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Abstract 
Purpose: The purpose of this study was to develop a method for quantifying the ex-
tent of renal dysfunction due to drug-induced nephrotoxicity using dynamic con-
trast-enhanced computed tomography (DCE-CT) and to investigate the protective 
effects of various antioxidant agents against cis-dichlorodiammineplatinum (cispla-
tin)-induced nephrotoxicity in rats using this method. Materials and Methods: The 
DCE-CT studies were performed in 8-week-old male Sprague-Dawley rats. The CT 
scanning started 4 s before a bolus intravenous injection of iodinated contrast agent 
(CA) (150 mgI/kg) from the tail vein using an automatic injector and lasted 90 s at 
1-s intervals. The contrast clearance per unit renal volume (K1) was estimated from 
the DCE-CT data using the Patlak model. The renal volume (V) was calculated by 
manually delineating the kidney on the CT image. The contrast clearance of the en-
tire kidney (K) was obtained by 1K K V= × . First, to investigate the effect of CA it-
self, the DCE-CT studies were performed without injecting cisplatin 2, 4, and 7 days 
after the first DCE-CT study on day 0. Second, to investigate the effect of injected 
dose of cisplatin, the DCE-CT study was performed after the intraperitoneal (i.p.) 
injection of cisplatin (1.8 mg/kg) and was repeated every other day for one week. Fi-
nally, to investigate the protective effects of antioxidant agents [L-arginine (300 
mg/kg), N-acetylcysteine (500 or 1000 mg/kg), methimazole (40 mg/kg), captopril 
(60 mg/kg), and taurine (750 mg/kg)], the DCE-CT studies were performed on days 
0, 2, 4, and 7 after the i.p. injection of cisplatin (3.6 mg/kg). For comparison, the 
DCE-CT data were also acquired without injecting the antioxidant agents (CDDP 
group). Results: When cisplatin was not injected, there were no significant changes 
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in the K value as compared to that on day 0 within the studied period. The K valu-
esignificantly (p < 0.05) decreased with increasing dose of cisplatin. Although some 
differences were observed in the extent of change in the K value normalized by that 
on day 0, depending on the antioxidant agents and their injected dose and schedule, 
the normalized K values on day 7 in the groups injected with the antioxidant agents 
were significantly higher than those in the CDDP group, suggesting that the antioxi-
dant agents studied here had protective effects against cisplatin-induced nephrotox-
icity in varying degrees. Conclusion: Our method appears useful for quantitatively 
evaluating the protective effects of antioxidant agents against cisplatin-induced neph-
rotoxicity and for investigating the optimal injected dose and schedule of the agents, 
because it allows repeated measurements of split renal function in a single animal. 
 

Keywords 
Dynamic Contrast-Enhanced Computed Tomography, Drug-Induced  
Nephrotoxicity, Cisplatin, Glomerular Filtration Rate, Creatinine Clearance,  
Animal Experiments 

 

1. Introduction 

Dynamic contrast-enhanced computed tomography (DCE-CT) acquires CT images se-
rially after the administration of intravenous contrast agent (CA) [1]. DCE-CT has be-
come a major imaging technique and has been widely used for evaluating the hemody-
namics in normal tissue and benign and malignant tumors as well as for monitoring 
therapeutic effectiveness during and after therapy [1]-[3]. Dynamic contrast-enhanced 
magnetic resonance imaging (DCE-MRI) has also been used for studying the hemody-
namics in normal and tumor tissues [4]-[6]. Although DCE-MRI provides spatial and 
temporal resolution comparable to DCE-CT and does not involve the use of ionizing 
radiation, it has some disadvantages. Whereas the change in the CT number is directly 
proportional to the change in the concentration of CA for DCE-CT, for DCE-MRI the 
relationship breaks down at high concentrations of certain CAs leading to errors of 
physiologic parameters [7]. 

Determination of glomerular filtration rate (GFR) is important in the evaluation of 
renal function [8]. Any substance that is filtered at the glomerulus and not reabsorbed 
by the renal tubules may be used as a marker of GFR. The conventional iodinated CAs 
have pharmacokinetics comparable to those of inulin, generally regarded as the bench-
mark extracellular fluid marker in physiology. Thus, values for the plasma clearance of 
iodinated CA are at least closely related to GFR [8]. 

Since DCE-CT offers the capability to measure noninvasively changes in concentra-
tion of CA in almost any regions of interest (ROIs), the potential of DCE-CT for func-
tional renal imaging is considerable. In clinical practice, the measurement of creatinine 
clearance remains the most widely used method for obtaining an index of GFR. Mea-
surement of creatinine clearance as well as any other methods with exogenous markers, 
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requires a carefully timed urine collection (usually 24 h) and blood sampling [8]. Ra-
dionuclide methods provide an accurate GFR measurement but their use is limited by 
the inherent restrictions associated with the clinical use of radioisotopes [9]. Measure-
ments of contrast clearance using DCE-CT do not require urine collection and blood 
sampling, and easy to perform even on outpatients. This method will also be useful for 
evaluation of split renal function, and spatial resolution of CT is superior to that of ra-
dionuclide methods [8]. 

Cis-dichlorodiammineplatinum (cisplatin) is an important antineoplastic drug and 
particularly effective for the treatment of testicular and ovarian cancers [10] [11]. 
However, the dose-limiting nephrotoxicity of the drug is still a major clinical problem 
[12] [13]. 

Although the mechanism by which cisplatin induces renal injury is not well unders-
tood, a large body of evidence supports the concept that oxidative stress may play an 
important role in the pathophysiology of cisplatin-induced nephrotoxicity and that free 
radical generation and lipid peroxidation play a role in this toxicity [14] [15]. Accor-
dingly, multiple trials for the reduction of nephrotoxicity have been reported using 
various antioxidant agents [16]-[22]. To accomplish the reduction of nephrotoxicity 
using antioxidant agents, it is important to quantitatively monitor the extent of renal 
dysfunction due to drug-induced nephrotoxicity and the effectiveness of antioxidant 
agents against this toxicity. 

The purpose of this study was to develop a method for quantifying the extent of renal 
dysfunction due to drug-induced nephrotoxicity using DCE-CT, and to investigate the 
protective effects of various antioxidant agents against cisplatin-induced nephrotoxicity 
in rats using this method. 

2. Materials and Methods 
2.1. Kinetic Model of Contrast Agent in the Kidney 

The kinetic model used for analysis consists of two compartments, i.e., the blood and 
the kidney. When using this model, the differential equation describing the kinetic be-
havior of CA in the kidney is given by [23] 

( ) ( )
( ) ( ) ( )1 2

d
d

kid b
b kid b

C t f C t
K C t k C t f C t

t
⋅

− ⋅   = − − ⋅             (1) 

where ( )kidC t  and ( )bC t  are the concentrations of the CA at time t in the kidney 
and the blood, respectively. K1 and k2 represent the rate constants for the transfer of CA 
from the blood to the kidney via glomerular filtration and outflow of the CA from the 
kidney, respectively. f denotes the blood volume fraction. 

Solving Equation (1) for ( )kidC t  with the assumption that the initial conditions are 
zero and k2 is negligible during the sampling period yields. 

( ) ( ) ( )1 0
d

t
kid b bC t K C u u f C t= ⋅ + ⋅∫                      (2) 

where u is a variable of integration. Dividing both sides of Equation (2) by ( )bC t  
yields. 
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K1 and f can be estimated from Equation (3) using the Patlak graphical method [24]. 
The clearance of CA in the entire kidney (K) is given by 

1K K V= ⋅                                 (4) 

where V represents the renal volume. It should be noted that K is the GFR in terms of 
the whole blood. 

In this study, the time-attenuation curve (TAC) in the aorta was used as an arterial 
input function (AIF) instead of that in the renal artery, because it was difficult to di-
rectly obtain the TAC in the renal artery. The transit time of the CA from the aorta to 
the renal artery was corrected as follows. First, we manually drew the ROIs on the aorta 
and entire kidney as illustrated in Figure 1, and then generated the TACs in the aorta 
and entire kidney ROIs. Second, the transit time between the aorta and the kidney was 
determined by visually finding the rise points of these TACs. Finally, the transit time 
was corrected by shifting the TAC in the aorta to that in the entire kidney. The disper-
sion in AIF between the aorta and the kidney ROIs was not corrected in this study. 

The partial volume effect (PVE) on ( )bC t  was corrected according to Cenic et al. 
[25] Briefly, a calibration curve was generated by phantom experiments containing 
background and contrast tubes with various diameters [23]. From the calibration curve, 
the recovery coefficient (RC) value was determined, knowing the standard deviation 
(SD) of the gaussian fit to the background-subtracted image profile of the aorta from 
which the AIF was obtained [23]. The AIF corrected for the PVE was obtained by mul-
tiplying the AIF by the RC value obtained above. Figure 2(a) and Figure 2(b) show the 
typical example of ( )bC t  and ( )kidC t  and Patlak plot, respectively. 

Calculations were performed using MATLAB (The MathWorks, Inc., Natick, MA, 
USA) on a Pentium 4 (2.8 GHz) computer with 2-GB RAM. 

 

 
Figure 1. Example of the regions of interest (ROIs) drawn on the aorta (arrow) and entire kidneys 
(arrowheads) to obtain the time-attenuation curves (TACs) from dynamic contrast-enhanced com-
puted tomography (DCE-CT) data. The TAC in the aorta ROI was used as an arterial input function. 
The CT image shown here was acquired 20 s after the start of scanning (scale bar = 10 mm). 
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Figure 2. (a) Typical example of the TACs in the aorta ( )bC t    and entire kidney ( )kidC t   . 

H.U. stands for Hounsfield unit. (b) Patlak plot in which the normalized time given by 

( ) ( )
0

d
t

b bc u u C t∫  was taken as the x axis and ( ) ( )kid bC t C t  was taken as the y axis. The rate 

constant for the transfer of contrast agent (CA) from the blood to the kidney via glomerular fil-
tration (K1) and blood volume fraction (f) were obtained from the slope and y-intercept of the 
fitted line (solid line) of the Patlak plot, respectively. 

2.2. Animal Experiments 

All animal experiments were approved by the animal ethics committee at Osaka Uni-
versity School of Medicine. 

