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Abstract
Rationale and Objectives—The purpose of this study was to evaluate prospectively a
gadolinium-based perfusion technique for intrarenal blood flow in transplanted kidneys and to
determine if magnetic resonance (MR) measurements of intrarenal perfusion could be used to
differentiate between normal-functioning kidney allografts and allografts with acute tubular necrosis
(ATN) or acute rejection.

Materials and Methods—Twenty-one subjects were enrolled within four months of receiving a
kidney transplant. A biopsy was performed on subjects to diagnose each allograft as having either
ATN or acute rejection. A group of subjects with normal functioning transplants were also enrolled
in our study. MR perfusion images were acquired on a 1.5T MRI system within 48 hours after biopsy
using an echo planar, T2*-weighted sequence and an injection of gadodiamide contrast agent
administered at a dose of 0.1mmol/kg. Scan parameters were: TR/TE/flip=1000msec/30msec/60°,
FOV=340×340mm, matrix=128×64, slice thickness=10mm, and temporal resolution=1.0sec.
Cortical and medullary blood flow values were calculated.

Results—Medullary blood flow values were significantly (p=0.02) lower in allografts undergoing
acute rejection (121±41 mL/100g/min) compared to normal-functioning allografts (221±96 mL/
100g/min) and those with ATN (247±124 mL/100g/min). Cortical blood flow values were also
significantly (p=0.03) reduced in allografts with acute rejection (243±116 mL/100g/min) compared
to those with normal function (413±116 mL/100g/min).

Conclusion—Preliminary results indicate that MR perfusion techniques may provide a means of
determining noninvasively the viability of renal allografts, potentially alleviating the need for biopsy
in some patients.
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Introduction
Kidney transplantation has become the preferred method of kidney replacement therapy since
the first successful transplant more than 50 years ago [1]. Although advances in surgical
techniques and immunosuppressive therapy have resulted in 1-year graft survival rates
exceeding 90 percent, graft dysfunction in the early post-transplant period remains a serious
clinical problem and an important factor in determining the ultimate fate of the allograft
[1-3]. Graft dysfunction in the early post-transplant period results from a variety of causes,
including cyclosporine toxicity, infection, vascular compromise, ureteral obstruction, acute
tubular necrosis (ATN), and acute rejection [4,5]. The compounding effects of acute rejection
plus delayed graft function (DGF – defined as the need for dialysis during the first week post-
transplantation) in the transplant course are devastating. Ojo et al. noted that individuals with
acute rejection and DGF had a 5-year graft survival of only 35 percent [3]. Thus, early
dysfunction can dramatically influence long-term graft outcomes.

Clinically, a distinction can be made between many of the causes of allograft dysfunction, e.g.
cyclosporine toxicity can be distinguished from infectious causes on the basis of clinical
assessment and laboratory testing. Also, magnetic resonance (MR) imaging or ultrasound can
be used to determine if vascular compromise and ureteral obstruction are present. However, it
is difficult to differentiate ATN from acute rejection, as both have similar radiographic and
laboratory findings. Currently, biopsy is the only means of differentiating between these two
types of dysfunction, yet it has the disadvantages of potential complications and sampling error.

MR imaging is a powerful tool for examining the kidney. MR images depict kidney structure,
which allows for the visualization of the integrity of the cortex and medulla, the size of the
kidney, and any potential extra-renal abnormalities. MR imaging also may be used to map the
renal vasculature and diagnose vascular anomalies, such as renal artery stenosis [6]. Newer
MR imaging techniques can be used to assess the filtration capacity of glomeruli, blood flow
within the kidneys, and oxygen bioavailability [7-9].

