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Functional Evaluation of Normothermic Ischemia
and Reperfusion Injury in Dog Kidney by
Combining MR Diffusion-Weighted Imaging and Gd-
DTPA Enhanced First-Pass Perfusion

Ai-Shi Liu, MD* and Jing-Xia Xie, MD

Purpose: To evaluate functional alterations of renal isch-
emia and reperfusion injury using MR diffusion-weighted
imaging and dynamic perfusion imaging.

Materials and Methods: Twelve dogs were randomly di-
vided into four groups. Animal renal ischemia was respec-
tively induced for 30 (group 1), 60 (group 2), 90 (group 3),
and 120 (group 4) minutes by left renal artery ligation
under anesthesia. Using a 1.5 T MR system, true-FISP,
TSE, EPI, and DWI sequences were acquired in five different
periods; specifically, pre-ischemia, onset-ischemia, late
ischemia, onset-reperfusion, and post-reperfusion. More-
over, a turbo-FLASH sequence (TR/TE/TI/FA = 5.8/3.2/
400 msec/10°) with a temporal resolution of 1.16 seconds
was acquired. Signal intensity (SI) was measured in the
cortex, outer medulla, and inner medulla of kidney. Appar-
ent diffusion coefficient (ADC) values were calculated, and
SI was plotted as a function of time.

Results: In all animals, significant SI changes of the left
kidney on T2/T2*WI were detected following ischemia-reper-
fusion insult compared to corresponding values of the right
kidney. Following ligation, the ADC values decreased in all
layers of the left kidney. Immediately after the release of liga-
tion, ADC values in both outer and inner medulla of the left
kidney remained lower than those of the right kidney in those
animals which were induced with renal ischemia for 60, 90,
and 120 minutes. In all groups, a uniphasic enhancement
pattern was observed in the outer and inner medulla of the left
kidney, accompanied by a decrease of the area under the
curve.

Conclusion: Our results suggest that MR diffusion-
weighted imaging and dynamic perfusion imaging are use-
ful in identifying renal dysfunction following normothermic
ischemia and reperfusion injury.
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AFTER RENAL TRANSPLANTATION, acute tubular ne-
crosis (ATN) caused by prolonged ischemia and reper-
fusion injury is traditionally one of the most common
causes of delayed graft function. Until now, color Dopp-
ler sonography and radionuclide imaging techniques
have been used for evaluating renal graft dysfunction.
However, Doppler sonography, often used for the eval-
uation of early vascular complications, is of limited
value in assessing renal function. Moreover, radionu-
clide study is unable to discriminate between the cortex
and medulla, which restricts its application in morpho-
logic evaluation. In addition, no clinical or laboratory
parameters to monitor graft dysfunction in patients
with ATN are presently available. Therefore, a needle
core biopsy is required for histopathologic assessment
of renal transplant, at increased risk (1-3).

Magnetic resonance imaging is the first diagnostic
method allowing high spatial resolution imaging of re-
nal morphology as well as quantitative evaluation of
renal function. The kidney is particularly amenable to
functional imaging study, due to its high blood flow and
water transport functions. Functional magnetic reso-
nance imaging (fMRI) of the kidney with fast imaging
techniques is currently employed in both basic studies
and clinical applications, and provides novel insights
into renal physiology and pathophysiology (4-5). The
use of fast imaging techniques is very promising for the
evaluation of diffusion and perfusion in both healthy
and diseased kidneys. MR diffusion-weighted imaging
(DW]) is currently the only method available to assess
molecular diffusion in vivo in a noninvasive fashion. In
vivo measurement of the apparent diffusion coefficient
(ADC) provides a means to explore the functional status
of the kidney (6-12). In addition, contrast-enhanced
MR techniques have been described previously (13-25).
After the administration of paramagnetic agents (i.e.,
Gd-DTPA), followed by dynamic MR imaging with high
temporal resolution, the first pass of the MR contrast
agent is monitored. Meanwhile, signal intensity-time
(SI-T) curves in various zones of kidneys are acquired,
which reveal differences between well-functioning and
pathologic kidneys over time. To date, no renal compli-
cations have been reported from the clinical use of Gd-
DTPA injections (26). To our knowledge, very few stud-
ies have examined the use of a combination of MR
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diffusion and perfusion imaging to assess renal func-
tion (10).