2.2.1. Animals 
Male Sprague-Dawley rats were used in all experiments. They were purchased from 
Charles River Laboratories Japan, Inc. (Yokohama, Japan). The rats had free access to 
food and water, and were kept under standard laboratory conditions of 22 - 23 degree 
room temperatures, around 50% humidity, and a 12:12 hour light/dark cycle. 

2.2.2. DCE-CT Protocol 
The DCE-CT studies were performed using a 4-row multi-slice CT (Asteion, Toshiba 
Medical Systems Co., Tochigi, Japan). For selection of the appropriate transverse level 
for DCE-CT studies, unenhanced scout scanning through the kidneys was performed 
with a tube voltage of 120 kV and a tube current of 80 mA. After selection of the trans-
verse level, the DCE-CT study was performed with the same tube voltage and tube cur-
rent used for scout scanning. The matrix size was 512 × 512 and the field of view (FOV) 
was 90 mm × 90 mm. Four slices with a thickness of 3 mm were acquired with a gantry 
rotation speed of 1.5 s. 

For the dynamic study, CT scanning was initiated 4 s before administration of CA. A 
bolus of 150 mgI/kg of iodinated CA [Iopamiron 300 (300 mgI/mL), Bayer Schering 
Pharma, Osaka, Japan] was intravenously administered at a rate of 0.125 mL/s for 2 s 
via the 26-gauge tail vein catheter using an automatic injector of our own manufacture. 
Dynamic scanning was continued for 90 s, and transverse images were reconstructed at 
1-s intervals, resulting in 90 consecutive images per slice.  

After the DCE-CT scanning, helical CT scanning covering the entire kidneys was 
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performed with the same tube voltage, tube current, and FOV used for DCE-CT scan-
ning, a slice thickness of 1 mm, and a table speed of 5.5 mm/rotation, i.e., a helical pitch 
of 5.5 for the measurement of renal volumes. 

2.2.3. Measurement of Renal Volume 
The renal volume [V in Equation (4)] of each kidney was measured by helical CT after 
the DCE-CT study as described above. The kidney was continuously scanned from up-
per pole to lower pole, using 1-mm thickness and 1-mm interval. Renal contours were 
identified from each tomographic level and the surrounded areas were multiplied by 
slice thickness (1 mm) to yield global renal volume. 

2.2.4. Measurement of Creatinine Clearance 
Endogenous creatinine clearance (Ccr) was measured as follows. First, rats were housed 
in metabolic cages for 24 h and urine was collected one day before the last DCE-CT 
study. After the last DCE-CT study, blood samples were collected by heart puncture 
and used for the hematocrit measurement. Serum was separated from blood samples by 
centrifugation at 6200 rpm for 10 min and used for the determination of creatinine. 
The kidneys were removed for histopathological evaluation. The Ccr was calculated ac-
cording to the standard formula cr cr u crC U V P= ×  in which Ucr is the creatinine con-
centration in the 24 h urine portion, Vu is the volume of the urine for one minute, and 
Pcr is the plasma concentration of creatinine measured in the same time period [26] 
[27]. 

2.3. Effect of Contrast Agent 

A total of 6 rats (8 weeks old) weighing 284 ± 4 g (mean ± SD) were used to investigate 
the effect of CA itself. The DCE-CT studies were performed on days 0, 2, 4, and 7. Day 
0 was defined as the day of the first DCE-CT study. When performing the DCE-CT 
studies, the animal was anaesthetized using pentobarbital sodium (Somnopentyl, Kyo-
ritsu Seiyaku Co., Tokyo, Japan) at a dose of 50 mg/kg and was placed on the CT table 
in a prone position. To reduce the physiological motion such as respiratory motion, we 
immobilized the animal with surgical tape. 

2.4. Effect of Injected Dose of Cisplatin 

A total of 36 rats (8 weeks old) weighing 283 ± 8 g (mean ± SD) were used to investi-
gate the effect of injected dose of cisplatin. The rats were divided into a control (n = 9) 
and cisplatin-treated groups (n = 27). The rats in the cisplatin-treated group were given 
1.8 mg/kg of cisplatin (Nippon Kayaku Co., Tokyo, Japan) intraperitoneally (i.p.) every 
other day [23], and were divided into three groups based on the number of injections; 
two-times treated (n = 9), four-times treated (n = 9), and six-times treated groups (n = 
9). On the day after the last cisplatin injection, the DCE-CT studies were performed. 
The rats in the control group were i.p. injected with saline (3.8 mL/kg) and then the 
DCE-CT study was performed. Because the injected volume of saline ranged from 2.5 
to 5 mL/kg in [18] [20] [22], this injected volume was determined by averaging these 
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values.  

2.5. Protective Effects of Antioxidant Agents 

In this study, L-arginine (L-ARG), N-acetylcysteine (NAC), methimazole, captopril, 
and taurine were used as antioxidant agents. NG-nitro-L-arginine methyl ester (L-NAME) 
was used as a nitric oxide synthase inhibitor. L-ARG, L-NAME, NAC, methimazole, 
and taurine were purchased from Sigma-Aldrich Japan Co. (Tokyo, Japan). Captopril 
was purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). Unless specifically 
stated, the DCE-CT studies were performed on days 0, 2, 4, and 7. Day 0 was defined as 
the day of cisplatin injection. 

2.5.1. Treatment with Cisplatin Alone 
A total of 15 rats (8 weeks old) weighing 290 ± 7 g (mean ± SD) were used to investi-
gate the effect of cisplatin alone. They were divided into two groups [CDDP (1) and 
CDDP (2)]. The rats in the CDDP (1) group were i.p. injected with a single dose of cis-
platin (3.6 mg/kg) on day 0 and were injected with saline (3.8 mL/kg) every day the-
reafter (n = 6). The rats in the CDDP (2) group were i.p. injected with a single dose of 
cisplatin (3.6 mg/kg) alone (n = 9). 

The K values normalized by those on day 0 in the CDDP (1) group were compared 
with those in the groups injected with L-ARG, L-NAME, methimazole, captopril, and 
taurine in addition to cisplatin, whereas thenormalized K values in the CDDP (2) group 
were compared with those in the group injected with cisplatin and NAC. 

2.5.2. Treatment with L-ARG and L-NAME 
A total of 18 rats (8 weeks old) weighing 295 ± 12 g (mean ± SD) were used to investi-
gate the effects of L-ARG, L-NAME, and their combination. They were divided into 
three groups (ARG, NAME, and ARG-NAME), each consisting of 6 animals. The rats 
in the ARG group were i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed im-
mediately by L-ARG (300 mg/kg) administration (i.p.) [16]. L-ARG (300 mg/kg) was 
i.p. injected every day thereafter. The rats in the NAME group were i.p. injected with 
cisplatin (3.6 mg/kg) on day 0, followed immediately by L-NAME (10 mg/kg) adminis-
tration (i.p.) [16]. L-NAME (10 mg/kg) was i.p. injected every day thereafter. The rats 
in the ARG-NAME group were i.p. injected with cisplatin (3.6 mg/kg) on day 0, fol-
lowed immediately by i.p. administration of both L-ARG (300 mg/kg) and L-NAME 
(10 mg/kg). Both L-ARG (300 mg/kg) and L-NAME (10 mg/kg) were i.p. injected every 
day thereafter. 

2.5.3. Treatment with NAC 
A total of 12 rats (8 weeks old) weighing 301 ± 12 g (mean ± SD) were used to investi-
gate the effect of NAC. They were divided into two groups [NAC (500) and NAC 
(1000)], each consisting of 6 animals. The rats in the NAC (500) group were intrave-
nously (i.v.) injected with NAC at a single dose of 500 mg/kg 15 min before i.p. injec-
tion of cisplatin (3.6 mg/kg) on day 0, whereas the rats in the NAC (1000) group were 
i.v. injected with NAC at a single dose of 1000 mg/kg 15 min before the i.p. injection of 
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cisplatin (3.6 mg/kg) [17]. 

2.5.4. Treatment with Methimazole 
A total of 10 rats (8 weeks old) weighing 288 ± 6 g (mean ± SD) were used to investi-
gate the effect of methimazole. They were divided into two groups [Methimazole (1) 
and Methimazole (2)], each consisting of 5 animals. The rats in the Methimazole (1) 
group were i.p. injected with methimazole (40 mg/kg) 30 min before i.p. injection of 
cisplatin (3.6 mg/kg) on day 0 [19]. They were i.p. injected with methimazole (40 
mg/kg) every day after cisplatin injection. The rats in the Methimazole (2) group were 
i.p. injected with methimazole (40 mg/kg) 30 min before and 30 min, 1 h, 2 h, 4 h, and 
8 h after i.p. injection of cisplatin (3.6 mg/kg) on day 0 [20]. They were i.p. injected 
with methimazole (40 mg/kg) every day thereafter, as in the Methimazole (1) group. 

2.5.5. Treatment with Captopril and Taurine 
Six rats (8 weeks old) weighing 291 ± 7 g (mean ± SD) were used to investigate the ef-
fect of captopril (Captopril group). They were i.p. injected with captopril (60 mg/kg) 30 
min before i.p. injection of cisplatin (3.6 mg/kg) on day 0 [21]. After cisplatin injection, 
they were i.p. injected with captopril (60 mg/kg) every day. 

Six rats (8 weeks old) weighing 281 ± 7 g (mean ± SD) were used to investigate the 
effect of taurine (Taurine group). They were i.p. injected with taurine (750 mg/kg) 1 h 
before i.p. injection of cisplatin (3.6 mg/kg) on day 0 [22]. After cisplatin injection, they 
were i.p. injected with taurine (750 mg/kg) every day. 

2.6. Histopathological Evaluation 

After the final DCE-CT study, rats were sacrificed and kidneys were removed for his-
topathological evaluation. The resected kidney was sectioned in blocks, fixed in 20% 
formalin, then dehydrated in graded concentrations of alcohols and embedded in pa-
raffin. The kidney block was cut into 2-μm sections and stained with hematoxylin and 
eosin (H & E) or periodic acid Schiff’s (PAS) reagents to demonstrate polysaccharides, 
neutral mucopolysaccharide, and glycoproteins from epithelial tubular membranes. 
The histopathological observation was performed using a light microscope (ECLIPSE80i, 
NIKON Co. Ltd., Tokyo, Japan). 

