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 Purpose: To assess prospectively the ability of quantitative low-dose 
three-dimensional magnetic resonance (MR) renography 
to help identify the cause of acute graft dysfunction.

 Materials and 
Methods: 

This HIPAA-compliant study was approved by the institu-
tional review board, and written informed consent was 
obtained. Between December 2001 and May 2009, sixty 
patients with transplanted kidneys (41 men and 19 women; 
mean age, 49 years; age range, 22–71 years) were included. 
Thirty-one patients had normal function and 29 had acute 
dysfunction due to acute rejection ( n  = 12), acute tubular 
necrosis (ATN) ( n  = 8), chronic rejection ( n  = 6), or drug 
toxicity ( n  = 3). MR renography was performed at 1.5 T 
with three-dimensional gradient-echo imaging. With use 
of a multicompartment renal model, the glomerular fi ltra-
tion rate (GFR) and the mean transit time (MTT) of the 
tracer for the vascular compartment (MTT A ), the tubular 
compartment (MTT T ), and the collecting system compart-
ment (MTT C ) were calculated. Also derived was MTT for the 
whole kidney (MTT K  = MTT A  + MTT T  + MTT C ) and frac-
tional MTT of each compartment (MTT A/K  = MTT A /MTT K , 
MTT T/K  = MTT T /MTT K , MTT C/K  = MTT C /MTT K ). These pa-
rameters were compared in patients in the different study 
groups. Statistical analysis was performed by using analy-
sis of covariance.

 Results: There were signifi cant differences in GFR and MTT K  be-
tween the acute dysfunction group (36.4 mL/min  6  20.8 
[standard deviation] and 177.1 seconds  6  46.8, respectively) 
and the normal function group (65.9 mL/min  6  27.6 and 
140.5 seconds  6  51.8, respectively) ( P   ,  .001 and  P  = .004). 
The MTT A/K  was signifi cantly higher in the acute rejection 
group (mean, 12.7%  6  2.9) than in the normal function 
group (mean, 8.3%  6  2.2;  P   ,  .001) or in the ATN group 
(mean, 7.1%  6  1.4;  P   ,  .001). The MTT T/K  was signifi -
cantly higher in the ATN group (mean, 83.2%  6  9.2) than 
in the normal function group (mean, 72.4%  6  10.2;  P  = 
.031) or in the acute rejection group (mean, 69.2%  6  6.1; 
 P  = .003).

 Conclusion: Low-dose MR renography analyzed by using a multicom-
partmental tracer kinetic renal model may help to differenti-
ate noninvasively between acute rejection and ATN after 
kidney transplantation.
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based tracer through the intrarenal com-
partments of the kidney such as the ar-
teries and glomerulus, loops of Henle, 
and collecting ducts. We have demon-
strated that low doses of gadolinium-
based contrast agent ( , 5 mL) are suffi -
cient to visualize tracer transit through 
the kidneys and to quantify physiologic 
parameters such as glomerular fi ltration 
rate (GFR) and the MTT of the tracer for 
the vascular compartment (MTT A ), the 
tubular compartment (MTT T ), and the 
collecting system compartment (MTT C ) 
at MR imaging ( 21,24–26 ). We also de-
veloped algorithms using a temporal 
Markov model and graph cuts to semi-
automatically segment all data sets into 
cortex, medulla, and the collecting sys-
tem following coregistration with mu-
tual information maximization ( 27 ). 

 In this article, we describe a method 
for evaluating renal transplant function 
using a parametric representation of 
renal enhancement curve data derived 
from our multicompartmental model. 

and hasten graft loss over time ( 4–6 ). 
Percutaneous renal transplant biopsy 
is currently the established method of 
differentiating between causes of acute 
graft dysfunction ( 7 ). Unfortunately, bi-
opsies are invasive and painful and can 
result in complications such as bleed-
ing, infection, and, rarely, graft loss. 
Additionally, in some patients different 
etiologies may coexist and have been 
inconsistently represented at biopsy, 
depending on the location of the sam-
pling ( 8,9 ). 