The purpose of this study was to investigate the
feasibility of using MR T2/T2*-weighted imaging,
diffusion-weighted imaging and Gd-DTPA enhanced
first-pass perfusion for the evaluation and monitor-
ing of alterations in renal function following normo-
thermic ischemia and reperfusion injury in dog kid-
ney in vivo.

MATERIALS AND METHODS
Experimental Animals

A total of 12 mixed-breed male dogs with a mean body
weight of 16.8 kg (range: 13.0 to 24.1 kg) were consec-
utively studied. Animals were allocated in a random
fashion to one of the four groups, based on the duration
of ischemia. Food was withheld 12 hours prior to sur-
gical procedures. Each animal was anesthetized by the
intravenous administration of Phenobarbital sodium
(30 mg/kg). Dogs breathed spontaneously during all
experiments. A flank incision was made on the left up-
per side of the abdomen in each animal. During sur-
gery, considerable attention was paid to all the
branches of the left artery separated near the renal
hilum in order that the main renal artery was patent
and free from damage. The left artery was loosely coiled
using a plastic string for subsequent ligation. A can-
nula was advanced into the left ureter for urine collec-
tion, in order to measure urinary protein (Up) before
and after ischemia-reperfusion injury. The left femoral
vein was cannulated via incision at the left femoral
triangle for the administration of additional anesthesia
and paramagnetic contrast agent for blood sampling to
determine serum creatinine levels. Serum creatinine
(sCr) was used as an index of renal function before and
after insult. The right kidney, which served as a control,
was not manipulated. The left kidneys of animals in
groups 1 to 4 were subjected to normothermic ischemia
for 30, 60, 90, and 120 minutes, respectively, via liga-
tion of the left renal artery using plastic string, followed
by reperfusion injury for 1 hour with the release of
occlusion. Following the completion of experiments,
dogs were euthanatized using an overdose of phenobar-
bital. Both kidneys were removed immediately, and re-
nal tissues, including the cortex, outer medulla, and
inner medulla, were examined by light microscopy and
transmission electron microscopy (JEM-100 CX II,
JOEL Ltd., Tokyo, Japan). Kidneys were sectioned into
3-mm slices, fixed in isotonic buffered 10% formalin,
and examined by light microscopy after standard he-
matoxylin-eosin staining. One pathologist, who was
blinded to the procedure of vascular ligation, reviewed
histological findings. This experiment was performed in
accordance with the Guide for the Care and Use of
Laboratory Animals, with the approval of the Beijing
Municipal Science and Technology Committee.

MR Imaging

Each animal was placed in the supine position and
underwent MR imaging on a commercially available
1.5-T MR imager (Siemens Magnetom Vision, Erlangen,
Germany). A head coil was used to obtain all the se-
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quences in the present study. Before ligation of the left
renal artery, the true fast imaging with steady-state
precession (true-FISP) sequence (TR/TE = 4.8/2.3
msec, flip angle = 70°) was initially acquired to deter-
mine the optimal midcoronal planes of the bilateral
kidneys. Next, T1-weighted FLASH (fast low-angle shot)
(TR/TE = 122/4.1 msec, flip angle = 80°) and T2-
weighted TSE (turbo spin-echo) (5000/138 msec [repe-
tition time/effective echo time]; echo train length, 29)
sequences of the axial section of both kidneys were
acquired with a matrix of 114-140 X 256, field of view
(FOV) = 225 X 300 mm, and section thickness of 5 mm
with an intersection gap of 1 mm. One signal was ac-
quired. Following routine T1- and T2-weighted imaging,
diffusion-weighted imaging was performed using a dif-
fusion-weighted multislice spin-echo type sequence
that combined a diffusion-sensitizing gradient (DSG)
before and after the 180° pulse with an echo-planar
imaging (EPI) read-out. Fat suppression was performed
to avoid severe chemical artifacts. Diffusion-weighted
EPI with a TE of 123 msec were obtained along the
transverse plane, with the DSG oriented in the cepha-
locaudal direction. Other imaging parameters em-
ployed include: 128 X 128 matrix, FOV = 230 X 230
mm, section thickness = 5 mm, and 1 excitation. The
ADC value for serial diffusion-weighted EPI sequences
was calculated using the formula: ADC =-In (S/So)/(b-
bo), where Sy and S are signal intensities in regions of
interest (ROI), including cortex (C), outer medulla (OM),
and inner medulla (IM), obtained with three different
gradient factors (bg = 0, b = 30, and 300 seconds/ mm?,
respectively). Three ADC values were obtained when the
above b-values were combined. The mean of these three
values was calculated. ROI were positioned on the renal
parenchyma at the same level of the upper pole and
central portion of the bilateral kidneys, avoiding major
vascular structures, artifacts such as chemical shift,
and magnetic susceptibility artifacts. All the above-
mentioned sequences were obtained repeatedly, with
no changes in respective imaging parameters after on-
set-ischemia (just after arterial occlusion), late-isch-
emia (just before the release of arterial occlusion), on-
set-reperfusion (immediately after the release of arterial
occlusion), and post-reperfusion (1 hour after the re-
lease of arterial occlusion) (Fig. 1). Finally, inversion-
recovery 2-D turbo-FLASH (TR/TE/TI/FA = 5.8/3.2/
400 msec/10°) was used to monitor the first pass of
Gd-DTPA (Magnevist, Schering, Berlin, Germany)
through renal parenchyma with a matrix of 112 X 128,
FOV = 263 X 300 mm, resulting in a temporal resolu-
tion of 1.16 seconds. After the fifth image was obtained,
a bolus of Gd-DTPA (0.1 mmol/kg) was rapidly admin-
istered with an automatic MR power injector (Spectris,
SMR200, Medrad Inc., Pittsburgh, PA) at a flow rate of
3 mL/seconds, followed by a 10-mL saline flush at the
same rate. A hundred slices were obtained at the same
level of the bilateral kidneys with no inter-image delay.
Four circular nonoverlapping ROI measuring 0.1-0.2
cm? (i.e., a diameter of 2-3 mm) were selected from the
cortex, outer medulla, and inner medulla. Mean signal
intensity (SI) measurements were obtained for all ROI at
the same location. SI results were plotted as a function
of time.
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Figure 1. MR imaging protocol illustrated that T2/T2*WI and DWI were performed in five different periods, specifically,
pre-ischemia (PI), onset- ischemia (P2), late ischemia (P3), onset-reperfusion (P4) and post-reperfusion (P5) during this exper-