2.7. Statistical Analysis 

Unless specifically stated, data were represented as mean ± standard error (SE). When 
investigating the correlation between the Ccr and K values, regression analysis was per-
formed and the correlation coefficient and regression equation were calculated. When 
investigating the effect of CA, the paired Student’s t-test was used to test for significant 
differences in the K values compared to those on day 0. When investigating the effect of 
injected dose of cisplatin, the paired Student’s t-test was also used to test for significant 
differences in the K values compared to those without cisplatin injection. When inves-
tigating the effects of antioxidant agents, the K values were normalized by those on day 
0 and the paired Student’s t-test was used to test for significant differences in the nor-
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malized K values compared to those on day 0. When comparing the normalized K val-
ues between groups, the unpaired Student’s t-test was used. A p-value less than 0.05 was 
considered significant. 

3. Results 
3.1. Correlation between Creatinine Clearance and K Value 

Figure 3 shows the correlation between the Ccr (x, mL/min) and K values (y, mL/min) 
in 160 kidneys selected randomly from this study. As shown in Figure 3, there was a 
significant (p < 0.01) correlation between them with a correlation coefficient of r = 0.705 
and a regression equation of y = 0.516 x + 0.388. 

3.2. Effect of Contrast Agent 

Figure 4 shows the comparison of the K values obtained from the DCE-CT studies 
performed without injecting cisplatin on days 0, 2, 4, and 7. Note that day 0 is the day 
of the first DCE-CT study. As shown in Figure 4, there were no significant differences 
in the K values on days 2, 4, and 7 as compared to that on day 0. 

3.3. Effect of Injected Dose of Cisplatin 

Figure 5(a) shows the K values as a function of the cisplatin injection number, whereas 
Figure 5(b) shows the H & E stain images in the control (upper left), two-times treated 
(upper right), four-times treated (lower left), and six-times treated groups (lower right). 
As shown in Figure 5, the K value decreased (a) and the extent of renal damage in-
creased with increasing number of cisplatin injection (b). 

3.4. Treatment with L-ARG and L-NAME 

Figure 6(a) shows the time courses of the K value normalized by that on day 0 in the 
CDDP (1), ARG, NAME, and ARG-NAME groups. There were significant differences 
between the CDDP (1) and ARG groups on days 2 and 7, between the CDDP (1) and 
 

 
Figure 3. Relationship between creatinine clearance (Ccr) and the K value in 160 kidneys selected 
randomly from this study. Note that the K value was calculated from Equation (4) and there was 
a significant (p < 0.01) correlation between the Ccr and K values. 
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Figure 4. K values obtained from the DCE-CT studies performed without injection of cisplatin 
on days 0, 2, 4, and 7. Note that day 0 is the day of the first DCE-CT study. Bar and error bar 
represent mean and standard error (SE), respectively. 

 

 
(a) 

 
(b) 

Figure 5. (a) K values as a function of cisplatin injection number. Bar and error bar represent 
mean and SE, respectively. (b) Hematoxylin and eosin (H & E) stain images in the control (upper 
left), two-times treated (upper right), four-times treated (lower left), and six-times treated groups 
(lower right). Magnification, ×200. Scale bar = 100 μm. 

 
NAME groups on day 4, and between the CDDP (1) and ARG-NAME groups on days 2 
and 7. Figure 6(b) shows the PAS stain images obtained from the CDDP (1) (upper 
left), ARG (upper right), NAME (lower left), and ARG-NAME groups (lower right). As 
shown in Figure 6(b), the extent of renal damage was the most severe in the NAME 
group, followed by the CDDP (1), ARG-NAME, and ARG groups in descending order. 
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3.5. Treatment with NAC 

Figure 7(a) shows the time courses of the K value normalized by that on day 0 in the 
CDDP (2), NAC (500), and NAC (1000) groups. Although there were no significant 
differences between the CDDP (2) and NAC (500) groups in all cases, there were sig-
nificant differences between the CDDP (2) and NAC (1000) groups on days 2, 4, and 7. 
Figure 7(b) shows the PAS stain images obtained from the CDDP (2) (left), NAC (500) 
(middle), and NAC (1000) groups (right). As shown in Figure 7(b), the extent of renal 
damage was the most severe in the CDDP (2) group, followed by the NAC (500) and 
NAC (1000) groups in descending order.  
 

 
(a) 

 
(b) 

Figure 6. (a) K values normalized by that on day 0 as a function of days after cisplatin injection 
for the CDDP (1) (●), ARG (■), NAME (▲), and ARG-NAME groups (♦). The rats in the CDDP 
(1) group were intraperitoneally (i.p.) injected with a single dose of cisplatin (3.6 mg/kg) on day 0 
and were injected with saline (3.8 mL/kg) every day thereafter. The rats in the ARG group were 
i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed immediately by L-arginine (L-ARG) 
(300 mg/kg) administration (i.p.). L-ARG (300 mg/kg) was i.p. injected every day thereafter. The 
rats in the NAME group were i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed im-
mediately by NG-nitro-L-arginine methyl ester (L-NAME) (10 mg/kg) administration (i.p.). 
L-NAME (10 mg/kg) was i.p. injected every day thereafter. The rats in the ARG-NAME group 
were i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed immediately by i.p. administration 
of both L-ARG (300 mg/kg) and L-NAME (10 mg/kg). Both L-ARG (300 mg/kg) and L-NAME 
(10 mg/kg) were i.p. injected every day thereafter. *: p < 0.05 compared to the CDDP (1) group. 
(b) Periodic acid Schiff’s (PAS) stain images in the CDDP (1) (upper left), ARG (upper right), 
NAME (lower left), and ARG-NAME groups (lower right). Magnification, ×200. Scale bar = 100 
μm. 
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(a) 

 
(b) 

Figure 7. (a) K values normalized by that on day 0 as a function of days after cisplatin injection 
for the CDDP (2) (●), NAC (500) (■), and NAC (1000) groups (▲). The rats in the CDDP (2) 
group were i.p. injected with a single dose of cisplatin (3.6 mg/kg) alone on day 0. The rats in the 
NAC (500) group were intravenously (i.v.) injected with N-acetylcysteine (NAC) (500 mg/kg) 
15 min before i.p. injection of cisplatin (3.6 mg/kg) on day 0. The rats in the NAC (1000) group 
were i.v. injected with NAC (1000 mg/kg) 15 min before i.p. injection of cisplatin (3.6 mg/kg) on 
day 0. *: p < 0.05 compared to the CDDP (2) group. (b) PAS stain images in the CDDP (2) (left), 
NAC (500) (middle), and NAC (1000) groups (right). Magnification, ×200. Scale bar = 100 μm. 

3.6. Treatment with Methimazole 

Figure 8(a) shows the time courses of the K value normalized by that on day 0 in the 
CDDP (1), Methimazole (1), and Methimazole (2) groups. There were significant dif-
ferences between the CDDP (1) and Methimazole (1) groups on day 7 and between the 
CDDP (1) and Methimazole (2) groups on days 2, 4, and 7. The normalized K values in 
the Methimazole (2) group were significantly higher than those in the Methimazole (1) 
group on days 2, 4, and 7. Figure 8(b) shows the PAS stain images obtained from the 
CDDP (1) (left), Methimazole (1) (middle), and Methimazole (2) groups (right). The 
extent of renal damage was the most severe in the CDDP (1) group, followed by the 
Methimazole (1) and Methimazole (2) groups in descending order. 

3.7. Treatment with Captopril and Taurine 

Figure 9(a) shows the time courses of the K value normalized by that on day 0 in the 
CDDP (1), Captopril, and Taurine groups. There were significant differences between 
the CDDP (1) and Captopril groups on day 7 and between the CDDP (1) and Taurine 
groups on days 2, 4, and 7. Figure 9(b) shows the PAS stain images obtained from the 
CDDP (1) (left), Captopril (middle), and Taurine groups (right). The extent of renal 
damage was the most severe in the CDDP (1) group. Although the extents of renal 
damage in the Captopril and Taurine groups were smaller than that in the CDDP (1)  
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(a) 

 
(b) 

Figure 8. (a) K values normalized by that on day 0 as a function of days after cisplatin injection 
for the CDDP (1) (●), Methimazole (1) (■), and Methimazole (2) groups (▲). The rats in the 
Methimazole (1) group were i.p. injected with methimazole (40 mg/kg) 30 min before i.p. injec-
tion of cisplatin (3.6 mg/kg) on day 0 and every day thereafter. The rats in the Methimazole (2) 
group were i.p. injected with methimazole (40 mg/kg) 30 min before and 30 min, 1 h, 2 h, 4 h, 
and 8 h after i.p. injection of cisplatin (3.6 mg/kg) on day 0 and every day thereafter. *: p < 0.05 
compared to the CDDP (1) group. (b) PAS stain images in the CDDP (1) (left), Methimazole (1) 
(middle), and Methimazole (2) groups (right). Magnification, ×200. Scale bar = 100 μm. 

 

group, there was no significant difference between the Captopril and Taurine groups 
visually. 

4. Discussion 

In this study, we developed a method to quantitatively evaluate renal function using 
DCE-CT and investigated its feasibility and usefulness as a nephrotoxicity-testing tool 
by applying it to the evaluation of cisplatin-induced renal dysfunction in rats. We also 
investigated the protective effects of various antioxidant agents against cisplatin- 
induced nephrotoxicity in rats using our method. 

In the clinical setting, the measurement of Ccr remains the most widely used method 
for obtaining an index of GFR [26] [27]. As previously described, the measurement of 
the Ccr, as well as any other methods with exogenous markers, requires a carefully 
timed urine collection (usually 24 h) and blood sampling [26] [27]. Although radionuc-
lide methods provide an accurate GFR measurement, their use is limited by the inhe-
rent restrictions associated with the clinical use of radioisotopes [9]. On the other hand, 
our method using DCE-CT requires neither urine collection nor blood sampling and 
will be easy to perform even on outpatients. Our method can also be applied to the 
evaluation of split renal function. 

