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Abstract The aim of the present 
study was to differentiate acute re- 
jection, chronic rejection, and tacro- 
limus nephrotoxicity with color and 
power Doppler imaging of renal 
transplants. One hundred examina- 
tions were obtained from 45 pa- 
tients. Pulsatility and resistive indi- 
ces were calculated from color Dop- 
pler images. The grade of renal vas- 
cularization was quantified using 
computer-assisted pixel analysis in a 
rectangular region-of-interest. The 
percentage of vessel-covered renal 
parenchyma (POV) was calculated 
using a histogram that discriminated 
renal vessels from renal parenchyma 
via power Doppler images. Further- 
more, the distance from the most 
peripherally located vessels to the 
renal capsule (PVD) was measured. 
A reduced POV I 55 % proved to 

be the best discriminator when 
chronic rejection was suspected 
(sensitivity 79 % , specificity 87 %). 
Tacrolimus nephrotoxicity showed 
not only a moderate elevation of the 
Doppler signal but also an increased 
PVD 2 3.9 mm and a normal POV. 
We conclude that the evaluation of 
renal vessels by power Doppler 
images improves diagnostic accura- 
cy for patients with renal allografts. 
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Introduction 

Major causes of renal transplant dysfunction are acute 
and chronic rejection, acute tubular necrosis, and cy- 
closporin A or tacrolimus nephrotoxicity [15]. In the 
case of acute rejection episodes, several authors recom- 
mend sequential analysis of the resistive index (RI) as 
well as of the pulsatility index (PI) to determine an 
acute rejection crisis and to monitor the therapy [6, 10, 
171. 

In the case of chronic rejection, the use of color Dop- 
pler imaging (CDI) has been a subject of controversy. 
RI has shown no difference between allografts with nor- 
mal function and those with dysfunction [2], but preli- 
minary results have revealed reduced intrarenal flow ve- 

locities in segmental and interlobar arteries of renal 
transplants from patients with chronic rejection [1, 31. 

Only a few reports are available concerning the ef- 
fect of acute cyclosporin A nephrotoxicity. Quarto di 
Palo et al. reported an increased RI and PI in patients 
with severe cyclosporin A nephrotoxicity in cortical ar- 
teries while no changes were found in the renal artery. 
These findings were said to probably have been caused 
by a persistent arteriolar vasoconstriction of the afferent 
vessels and a reduction in diastolic flow, which is similar 
to what happens in the case of tacrolirnus nephrotoxicity 
[12, 201. Merkus et al. [9] found subtle changes in the 
Doppler spectra in cyclosporin nephrotoxicity, but dif- 
ferentiation between nephrotoxicity and acute rejection 
was not possible using Doppler spectra alone. To our 
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knowledge, there are no reports on tacrolimus nephro- 
toxicity as studied with color Doppler sonography. 

The introduction of amplitude-modulated Doppler 
imaging, or so-called power Doppler imaging (PDI), 
made it possible for interlobular vessels to be regularly 
depicted [8 ]  and for blood flow detection in peripherally 
located vessels to become markedly improved [ll]. 
However, vascular grade was not correlated with creati- 
nine levels or RI [5, 201. 

This study was designed to show how the combined 
use of CDI and PDI makes the differential diagnosis of 
acute rejection, chronic rejection, and tacrolimus ne- 
phrotoxicity possible in patients with renal allografts. 

The present study was carried out in accordance with the ethical 
standards set down in the 1964 Declaration of Helsinki. All exami- 
nations were done as routine follow-up studies on clinical demand 
of the Department of Nephrology. 

Patients 

After obtaining informed consent from all participants, a total of 
100 consecutive ultrasound examinations were taken of 45 patients 
(25 male, 20 female) ranging in age from 15 to 77 years (mean 
42.3 k 13.3 years). All examinations were performed between Au- 
gust 1996 and August 1997 by the same investigator (without 
knowledge of clinical data) using a Sonoline Elegra (Siemens, Er- 
langen, Germany). The time interval between the ultrasound ex- 
amination and renal allograft implantation was 1 day to 18.3 years 
(mean 340 days). Patients with blood pressure up to 140 mmHg 
were considered as normotensive, those with blood pressure from 
140 to 160mmHg as borderline, and those with blood pressure 
greater than 160 mmHg as hypertensive. 

