging
of rat kidneys, we directly implemented the TRIGR imaging
scheme by collecting reduced dynamic data sets to gain
temporal resolution. As this was a 2D study, we collected
for each data frame 16 phase encodings, each with 64 data
points along the readout direction. Fig. 2 shows the results
of this experiment where (a) displays the two reference
images with 64 phase encodings: pre-contrast (left) and
post-contrast (right); (b) shows 12 out of the 128 image
frames reconstructed using the conventional Fourier meth-
od; and (c) shows the corresponding images reconstructed
using TRIGR with basis functions constructed using the
references in (a). As expected, the Fourier images in Fig. 2b
contain serious blurring artifacts, rendering the images use-
less for practical use. The blurring is essentially removed by
TRIGR in Fig. 2c. An important practical question here is:
would TRIGR, in applying the constraints to the dynamic
images, bias the temporal response of different tissues to the
injected USPIO? To address this question, we calculated the
temporal response curves based on the TRIGR and Fourier
images reconstructed from the experimental data. A set of
representative results is shown in Fig. 3a that contains the
temporal responses in two important areas: cortex (black)
and muscle (gray), for the sequences reconstructed with
conventional Fourier method (circle) and the proposed
TRIGR method (star), respectively. In this study we se-
lected the spatial locations carefully (labeled with letter “A”
and “B” in Fig. 3b) so that the partial-volume (or spatial
averaging) effect in the Fourier images (due to low spatial
resolution) does not affect the temporal response signifi-
cantly at these locations. As can be seen in Fig. 3a, TRIGR
reproduced the temporal responses very well. In other
words, TRIGR did not introduce any noticeable bias to the
temporal behavior of contrast uptake in these tissues while
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dramatically improving the spatial resolution of the Fourier
images. This is a very desirable property, which indicates
that USPIO-enhanced dynamic imaging of rat kidneys with
good spatiotemporal resolution can be achieved by data
sharing using the proposed imaging scheme.

4. Conclusion

Kidney transplantation is widely used as the treatment of
choice for patients with end-stage renal disease. Because of
the prevalence of graft failure, reliable noninvasive imaging
techniques for early detection of renal rejection are ex-
tremely valuable. This paper is concerned with the devel-

opment of a fast method for USPIO-enhanced dynamic
imaging of rat kidneys. To alleviate the limited resolution
problem of conventional full-scan Fourier imaging meth-
ods, we use a generalized series-based imaging scheme to
reduce coverage of the k-space. Experimental results dem-
onstrate that the proposed method with basis functions con-
structed using two references (pre- and post-contrast) cou-
pled with appropriate pulse sequences can reduce the
number of phase encodings by a factor of up to 4 in 2D
studies. It is expected to provide a reduction factor of up to
16 in 3D imaging studies. We can take advantage of these
properties to significantly speed-up the imaging process,
which should prove very valuable for early detection of
renal rejection after kidney transplantation.

Fig. 1. Dynamic images of a rat kidney reconstructed using: (a) the conventional Fourier method with 64 	 64 data points (“gold” standard), (b) the
conventional Fourier method with 16 	 16 central k-space points, and (c) the proposed method with the same data in (b). Notice the significant resolution
loss in (b), which is removed by the proposed method.
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