imental study.

Statistical Analysis

With the use of standard image analysis software avail-
able on the MR unit, renal SI was analyzed before and
after left arterial ligation, and after the removal of liga-
tion on true-FISP, TSE, and the diffusion-weighted EPI
series in the different layers (C, OM, and IM) of both
kidneys in each group. The ADC values of the upper
pole and central portion were calculated. Mean ADC
values in the different layers of bilateral kidneys were
compared between left and right kidneys. For quantita-
tive assessment of renal Gd-DTPA kinetics on the time-
course curves, peak height (P), time to peak (Tp), and
the area (A) under the time-course curves after intrave-
nous injection of Gd-DTPA were estimated. Some mea-
surements of signal intensity values by automatic
image propagation were not performed due to misreg-
istration.

All values were expressed as mean * SD. Data anal-
yses were performed on a personal computer using the
SPSS program package. The paired Student’s t-test was
used to compare the differences within each group.
Analysis of variance (ANOVA) test was employed to
compare the differences between groups. A value of P <
0.05 was considered statistically significant.

RESULTS
SI Changes on T2/T2*WI

T2 /T2*-weighted images revealed three different layers
of the kidney, consistent with the macroscopic appear-
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ance of resected specimens (Fig. 2). Before artery liga-
tion, no significant differences were noted in the SI of
each layer of both kidneys on true-FISP, TSE, and EPI.
After the onset of ligation, there was a markedly signif-
icant reduction in the SI of each layer of the left kidney
compared to the right kidney, except for the SI of the
inner medulla on the TSE image (Table 1). After the
removal of ligation, no significant differences were
noted between the SI of the cortex in the left and right
kidneys. However, in all the groups, the SI of outer and
inner medulla of the left kidney on true-FISP and EPI
remained significantly lower than that of the right kid-
ney, in particular, signal changes of the outer medulla
on EPI (Table 2, Fig. 3).