 MR imaging is a powerful tool for 
examining the kidney. MR imaging pro-
vides an accurate assessment of the ana-
tomic causes of transplant dysfunction, 
such as renal artery stenosis or ureteral 
obstruction ( 10 ). The value of qualita-
tive MR renography in the diagnosis of 
diseased renal transplants has been dem-
onstrated in various published studies 
( 11–15 ). On the other hand, comparison 
of the mean transit time (MTT) for the 
cortex and medulla at nuclear medicine 
imaging by using technetium 99m ( 99m Tc) 
pentetic acid demonstrated to be use-
ful in differentiating acute rejection and 
ATN in transplanted kidney ( 16–19 ). 
Recently, quantitative dynamic contrast 
material–enhanced T1-weighted MR im-
aging of the kidneys, or MR renography, 
has emerged as a promising radiologic 
measure of renal function ( 20–23 ). When 
applied to renal transplants, quantita-
tive criteria for the diagnosis of acute 
graft dysfunction with MR renography 
or nuclear medicine have not been ad-
equately studied. 

 Multicompartmental kinetic model-
ing is highly relevant for analyzing dy-
namic contrast-enhanced MR results ( 21 ). 
Our group has proposed techniques for 
measuring renal function on the basis 
of a multicompartmental model that 
refl ects the transit of the gadolinium-

              Renal transplantation is the treat-
ment of choice in patients with 
chronic renal failure, sparing them 

from life-long dialysis and improving their 
quality of life. After transplantation, about 
30%–40% of patients have at least one 
episode of acute graft dysfunction, and 
half of those experience repeated epi-
sodes ( 1 ). Major causes of acute graft 
dysfunction are either anatomic or in-
trinsic parenchymal causes ( 2 ). Anatomic 
conditions (arterial stenosis, ureteral 
obstruction, etc) can usually be diag-
nosed accurately with ultrasonography 
(US), computed tomography (CT), an-
giography, or magnetic resonance (MR) 
imaging. On the other hand, intrinsic 
conditions leading to renal parenchymal 
injury, such as acute rejection, acute tu-
bular necrosis (ATN), and drug toxicity, 
are more diffi cult to diagnose because the 
clinical symptoms, laboratory data, and 
image fi ndings of these diseases often 
overlap despite differences at histo-
pathologic examination, such as arteri-
tis and glomerulitis in acute rejection 
and tubulitis and tubular necrosis in 
ATN ( 3 ), and therapeutic strategies are 
radically different depending on the di-
agnosis. Early characterization of the 
underlying cause of graft dysfunction is 
important, because delayed treatment 
can lead to irreversible loss of nephrons 

 Implication for Patient Care 

 Low-dose MR renography ana- n

lyzed by using a multicompart-
mental tracer kinetic renal model 
may help to differentiate nonin-
vasively between acute rejection 
and ATN after kidney 
transplantation. 

 Advances in Knowledge 

 The vascular fractional compo- n

nent of mean transit time (MTT), 
MTT A/K  (MTT A  = vascular MTT, 
MTT K  = whole kidney MTT), was 
signifi cantly higher in the acute 
rejection group (mean, 12.7%  6  
2.9) than in the normal function 
group (mean, 8.3%  6  2.2;  P   ,  
.001) or the acute tubular necro-
sis (ATN) group (mean, 7.1%  6  
1.4;  P   ,  .001). 