Patients were divided into four groups on the basis of the clini- 
cal and laboratory data or histological results after biopsy. Some 
patients were considered for more than one group, depending on 
their status on the day of examination. In group 1, there was no 
clinical evidence of graft rejection or renal impairment. Creatinine 
levels were between 0.8 and 1.3 mgidl. In group 2, acute rejection 
was histologically confirmed by a biopsy specimen that was ob- 
tained within 48 h of sonography. In group 3, chronic rejection 
was histologically confirmed by at least one biopsy, with signs of ar- 
teriolohyalinosis or interstitial fibrosis before or on the day of ex- 
amination. Finally, in group 4, acute tacrolimus nephrotoxicity 
with tubulus necrosis was confirmed by a biopsy within 48 h of the 
examination. 

The results of the ultrasound examinations were compared 
with the patient group to which the patient belonged on the date 
of each examination. 

Examination protocol 

The kidney transplant was examined parallel to both the longitudi- 
nal axis and to the transversal axis. All measurements were taken 
at breath-hold upon inspiration to avoid motion artifacts. 

Conventional color Doppler images (CDI) were acquired sub- 
sequently with a gain setting below the occurrence of paravasal 
color artifacts. The pulse repetition frequency (PRF) was adjusted 

Fig.1 Power Doppler image of a normal patient showing the per- 
ipheral renal vessels extending up to the renal capsule (PVD) at a 
distance of 2.8mm 

to between 750 Hz and 1250 Hz with a wall filter frequency of 
about 125 Hz. 

Power Doppler images (PDI) were obtained parallel to the 
longitudinal axis with a gain setting just below the background 
noise to avoid motion artifacts. PRF was adjusted to 1000 Hz with 
a wall filter of 100 Hz. Of three representative midlongitudinal pic- 
tures, one breath-hold image was captured that showed a maxi- 
mum number of renal vessels up to the peripheral cortex, and this 
was stored on a magnetic optical disc (MOD) for further evalua- 
tion. The distance between the most peripheral vessels and the re- 
nal capsule was measured in each examination (Fig. 1). This dis- 
tance is referred to as the peripheral vessel distance (PVD) and is 
measured in millimeters. 

Evaluation of the spectral doppler curves 

All measurements were taken with breath-hold in inspiration to 
avoid motion artifacts. Doppler spectra were obtained of three 
segmental or interlobar arteries of the most ventrally located part 
of the kidney transplant. This procedure included one artery from 
the cranial, middle, and caudal thirds of the kidney. The maximum 
velocity [v(max) ] and the mean velocity [v(mean)] were measured 
by manually drawn curves that outlined the maximum Doppler 
shift of one cardiac cycle after angle correction. The angles for the 
Doppler frequency correction did not exceed 50' and were mostly 
(> 90%) S 35". The calculation of the pulsatility index first de- 
scribed by Gosling and King (PI), the resistive index of Pourcelot 
(RI), and the pulse frequency were calculated with the integrated 
on-board software of Sonoline Elegra (Siemens, Erlangen) [13]. 

Semiquantified analysis of the transplant vascularization 

The PDT of each examination was stored directly o n  magnetic opti- 
cal disks (MOD) and was subsequently stored on the hard disk of a 
personal computer (Apple Power PC 7500). 
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Fig.2 Rectangular region-of- 
interest (ROI; lighted area 
above) outlining a reference 
part of the renal parenchyma of 
the same patient as in Fig. 1. 
The image was rotated 9" 
clockwise before placing the 
ROI. Below is the result of the 
blue-weighted histogram that 
calculated 70 YO of pixels with a 
value below 31 on  a 256-step 
blue scale 

I 1 r Kanal: 

Mittelwert: 26,80 Ton w e r t  : 
Rbweichung: 37,37 Haufigkeit: 
Zentralwert: 5 Spreizung: 

Pixel: 24395 

Pilot tests of the vessel histograms were performed with the 
commercially available graphical software Photoshop version 3.05 
(Adobe Systems). A region-of-interest (ROI) that outlined only 
renal vessels showed a histogram with a range of 40-230 on a 256- 
step grey scale, a range of 125-256 on a 256-step red scale, and a 
range of 0-30 on a 256-step blue scale. More than 95 YO of the renal 
parenchyma showed values from 30 up to 150, independent of the 
scale. The best distinction between renal vessels and renal par- 
enchyma was achieved using a 256-step blue scale with a cut-off 
of 301256, which included more than 95 YO of the vessel architecture 
and suppressed more than 95 YO of the renal parenchyma. 