In this study, we used the Patlak model to calculate the contrast clearance per unit 
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(a) 

 
(b) 

Figure 9. (a) K values normalized by that on day 0 as a function of days after cisplatin injection 
for the CDDP (1) (●), Captopril (■), and Taurine groups (▲). The rats in the Captopril group 
were i.p. injected with captopril (60 mg/kg) 30 min before i.p. injection of cisplatin (3.6 mg/kg) 
on day 0 and every day thereafter. The rats in the Taurine group were i.p. injected with taurine 
(750 mg/kg) 1 h before i.p. injection of cisplatin (3.6 mg/kg) on day 0 and every day thereafter. *: 
p < 0.05 compared to the CDDP (1) group. (b) PAS stain images in the CDDP (1) (left), Capto-
pril (middle), and Taurine groups (right). Magnification, ×200. Scale bar = 100 μm. 

 
renal volume, i.e., K1 in Equation (1) from the DCE-CT data. This model is based on 
the assumption that there is no outflow of the CA from the kidney during the sampling 
period, i.e., 2 0k =  in Equation (1) [28] [29]. In addition, we used an ROI that encom-
passed the entire kidney including the renal cortex and medulla as illustrated in Figure 
1. As shown in Figure 2(b), a good linear relationship was obtained in the Patlak plot, 
suggesting that the outflow of the CA from the entire kidney was negligible during the 
sampling period in this study. Furthermore, the K value obtained from the Patlak mod-
el showed a significant correlation with Ccr (r = 0.705) (Figure 3). These results suggest 
that the Patlak model is useful and appropriate for the measurement of GFR in rats. 
However, the slope and y-intercept of the regression line between the Ccr and K values 
(Figure 3) were 0.516 and 0.388, respectively. When considering the fact that Ccr de-
rives from both the left and right kidneys, whereas the K value derives from a single 
kidney, they were somewhat greater than the ideal slope and y-intercept, i.e., 0.5 and 0, 
respectively. This may be due to the overestimation of renal volume (V), which was 
used in calculating the K value using Equation (4). 

As previously described, we measured renal volumes by manually tracing the kidney 
on the CT images. To investigate the accuracy of this method, we previously compared 
the renal volumes measured by the manual tracing method and those measured by the 
formalin displacement method after sacrifice [29]. Although the renal volumes ob-
tained by the manual tracing method significantly correlated with those measured by 
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the formalin displacement method, they were overestimated by approximately 20% 
compared to those measured by the formalin displacement method [29]. This was 
probably due to the uncertainty of the renal boundary caused by partial volume effect 
and/or kidney movement due to physiological motion. To measure the renal volume 
more precisely, it would be necessary to use a more sophisticated method such as the 
level set method [30]. This will be one of the subjects of our future study. 

To investigate the effect of CA on GFR, we performed animal experiments without 
injection of cisplatin (Figure 4). As shown in Figure 4, there were no significant 
changes in the K value until day 7, indicating that the CA itself does not significantly 
affect the K value within the studied period. 

Cisplatin is a commonly used chemotherapeutic drug in the treatment of several sol-
id tumor types [10] [11]. As previously described, however, the dose-limiting nephro-
toxicity is a major clinical problem [12] [13]. The K values obtained in this study de-
creased significantly with increasing cisplatin injection number (Figure 5(a)). In addi-
tion, the histopathological data (Figure 5(b)) showed that the renal damage due to cis-
platin injection in terms of the dilatation of proximal tubules progressed in a dose- 
dependent manner. These findings appear to support the fact that cisplatin has dose- 
dependent renal toxicity. 

Despite the fact that the underlying mechanism of cisplatin-induced nephrotoxicity 
is still unclear, in vitro and in vivo studies provide strong evidences that implicate 
oxidative stress as a mediator of cisplatin-induced nephrotoxicity [12]. Thus, we inves-
tigated the ability of various antioxidant agents (L-ARG, NAC, methimazole, captopril, 
and taurine) to prevent cisplatin-induced nephrotoxicity, using our method. As shown 
in Figure 6(a) to Figure 9(a), although some differences were observed in the extent of 
change in the K value normalized by that on day 0, depending on the agents and their 
injected dose and schedule, the normalized K values on day 7 were significantly higher 
than those in the CDDP (1) or CDDP (2) group in all agents. Our histopathological da-
ta (Figure 5(b)) showed that the vacuolar formation and dilation of proximal tubules 
progressed with decreasing K value. Thus, the above findings appear to indicate that the 
antioxidant agents studied here have protective effects against cisplatin-induced neph-
rotoxicity in varying degrees. 

It has been reported that a nitric oxide precursor, L-ARG attenuated the oxidative 
stress and nephrotoxic effect of cisplatin [16]. In contrast, a nitric oxide synthase inhi-
bitor, L-NAME was found to aggravate cisplatin-induced nephrotoxicity [16]. As 
shown in Figure 6(a), the normalized K value in the ARG group was significantly 
higher than that in the CDDP (1) group 2 and 7 days after cisplatin injection, whereas 
the normalized K value in the NAME group was significantly lower than that in the 
CDDP (1) group 4 days after cisplatin injection. These findings can also be confirmed 
by our PAS stain images (Figure 6(b)). These results appear to support the previous 
report [16]. Interestingly, when L-ARG and L-NAME were administered simulta-
neously (ARG-NAME group), the decrease in the normalized K value induced by 
L-NAME was restored by the simultaneous administration of L-ARG, suggesting that 
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nitric oxide is deeply involved in cisplatin-induced nephrotoxicity. If we combined our 
method with administration of drugs with various functions, it might be helpful for 
elucidating the underlying mechanism of drug-induced nephrotoxicity. 

NAC is a precursor of glutathione and a thiol-containing antioxidant agent originally 
introduced as a mucolytic agent. It has been reported that NAC has beneficial effects on 
renal injury induced by cisplatin [17] [18]. As shown in Figure 7(a), there were signifi-
cant differences in the normalized K value between the CDDP (2) and NAC (1000) 
groups 2, 4, and 7 days after cisplatin injection. Although there was a tendency for the 
normalized K value in the NAC (500) group to be higher than that in the CDDP (2) 
group, it did not reach statistical significance. These results suggest that the protective 
effect of NAC largely depends on the injected dose and the selection of an appropriate 
dose of NAC is important for enhancing the protective effect of NAC. Our method will 
be useful for investigating the optimal injected dose of these drugs in a preclinical stage. 

Methimazole is an antithyroid drug commonly used for the treatment of hyperthy-
roidism. Bräunlich et al. [19] and Osman et al. [20] reported that methimazole signifi-
cantly reduced the toxicity of several nephrotoxic drugs. The mechanism by which me-
thimazole reduces the nephrotoxicity, while not entirely known, is possibly due to its 
antioxidant effect, resulting in the reduction of oxidative stress within the kidney [19] 
[20]. As shown in Figure 8(a), there were significant differences in the normalized K 
value between the CDDP (1) and Methimazole (1) groups on day 7 and between the 
CDDP (1) and Methimazole (2) groups on days 2, 4, and 7. These findings support the 
results reported by Bräunlich et al. [19] and Osman et al. [20]. Furthermore, the nor-
malized K values in the Methimazole (2) group were always significantly higher than 
those in the Methimazole (1) group. These results suggest that the protective effect of 
methimazole against cisplatin-induced nephrotoxicity is enhanced by the multiple in-
jection of methimazole. Thus, our method will also be useful for investigating the op-
timal drug administration schedule. 

Angiotensin-converting enzyme (ACE) activity plays a major role in arterial hyper-
tension and nephrotoxicity. Accordingly, ACE inhibitors such as captopril are effec-
tively used as antihypertensive agents, and suggested to ameliorate nephrotoxicity [21]. 
Taurine is a non-essential amino acid produced by the body through the synthesis of 
two other amino acids, methionine and cysteine, and is an important component of bile 
acids, which are used to absorb fats and fat-soluble vitamins [31]. It also regulates 
heartbeat; maintains the stability of cell membranes; transports calcium in and out of 
cells; and regulates the activity of brain cells [31]. Taurine is also a potent antioxidant 
agent [22]. As shown in Figure 9(a), the normalized K values in the Taurine group 
were significantly higher than those in the CDDP (1) group 2, 4, and 7 days after cispla-
tin injection. Although the normalized K value in the Captopril group was significantly 
higher than that in the CDDP (1) group 7 days after cisplatin injection, the extent of 
improvement of the normalized K value in this group was lower than that in the Tau-
rine group, suggesting that taurine may be more effective against cisplatin-induced 
nephrotoxicity than captopril under the studied condition. These results suggest that 



K. Murase et al. 
 

69 

our method will be helpful for selecting the optimal drug against renal injury. 

5. Conclusion 

We developed a method for quantifying renal function using DCE-CT and investigated 
the protective effects of various antioxidant agents (L-ARG, NAC, methimazole, capto-
pril, and taurine) against cisplatin-induced nephrotoxicity in rats. Our results demon-
strated that these antioxidant agents have protective effects against cisplatin-induced 
nephrotoxicity in varying degrees. Our method will be useful for quantitatively eva-
luating the extent of renal injury and the therapeutic effect of medication against renal 
injury and for investigating the optimal injected dose and schedule of medication as a 
tool for preclinical studies, because it allows repeated measurements of split renal func-
tion in a single animal. 
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Abstract 
Objective: The purpose of this study was to evaluate the correlation between CT 
perfusion parameters and the hypoxia-inducible factor-1 alpha (HIF-1α), vascular 
endothelial growth factor (VEGF), matrix metalloproteinase-2 (MMP-2) and micro-
vessel density (MVD) marked by CD34 molecular of rabbit VX2 liver tumors and to 
investigate the value of CT perfusion imaging in evaluating tumor angiogenesis. Ma-
terial and methods: Twenty-four cases of rabbit VX2 liver tumor were performed by 
CT perfusion scanning. Hepatic artery perfusion (HAP), portal vein perfusion (PVP), 
total hepatic blood flow (THBF) and hepatic perfusion index (HPI) were measured 
by perfusion software. HIF-1α, VEGF and MMP-2 expression and MVD were de-
tected in the 24 rabbit VX2 liver tumor tissue samples using immunohistochemical 
method. The correlation between the HIF-1α, VEGF, MMP-2 expression and MVD 
and CT perfusion parameters were analyzed. Results: Correlation analysis revealed 
that the expression of HIF-1α, MMP-2, MVD were positively related to the HAP, 
THBF, HPI (p < 0.01), but no relations with PVP (p > 0.05); and correlation analysis 
revealed that the expression of VEGF was positively related to the HAP, HPI (p < 
0.01), but no relations with PVP and THBF (p > 0.05). There was a positive relation-
ship between the expression of HIF-1α, VEGF, MMP-2 and MVD (p < 0.01). Con-
clusions: CT perfusion imaging can reflect the blood perfusion of the rabbit VX2 liv-
er tumors and evaluate the information of angiogenesis about tumors. 
 