 The tubular fractional component  n

of MTT, MTT T/K  (MTT T  = tubular 
MTT), was signifi cantly higher in 
the ATN group (mean, 83.2%  6  
9.2) than in the normal function 
group (mean, 72.4%  6  10.2;  P  = 
.031) or the acute rejection group 
(mean, 69.2%  6  6.1;  P  = .003). 
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 Abbreviations: 
 ATN = acute tubular necrosis 
 GFR = glomerular fi ltration rate 
 MTT = mean transit time 
 MTT A  = MTT for vascular compartment  
 MTT C  = MTT for collecting system compartment 
 MTT K  = MTT for whole kidney 
 MTT T  = MTT for tubular compartment 
 ROC = receiver operating characteristic 
 RPF = renal plasma fl ow 
 3D = three-dimensional  
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mm; acquisition time, 3 seconds each. 
Before contrast agent administration, 
fi ve 3D data sets were acquired during 
one 15-second breath hold to establish 
a reliable precontrast signal intensity 
baseline for measurement of tracer con-
centration. A bolus injection of 4 mL 
gadoteridol (ProHance; Bracco, Milano, 
Italy) was intravenously administered, 
followed by a 20-mL saline fl ush at 2 
mL/sec. Eight seconds after the start 
of gadoteridol injection, 10 3D acquisi-
tions every 3 seconds were repeated 
continuously for 30 seconds, followed 
by additional 3D images acquired dur-
ing separate 3-second breath holds for 
approximately 10 minutes thereafter. In 
addition to MR renography, all subjects 
underwent routine T1-weighted gradient-
echo and T2-weighted half-Fourier single-
shot fast spin-echo imaging and conven-
tional 3D contrast-enhanced MR angiog-
raphy, venography, and urography for 
routine anatomic assessment. 

distribution of diagnoses is shown in 
the  Table . The mean interval between 
transplantation and MR renography was 
67.3 days (range, 1–341 days). The 
mean interval between MR renography 
and biopsy was 3.5 days (range, 0–21 
days). 

 MR Imaging Technique 
 According to an institutional review board-
approved protocol, all MR examinations 
were performed at 1.5 T (Avanto or 
Symphony; Siemens Medical Solutions, 
Erlangen, Germany) by using a body 
phased-array coil. Three-dimensional 
spoiled gradient-echo (fast low-angle shot) 
oblique coronal images that included the 
distal aorta and iliac arteries and the en-
tire allograft were acquired by using the 
following parameters: repetition time 
(msec)/echo time (msec), 2.84/1.05; 
fl ip angle, 12°; matrix, 161  3  256; fi eld 
of view, 425  3  425 mm; voxel size, 1.7  3  
1.7  3  2.5 mm 3 ; section thickness, 2.5 

The purpose of this study was to assess 
prospectively the ability of quantitative 
low-dose three-dimensional (3D) MR 
renography to help identify the cause of 
acute graft dysfunction. 

 Materials and Methods 

 Study Patients 
 This Health Insurance Portability and 
Accountability Act-compliant study was 
approved by the institutional review 
board, and written informed consent 
was obtained from all patients. Between 
December 2001 and May 2009, all pa-
tients who received transplants were 
invited to undergo low-dose 3D MR 
renography at transplant outpatient clin-
ics for their routine clinical visit. After 
December 2006, all subjects with GFR of 
less than 30 mL/min based on modifi ca-
tion of diet in renal disease, or MDRD, 
equation were excluded from partici-
pation because of the risk of nephro-
genic systemic fi brosis. Patient selec-
tion, inclusion and exclusion criteria, 
and number of excluded patients are 
shown in  Figure 1  . The study included 
60 patients (41 men, 19 women; mean 
age, 49 years; age range, 22–71 years) 
who underwent MR renography within 
12 months after the transplantation. Pa-
tient demographics are summarized in 
the  Table  . 