ADC Values Changes

The ADC values of the different layers of bilateral kid-
neys in the five conditions are presented in Table 3.
Before ligation, no significant differences were observed
in the ADC values of individual layers of both kidneys.
After ligation, the values decreased in all left renal pa-
renchyma layers, with the most pronounced changes in
the cortex and outer medulla. Immediately after the
removal of ligation, ADC values in the cortex of the left
kidney increased, and levels were equivalent in both
renal cortices. However, in all groups, ADC values in
both outer and inner medulla of the right kidney re-
mained higher than those of the left kidney. After reper-
fusion injury, ADC values in both outer and inner me-

Figure 2. T2/T2*-weighted images and resected specimens of the normal canine kidney clearly reveal three different layers of
kidneys: C (long arrows), OM (short arrows), and IM (arrowheads).
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Table 1
Comparisons of Mean Signal Intensity (SI) Between Pre- and Post-Ligation in True-FISP, TSE and EPI Sequences
Pre-ligation (N = 12) Post-ligation (N = 12)
Layers
RK LK RK LK
True-FISP
C 774.4 = 1021 736.2 = 148.3 740.1 £ 92.2 569.4 +~ 89.8°
oM 964.5 = 98.4 922.8 = 165.3 9429 = 100.4 660.1 + 116.3°
M 1217.2 = 153.3 1176.5 = 206.6 1220.7 = 149.5 968.7 + 178.5%
TSE
C 626.0 = 42.7 634.8 = 121.8 589.1 = 123.7 347.4 = 102.0°
oM 804.7 + 86.7 829.2 = 1451 7775 = 109.4 504.0 + 146.3°
M 1025.7 = 109.8 1018.0 = 96.4 981.2 + 81.3 968.3 = 172.6
EPI
C 468.8 = 119.7 470.2 = 128.0 4423 + 82.7 156.6 = 43.26°
OM 655.7 = 132.1 656.8 = 151.7 622.0 = 138.2 363.1 = 159.4°
IM 1059.6 = 164.9 994.5 = 181.6 1075.3 = 247.7 786.3 = 181.0°
2P < 0.01.
bp < 0.001.

FISP = fast imaging with steady-state precession, TSE = turbo spin-echo, EPI = echo planar imaging (b = 0), RK = right kidney, LK = left

kidney, C = cortex, OM = outer medulla, IM = inner medulla.

dulla of the left kidney remained lower than those of the
right kidney in groups 2, 3, and 4. DWI revealed differ-
ent appearances of bilateral kidneys during the isch-
emia-reperfusion injury (Fig. 4).

Renal Perfusion Changes

Dynamic turbo-FLASH images clearly depicted Gd-
DTPA transit through the kidneys as three phases of
centripetal migration of the high-signal band from the C
to the IM layer. In our experiment, dynamic Gd-en-
hanced perfusion imaging demonstrated that the SI-T
curve also comprised three phases in the cortex, outer
medulla, and inner medulla of the right kidney. After a
bolus injection of Gd-DTPA, there was an initial sharp
increase (first or vascular phase) in cortical signal in-
tensity within the first 11 seconds corresponding to
migration of the contrast agent through the interlobular
arteries and glomerular capillary networks, followed by
a slight decrease in signal intensity due to washout of
the agent. A second peak (second or tubular phase)
corresponded mainly to the appearance of the contrast
agent in the proximal convoluted tubule. This was fol-
lowed by a slow gradual increase (third phase), which
was maintained for the remaining investigation time,
corresponding mainly to the appearance of the contrast
agent in the distal convolutes and recirculated agent.
The three phases in the outer medulla resembled those
in the cortex. At about 14 seconds after administration
of the contrast agent, the first peak was observed in the
outer medulla, possibly reflecting the migration of the
contrast agent through long peritubular capillary beds.
The second peak corresponded mainly to the appear-
ance of the contrast agent in the proximal convoluted
tubule, and the third phase of the outer medulla was
similar to that of the cortex. The first peak of the inner
medulla corresponding to the movement of the contrast
agent through capillary beds around the loop of Henle
was minimal or even unclear, whereas the second peak
corresponding mainly to the appearance of the contrast
agent in the loop of Henle was evident. This high-signal
band may represent the Gd-DTPA concentration in the
loop of Henle. The third phase of the inner medulla

corresponded to the presence of the contrast agent in
the collecting ducts, possibly representing the Gd-
DTPA concentration within the collecting ducts.

In contrast, there were markedly different enhance-
ment curves between each layer of the right and left
kidneys among the groups. The first peak of the left
renal cortex diminished in both groups 1 and 2,
whereas it appeared as a plateau in groups 3 and 4,
which implied the filtration rate of the contrast agent
decreased with the prolongation of ischemia. The sec-
ond peak of the left renal cortex disappeared in all
groups following ischemia-reperfusion injury. After
reperfusion, contrast-enhanced MR images of the left
kidney revealed a uniphasic enhancement pattern in
OM and IM compared to those of the right kidney. In all
groups, the first and second peak was not observed in
both OM and IM (Figs. 5, 6). Time-to-peak (Tp) of the left
renal cortex was universally delayed by 2-3 seconds
compared to the right kidney, without any significant
differences in peak height (P). The area under the curve
of the left kidney remained similar to that of the right
kidney in the cortical layer of most groups except group
1. Neither P nor Tp in the outer medulla of the left
kidney were identified on SI-T curves, and the area
under the curve was significantly less than that of the
right kidney in each group. The area under the curve of
the inner medulla of the left kidney was significantly
less than that of the right kidney in all groups (Table 4).