Despite the potential of MR imaging as a non-invasive, comprehensive method of assessing
the kidneys, it currently is not used in the routine evaluation of transplanted kidneys. Sadowski
et al. demonstrated that blood oxygen level-dependent (BOLD) MR imaging can effectively
be used to assess the function of transplanted kidneys [10]. Numerous studies have assessed
total renal blood flow in the renal artery with phase contrast exams [11-14], but such
information does not provide regional blood flow measurements. To date, gadolinium-based
MR studies of cortical and medullary blood flow have been performed in humans and animals
– both in normal-functioning native kidneys and in those with vascular pathology [15,16].
However, descriptions of gadolinium-based MR perfusion studies performed on transplanted
kidneys are scarce in the literature. Most studies have been conducted on animals or have
focused on qualitative or semi-quantitative calculations using the peak intensity measurement
and slope of the enhancement curves [17-22]. Techniques using peak intensities as a surrogate
for perfusion may not be comparable from scanner to scanner and site to site. To our knowledge,
this is the first study to measure regional values of cortical and medullary tissue perfusion in
transplanted kidneys using gadolinium-based MR techniques. The method used in this study
employs time-concentration curves (derived from dynamic susceptibility contrast produced by
the passage of a gadolinium-based contrast material) and the central volume principle to
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calculate blood flow in milliliters per 100 grams of tissue per minute (mL/100g/min). This
gadolinium-based MR technique provides regional values of perfusion within the kidney.

In this study, a gadolinium-based MR perfusion method is applied to a population of patients
prospectively with normal and dysfunctional kidney allografts. The purpose of this study was
to evaluate the feasibility of a gadolinium-based MR perfusion technique for noninvasive
evaluation of intrarenal blood flow in normal-functioning transplanted kidneys and allografts
with acute tubular necrosis (ATN) or acute rejection.

Materials and Methods
Subjects

This study was approved by our institutional human subjects review committee and written
informed consent was obtained from all subjects. This study was also HIPAA-compliant.
Between June, 2003 and September, 2004, gadolinium-based MR perfusion measurements
were performed on 21 subjects with recently transplanted kidneys. All subjects were less than
four months post-transplantation at the time of study. All subjects refrained from water or
intravenous fluid intake for four hours prior to the MR perfusion exam. In sixteen subjects who
underwent clinically-indicated biopsy (21 total subjects minus 5 subjects with normal-
functioning kidneys in whom biopsy was not indicated as determined by the transplant
nephrologist), the MR perfusion exam was performed within 48 hours after the biopsy. No
treatment that would affect renal blood flow was administered between the time of biopsy and
the time of the MR exam. Biopsy results were not provided beforehand to the individuals
analyzing the MR perfusion data.

The demographics of the patient studies are summarized in Table 1. The patient population
consisted of thirteen males and eight females ranging in age from 21 to 70 years. Four of the
subjects who were biopsied were excluded from the study. One subject could not complete the
MR exam due to the inability to lie in the supine position for the entire exam. One subject was
excluded due to an underlying polyomavirus infection, discovered after the MRI had been
performed. Two subjects were excluded for technical reasons (improper placement of the slice
transecting the artery to be used for the arterial input function). The total exam time was
between 45 – 60 minutes, which included setup, scout, and perfusion-weighted image
acquisitions.

All subjects had induction therapy with alemtuzumab, basiliximab, thymoglobulin, or anti-
thymocyte globulin prior to transplantation. Subjects were maintained on either two agents
(prednisone plus mycophenolate mofetil) or triple immunosuppression (prednisone plus
mycophenolate mofetil or azathioprine plus cyclosporine or tacrolimus or sirolimus) after
transplantation.

Normal function and graft dysfunction were determined by the transplant nephrologist
according to patient presentation and changes in serum creatinine from baseline. Cases of graft
dysfunction caused by cyclosporine toxicity, infection, vascular compromise, and ureteral
obstruction were excluded by clinical, laboratory, and imaging tests. Ultrasound was performed
prior to biopsy to exclude hydronephrosis, perirenal fluid collections, and vascular occlusion.
The indications for biopsy early after transplantation included an increasing serum creatinine
or β2-microglobulin level in the absence of other causes of transplant dysfunction. Two 18-
gauge biopsy cores were taken under ultrasound guidance at the time of biopsy by the transplant
nephrologist. One 18-gauge core was used entirely for histological assessment. Half of the
second core was paraffin-embedded for immunohistochemistry. The other half of the second
core was stored at -70° C for additional mRNA studies. C4d immunostaining was performed
on each sample as per the standard of care at our institution.
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The final analysis included five subjects with normal function, eight with acute rejection, and
four with ATN. The clinically normal-functioning transplants were identified by laboratory
evaluation and by the consulting transplant nephrologist but were not biopsied. The subjects
with transplants undergoing acute rejection and those undergoing ATN were determined by
clinically-indicated percutaneous renal transplant biopsy. Four out of five subjects in the
normal-functioning group, seven out of eight subjects in the acute rejection group, and all four
subjects in the ATN group had deceased donor kidney transplants. The remaining subjects had
living related donor transplants. Mean creatinine and hematocrit were also measured in all
patients and compared to MRI-based perfusion measures.