 All patients received standard induc-
tion therapy. Thirty-one patients had 
clinically normal functioning transplants, 
as determined with clinical data and 
consensus assessment of two transplant 
surgeons and one nephrologist. Twenty-
nine patients had acute dysfunction, 
as diagnosed according to biopsy and 
clinical information ( n  = 22) or clini-
cal information without biopsy ( n  = 7). 
Clinical information included labora-
tory data, imaging fi ndings, and clinical 
course more than 1 month after treat-
ment and was assessed by an experi-
enced team of two transplant surgeons 
and one nephrologist. The biopsy data 
did often contain fi ndings that included 
more than one diagnosis. The fi nal diag-
nosis was determined primarily by us-
ing biopsy data, but clinical information 
about the patient was also used. The 

 Figure 1 

  
  Figure 1:  Flow diagram of patient selection and exclusion criteria for the 
study.  U.S.F.D.A.  = U.S. Food and Drug Administration.    
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function, after adjusting for patient age 
and sex. Separate binary logistic regres-
sion models, adjusting for patient age 
and sex, were fi t to predict acute rejec-
tion versus normal and dysfunction ver-
sus normal. Receiver operating char-
acteristic (ROC) analyses were used to 
characterize the diagnostic performance 
of the MTT measures.  P  values reported 
for group comparisons are Tukey cor-
rected. All reported  P  values are two 
sided and considered to indicate a sta-
tistically signifi cant difference when  P   ,  
.05. SAS version 9.0 (SAS Institute, Cary, 
NC) was used for all computations. 

 Results 

 As expected, the GFR of the transplanted 
kidney was signifi cantly lower in the 
acute dysfunction group (mean, 36.4 
mL/min  6  20.8 [standard deviation  ]) 
than in the normal function group (mean, 
65.9 mL/min  6  27.6) ( P   ,  .001) ( Fig 3a  ), 
although there was a good deal of over-
lap between the groups. MTT K  was sig-
nifi cantly higher in the acute dysfunc-
tion group (mean, 177.1 seconds  6  46.8) 
than in the normal function group (mean, 
140.5 seconds    6  51.8) ( P  = .004) ( Fig 
3b ), with considerable overlap between 
the groups, suggesting the delayed tran-
sit of contrast material through the 
kidney in dysfunctional grafts. However, 
there was no signifi cant difference in 

(Matlab; MathWorks, Natick, Mass) to 
minimize the residual difference between 
the model-constructed and the measured 
cortical and medullary tissue concentra-
tion curves ( 24–26 ). 

 From the fi tted model parameters, 
we also derived MTT for the whole kid-
ney (MTT K  = MTT A  + MTT T  + MTT C ) 
and fractional MTT of each compartment 
(MTT A/K  = MTT A /MTT K , MTT T/K  = MTT T /
MTT K  and MTT C/K  = MTT C /MTT K ). The 
fractional MTT of the two zones of the 
kidney, the outer zone (assumed cortical 
nephrons) and the middle zone (assumed 
medullary nephrons), has been shown to 
be promising in diagnosing renal trans-
plants at dynamic scintigraphy ( 16 ). 

 Statistical Analysis 
 Analysis of covariance was used to com-
pare subject groups in terms of GFR 
and MTT measures adjusted for the po-
tential confounding effects of age and 
sex. A separate analysis of covariance 
was conducted for each parameter. In 
each case, pairwise comparisons among 
subject groups were conducted only if 
the initial composite F test for overall 
group differences was signifi cant ( P   ,  
.05). When conducted, the pairwise 
comparisons were subjected to a Tukey 
multiple comparison correction. A binary 
logistic regression was used to assess 
the diagnostic utility of MTT measures 
for helping predict ATN versus normal 

 Data Analysis 
 Semiautomated image registration and 
segmentation of the 3D MR renography 
data sets were performed to produce iliac 
artery, renal cortical, and renal medul-
lary signal intensity versus time curves 
( 27 ) ( Fig 2  ) and measures of the whole 
kidney, cortical, and medullary renal 
volumes. The signal intensity versus time 
curves were converted to concentration 
versus time curves ( 28 ). 