Histograms of the vessels were obtained by a manually drawn 
rectangular ROI that outlined most of the more ventrally located 
renal parenchyma. To facilitate a very exact delineation of the 
R01, the pictures were rotated clockwise or counterclockwise to 
ensure that the renal capsule extended nearly parallel to the upper 
border of each image (Fig.2), since ROI could only be drawn par- 
allel to the image border. The values up to 301256 within the ROI 
were compared to the value from 31 to 256/256 by building a quoti- 

ent calculated by the software and expressed as a percentage (eq. 1, 
Fig.2). These were used as a semiquantified parameter of the vas- 
cularization of the renal transplant. This parameter is referred to 
as the percentage of vascularization (POV). 

eq. 1: POV = 
number of pixels with a value of less than 30/256 

total number of pixels within the ROI 

Reproducibility studies 

The intra-observer variance of the blood flow velocity measure- 
ments and the subsequently calculated Doppler indices were mini- 
mized by using the mean result of three measurements obtained 
from the cranial, middle, and caudal thirds of each kidney trans- 
plant. 

To evaluate the intra-observer variance of the POV, the POV 
was measured three consecutive times. Three similar ROI, drawn 
subsequently on each image, were used to calculate the mean stan- 
dard deviation of the POV measurements. 
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The calculated POVof normal patients (group l), who had fol- 
low-up examinations on different days within 1 month, were com- 
pared to calculate the mean standard deviation of the POV derived 
from subsequent follow-up examinations. 

Statistical analysis 

The results were compared using a multivariate analysis of var- 
iance [M(ANOVA)]. Significant differences were further evalu- 
ated, group by group, using the Mann-Whitney U-test or an inde- 
pendent t-test if the data followed a normal approximation. The 
mean maximum velocity and the average mean velocity in segmen- 
tal or interlobar arteries from each examination were calculated 
from the three vessels taken from each patient and were used sub- 
sequently for statistical evaluation. 

Results 

Reproducibility of measurements 

The average standard deviation of the PI, RI, maximum 
velocity, and mean velocity calculated from the three 
measurements taken at each examination were 0.16, 
0.04, 10 cmis, and 5 cmis, respectively. 

The mean standard deviation of intra-examination- 
measured POV by ROI analysis of the pixel histogram 
was 3.4 YO. Some patients had two or even more follow- 
up examinations within 1 month that were included in 
this study. The mean standard deviations of the interex- 
amination-measured PVD and POV obtained from se- 
quential examinations of each patient on different ex- 
amination days were 0.8 * 0.4 mm, and 8.0% _+ 5.6%, 
respectively. 

The mean pulse frequency was reduced in the group 
of patients with chronic transplant rejections. Further 
evaluation showed a decrease in the pulse frequency, 
depending on the blood pressure (Fig. 3) .  The pulse fre- 
quencies of normotensive patients were comparable to 
those observed in the patient group without transplant 
failure. However, in all other patient groups, high blood 
pressure was not associated with a decrease in the pulse 
frequency. Regression analysis showed no correlation 
between either maximum or mean velocity and pulse 
frequency ( r  = 0.13; P = 0.55). 

The values of PI, RI, blood flow velocity, PVD, and 
POVof the group 1 patients were not statistically differ- 
ent from those of patients with normal blood pressure or 
hypertension using the Mann-Whitney U-test. Deep or  
superficial focus localization on power Doppler images 
did not alter PVD measurement. 

Fig.3 Power Doppler image of a female patient showing reduced 
POV (32%). PI and RI were normal: the creatinine level ranged 
from 1.3 to 1.5 PVD was slightly increased. Biopsy showed minor 
changes due to chronic transplant rejection. Extrarenal artifacts 
are due to small bowel movements 

Fig.4 Power Doppler image of a female patient showing an in- 
creased PVD of 5.5 mm combined with a normal POVand a mod- 
erate increase in PI and RI. Biopsy showed tacrolimus nephrotoxi- 
city and no  signs of transplant rejection 

Clinical evaluation 

Patient distribution according to clinical and laboratory 
data 

Forty-five examinations were done on 25 patients 
(42.5 f 14.0 years) who showed no clinical signs of 
rejection and had normal creatinine levels. The 
mean time interval between graft implantation and ex- 
amination was 105 days. These patients made up 
group 1. 