Keywords 
CT Perfusion Imaging, VX2 Liver Tumor, Vascular Endothelial Growth Factor, 
Hypoxia-Inducible Factor-1 Alpha, CD34 Molecule, Microvessel Density 

 

1. Introduction 

The occurrence, development, and metastasis of malignant tumors are closely corre-
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lated with tumor angiogenesis [1] [2]. Tumor angiogenesis is regulated by various an-
giogenic factors. Hypoxia-inducible factor-1 alpha (HIF-1α) is the key regulator of an-
giogenesis in hypoxia, which directly and indirectly affects angiogenesis by influencing 
the expression of other angiogenic growth factors, and plays a vital role in the evolution 
of malignant tumors [3]-[5]. Vascular endothelial growth factor (VEGF) is a key factor 
in early angiogenesis that greatly increases vascular permeability and can promote ca-
pillary formation [5] [6]. Matrix metalloproteinase-2 (MMP-2) enhances tumor cell 
invasion and metastasis into surrounding tissue by promoting tumor angiogenesis and 
extracellular matrix degradation [7]. 

The study of angiogenesis in tumor tissue is extremely valuable for determining the 
biological characteristics of tumors and evaluating treatment efficacy, prognosis, and 
other factors. Microvessel density (MVD) measurement is the gold standard for quan-
titative analysis of tumor angiogenesis, and MVD is an important indicator that reflects 
the biological behavior of malignant tumors [8] [9]. However, MVD measurement 
requires pathological specimens, which can only be obtained via invasive examination, 
and has strict requirements for tissue sampling [10]. Computed tomography (CT) per-
fusion imaging is a new functional imaging technique that can quantitatively measure 
blood perfusion in tissues and organs and thereby reflect these tissues’ and organs’ mi-
crocirculation characteristics [11]-[17]. 

In this study, CT perfusion imaging was used to quantitatively determine hepatic 
carcinoma blood perfusion parameters of rabbit VX2 liver tumors. We also conducted 
immunohistochemical staining on rabbit VX2 liver tumors tissue to measure HIF-1α, 
VEGF, and MMP-2 expression levels and MVD. In addition, we analyzed correlations 
between hepatic carcinoma blood perfusion parameters and HIF-1α, VEGF, MMP-2, 
and MVD levels, with the objective of exploring the value of CT perfusion imaging in 
evaluating tumor angiogenesis. 

2. Methods 

The experimental protocol used in this study was in accordance with animal welfare 
guidelines and approved by our Ethics Committee. We used 24 New Zealand white rab-
bits with an average age of 3 months and a weight of 2.4 ± 0.2 kg. The tumor block em-
bedding method was used to produce the rabbit VX2 liver tumors model. Two weeks af-
ter transplantation, the experimental rabbits were anesthetized, and a Toshiba Aquilion 
16-slice spiral CT scanner was used to perform CT perfusion imaging. The contrast agent 
was iohexol, which was administered at a dose of 6 ml via ear vein injection at a rate of 2 
ml/s. The following CT scanning parameters were employed: a voltage of 120 kV, a cur-
rent of 60 mA, a 512 × 512 matrix, a thickness of 1 mm, and an interlayer spacing of 1 
mm. Hepatic artery perfusion (HAP), portal vein perfusion (PVP), total hepatic blood 
flow (THBF) and hepatic perfusion index (HPI) were calculated by perfusion software.  

After CT scanning had been completed, all of the 24 animals were sacrificed by 
anesthesia, and their liver tumor tissues were obtained. The Elivision method was used 
for immunohistochemical staining to examine and determine HIF-1α, VEGF, and 
MMP-2 expression and MVD. All antibody reagents, including mouse anti-rabbit 
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HIF-1α monoclonal antibodies, mouse anti-rabbit VEGF monoclonal antibodies, mouse 
anti-rabbit MMP-2 monoclonal antibodies, and mouse anti-rabbit CD34 monoclonal 
antibodies, were purchased from Orbigen (6827 Nancy Ridge Drive, San Diego, CA 
92121, United States). The expression levels of each factor were analyzed according to 
the methods reported in the literature [18]-[24]. 

3. Statistical Analysis 

SPSS 20.0 software was used to analyze the experimental data. Correlations between CT 
perfusion parameters and HIF-1α, VEGF, MMP-2, and MVD levels were analyzed us-
ing the Pearson method. Differences were regarded as statistically significant if P < 0.05. 

4. Results 

The tumors were nearly round and nodular, with cut surfaces appearing gray. Light 
microscopy indicated that tumor cells were distributed in a nest-like manner, with ir-
regular morphology and a lack of organization; nuclei were large and deeply stained. 
CT scanning demonstrated that tumors had slightly reduced density, whereas enhanced 
scans revealed ring enhancement.  

Correlation analysis revealed that the expression of HIF-1α, MMP-2, MVD were po-
sitively related to the HAP, THBF, HPI (p < 0.01), but no relations with PVP (p > 0.05); 
and correlation analysis revealed that the expression of VEGF was positively related to 
the HAP, HPI (p < 0.01), but no relations with PVP and THBF (p > 0.05). There was a 
positive relationship between the expression of HIF-1α, VEGF, MMP-2 and MVD (p < 
0.01) (Table 1 and Figure 1). 

5. Discussion 

Shope et al. described the induction of rabbit VX2 liver tumors. These papillomas are 
induced on rabbit skin using a virus and the VX2 squamous carcinoma cell line [25]. 
Due to the lack of antibodies against such tumors in rabbits, these squamous carcinomas 
 
Table 1. The correlations between CT perfusion parameters and hypoxia-inducible factor-1 al-
pha, vascular endothelial growth factor, matrix metalloproteinase-2, and microvessel density in 
rabbit VX2 liver tumors. 

Parameters 

Hypoxia-inducible  
factor-1 alpha 

Vascular  
endothelial growth 

factor 

Matrix  
metalloproteinase-2 

Microvessel 
density 

r p r p r p r p 

Hepatic  
artery perfusion 

0.963 0.000 0.916 0.000 0.918 0.000 0.972 0.000 

Portal vein  
perfusion 

0.043 0.840 −0.199 0.350 0.045 0.830 0.085 0.690 

Total hepatic 
blood flow 

0.575 0.000 0.358 0.090 0.550 0.000 0.613 0.000 

Hepatic  
perfusion index 

0.645 0.000 0.794 0.000 0.616 0.000 0.607 0.000 
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(a)                                    (b) 

 
(c)                                          (d) 

 
(e) 

Figure 1. Microphotographs of the immunohistochemical detection of hypoxia-inducible fac-
tor-1 alpha (HIF-1 α), vascular endothelial growth factor (VEGF), matrix metalloproteinase-2 
(MMP-2), and microvessel density (MVD) in CD34-positive rabbit VX2 liver tumors. (a) HE 
staining (×200), (b) HIF-1 α expression (×200), (c) VEGF expression (×200), (d) MMP-2 expres-
sion (×200), and (e) the MVD (×200). 
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can easily grow in rabbit bodies [26]. There are various inoculation and implantation 
methods for rabbit VX2 liver tumors; these approaches exhibit somewhat different 
success rates and overall performance [27] [28]. In this study, we utilized tumor block 
embedding by abdominal celiotomy, which resulted in the formation of a single lesion 
in the liver. The resulting tumor could stably grow, and the implantation success rate 
was relatively high. 

Hypoxia is a common feature in many types of solid tumors and is considered the 
major driving force for tumor angiogenesis [29]. HIF-1 is the key factor to regulate an-
giogenesis. HIF-1 is composed of a constitutively expressed HIF-1β subunit and an 
oxygen-regulated HIF-1α subunit. Under hypoxic conditions, HIF-1α is stabilized and 
enters the nucleus, to form a dimer with HIF-1β, where it induces the expression of its 
target genes [30]. Among these genes, VEGF is a key player in blood vessel formation 
[31] [32].  

MMP-2 is related to invasion and metastasis for various tumors; the relevant me-
chanisms may involve extracellular matrix collagen degradation, the promotion of tu-
mor invasion and metastasis, and tumor angiogenesis. MMP-2 also interacts with other 
factors, such as VEGF. A subset of the angiogenesis-promoting activity of VEGF is me-
diated by MMP-2 and results from the interaction between these two factors [33]. 

The study results demonstrate that in tumor tissues, HIF-1α, VEGF, and MMP-2 le-
vels significantly correlated with MVD and perfusion parameters. The results indicated 
that high expression of HIF-1α, VEGF, and MMP-2 stimulates tumor angiogenesis, 
causing an increase in MVD and thereby allowing for enhanced tumor perfusion.  

This research had the following limitations. First, after VX2 tumor cells survive im-
plantation, they may exhibit inconsistent increases in tumor angiogenesis and blood 
perfusion at different times; however, in this experiment, blood perfusion and angi-
ogenesis for hepatic carcinomas were only examined two weeks after successful im-
plantation, with no analysis of tumors during other growth periods. Second, CT perfu-
sion imaging will increase contrast material volume. Another limitation is that perfu-
sion CT study will increase radiation exposure. Further research is needed to reduce the 
total radiation dose. 