Serum Creatinine (sCr) and Urinary Protein (Up)

There were no major differences between the sCr levels
in pre-ischemia and post-reperfusion in all animals. Up
was qualitatively determined in all dogs before ischemia
and after reperfusion injury. There were no significant
differences in Up values for all animals between groups
before ischemia (P = .678). In contrast, following reper-
fusion injury, a dramatically increased Up value was
detected between groups (P = .002). Up gradually in-
creased with the prolongation of ischemia, implying the
accelerative damage of renal function following hypox-
emia (Fig. 7).
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Table 2

Comparisons of Mean Signal Intensity (SI) After the Removal of Ligation in True-FISP, TSE and EPI Sequences Between Left and Right Kidneys

3)
LK

Group 4 (N

RK

3)
LK

Group 3 (N =

RK

=3)
LK

Group 2 (N

RK

LK

Group 1 (N = 3)

RK

Layers

True-FISP

600.2 = 90.6

650.1 = 127.5
874.4 = 233.3
1117.5 = 292.3

685.1 = 41.8

703.1 + 132.3
1030.0 = 91.1

754.8 = 108.2 7725 + 771 706.1 + 25.1

793.9 = 130.6

985.8 = 83.3
1187.8 = 109.2

657.3 = 156.72

849.6 = 107.42
792.8 + 95.92

1009.7 = 78.7 850.2 = 106.12

888.8 = 104.42
1169.3 = 141.5

oM

912.4 + 194.32

994.8 + 126.72 1190.8 + 165.6

1186.9 = 132.5

M
TSE

590.6 + 11.3

522.6 + 31.6

603.1 = 51.3 596.7 = 23.3

689.0 = 130.4
854.2 = 157.0
1103.4 + 202.2

594.6 = 36.0

509.2 = 324.7
577.8 = 329.9
797.6 = 241.9

550.6 = 270.3
660.1 = 234.3
815.0 = 168.4

708.0 = 18.4
1022.3 = 25.5

805.4 = 70.2 685.1 = 46.1 675.6 = 46.8

1107.7 = 110.7

751.2 + 23.3
918.2 + 55.7

oM

993.3 + 27.5

979.2 = 97.9

M
EPI

438.5 + 163.3
386.8 + 34.5°
620.0 + 30.3%

518.0 + 99.7
732.5 + 68.4

315.3 + 44.0
404.6 + 62.6°
676.9 + 48.5%

382.3 = 32.7

402.7 = 78.1

418.2 + 40.8
596.0 = 70.8

415.1 + 58.3
364.4 + 43.5°
678.8 + 68.2°

481.7 = 62.9

599.8 + 81.4
1163.6 = 114.8

563.9 + 37.7
1009.3 = 92.4

419.7 + 50.5°
656.7 + 60.5°

oM

1096.6 = 135.4

978.3 = 85.8

M
2P < 0.05.
PP < 0.01.
FISP

inner medulla.

= cortex, OM = outer medulla, IM =

left kidney, C

0), RK = right kidney, LK

fast imaging with steady-state precession, TSE = turbo spin-echo, EPI = echo planar imaging (b =
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Pathologic Changes

Glomeruli had normal cellularity with patent glomeru-
lar capillaries. In groups 1 and 2, endothelial cells in the
proximal and distal tubules of the left kidney suffered
no fundamental lesions, despite general edema. In con-
trast, the proximal and distal tubules of the left kidney
in groups 3 and 4 displayed profound tubular endothe-
lial changes, such as cloudy swelling of epithelial cells,
intratubular denuded epithelium and cellular debris,
and regional necrosis of tubular cells. The tubular lu-
mina contained protein casts. Hemorrhage was ob-
served in the interstitium and renal tubules (Fig. 8).
Diffuse mitochondrial vacuolization of endothelial cell
was noted in the majority of convoluted and straight
proximal tubules.