Eighteen examinations done on ten patients revealed 
acute rejection. These patients formed group 2. Histolo- 
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Table 1 Summary of the parameters calculated from CDI and PDI for each patient group separately. Statistically significant differences 
compared to group 1 (normal transplant function) using multivariate analysis of variance were highlighted 

Patient group PI RI Vmax Vmean PVD POV Pulse fre- 
(cm/s) (cmls) (mm) (Yo) quency ( l i s )  

Normal 1.45 f 0.32 0.73 ? 0.07 39 f. 14 1 9 f 6  2.9 5 1 .O 70.8 515.5 81 f 16 
Acute rejection 1.80 f 0.28 0.79 ? 0.04 36 f 10 1 6 f 5  3.0 +_ 1.7 66.3 5 8.6 86 5 12 
Chronic rejection 1.56 f. 0.42 0.75 5 0.08 25 t 12 1 2 + 6  5.2 f 3.8 39.3 k 20.1 65 k 12 
Tacrolimus nephrotoxicity 1.68 f 0.25 0.79 ? 0.05 38 + 16 1 8 f 9  5.0 f 1.6 6 8 5  18 75 5 23 
M(AN0VA) P = 0.043 0.008 0.037 0.025 < 0.001 0.004 0.009 

gy showed Banff grade I in five patients (13 examina- 
tions) and Banff grade I1 in another five patients (5 ex- 
aminations). Creatinine levels ranged from 1.3 to 
2.9 mg/dl. The mean time interval between graft implan- 
tation and examination was 48 days. 

Twenty-six examinations on 16 patients (42.3 * 
14.4 years) revealed chronic rejection (group 3). Creati- 
nine levels ranged from 1.3 to 5.8 mg/dl. The mean time 
interval between graft implantation and examination 
was 2.8 years. 

Eleven examinations done on eight patients 
(46.3 5 8.6 years) showed signs of tacrolimus nephro- 
toxicity (group 4). Creatinine levels ranged from 1.4 to 
3.3 mg/dl, and the mean time interval between graft im- 
plantation and examination was 50 days. 

Kidney transplant morphology 

Only 2 of the 45 patients had slightly enlarged pylon; 
they were not excluded from the study evaluation. 

Chronic rejection 

Using the personal computer-assisted histogram analy- 
sis of the digitally stored images, the patients with 
chronic rejection had a lower POV than all of the other 
patient groups ( P  < 0.001; Mann-Whitney U-test), 
which did not differ from each other (Table 1, Fig.3). 
The PVD was more extensive in the patient group with 
chronic rejection than in that with normal transplant 
function or with acute transplant rejection ( P  < 0.002 
and P < 0.007), respectively: Mann-Whitney U-test). 
However, the PVD showed a high variance with only a 
slightly increased PVD at the beginning of a chronic re- 
jection with minor histological changes compared to 
progressive chronic rejection (PVD 4.0 f 2.3 mm and 
8.2 k 5.4 mm, respectively; P = 0.003; Mann-Whitney 
U-test). The maximum, as well as the mean, velocity 
was significantly lower in patients with chronic rejection 
than in all other patient groups ( P  < 0.001; Mann-Whit- 
ney U-test). In contrast, PI and RI did not differ com- 
pared to the group with normally functioning kidney 
transplants (Table 2). 

Acute rejection 
Tacrolimus nephrotoxicity 

The pulsatility index (PI) as well as the resistive index 
(RI) measured in segmental or interlobar arteries of 
the kidney transplant were significantly elevated in the 
patient group with acute rejection (Tables 1,2). Statisti- 
cal group-by-group analysis showed a significant differ- 
ence in both PI and RI compared to both the patient 
group with chronic rejection (1.50 f 0.32) and the group 
without clinical evidence of transplant rejection 
( P  = 0.002 and P = 0.001, respectively; Mann-Whitney 
U-test). 