6. Conclusion 

In summary, our results indicated that CT perfusion imaging can quantitatively meas-
ure the blood perfusion of tissue, which can be used to evaluate tumor angiogenesis. 
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Abstract 
Background: Infantile spasm is a type of pediatric seizure often associated with a 
negative prognosis. The aim of this study was to evaluate the role of Magnetic Reso-
nance Imaging (MRI) in categorization and neurodevelopmental outcomes in chil-
dren with infantile spasm. Materials and Methods: A retrospective study of the clini-
cal charts and MRI findings of infants diagnosed with infantile spasm between De-
cember 2007 and February 2014. Results: A total of 26 children (16 males; 1.6/1) were 
included: 8 of unknown etiology and 18 with a genetic/structural-metabolic causes. 
Unknown etiology cases revealed normal brain MRI in 5/8 (62.5%). In the genetic/ 
structural-metabolic group, only 2/18 (11.1%) had normal imaging. Abnormal im-
aging findings significantly correlated with genetic/structural-metabolic infantile 
spasm which had unfavorable neurodevelopmental outcome. Conclusion: Neuroimaging 
conveys substantial information to the further categorization of children with infan-
tile spasm, providing not only relevant information of the underlying cause but also 
the prediction of the neurodevelopmental outcome. 
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1. Introduction 

Infantile spasm is a specific type of seizure that is seen in infancy and childhood [1] 
with an incidence rate of 2 - 5 cases per 10,000 live births [2]-[5]. It is defined as an 
abrupt, often clustered, extension-flexion or mixed extension-flexion movement of 
primarily the proximal and truncal muscles [6]. West syndrome is an epileptic syn-
drome which presents with infantile spasms. The criteria to diagnose West syndrome 
includes: i) developmental plateau or regression [7] [8]; ii) seizure type (epileptic spasm) 
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and iii) hypsarrhythmia pattern on electroencephalography (EEG) [9]. The great ma-
jority of patients with infantile spasms will also have developmental problems and hyp-
sarrhythmia on EEG, and therefore patients with West syndrome or just infantile 
spasms tend to be reported as one group [10] [11]. This is the group in our study.  

The prognosis of infantile spasm is multifactorial and depends on: i) the underlying 
cause, i.e. congenital brain malformation; ii) the pattern of electroencephalography; iii) 
the appearance of seizures prior to the spasms; and iv) a rapid response to treatment 
[12].  

Current classification of infantile spasm refers to genetic, structural-metabolic, and 
unknown cause [13], replacing the previous use of idiopathic, symptomatic, and cryp-
togenic respectively. Etiologic classification of infantile spasm has shown structural- 
metabolic abnormalities in 68% of children, unknown etiology in 24% of children and 
genetic causes in 8% of children [14]. MRI can provide information regarding etiology, 
thus can aid in the categorization of infantile spasm [15].  

The purpose of this study was to compare MRI findings with neurodevelopmental 
outcomes in children with infantile spasm where preliminary clinical work up did not 
lead to a specific etiological diagnosis. 

2. Materials and Methods 
2.1. Subjects 

This retrospective review included the clinical charts of 26 infants with infantile spasm 
that underwent brain MRI and clinical follow-up between December 2007 and Febru-
ary 2014. These cases were extracted from the hospital medical records of 400 children 
with seizures admitted during that period. Inclusion criteria included; a) infants with 
clinical evidence of infantile spasm; b) proven by hypsarrhythmia or modified hypsar-
rhythmia on electroencephalogram EEG after neonatal period to 12 months of age. 
Children were excluded if: a) other types of seizures were encountered, b) if clinical and 
EEG findings were not supportive of infantile spasm, or c) if images were of poor quality. 
Prior to evaluation of the MRI findings, the cases were classified as structural-metabolic, 
genetic, or infantile spasm of unknown etiology based on clinical information, EEG and 
laboratory tests.  

2.2. MRI Technique and Interpretation 

All children underwent an MRI scan on a 1.5 Tesla clinical MR system (Signa HD, 
General Electric Healthcare Technologies, Waukesha, WI, USA). All children were 
given anesthesia which was administered by a pediatric anesthesiologist as per depart-
mental protocol. Images were acquired using an 8-channel head coil. All of the MRI’s in-
cluded the following sequences (time of repetition/time of echo/thickness/field of view): 
Axial T1 Fluid-Attenuation Inversion Recovery (9502/125/5/352 × 224), axial T2 Fast Spin 
Echo (FSE) (2221/26/5/320 × 256), coronal T2 FSE (5000/101/5/320 × 256), fast relaxa-
tion fast spin echo (frFSE) (4650/102/5/320 × 256), sagittal T1 Fluid-Attenuation Inver-
sion Recovery (2100/24/5/320 × 256), Diffusion Weighted Images (DWI) (8000/72/5/128 × 
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128), and coronal Fast Spoiled Gradient-Recalled brain volume imaging (FSPGR 
BRAVO) (Flip angle 14/TI10.4/thickness1.2/320 × 320). Susceptibility weighted an-
giography imaging (SWAN) (78.3/50/10/288/224) was done on patients who were im-
aged in 2010 and thereafter. 

2.3. Data Collection 

Medical records were systematically reviewed. Data regarding gestational age at birth, 
the age at first spasm, course of the disease, treatment history, time under follow-up 
and the outcome of the patient was reviewed. MR images were reviewed by a pediatric 
radiology fellow (AK) who was blinded to the underlying diseases, clinical history and 
outcome. Image findings were compared to the clinical report in the Picture Archiving 
and Communication System PACS. The median follow-up period for infantile spasm 
patients was 29 months (range 1 - 66.7 months). 

The diagnosis of infantile spasm and the EEG findings were confirmed by a pediatric 
neurologist with 7 years of experience in pediatric neurology (ES).  

All patients received therapeutic regimen including Vigabatrin and/or adrenocorti-
cotrophic hormone ACTH. 

The initial classification of infantile spasm was correlated to the MRI findings and 
final diagnosis, as documented in clinical follow-up records, to evaluate the usefulness 
of MRI in the categorization of infantile spasm. Finally, the neurodevelopmental out-
come was evaluated according to response to treatment for spasms and seizure control 
and the presence of any degree of developmental delay/regression for each group. 

Children with no or mild developmental delay, without spasm or other seizure ac-
tivities were categorized as favorable neurodevelopmental outcome while children with 
moderate-severe developmental delay and with other seizure activities and/or spasm 
were categorized as unfavourable neurodevelopmental outcome. The degree of devel-
opmental delay (mild, moderate, severe) was extracted from the chart information as 
per clinicians’ decision. Data was analyzed using a two tailed Fisher exact test for any 
correlations and the p-values were calculated. 

3. Results 

The age of initial infantile spasm onset ranged between 2 - 11.5 months (mean 6.4 
months). The mean onset age was 6.6 months (5 - 9 months) for infantile spasm of 
unknown etiology, and 6 months (2 - 11.5 months) for genetic/structural-metabolic in-
fantile spasm. Clinical follow-up time ranged between 1 - 66.7 months (mean 29 months). 
Demographics are summarized in Table 1. 

3.1. Value of Neuroimaging for the Clinical Diagnosis 

MRI was supportive in the classification of 14/26 children with infantile spasm, chang-
ing the diagnosis in 8/16 children with infantile spasm of unknown etiology to struc-
tural-metabolic group (p-value = 0.0256).  

Based on clinical information, EEG, and laboratory tests, 10/26 (38.46%) structural- 
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metabolic or genetic group (including sequelae of hypoxic-ischemic encephalopathy 
and meningitis) were diagnosed prior to imaging. In 6/10 (60%) cases, MRI revealed 
abnormalities in support of the diagnosis and in the other 4/10 (40%) cases, MRI did 
not add additional information (2 had non-specific MRI changes and 2 had a normal 
MRI; 3/4 of these cases had chromosomal abnormalities).  

Unlike the above group, MRI was helpful in the further classification of the remain-
ing 16/26 (61.54%) children with infantile spasm who had no identifiable cause, changing 
the diagnosis in 8/16 children with clinically unknown infantile spasm to structural- 
metabolic while the remaining 8/16 children stayed as unknown group (p-value = 
0.02).  

Final classification of this cohort resulted in 18/26 (69.23%) children with ge-
netic/structural-metabolic infantile spasm and 8/26 (30.77%) with unknown etiology 
infantile spasm based on combination of clinical, laboratory and neuroimaging findings 
(Diagrams 1 (a)-(c), Figure 1 and Figure 2). 

 
Table 1. Demographics of infantile spasm cases in either category; gestational age, age at first spasm, duration of follow-up and neurode-
velopmental outcome. 

Case† Sex 
Gestational age at 

birth (weeks + 
days)  

Age at first 
spasm (day) 

Structural-metabolic/genetic 
 

Unknown 
Time under 
follow-up 
(month) 

Neurodevelopmental 
outcome in follow-up 

1 M 38 62 *  19.2 Unfavorable 
2 M 38 + 5 198  * 50.2 Favorable 
3 M 40 322 *  50.7 Unfavorable 
4 F 36 + 4 281 *  46.2 Unfavorable 
5 M 40 222  * 47.5 Unfavorable 
6 M 30 355 *  14.2 Unfavorable 
7 F 37 148 *  4.6 Unfavorable 
8 M 40+6 196 *  30 Unfavorable 
9 M 41 178  * 26.6 Favorable 
10 M 40 153  * 23.4 Favorable 
11 M 38 273  * 28.2 Favorable 
12 M 39 260  * 14.7 Favorable 
13 M 39 + 6 175 *  23.2 Unfavorable 
14 M 30 279 *  27.6 Unfavorable 
15 M 40 + 2 75 *  17 Favorable 
16 F 39 61 *  13.8 Unfavorable 
17 F 37 154 *  16.4 Unfavorable 
18 F 36 187  * 15.2 Unfavorable 
19 F 42 263 *  1 Unfavorable 
20 M 39 255 *  40.2 Unfavorable 
21 M 39 152 *  20.9 Unfavorable 
22 F 4 184 *  43.3 Unfavorable 
23 F 38 59 *  31.5 Unfavorable 
24 M 39 182  * 35.7 Unfavorable 
25 M 38 106 *  66.7 Unfavorable 
26 F 41 334 *  45.1 Unfavorable 

   Mean = 197 d   Mean = 29 m  

†Case no. 19 died one month after starting treatment due to Leigh disease. M = male; F = female; m = month; d = day. 
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Diagram 1. Infantile spasm categorization: (a) based on clinical diagnosis; (b) & (c) integrating 
MRI findings for further categorization; (d) final categories of infantile spasm in the cohort. 

 

 
Figure 1. A 6-month-old baby boy with Miller-Dieker syndrome (case no. 13). No definitive eti-
ology before imaging. Axial (a, b) and coronal (c). T2 weighted images demonstrate lissencephaly 
agyria/pachygyria and thickened, band-like heterotopia in subcortical white matter known as 
double-cortex (arrows). The thickness of the band heterotopia is marked with a brace in the im-
age (c). The image findings assisted in coming to a final diagnosis for this child. 