DISCUSSION

This preliminary study reveals morphologic and func-
tional changes in different layers of bilateral kidneys on
T2 /T2*WI, DWI, and perfusion imaging in different time
periods of normothemic ischemia and reperfusion in-
jury. In particular, compared to the right kidney con-
trol, significant changes were observed in the OM and
IM of the left kidney, in correlation with pathologic
findings.

In our experiments, the OM layer of the left kidney
was most severely damaged. After the onset of left renal
arterial ligation, deoxyhemoglobin accumulated in the
renal parenchyma, because blood inflow ceased. Oxy-
hemoglobin is diamaganetic, whereas deoxyhemoglo-
bin is paramagnetic. As a result, SI on T2/T2*WI of
each layer of the left kidney in all groups markedly
decreased, except TSE images of the IM layer. After
arterial occlusion, SI on EPI of the left kidney signifi-
cantly decreased, which was in agreement with a pre-
vious study (27). During reperfusion, SI in the cortex of
the left kidney was almost restored to pre-ligation levels
similar to that of the right kidney. It is most likely that
oxyhemoglobin replaced deoxyhemoglobin in glomeru-
lar capillaries after arterial release. However, in the OM
and IM layers of the left kidney, SI on true-FISP and EPI
remained lower than those of the right kidney, except
true-FISP images of the IM layer of the left kidney in
group 1. These findings could relate with severe hem-
orrhage in the interstitium and renal tubules. EPI was
possibly more sensitive to magnetic field inhomogeneity
than true-FISP. In addition, the IM layer of the left
kidney in group 1 may have been slightly damaged.

In EPI diffusion imaging, the ADC values of the kid-
ney were much higher than that of water at body tem-
perature, which may be attributed to other factors,
such as capillary perfusion, tubular flow, and water
content (6,8,11,28). In previous studies using small
b-values, the ADC values reflect effects from both per-
fusion and diffusion. However, when larger b-values
(greater than 500 seconds/mm?) are used for renal
diffusion-weighted imaging, the signals of the kidneys
are markedly diminished, because the ADC of renal
tissue is higher than that of any other organs in the
abdomen (11). Therefore, small and middle b-values
were selected in this study. Immediately after the onset
of ligation and during ischemia, the ADC values of the
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Figure 3. T2/T2*-weighted images on true-FISP
(a, b), TSE (c, d), and EPI (e, f) from an animal in
group 3. SI values in C, OM, and IM of the left
kidney markedly decreased after renal artery liga-
tion (arrow) (a, e). Compared to the right kidney,
Sl values in OM and IM of the left kidney remained
lower after the release of ligation (arrowheads) (b,
f). SI values in C and OM of the left kidney de-
creased after renal artery ligation (arrow) (c); SI
values in C and OM of the left kidney increased
after the release of ligation (arrowheads) (d).

left renal cortex diminished in each group. However, ADC values of the cortex of the left kidney were lower
after the release of ligation, the ADC values of the left than those of the right kidney, the differences were not
renal cortex increased to a value similar to that of the significant (P > .05 in each group). In our experiments,
right kidney. In the reperfusion phase, although the the ADC values of the cortex reflected contribution to