PVD and POV did not differ compared to patient 
group 1 (normal transplants). However, 1/18 examina- 
tions (Banff grade 11) showed increased PVD 
(4.2 mm), combined with a marked increase in PI (2.2) 
and RI (0.85). Normal PI and RI and increased PVD 
(8.5 mm) were observed in a histologically confirmed 
acute transplant rejection (Banff grade 1) in another pa- 
tient. 

The patient group with tacrolimus nephrotoxicity 
(group 4) showed a tendency to higher PI and RI, but 
averaged values were lower than those for the patient 
group with acute rejection (Table 1). Tracrolimus blood 
levels were 18.2 k 6.5 ng/ml (9.4 ng/mI-30 ng/ml) com- 
pared to 10.9 f 5.8 in group 1 (normal kidney function) 
and to 9.1 f 4.6 ng/ml in group 3 (chronic rejection). 
However, tacrolimus blood levels were 14.4 k 4.2 in pa- 
tients with acute rejection, demonstrating a wide over- 
lap between both patient groups. PVD was more exten- 
sive in the patient group with acute tacrolimus nephro- 
toxicity than it was in the patient group with acute rejec- 
tion and that with normal transplants (Table 1, Fig.4). 
The results reached statistical significance ( P  = 0.001: 
Mann-Whitney U-test for group4 vs groups 1 and 2). 
After reducing tacrolimus administration, the PVD did 
not decrease immediately; however, four patients who 
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Table 2 Clinical value of retrospectively chosen cut-offs to differentiate probable diagnoses PPV positive predictive value, NPV nega- 
tive predictive value 

Patient group PI or RI PVD POV Sensitivity Specificity PPV NPV 

Normal range < 1.75 5 3 . 8  2 55% 
Acute rejection 2 1.75 or 2 0.78 Normal Normal 78 Yo 87 % 39% 94 % 
Chronic rejection < 1.7 or < 0.7.5 Normal or Reduced < 5.5 YO 81 Yn 83 Yn 84 Yo 81 Yo 

Tacrolimus Normal or 2 3.9 mm Normal 91 Yo 71 % 83 Yo 94 % 
nephrotoxicity elevated 

elevated 

Table 3 Conclusions 

1. The discriminators for acute rejection are increased PI and/or RI 
combined with normal blood flow velocity and POV. 

2. The discriminators for chronic rejection are a reduced POV of 
the renal transplant and normal indices. An additive parameter 
is a reduced blood flow velocity of 30 cm/s or lower. 

3. The discriminators for tacrolimus nephrotoxicity are a moderate 
increase in RI  and/or PI, concomitant with a greater PVD on 
power Doppler images. Normal vascularization, if observed, 
discriminates tacrolimus nephrotoxicity from chronic rejection. 

had undergone sequential analysis showed a decrease in 
the PVD after different time intervals. 

Tacrolimus nephrotoxicity was diagnosed with a sen- 
sitivity of 91 % (10/11 examinations were true-positive) 
when the PVD was 3.9mm or more. Specificity was 
71 % (63/89 were true-negative) because patients with 
chronic rejections also had an increased PVD. The com- 
bination of a longer distance between renal peripheral 
vessels and the capsule and more than 60 Yo of renal par- 
enchyma being covered by renal vessels, according to 
the histogram, increased the specificity to 81 % but re- 
sulted in a slight decrease in sensitivity (82 %) when dif- 
ferentiating tacrolimus nephrotoxicity from chronic re- 
jection. To discriminate tacrolimus nephrotoxicity from 
acute rejection, a cut-off PVD of 3.9 mm had a positive 
predictive value of 83 YO and a negative predictive value 
of 94 YO for patient groups 2 and 4 (Table 2). 

Discussion 

Color-coded duplex sonography has been established as 
part of the routine follow-up after kidney transplanta- 
tion [ 131. Frequency-encoded duplex sonography is 
used not only for diagnosing vascular complications 
like arterial stenosis at the anastomosis or venous 
thrombosis [4], but also for nephrological complica- 
tions. 