3.2. Imaging Findings of Infantile Spasm 

The etiologic causes in the structural-metabolic or genetic group are summarized in 
Table 2. In 3/8 (37.5%) cases of infantile spasm of unknown etiology, nonspecific and 
minor imaging abnormalities were demonstrated (Table 3, cases 3, 4 and 7). On the 
contrary, among the 18 cases of structural-metabolic or genetic infantile spasm, 16/18 
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Figure 2. 2-month-old term baby girl (case no. 23) with spasms and without identifiable etiology 
prior to imaging. Axial T2W image (a) demonstrated foci of hypointensities on the frontal sub-
cortical and periventricular white matter (arrows). T1W image (b) revealed hyperintensities on 
the same regions visualized on T2W images (arrows) due to subcortical and sub ependymal tu-
bers of tuberous sclerosis. The patient categorization changed to structural type infantile spasm. 

 
Table 2. Etiologic causes of structural metabolic/genetic infantile spasm. 

Etiologies No. (percent) 
Tuberous sclerosis (includes one with hemimegalencephaly) 3 (16.66) 

Mitochondrial diseases 3 (16.66) 
Lissencephaly with heterotopia and polymicrogyria 3 (16.66) 
Hypoxic-ischemic encephalopathy (HIE) sequela 

(one case had Williams syndrome) 
2 (11.11) 

Trisomy 21 2 (11.11) 
Trisomy 15 1 (5.56) 

Meningitis with infarct 1 (5.56) 
Frontal heterotopia 1 (5.56) 

Congenital hypothyroidism 1 (5.56) 
Septo-optic dysplasia 1 (5.56) 

 
Table 3. MRI findings in infantile spasm of unknown etiology. 

Case# N Thin CC Widened CSF Mild VM Other 
1 *     
2 *     
3   * *  
4  * *   
5 *    Pineal cyst 8 mm 
6 *    Rvisc 
7     Ba 
8 *     

N = normal; CC = corpus callosum; CSF = cerebrospinal fluid; VM = ventriculomegaly; Rvisc = reversible vigabatrin-induced 
signal changes; Ba = blooming artifacts. #Case 7 demonstrated a small cavernoma in the posterior fossa, unlikely related to 
infantile spasm. 
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(88.9%) demonstrated MRI abnormalities and only 2/18 (11.1%) children had normal 
neuroimaging. The correlation between abnormal MRI and structural-metabolic or ge-
netic type infantile spasm was significant (p-value = 0.01). A summary of neuroimaging 
findings in structural-metabolic or genetic infantile spasm are found in Table 4.  

3.3. Follow-Up & Outcome  

Clinical follow-up ranged between 1 - 66.7 months (mean 29 months). In 17/26 (65.38%) 
cases, there was no spasm present in the follow-up, but other seizure activities contin-
ued in 15/26 (57.7%) cases, of which 5 (19.23%) cases had refractory seizures.  

Spectrum of developmental delay was observed in 24/25 (96%) children. One child 
with Leigh disease deceased one month after initiation of antiepileptic therapy. 
 

Table 4. MRI findings in structural-metabolic/genetic infantile spasm.  

Imaging  
findings 

Etiology of  
symptomatic IS 

Restricted DWI 
Abnormal 
intensities Thin 

CC 
WV 

W 
CSF 

CD 
PG/ 

PMG 
HT T AS/S M L 

Cortex T P/C GP PV W P/MB CP 

HIE *                  

HIE     * *   *  *        

Lissencephaly 
/Heterotopia 

     *    * *   * *   * 

Lissencephaly 
/Heterotopia/pmg 

         * *  * * *   * 

Lissencephaly 
/pmg 

     *    *   *  *   * 

Frontal heterotopia   * *          *     

Trisomy 21 *   *  *    * *        

Meningitis & infarct * * *                

Congenital  
hypothyroidism 

          *        

Mitochondrial dis.      *   * * *        

Mitochondrial dis.   * *  * * * *          

Mitochondrial dis.         * *         

Tuberous sclerosis      *        *     

Tuberous sclerosis      *      *     *  

Tuberous sclerosis      *      *       

Septooptic dysplasia         *    *   *   

Total 3 1 3 3 1 9 1 1 5 6 6 2 3 4 3 1 1 3 

† IS = infantile spam; HIE = hypoxic-ischemic encephalopathy; T = thalamus; P/C = putamen/caudate; GP = globus pallidus; PV = periventricular white matter; W = 
white matter; P/MB = pons/midbrain; CP = cerebral peduncles; CC = corpus callosum; WV = widened ventricle; WCSF = widening of CSF space; CD = cortical 
dysplasia; PG-PMG/pmg = pachygyria-polymicrogyria; HT = heterotopia; T = tuber; AS/S = absent septum pellucidum/schizencephaly; M = megalencephaly; L = 
lissencephaly; dis = disease. †† 2 cases with trisomies 21 and 15 had normal imaging. They are not included in the table. ††† Case with trisomy 15 revealed rvisc 
“reversible vigabatrin-induced signal changes” and not shown in this table. 
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Among infantile spasm of unknown etiology, complete resolution of spasm was 
achieved in 7/8 (87.5%) cases; but 3 of them continued to have other seizure types (one 
refractory, one focal motor and one complex partial seizure). This group of infantile 
spasm encountered a spectrum of delay in developmental milestone achievements in 
7/8 (87.5%) cases; 3 with mild delay. Only 1/8 (12.5%) case with infantile spasm of un-
known etiology achieved a normal developmental milestone at 26.6 months follow-up 
with complete resolution of spasm and no seizure activities on anticonvulsant (Table 
5).  

In contrary, among the structural-metabolic and genetic infantile spasm cases, there 
was heterogeneity in resolution of spasm and other seizure activities. As shown in Ta-
ble 5 and Table 6, spasm resolution irrespective of having other types of seizures, was 
observed in 10/18 (55.55%) children while seizures with/without spasm continued in 
12/18 (66.67%) children; 4 of whom had refractory seizures. Only 2/18 (11.1%) children 
categorized as structural-metabolic and genetic infantile spasm became spasm and sei-
zure free in follow-up.  

The difference of spasm resolution between the infantile spasm of unknown etiology 
and structural-metabolic/genetic group was not statistically significant (p-value = 0.19). 
All children with structural-metabolic and genetic infantile spasm demonstrated deve-
lopmental delay including regression in 2 patients (Table 6).  

Among the group of infantile spasm with unknown etiology, 5/8 (62.5%) cases had 
favorable neurodevelopmental outcome regarding spasm resolution, discontinued sei-
zure activity and mild or no developmental delay while only 1/18 children in the struc-
tural-metabolic or genetic cases had favorable outcome (Diagrams 2 (a)-(c)). The dif-
ference was significant (p-value = 0.004). 

 
Table 5. Outcome of infantile spasm of unknown etiology. 

Case no Spasm Seizure Developmental delay Favorable outcome 

1   *M + 

2 * * *A  

3    + 

4   * + 

5   * + 

6   *M + 

7  *R *  

†8  *F *M  

If patient had spasm, seizure or developmental delay, it is marked as *. Patient with favorable neurodevelopmental 
outcome marked as +. M = minimal. R = refractory. F = focal. A = autism. † Based on our criteria, continued any 
type of seizure and/or spasm with any degree of developmental delay considered as unfavourable outcome. 
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Table 6. Outcomes of structural-metabolic/genetic infantile spasm. 

Etiologies Spasm Seizure Developmental delay Favorable outcome 

HIE  *R *  

Meningitis & infarct * *R *  

Mitochondrial * * *  

HIE *  *  

Lissencephaly *  *  

Septooptic dys. *  *  

Lissencephaly, Milker-Dieker syn.  * *  

Trisomy 21 *R * *  

Tuberous sclerosis   †* * 

Lissencephaly  * *  

Frontal heterotopia  * *  

Leigh disease * * N  

Con. hypothyroidism  * *  

Trisomy 21 *R  *Reg  

Tuberous sclerosis  * *  

Tuberous sclerosis  *R *  

Mitochondrial  *R *  

Trisomy 15   *Reg  

If patient had spasm, seizure, developmental delay or favorable neurodevelopmental outcome, it is marked as *. HIE 
= hypoxic-ischemic encephalopathy; dys = dysplasia; con = congenital; N = not applicable (Patient deceased). Reg = 
regression; R = refractory; syn = syndrome. † = this patient had mild delay. 

3.4. Treatment Related Imaging Abnormality 

Vigabatrin-induced signal changes on MRI were seen in 2/26 cases (7.7%); both with 
signal abnormalities in the globus pallidi that disappeared after discontinuation of Vi-
gabatrin (Figure 3).  

4. Discussion 

We targeted brain MRI and its role in the etiologic work-up and prognosis of infantile 
spasm of unknown etiology. Neuroimaging in our study group had substantial influ-
ence to further classify infantile spasm in patients when the preliminary clinical evalua-
tion and work-up did not reach a specific diagnosis (16/26 (61.54%) in our cohort 
(p-value = 0.0256)). 

In our study, MRI identified brain abnormalities in 73.1% (19/26) of cases versus 
26.9% (7/26) of cases with normal imaging. This is comparable to Saltik et al. [16] who 
studied a series of 86 patients and found normal MRI in 22 (25.6%) cases and abnormal 
MRI in 64 (74.4%) cases. They found that MRI could solely reveal the underlying cause 
in 41.8% of cases which was similar to 30.77% (8/26) of cases in our study. 
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Diagram 2. Neurodevelopmental outcome of infantile spasm: (a) unknown etiology; (b) struc-
tural-metabolic/genetic; (c) cohort of infantile spasm cases. 