MR Perfusion Technique
Perfusion imaging was performed on a 1.5 T MRI system (Signa HD Excite, GE Healthcare,
Waukesha, WI) using a T2*-weighted, echo planar imaging (EPI) sequence applied during an
injection of 0.1 mmol/kg gadodiamide contrast agent at 3 cc/sec (Omniscan, GE Healthcare,
Princeton, NJ). Subjects were asked to hold their breath for the first 30 seconds of the
acquisition and then were allowed to breathe freely for another 140 seconds while the
acquisition continued. The extended acquisition was performed to allow evaluation of the
contrast kinetics in the medulla. The scanning parameters were as follows: TR/TE = 1000/30
msec, flip angle = 60°, FOV = 340 × 340 mm, matrix = 128 × 64, slice thickness = 10 mm,
and temporal resolution = 1.0 sec. Three slices were imaged per transplanted kidney. A T1-
weighted gradient echo sequence was used to evaluate anatomy and to localize the perfusion
EPI images with parameters: TR/TE/flip 87ms/8ms/40°, 256×256 acquisition matrix, and
34×34 cm acquisition FOV. The slices were oriented to demonstrate the long axis of the kidney
and were prescribed such that one of the three slices transected the renal artery or the aorta.

MR Perfusion Calculations
All MR perfusion exams were analyzed using custom scripts written in MATLAB (MATLAB
version 7.0, The MathWorks Inc., Cambridge, MA, USA) that performed the perfusion
calculations described in the Theory section. Regions of interest (ROIs) were defined in a
proximal major artery (either in the renal artery or in the aorta superior to the branching of the
renal arteries). Regions of interest also were placed at various locations within both the renal
cortex and the renal medulla as shown in Figure 1a and were manually registered for those
frames acquired after the loss of breathhold. The sizes of the ROIs were on the order of 10
pixels. A total of four ROIs were placed in the medulla and in the cortex for each of the three
slices imaged per exam. The number of ROIs defined per slice was limited in some patients
due to susceptibility-induced artifacts from bowel gas. Placement of the ROIs in the medulla
and cortex was aided by examining the T1-weighted anatomical images (Fig. 1b). Renal blood
flow (RBF) values were converted to units of mL/min/100g by assuming that the hematocrit
level was kappa = 0.73 (see Appendix: Theory) and that the tissue density was 1.04 g/mL. The
mean and standard deviation of each ROI was recorded. The means over the cortical and
medullary ROIs for a given allograft were used for calculating the group means and standard
deviations (SD) and for comparisons between groups.

Statistical Analysis
Creatinine and mean cortical and medullary blood flow values were compared using a two-
sample equal variance Student's t-test with a significance level set at p = 0.05 for the following
groups: normal versus acute rejection, normal versus ATN, and acute rejection versus ATN.
Bar graphs were prepared from the mean cortical and medullary blood flow values and a scatter
plot was created for medullary perfusion measurements for each of the seventeen patients. To
better understand the feasibility of MR-measured perfusion to discriminate between allograft
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pathologies, we identified thresholds graphically. The sensitivity and specificity of these
thresholds were computed.

Correlation between cortical and medullary blood flow derived from MR imaging, creatinine,
and hemoglobin were determined by calculating the Pearson correlation coefficient and
statistical significance was set at p = 0.05. Correlations with significant p-values were plotted
and fitted with a linear line.