More recently, amplitude-modulated color Doppler 
(power Doppler) imaging has been introduced into ul- 

trasound examinations. PDI has been shown to be su- 
perior in the depiction of blood vessels with low-flow 
velocity [16]. Movement artifacts and the loss of infor- 
mation on flow direction are the most commonly re- 
ported disadvantages. Moreover, AV fistulae are better 
depicted with the conventional frequency-encoded col- 
or Doppler [18]. Vascularization of the kidney trans- 
plant is better visualized by PDI. In this study, the 
grade of vascularization (POV) and the number of per- 
ipheral vessels expressed by the distance to the renal 
capsule (PVD) were evaluated as a diagnostic ap- 
proach to differentiate acute rejection, chronic rejec- 
tion, and tacrolimus nephrotoxicity. The power Dop- 
pler mode showed all renal vessels, even when the 
flow velocity was low. If flow resistance is elevated 
due to a vascular stenosis or vasoconstriction, the flow 
velocity is reduced and the PVD should be elevated. 
The POV could be regarded as a parameter of the 
number of renal vessels and should be reduced in the 
case of thrombosis or obstruction of renal arteries, 
which often accompany chronic rejection. The influ- 
ence of hematocrit and the correlation with indices ob- 
tained from Doppler spectra are controversial issues 
[16, 181. 

PI and RI are widely used in the diagnostic work-up 
of kidney transplants to support the diagnosis and the 
therapy response of acute transplant rejections [14, 15, 
171. Some authors advocate sequential analysis in order 
to increase sensitivity [6, 10, 171. Pelling et al. propose 
diagnosing an acute rejection with an RI  of more than 
0.77, and this was supported by our results. We recom- 
mend diagnosing an acute rejection with either a PI 
greater than 1.75 or an R I  of 0.78 or higher which, in 
the present study, showed an acceptable sensitivity 
(78 %) and specificity (87 %). However, the positive 
predictive value of only 39 Y limited the diagnostic va- 
lue of the spectral Doppler indices without considering 
the POV and PVD as additional parameters. Blood 
flow velocity and vascularization of the renal transplant, 
as seen in the power Doppler images, were not altered 
in patients with an acute rejection. The low number of 
patients with moderate acute rejection (Banff grade 11; 
5/18 patients) probably explains this observation. How- 
ever, the few patients with Banff grade I1 rejection 
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showed no tendency (except in one case) to a lower 
POV or an increased PVD. 

In contrast, some authors have observed no altera- 
tion in the RI  or PI in patients with chronic rejection 
[2, 31, which is supported by our results. Quarto di Palo 
et al. found a statistically inverse relationship between 
renal blood flow and transplant age. They reported that 
the vascular resistance increased with transplant age. 
Several reports found a reduced blood flow velocity in 
segmental or interlobar arteries in patients with chronic 
rejection [l, 31. In clinically normal patients, the mean 
maximum blood flow velocity decreased from the renal 
artery to the periphery and reached 43 cm/s in the seg- 
mental arteries and 35 cm/s in interlobar arteries. In 
our study, the mean maximum blood flow velocity was 
40cmis in the interlobar or  segmental arteries in pa- 
tients without clinical evidence of abnormal allografts. 
We found a significant reduction in the vascularization 
of the kidney transplant in patients with chronic rejec- 
tion. In contrast, patients with acute rejection had no 
change in blood flow velocities compared to patients 
with normal kidney allografts. The significantly lower 
blood flow velocity in chronic parenchyma degenera- 
tion might induce the higher distance between the per- 
ipheral vessels and the renal capsule. Our results 
showed that low vascularization, expressed as POV, is a 
valuable discriminator of chronic parenchyma altera- 
tion and acute rejection, especially when PI or RI  is 
low. We found a cut-off of 55 % or lower to have a sensi- 
tivity of 81 YO and a specificity of 83%. The PVD and 
the maximum flow velocity reached a sensitivity of 
only about 50% each and might be used as additional 
parameters. 

Physiological effect of tacrolimus is afferent arterio- 
lar vasoconstriction. Tacrolimus nephrotoxicity is con- 
sidered when nodular arteriolar hyalinosis is found his- 
tologically. The morphological changes are similar to 
those of cyclosporin A nephrotoxicity. According to ex- 
isting reports, cyclosporin may increase the PI and RI, 
but results have either not reached statistical signifi- 
cance or have shown a wide overlap, with abnormal re- 
sults found only in severe cases [3,8,19]. To our knowl- 
edge, there are no published data about Doppler sono- 
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