 For estimating renal functional pa-
rameters, we used a modifi ed version 
of a previous three-compartment model 
( 25 ). This modifi ed model includes three 
serially-connected compartments: vascu-
lar, tubular, and collecting ducts. Renal 
cortex is assumed to contain a fraction 
of vascular and tubular compartment, 
whereas medulla contains the remain-
der of vascular and tubular compart-
ment and all of collecting ducts. The ra-
tionale for this modifi cation lies in the 
fact that the fl ow of the fi ltered tracer 
in tubules is relatively fast (due to large 
amount of water) and thus enters col-
lecting ducts at an early time, an as-
sumption that has been used in other 
published models ( 29 ). The modifi ed 
model involves multiple parameters, in-
cluding renal plasma fl ow (RPF), GFR, 
cortical vascular volume fraction, MTT A , 
MTT T , and MTT C . In fi tting data, the 
model parameters were adjusted by 
using Levenberg-Marquardt algorithm 

  

 Patient Demographic Data   

Variable Normal Function Acute Rejection ATN Chronic Rejection Drug Toxicity

No. of patients 31 12 8 6 3
Mean age (y) * 49.9 (22–70) 44.9 (22–65) 52.3 (22–71) 46.3 (22–63) 47.3 (38–54)
Creatinine level (mg/dL)  †  1.45  6  0.3 3.1  6  1.0 2.7  6  0.7 2.9  6  1.3 2.7  6  1.2
Diagnosis
 Biopsy and clinical 0 10  ‡   7  §  3  ‖  2  #  
 Clinical 31 2 1 3 1
Mean interval between transplantation 
  and MR renography (d) * 

53.1 (1–224) 37.8 (2–114) 9.4 (1–28) 266.8 (98–341) 87.0 (16–124)

* Numbers in parentheses are ranges.

 †  Data are means  6  standard deviation. 

 ‡  Biopsy diagnosis of acute rejection in seven and acute rejection plus ATN in three patients.

 §  Biopsy diagnosis of ATN in six and acute rejection plus ATN in one patient.

 �  Biopsy diagnosis of chronic rejection in two patients, and one patient had diagnosis of both acute and chronic rejection.

 #  Both diagnosed at biopsy.



Radiology: Volume 260: Number 3—September 2011 n radiology.rsna.org 785

GENITOURINARY IMAGING: Acute Renal Transplant Dysfunction with MR Renography Yamamoto et al

range, 1.8%–18.7%) than in the normal 
function group (mean, 19.3%  6  10.0; 
range, 2.2%–35.0%) ( P  = .036). 

 Despite some overlap in cases, these 
differences signify the delayed vascu-
lar transit in acute rejection compared 
with the delayed tubular transit in ATN. 
Logistic regression results showed that 
MTT A/K  was the best signifi cant predic-
tor of acute rejection. ROC curves with 

signifi cantly higher in the ATN group 
(mean, 83.2%  6  9.2; range, 66.7%–
92.9%) than in the normal function group 
(mean, 72.4%  6  10.2; range, 58.2%–
92.1%) ( P  = .031). MTT T/K  was also signif-
icantly higher in the ATN group than in the 
acute rejection group (mean, 69.2%  6  
6.1%; range, 60.7%–80.6%) ( P  = .003) 
( Fig 3d ). MTT C/K  was signifi cantly lower 
in the ATN group (mean, 9.7%  6  8.4; 

the MTT K  across the different etiologies 
of dysfunction. 

 As for fractional MTT, MTT A/K  was 
signifi cantly higher in the acute rejec-
tion group (mean, 12.7%  6  2.9; range, 
9.2%–18.6%) than in the normal func-
tion group (mean, 8.3%  6  2.2; range, 
4.9%–12.7%) ( P   ,  .001) or in the ATN 
group (mean, 7.1%  6  1.4; range, 5.3%–
8.8%) ( P   ,  .001) ( Fig 3c ). MTT T/K  was 