Table 3
Comparisons of ADC Values (X102 mm?/second) in Different Layers in Five Conditions Between Left and Right Kidneys
L Group 1 (N = 3) Group 2 (N = 3) Group 3 (N = 3) Group 4 (N = 3)
avers RK LK RK LK RK LK RK LK
Pre-ischemia
C 364 078 325+066 3.30*x070 276 £0.53 332*x122 284 +t1.11 3.23*0.72 3.08 £0.57
oM 3.08 050 2.75*+0.32 2.76+0.87 260=*0.65 3.05*+076 260=*0.75 251=*=044 2.85=*0.89
IM 321 +051 284*+025 280*+058 252+0.33 3.14*+096 2.62+0.88 2.83=*0.77 2.88 *+0.67
Onset-ischemia
C 3.35+0.38 2.31 =0.71® 353+0.51 1.69+0.26° 3.35+0.95 212+ 045 3.70+0.98 1.95+ 0.54°
oM 2.64 =047 1.91 =028 3.07+0.82 1.78+0.49° 3.33+x0.86 1.69+0.59% 3.03+0.68 2.07 + 0.28°
M 274 +059 1.92=*0.29° 246 =057 154 +0.53* 273*+0.88 1.70 £ 0.29° 296 = 0.74 2.01 = 0.55%
Late ischemia
C 3.43+0.92 1.68+0.772 343 +0.84 1.73+0.42° 352+ 156 2.05=*075* 3.53+092 1.30=*0.32°
oM 3.31 +0.61 2.13=x0.28" 357 =075 221 +1.16* 3.08+0.98 1.82=0.40° 323 =132 1.57 +0.592
IM 294 +0.62 223+046 3.16+0.30 1.80*0.74° 280+ 0.96 1.55+0.24® 327 +1.01 232+ 0.82°
Onset-reperfusion
C 357*+075 3.06+087 360*1.17 3.12+036 331120 2.88+043 4.09=*1.26 3.18+0.59
oM 364 +1.16 244 +092% 271 +0.55 2.18+0.32° 3.20+0.86 2.02 +0.36® 3.32 + 1.03 2.28 + 0.90°
IM 3.28 £0.62 1.18 =0.64® 2.85+0.48 1.93+0.43° 299+ 0.99 1.79 +=0.30° 3.31 = 0.93 2.45 =+ 0.61°
Post-reperfusion
C 3.38 057 3.02+043 354+1.07 336*+072 337*+096 262+0.72 373*0.81 3.00 +0.86%
oM 3.37 £0.89 272+073 294+038 228+0.24° 296 *0.92 1.68* 0.46 3.25+ 091 2.07 = 0.70°
M 279+045 267042 286*+041 2.04 +042% 294=*+1.01 1.79 +0.36° 3.03*0.97 2.34 +0.812
2P < 0.05.
bp < 0.01.

ADC = apparent diffusion coefficient, RK = right kidney, LK = left kidney, C = cortex, OM = outer medulla, IM = inner medulla.
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Figure 4. DW MR images on pre-ischemia (al-
a3), onset-ischemia (b1-b3), late ischemia (c1-
¢3), onset-reperfusion (d1-d3) and post-reperfu-
sion (e1-e3) with b = O (left panel), b = 30 (middle
panel), and b = 300 (right panel) were obtained
from an animal in group 3. SI values in C, OM,
and IM of the right kidney gradually decreased as
b-value increased. SI values in OM and IM of the
left kidney did not decrease significantly as the
b-value increased during ischemia and reperfu-
sion injury. After the arterial occlusion, hypoin-
tense band was evident in the cortex and outer
medulla of the left kidney. Following the release of
arterial occlusion, inhomogeneous hypointense
was observed in the outer medulla of the left kid-
ney.
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Figure 5. Gd-DTPA dynamic enhanced MR images from an animal in group 3 (a-i), depicting scans 1, 3, 8, 10, 12, 15, 29, 47,
and 99, respectively. On images 29, 47, and 99, the signal intensity in OM and IM of the left kidney was persistently lower

compared to that of the right kidney.
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Figure 6. Time-course MR signal enhancement curves ob-
tained from an animal in group 3. Three phases in each layer
of the right kidney were clearly observed (a), whereas a unipha-
sic enhancement pattern in each layer of the left kidney was
evident after ischemia-reperfusion injury (b).

blood perfusion, in agreement with previous results. In
contrast, the ADC values of the OM and IM remained
lower than those of the right kidney until post-reperfu-
sion injury (except in group 1). One proposal to explain
this finding is that the reduction of glomerular filtration
rate, casts in the tubules, and edema of the tubular
epithelial cells may participate in this complicated
course, which led to diffusion-restriction. Following in-
sult, OM and IM of the left kidney in groups 2, 3, and 4
were evidently damaged, which resulted in decrease or
loss of the urinary concentration capacity of the renal
tubule and collecting duct. There was no evidence of
damage in the renal cortex (29-31). Medullary hypoxic
injury is characterized by necrosis of tubules that are
most remote from vessels; the renal medulla is most
susceptible to anoxia (32). Marked anisotropic diffusion
was observed within the renal medulla (8). The ADC
values of the upper pole of kidneys were higher than
those of the central portion with the DSG oriented in the
cephalocaudal direction, because the tubules in the
poles are parallel to DSG and the tubules in the mid
polar region are horizontal to DSG (12). Our experi-
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inner medulla, SI = signal intensity, P = peak height (first peak), T, = time to peak (first peak) (unit: second), A = area

cortex, OM = outer medulla, IM =

left kidney, C

under the curve (unit: mm?).