Results
Transplant recipient demographics, serum biomarkers, and results of the blood flow
measurements from the cortex and medulla of transplanted kidneys are summarized in Table
1, reported as mean ± SD. Mean creatinine was 1.6 ± 0.4 mg/dL in the normal-functioning
group, 3.5 ± 2.0 mg/dL in the ATN group, and 4.1 ± 2.0 mg/dL in the acute rejection group.
Hematocrit was 36 ± 6 % for the normal-functioning group, 32 ± 3 % for the ATN group, and
31 ± 6 % in the acute rejection group. The mean medullary blood flow measurements were
221 ± 96 for the normal-functioning, 247 ± 124 for the ATN, and 121 ± 41 mL/100g/min for
the acute rejection groups. The mean cortical blood flow measurements were 413 ± 116 for
the normal-functioning, 377 ± 152 for the ATN, and 243 ± 116 mL/100g/min for the acute
rejection groups.

The blood flow measurements in the cortex and medulla were significantly decreased in
allografts with acute rejection compared with normal-functioning allografts (p = 0.03 for the
cortex and p = 0.02 for the medulla; Figs. 2 and 3). The medullary blood flow measurements
were also significantly decreased in the acute rejection group compared to the group with ATN
(p = 0.02; Fig. 3). Cortical blood flow measurements were not statistically different between
the ATN and acute rejection groups (Fig. 2). Creatinine levels in individuals with acute
rejection were significantly higher than individuals with normal-functioning kidneys (p =
0.01). Creatinine levels were not significantly different between normal-functioning kidneys
and allografts with ATN (p = 0.14) and between allografts with ATN and acute rejection (p =
0.61).

To better assess the feasibility of MR perfusion to differentiate between transplanted kidneys
with normal function, ATN, and acute rejection, thresholds were identified for discriminating
between these groups. For blood flow measurements in the medulla, 8/8 (100%) of allografts
with acute rejection had values below 200 mL/100g/min, while only 1/4 (25%) of allografts
with ATN and only 1/5 (20%) of the normal-functioning allografts had values below this
threshold (Fig. 4a). A threshold of 200 mL/100g/min yielded a sensitivity of 0.78 and a
specificity of 1.00 for distinguishing acute rejection from ATN and normal allografts. Perfusion
thresholds on cortical blood flow measurements did not diagnose individual allografts as
accurately as medullary perfusion measurements (Fig. 4b). A threshold of 325 mL/100g/min
yielded a sensitivity of 0.78 and a specificity of 0.75 for distinguishing acute rejection from
ATN and normal allografts.

However, there was good correlation between MR perfusion measurements of mean cortical
blood flow and mean medullary blood flow (r = 0.7; p = 0.003; Fig. 5a). There was a weaker,
negative correlation between both mean cortical blood flow and creatinine (r = -0.5; p = 0.04;
Fig. 5b), and medullary blood flow and creatinine (r = -0.6; p = 0.007; Fig. 5c). No significant
correlations between intrarenal blood flow and hematocrit were found (Table 2).

Discussion
Several MRI methods have been used to measure blood flow to evaluate normal native kidneys
and changes in intrarenal blood flow due to arterial occlusion [15,23-25]. These methods
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include arterial spin labeling (ASL) methods, gadolinium-based contrast susceptibility
methods, and most recently molecular methods using tissue-specific agents [7-9,24-26]. These
and other studies have shown indicator-dilution techniques to be precise and reproducible.
However, the gadolinium-based MR technique developed here allowed cortical and medullary
perfusion values to be calculated in milliliters per 100 grams of tissue per minute in transplanted
kidneys. This technique is potentially useful for differentiating normal-functioning allografts
and those with ATN from allografts with acute rejection using a threshold value for medullary
blood flow of 200 mL/100g/min. Medullary flow values in all allografts with acute rejection
fell below this threshold, while a single allograft with ATN and a single allograft with normal
function demonstrated medullary blood flow values below this threshold. It should be noted
that both of these subjects were imaged fewer than 12 days post transplant surgery. In fact there
were five patients total who were imaged less than 12 days after the transplantation procedure,
and three out of five had medullary blood flow measurements less than 200 mL/100g/min: one
allograft with ATN, one allograft with normal function and one with acute rejection. These
findings may indicate that blood flow changes similar to acute rejection occur in the early post-
operative period. A threshold of 325 mL/100g/min was chosen for mean cortical blood flow
measurements. However, no definitive threshold could be chosen due to excessive overlap
between groups. A larger study population may elucidate a more definitive threshold for both
medullary and cortical blood flow values.