 Figure 2 

  
  Figure 2:  Semiautomated segmentation process using coregistered 3D MR data sets. The method is based on  (a)  user-defi ned seeds to initially separate the kid-
ney (red) from the background (blue) with the  (b)  segmented data. In the second step, after the background has been removed and by using  (c)  images in the cortical 
enhancement phase, user-defi ned seeds are placed to separate the renal cortex (red) from the medulla and the collecting system (blue).  (d)  Resulting segmented 
data. In the fi nal step, by using only the medulla and collecting system data from the  (e)  excretory phase, user-defi ned seeds are placed to identify the collecting 
system (red) and medulla (blue).  (f)  Final segmentation shows the cortex (red), medulla (blue), and the collecting system (green).   
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 Discussion 

 There have been several prior reports 
about the use of MR renography to di-
agnose the cause of acute dysfunction 
after kidney transplantation ( 11–15 ). 
Almost all of these reports have evalu-
ated qualitatively the shape of the renal 
enhancement curve to diagnose acute 
dysfunction, noting delayed and dimin-
ished medullary enhancement in ATN 
and fi nding that both cortical and medul-
lary enhancement curves had decreased 
in acute rejection. Authors of some re-
ports distinguished dysfunctional kidney 
from normal-functioning kidney after 
transplantation using some parameters, 
but they cannot determine the cause of 
dysfunction. This report presents a new 
quantitative analysis method for ana-
lyzing MR renography data from renal 
transplants using our multicompartmen-
tal tracer kinetic renal model, which 
shows promising results for differenti-
ating ATN from acute rejection with an 
MTT A/K  threshold of 9.0%. 

 Our quantitative fi ndings are in agree-
ment with the qualitative observations 
reported in the literature ( 25,27 ). We 
observed that MTT K  is prolonged in acute 
dysfunction, which is consistent with pre-
vious publications ( 16–19 ). However, we 
found no signifi cant differences in MTT K  
across different etiologies of dysfunction. 
These results indicate that MTT K , like 
GFR, may be useful for assessing renal 
function, but is not specifi c enough for 
diagnosing dysfunction etiology because 
both parameters mainly depend on the 
severity of each disease. 

 The degree to which the vascular, 
tubular, and collecting ducts are selec-
tively affected in different diseases can 
be refl ected in the three fractional MTTs 
(MTT A/K , MTT T/K , and MTT C/K ) we ex-
amined. To our knowledge, there have 
been no reports comparing these MTT 
ratios to diagnose acute renal transplant 
dysfunction. Arteritis and glomerulitis 
are defi ning features for acute rejection 
diagnosis in the transplanted kidney ( 3 ), 
and both worsen nephron function and 
prolong vascular transit time ( 30,31 ). In 
our study, we found MTT A/K  to be sig-
nifi cantly longer in the acute rejection 
group than in the normal function group 

rejection and ATN is shown in  Figure 5  . 
We observed that an MTT A/K  threshold 
of 9.0% ( Fig 5 ) completely separated 
acute rejection from ATN. None of the 
parameters could help distinguish   chronic 
rejection from the other groups and drug 
toxicity from the other groups. 

MTT A/K  as predictor of acute rejection 
are shown in  Figure 4a  . The area under 
the ROC curve was 0.82. MTT T/K  was 
the best signifi cant predictor of ATN, 
with the area under the ROC curve of 
0.81 ( Fig 4b ). For comparison, a scat-
ter plot of MTT A/K  and MTT T/K  for acute 

 Figure 3 

  
  Figure 3:   (a)  Scatterplot shows the mean GFR to be signifi cantly lower in acute dysfunction group than in 
normal function group ( P   ,  .001).  (b)  Scatterplot shows the mean MTT 

K
  to be signifi cantly higher in acute 

dysfunction group than in normal function group ( P  = .004).  (c)  Scatterplot shows the mean MTT 
A/K

  to be 
signifi cantly higher in acute rejection group than in normal function group ( P   ,  .001) or the ATN group ( P   ,  
.001).  (d)  Scatterplot shows the mean MTT 