RK = right kidney, LK
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Figure 7. Level of animal urinary protein gradually increases
with the prolongation of ischemia. Twelve dogs were randomly
divided into four groups. Left renal ischemia was respectively
induced for 30, 60, 90, and 120 minutes by occlusion of the
left renal artery. Level of urinary protein of the animal was
respectively measured before ischemia and after reperfusion.
Data are mean * SD values (N = 3). *P < 0.05, **P < 0.01
compared to values for level of urinary protein before ischemia
by the paired Student’s t-test.
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ments revealed a large spread in data (Table 3), indicat-
ing substantial measurement error currently inherent
to the technique. It is likely that anisotropic diffusion
was not respected due to the small number of animals
in each group, or that EPI is highly sensitive to motion
and susceptibility, leading to signal loss and image dis-
tortion.

Dynamic MR images directly revealed renal morphol-
ogy and indirectly reflected the functional status of re-
nal vasculature, renal perfusion, and tubular concen-
trating ability. Following administration of Gd-DTPA,
there were obviously different enhancement patterns in
the different layers between the left and right kidney.
Frank et al (33) defined three phases during the pas-
sage of the contrast agent through the kidney; specifi-
cally, vascular, tubular, and ductal phases, represent-
ing the outer cortex, outer medulla, and inner medulla,
respectively. In this study, SI-T curves of the control
kidney also comprised three phases in each layer, con-
sistent with previously reported data (27). We suggest
that this may be a result of the higher temporal resolu-
tion employed in our investigation (frame/1.16 sec-
onds). The first peak of the cortex and OM of the right
kidney was evident. In contrast, the first peak of the
inner medulla was minimal or even unclear, because
the blood volume of IM is considerably lower than that
of the cortex and outer medulla. After the reperfusion
episode, the magnitude of left cortical enhancement
was slightly delayed. The first peak wash-out of the left
renal cortex was slow in group 2, but disappeared in
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Figure 8. Photomicrography of the left kidney obtained from an animal in group 3. Note the cloudy swelling of proximal tubular
endothelial cells with normal glomeruli (long and short arrows), flocculent pink protein casts in the tubular lumina (arrowhead),
X 200 (a), flocculent pink protein casts in the tubular lumina (arrowhead), hemorrhage in the interstitium and renal tubules
(long arrow), X 400 (b), tubular dilatation and protein casts in the tubular lumen (arrowhead), X 100 (c¢), denuded epithelium
and necrosis of tubular cells (short arrow), X 400 (d). H&E stain.
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both groups 3 and 4. The second peak of the left renal
cortex was not identified in all groups. The area under
the curve of the cortex was similar for groups 2, 3, and
4. We assume that the proximal convoluted tubule was
damaged, but cortical blood flow was maintained de-
spite diminished renal function, as reported previously
(31,34). However, after reperfusion, the first and second
peaks of OM and IM were not identified in all groups,
and displayed uniphasic enhancement pattern. More-
over, the area under the curves of OM and IM was
obviously reduced. The concentration function of renal
tubule and collecting duct was damaged which may
account for these findings. Intratubular pressure in-
creased due to obstructing materials, epithelial edema,
and intense peritubular capillary hemorrhage. As a re-
sult, the glomerular ability to filter Gd-DTPA decreased.
A single coronal slice may present a better overall view
of the kidneys.

It must be noted that the techniques used in this
study have several limitations. First, although no se-
vere motion artifacts were identified using single-shot
EPI, the quality of some images was poor due to arti-
facts derived from susceptibility and motion. Second,
we used some methods to obtain consistent SI mea-
surements, but could not completely exclude inconsis-
tencies due to free breathing. Further validation studies
are required with the use of more accurate measure-
ment. Third, renal volume in post-occlusion was
slightly smaller than that in pre-occlusion due to blood
inflow stop, which may have influenced the accuracy of
SI measurements. Finally, we did not monitor blood
pressure during our experiments. Renal arterial occlu-
sion may lead to transient blood pressure elevation.
Again, prolonged anesthesia may cause hypotension,
which exacerbates the effects of ischemia. These factors
may limit the use of the right kidney as a control.

In conclusion, it is possible to perform a comprehen-
sive evaluation of renal function of dog kidney following
normothermic ischemia and reperfusion injury using a
combination of MR DWI and first-pass perfusion imag-
ing. Our MR study indicates that damage to the OM and
IM layer may be a primary effect of this episode, which
correlates with histological findings. Our results pro-
vide a useful insight into transplantation research.
However, further studies are needed to confirm these
preliminary observations for noninvasive evaluation of
the graft status in patients with suspected ATN during
the early post-transplant period.
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