This work also demonstrates the feasibility of using a gadolinium-based MR perfusion
technique to noninvasively evaluate cortical and medullary blood flow at the capillary level.
The technique presented allows measurement of blood flow in the renal tissue after it has passed
the glomerular unit and is distinguished from existing Doppler and nuclear medicine techniques
that measure “whole” organ flow or flow in the pre-glomerular vessels. Blood flow in large
vessels does not correlate directly with tissue perfusion, as the kidney stringently regulates
blood flow on a capillary level to maintain cortical and medullary perfusion and oxygenation
[23-25,27-29]. Local hormonal and sympathetic control regulates small vessel perfusion over
a wide range of systemic blood pressures and main renal artery blood flows. In fact, flow in
the main renal artery must decrease by 80% or more before medullary tissue perfusion is
affected [23,28,29]. Therefore, techniques that provide more direct measures of cortical and
medullary tissue perfusion will likely offer a more accurate assessment of disease-related
changes in cortical and medullary blood flow.

Interestingly, MR-measured blood flow to the medulla of acutely rejecting allografts is
significantly decreased compared to allografts with ATN. ATN is an entity known to be
associated with low blood flow states during the acute insult. After the acute insult, blood flow
is re-established as healing occurs and there may not be the same level of vasoactive injury,
nor the inflammatory changes observed in ATN as compared to acutely rejecting allografts
[30-32]. In other words, the combination of vasoactive substances in acutely rejecting
transplanted kidneys plus inflammation at the level of the capillaries may alter flow to a greater
degree than the pathologic changes seen in ATN. It is also interesting to note in this study that
creatinine levels could only be used to distinguish between normal-functioning kidneys and
kidneys with acute rejection and not to distinguish normal-functioning kidneys from ATN or
allografts with ATN from acute rejection.

This pilot study has the limitation of being a point-in-time analysis. Blood flow is a dynamic
characteristic of the kidney and capturing a single moment in the physiologic spectrum has
discrete limitations in assessing an ever-changing biological process. Further studies are
needed to determine if a single point in time or a series of time points can accurately identify
allografts with acute rejection with acceptable sensitivity and specificity. While the proposed
method has not been independently validated, absolute quantification of perfusion may not be
required to evaluate disease processes such as transplant rejection. Currently we are performing
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a reproducibility study using MR perfusion techniques in normal subjects and transplant
patients to evaluate the consistency of these measurements for consecutive scans and for
different days. Additionally, there are inherent errors in the gadolinium-based MR perfusion
technique due to the fact that some of the gadolinium exchanges with the extravascular space
in the kidney parenchyma. As an area of future work, modeling of contrast agent kinetics at
time points well after the first pass can depict clearance of gadolinium through the kidney. This
analysis may be a means to assess GFR [33] in addition to perfusion for improved separation
of ATN from normal-functioning allografts. Finally, patients were asked to perform a
breathhold during the first 30 seconds of the perfusion acquisition; however, the first pass is
approximately 50 seconds. Although small errors are introduced by respiratory motion, the
ROIs placed in frames acquired during the last 20 seconds of first pass were manually registered
to mitigate the effects of in-plane motion.

With regard to recent concerns, our group performed these experiments prior to the time when
an association was established between gadolinium-containing contrast agents and
nephrogenic systemic fibrosis (NSF) [34]. Contrast-enhanced MR perfusion imaging should
be performed cautiously in anyone with compromised renal function, especially in those
patients with elevated serum creatinine values or diminished glomerular filtration rates [35].
Although it is unclear if the association between gadolinium-based contrast agents and NSF is
due to a particular agent or dose, future data may reveal a means of using contrast-enhanced
MR imaging in patients with renal insufficiency [36,37]. Alternatively, ASL perfusion
techniques [26] may provide a means of assessing renal function in whom gadolinium should
be avoided. ASL perfusion techniques may be advantageous in tracking a transplant patient's
renal function over time, particularly if it is determined that a lifetime accumulation of low-
dose gadolinium injections is a cause of NSF.