T/K
  to be signifi cantly higher in ATN than in normal function group 

( P  = .031) or acute rejection group ( P  = .003).   
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the basis of clinical information with-
out biopsy. However, clinical diagnosis 
was determined by consensus assess-
ment of two transplant surgeons and one 
nephrologist. On the basis of the re-
sponsiveness to subsequent therapeutic 
interventions, we consider these clinical 
diagnoses to be reliable. Another limi-
tation was that there were some over-
lap cases in comparison among acute 
rejection and ATN. Both acute rejection 
and ATN can cause vascular and tubu-
lar injury that may be diffi cult to resolve 
with our contrast-enhanced MR renog-
raphy approach. This kind of pathologic 
overlap may also explain our inability 
to fi nd signifi cant differences in our pa-
rameters for diagnosis of chronic re-
jection and drug toxicity. However, a 
threshold of MTT A/K  of 9.0% could be 
used to distinguish acute rejection from 
ATN in our small series. In addition, we 
did not compare the use of these mea-
sures with the more qualitative assess-
ment of MR renography or other con-
ventional imaging modalities currently 
in use and, therefore, cannot comment 
on the incremental benefi t of the tech-
nique we describe. 

 Recently, diffusion-weighted and blood 
oxygen level–dependent MR imaging has 
emerged as a promising radiologic mea-
sure of renal function ( 15,35–37 ). Given 
that these other imaging methods show   
different tissue properties, it is worth 
exploring whether a combination of im-
aging modalities may provide comple-
mentary information and enhance ac-
curacy of diagnosis. One challenge for 
diagnostic tests in determining causes 
of acute graft dysfunction is that differ-
ent causes of dysfunction, such as acute 
rejection and ATN, can coexist in the 
same kidney. One potential advantage 
of 3D whole kidney MR renography is 
the ability to diagnose regional disease 
and avoid the sampling errors inherent 
with renal biopsy. Further large-scale 
studies are necessary to explore this pos-
sibility. There is a minor risk of nephro-
genic systemic fi brosis associated with 
contrast agent administration. In our 
study none of the patients experienced 
nephrogenic systemic fi brosis. Our pro-
tocol utilizes low-dose (4 mL) gadoteri-
dol administration to minimize further 

curve of 0.82. In contrast, a high MTT T/K  
tends to be more sensitive and specifi c 
for ATN, with the area under the ROC 
curve of 0.81. However, we found no pa-
rameters that could help predict diagno-
ses of chronic rejection and drug toxic-
ity, although our results are limited by 
small sample size. 
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 We found that a high MTT A/K  tends 
to be more sensitive and specifi c for acute 
rejection, with the area under the ROC 

 Figure 4 
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  as predictor of acute rejection. The area under the curve was 0.82. 
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  as predictor of ATN. The area under the ROC curve was 0.81.   
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 . In our 
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A/K

  of 9.0% (dotted 
line) allows 100% reliable dis-
tinction between acute rejection 
and ATN.   
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 In conclusion, our new quantitative 
analysis method of MR renography, 
which includes our multicompartmental 
tracer kinetic renal model, may help to 
diagnose noninvasively acute rejection 
or ATN after kidney transplantation. A 
high MTT A/K  suggests acute rejection over 
ATN. A high MTT T/K  suggests ATN over 
acute rejection or any other diagnosis. 
Our MR renography method, which adds 
no more than 10 minutes of scanning 
time and about 4 mL of gadolinium-
based contrast material, can be performed 
in conjunction with routine anatomic 
imaging of transplants to exclude ana-
tomic causes of dysfunction. Addition-
ally, when there are questions about the 
accuracy of serum creatinine levels in es-
timating renal function, this MR method 
also provides an independent estimate 
of GFR and MTT K . Our noninvasive 
technique for differentiating the causes 
of graft dysfunction holds the possibility 
of decreasing the need for percutaneous 
biopsy in some cases. 
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