In conclusion, there were statistically different blood flow values in both the cortex and medulla
of the acutely rejecting allografts compared to the normal allografts despite our small study
population. Furthermore, allografts with acute rejection could be identified using a threshold
of 200 mL/100g/min for blood flow in the medulla. Ongoing acquisition and evaluation of MR
perfusion techniques in concert with other regional measures of function, such as BOLD MR
imaging, in a larger group of renal transplant subjects is necessary to determine the ultimate
clinical utility of these techniques.

Acknowledgments
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Appendix

Appendix: Theory
Calculating perfusion using indicator dilution theory and the central volume principle has been
previously described [38,39] and has recently been applied to MR images obtained using
gadolinium as a contrast material [40-45]. When using MR to obtain perfusion values, the
changing concentration of the contrast material as it passes through the organs of interest
produces a concomitant change in signal intensity on T2*-weighted echo planar images (Fig.
1a) as compared to the T1-weighted sequence used for anatomic assessment (Fig. 1b) and
localization. Processing of the images permits the signal-time curves measured in the cortical
and medullary tissues (Fig. 1a) to be converted to concentration-time curves. In this study,
quantitative cortical and medullary blood flow values were calculated by applying tracer
kinetics principles to the first time segment of the dynamic concentration-time curve
corresponding to the first pass of the contrast material through the renal cortex and medulla
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(Fig. 1c). A gamma-variate function was used to model the arterial input function (AIF), as
measured in the aorta or the renal artery. A lag normal function was used to model the tissue
response function [39]. Use of a model-dependent approach provided improved robustness to
noise compared to direct Fourier or singular value decomposition (SVD) deconvolution
techniques.

As for other susceptibility techniques, the measured signal, S(t), can be related to the measured
contrast concentration, Cm(t), by:

(1)

where S0 is the signal intensity prior to the arrival of contrast material, TE is the echo time of
the MR imaging sequence, and k is dependent on the R2* relaxivity of the contrast agent.
Cm(t) was calculated according to Eq. [1]. Cm(t) was defined for both a major artery (renal or
aorta), Ca(t), as well as the tissue of the transplanted kidney, Ctiss(t). Ca(t) is also referred to
as the AIF.

A time window encompassing the first pass of gadolinium was set within which Ca(t) was fit
to a gamma-variate curve using a least-squares approach; elsewhere Ca(t) was set to zero.
Because the dispersion of the contrast bolus in the arterial input contributes to the dispersion
observed in the organ [17,39], Ctiss(t) can be described as a convolution of Ca(t) and the tissue
impulse response, H(t) as:

(2)

For this study, Ctiss(t) was fit by the iterative method described below. An initial guess, H0(t),
for H(t) was made using the lag-normal model [46]:

(3)

where C, tc, σ, γ, and tlag are free variables. Ca(t) was then convolved with H0(t) to yield C
′tiss(t), where the prime indicates that this is an intermediate approximation. A chi-squared
quality of fit value was calculated for C′tiss (t) with respect to the measured tissue data, Cm(t)
(Fig. 1c). The five parameters defining H0(t) were then systematically modified, to produce H
′(t), where again the prime indicates an intermediate approximation. The process was iterated
until a minimum for the chi-squared value was found using a Nelder-Mead simplex search
algorithm. The H′(t), and C′tiss(t) associated with the minimum chi-squared value were defined
as the final H(t) and Ctiss(t) (Fig. 1c).

From H(t), the mean transit time (MTT) was calculated according to:

(4)
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where Hmax denotes the maximum value of H(t). The regional renal blood volume (rRBV) was
calculated from Ctiss(t) and Ca(t) by:

(5)

where κ is a function of the measured hematocrit (taken to equal 0.73 in the present work) and
ρ is the density of the kidney (taken to equal 1.04 g/mL in the present work). Finally, in
accordance with the central volume principle, the quantitative renal blood flow (RBF) was
calculated by:

(6)
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Figure 1.
(A) Gradient-echo single shot echo-planar image (TR/TE/flip = 1000 ms/30 ms/60°, 128 × 64
acquisition matrix, 34 × 34 cm acquisition FOV) illustrating ROI placement over the medulla
(lower signal regions; lower arrow) and cortex (higher signal regions; upper arrow) of a normal-
functioning allograft. (B) T1-weighted gradient-echo image of the same region for reference
(TR/TE/flip = 87ms/8ms/40°, 256×256 acquisition matrix, 34×34 cm acquisition FOV). The
left iliac vein and portion of the abdominal aorta are also seen. Measured concentration versus
time data, Cm(t) (C; dotted distribution), and fit curves, Ctiss(t) (C; solid line), associated with
the cortical ROI.
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Figure 2.
Bar graph of mean measured cortical blood flow values in transplanted kidneys with normal
function, ATN, and acute rejection as measured by MRI. Note the decrease in cortical blood
flow in allografts undergoing acute rejection. Differences in cortical blood flow were
statistically significant between normal-functioning allografts and those with acute rejection
(p = 0.03). Error bars depict the standard error of the mean for each group.
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Figure 3.
Bar graph of the mean measured medullary blood flow values in transplanted kidneys with
normal function, ATN, and acute rejection as measured by MRI. Note the decrease in medullary
blood flow in allografts undergoing acute rejection. The difference in the mean medullary blood
flow values of acute rejecting transplanted kidneys and those with both normal function (p =
0.02) and ATN (p = 0.02) are statistically significant. Error bars depict the standard error of
the mean for each group.
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Figure 4.
(A) Scatter plot of mean medullary blood flow values measured by MRI from individual
transplanted kidneys with normal function, ATN, and acute rejection. Note the blood flow in
the medulla of all transplanted kidneys with acute rejection is below the threshold value of 200
mL/100g/min (solid line). Two allografts, one with normal function and one with ATN, fell
below the 200 mL/100g/min threshold – these subjects were both imaged fewer than 12 days
post-transplantation. (B) Scatter plot of mean cortical blood flow values as measured by MRI
from individual transplanted kidneys with normal function, ATN, and acute rejection. A
threshold of 325 mL/100g/min (solid line) provides the best separation of the groups although
there is greater overlap compared to medullary perfusion measures.
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Figure 5.
Scatter plots of (A) mean cortical versus medullary blood flow values, (B) mean cortical blood
flow versus creatinine, and (C) mean medullary blood flow versus creatinine. Plots are fitted
linearly. Pearson correlation coefficients and p-values are shown.
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Table 1
Subject demographics, serum markers and blood flow values measured by MRI for subjects with normal-functioning
transplanted kidneys and transplanted kidneys undergoing ATN or acute rejection.

Kidney Transplants Normal-functioning ATN Rejection

n 5 4 8

Deceased Donor 4 4 7

Living Related Donor 1 0 2

Age (years) 43 ± 10 49 ± 11 49 ± 12

Creatinine (mg/dL) 1.6 ± 0.4 3.5 ± 2.0 4.1 ± 2.0

Hematocrit (%) 36 ± 6 32 ± 3 31 ± 6

Mean Medullary Blood Flow (mL/100g/
min)

221 ± 96 247 ± 124 121 ± 41

Mean Cortical Blood Flow (mL/100g/min) 413 ± 116 377 ± 152 243 ± 116

ATN = acute tubular necrosis
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Table 2
Pearson correlation coefficients, and p-values if significant, for serum markers and MR-measured blood flow for
seventeen renal transplant subjects.

Creatinine (mg/dL) Hematocrit (%)
Mean Medullary
Blood Flow (mL/

100g/min)

Mean Cortical
Blood Flow (mL/

100g/min)

Creatinine (mg/dL) r = 1.0 r = -0.1 r = -0.6; p = 0.007 r = -0.5; p = 0.04

Hematocrit (%) r = 1.0 r = 0.1 r = 0.2

Mean Medullary Blood
Flow (mL/100g/min) r = 1.0 r = 0.7; p = 0.003

Mean Cortical Blood Flow
(mL/100g/min) r = 1.0
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