 

 
Figure 3. 14-month-old baby girl with trisomy 15 and infantile spasm at 11 months of age (case 
no. 26). MRI revealed T2W (a) and FLAIR (b) hypersignal intensities in the globus pallidi and 
restriction in diffusion weighted images (c) (upper row arrows). MRI at the age of 22 months, 6 
months after discontinuation of Vigabatrin, reveals resolution of the signal changes (lower row d, 
e, f). 
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The outcome of infantile spasm is generally poor [17]. There is a consensus that 
when an etiology is not identified in children with infantile spasm, a better prognosis is 
expected compared to the structural-metabolic type of infantile spasm [17]-[19]. Fa-
vorable neurodevelopmental outcome among our patients was achieved in a small 
number, 6/26 (23.1%) cases. This proportion was substantially higher among the infan-
tile spasm of unknown etiology group, 5/8 (62.5%) children in contrast to just 1/18 
(5.55%) case of favorable outcome in the structural-metabolic/genetic group (p-value = 
0.004). This data is supported by Cohen et al. [18] who reported good neurodevelop-
mental outcome of infantile spasm of unknown etiology. Our results were comparable 
to Ducal et al. [20] who reported favorable outcome in 66.67% of their cryptogenic in-
fantile spasm cases (now classified as infantile spasm of unknown etiology). Our results 
are also similar and supported by a meta-analysis by Widjaja et al. [17] that reviewed 
the outcome of 2967 infantile spasm cases and a positive outcome was achieved in 
26.4% of cases (95% CI = 0.197 - 0.344). According to this study, cryptogenic (now 
classified as unknown etiology) cases had a good outcome in 54.3% of cases (95% CI = 
0.458 - 0.625) versus symptomatic (structural-metabolic/genetic) infantile spasm that 
had a good outcome in 12.5% of cases (95% CI = 0.09 - 0.171).  

The underlying cause of brain abnormalities in our structural-metabolic or genetic 
group was similar to a larger series by Wheless et al. [21] including: cerebral dysgenesis 
in 25.4% of cases, tuberous sclerosis complex (TSC) in 13.7% of cases, hypoxic-ischemic 
encephalopathy (HIE) in 8.8% of cases and chromosomal anomaly in 8.8% of cases. 

Our data indicated that normal imaging was rare in structural-metabolic/genetic infantile 
spasm and if present, did not carry any predictive value regarding better outcomes com-
pared to structural-metabolic/genetic infantile spasm with abnormal MRI. Being aware of 
the underlying etiology is possibly the most important criterion to predict the outcome of 
children with infantile spasm. As established in previous studies [22] [23], infantile spasm of 
unknown etiology revealed normal MRI or non-specific changes and carried favorable out-
comes when compared to structural-metabolic/genetic infantile spasm in our study.  

The limitations of this study include the small sample size, heterogeneity of the cases, 
and the length of time that the cases were followed. It also suffers from lack of specific 
developmental testing because it is a retrospective study and as a result the neurodeve-
lopmental outcome is evaluated on the data in the patient’s clinical chart. 

5. Conclusion 

In summary, i) MRI has a well-established role in identifying the cause of infantile 
spasm, adding information in 1/3 cases with previously unknown etiology; ii) non-specific 
findings on MRI follow the same outcome as normal MRI in our cohort; and iii) reso-
lution of spasm is independent of MRI findings, therefore MRI cannot predict spasm 
medication response. 
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Abstract 
Objective: Thanks to fast developing technology, visualization of fiber tracts at brain 
is possible. But with the new developments, data processing and interpretation are 
becoming more difficult. Actually interpretations in these fields are mostly in-group 
analysis and are generally not useful on the basis of individual patient evaluations. In 
these regards, we investigated our cases with diffusion tensor imaging (DTI) and 
tried to show if the data could be interpreted simply by radiologist’s eye or not. Ma-
terial: Our study consisted of 31 cases that were evaluated in our center with 3 Tesla 
Magnetic Resonance Imaging (MRI) units. Cranial DTI studies performed for ische-
mia, posttraumatic axonal injury, congenital malformation, neoplasia, autism, mental 
retardation and epilepsy. Cranial DTI was performed to demonstrate effected fiber 
tracts in neoplasia and ischemia cases and was applied to identify any gross anomaly in 
microstructural anatomy beside normal conventional MRI in other cases. DTI images 
were evaluated, along with fused conventional T1 weighted 3D high-resolution images 
and FA maps. DTI were performed at the first administration of the patients. Re-
sults: In addition to chronic ischemic focuses in patients with ischemia, DTI-FA im-
ages showed us relevant signal changes secondary to Wallerian degeneration in two 
cases. In traumatic brain injury cases, though being isointense on conventional se-
quences, FA values showed decreased values at the levels of the axonal discontinuity. 
Major abnormalities of association and projection fibers in congenital malformation 
cases were visualized at both 3D-DTI fused images and FA map images. Displace-
ment, infiltration, destruction fibers were clearly visualized in neoplasia cases. How-
ever, any objective abnormality wasn’t reported at any cases diagnosed with motor 
mental retardation, epilepsy or neuropsychiatric diseases. Conclusion: Colored DTI 
images and FA maps are helpful in the way of diagnosis in most cases with organic 
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pathologies; it is possible to obtain diagnostic information by vivacious images. 
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1. Introduction 

Thanks to fast developing technology, visualization of fiber tracts at brain is possible. 
The capability of diffusion tensor imaging (DTI) to reliably display secondary altera-

tions of the white matter tracts caused by the primary pathology has the potential to be 
of great utility for treatment planning and follow-up in near future. With the advance-
ments in diffusion-weighted imaging during the past decade, DTI can now show neu-
ronal tracts in the brain and spine and better characterize the structural integrity of 
neural tissue [1]. This progress led to new clinical applications of this technique for di-
agnosis and surgical follow-up protocols of central nervous system pathologies [2] [3].  

Interpretations in the fields are more quantitative such as in-group analysis, but they 
are composed of information out of medical field, and are generally not useful on the 
basis of individual patient evaluations. In these regard, we investigated our cases’ DTI 
images and tried to show if the data could be interpreted simply with radiologist’s eye 
or not. 

2. Material and Methods 

The local ethics committee of Istanbul University Cerrahpasa Medical Faculty approved 
the study protocol. Written informed consent was obtained from all patients. In this 
study, 31 cases requiring advanced imaging with magnetic resonance imaging (MRI) 
and DTI were evaluated in our center with 3 Tesla MRI. Cranial DTI studies were per-
formed for ischemia (5 cases), posttraumatic axonal injury (4 cases), congenital mal-
formation (5 cases), neoplasia (7 cases), autism (2 cases), mental retardation (2 cases), 
epilepsy (3 cases). Cervical DTI investigations were performed for mass (2 cases) and 
syrinx formation (1 case). DTI images were evaluated, along with fused conventional 
T1 weighted 3D high-resolution images and FA maps. Basic demographic characteris-
tics of the patients were summarized in Table 1.  

3. Results 

All patients in ischemic group with chronic ischemic focuses who were identified by 
clinical history and conventional images showed us decreased FA values especially 
thorough the affected areas. Additionally, DTI-FA images showed relevant signal changes 
secondary to Wallerian degeneration in two cases (Figure 1). 

In traumatic brain injury (TBI) cases, at the levels of the axonal discontinuity where 
FA values decreased, only SWI sequences showed microhemorrhagic substance super-
position. No other sequences showed these microhemorrhagic pathologies in this group 
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Table 1. Basic demographic characteristics of the patients. 

Patients  
(n = number) 

Mean 
age 

Gender  
(m: male,  
f: fmale) 

Clinical-radiological findings 

Ischemia (5) 47 1 f, 4 m 
Hemspheric white and gray matter gliotic changes 

due to previous ischemia 

Trauma (4) 32 1 f, 3 m 
Confusion due to previous trauma which  

compatible with diffuse axonal injury 

Malformation (5) 12 2 f, 3 m 
Corpus callosum dysgenesis (n = 4), vascular  

malformation (n = 1) 

Neoplasia (7) 58 3 f, 4 m 
Gliobilastoma multiforme with newly diagnosed (n = 

5) and recurrent (n = 2). 

Autism (2) 9 2 m 
Neuropsychiatric examination and test results  

compatible with autism spectrum disorders 

Mental  
retardation (2) 

11 2 m 
Neuropsychiatric examination and test results  

compatible with autism spectrum disorders 

Epilepsy (3) 17 2 f, 1 m Partial convulsions and positive EEG findings 

Cervical spine mass (2), 
syrinx (1) 

42 2 f, 1 m 
Thermal and sensory dissociations of upper  

extremities and positive neurologic examination  
findings 

 

 
Figure 1. A case with encephalomalasic changes due to old ischemia. (a) b-1000 image, (b) ADC 
map, (c) colored FA map, (d) three dimensional fused images of tractography maps show the ab-
sence of fibers without any displacement or infiltrative changes (encircled area). 

 
of patients. Neurological findings were suggested axonal injury in these cases, however 
conventional MRI sequences were normal. On the other hand, DTI-FA maps were 
compatible with SWI and clinical findings (Figure 2). 
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Figure 2. In cases with traumatic brain injury (TBI). (a) At high resolution axial FLAIR image, in 
coloured (b) and gray scale (c) FA maps; at the levels of axonal discontinuity where FA values 
decreased as darkened focus (arrows) seen objectively. No other any sequence showed these old 
posttraumatic abnormalities in this case. Abnormal side generally has reduced frontal association 
fibers compared to normal side at 3D-T1 fusion color tractography maps.  

 
Major abnormalities of association and projection fibers in congenital malformation 

cases could be visualized at both 3D-DTI fused images and FA map images. DTI se-
quences were able to identify abnormal connectivity in anomalies, which mainly ef-
fected corpus callosum.  

However, any objective anatomical pathology weren’t reported at cases with motor 
mental retardation, epilepsy or neuropsychiatric diseases in DTI evaluations. Only 
some minor changes were identified (as uncinate fascicilus asymmetry or decreased FA 
values in corpus callosum etc.) which were consistent with literatures (Figure 3). 

Displacement, infiltration, destruction of U fibers, major association and projection 
fibers could be clearly visualized in intracranial neoplasia cases (Figure 4). It was possi-
ble to differentiate malign lesions from benign ones according effected fibers.  

Cervical spinal cord DTI was performed in 3 cases, mass or syrinx localization and its 
association with fiber tracts could clearly be visualized. These cases were diagnosed as 
syringomyelia rather than hydromyelia. Clinical and neurological findings of these cas-
es were compatible with advanced radiological findings.  

As commonly described, follow-up data and clinical data were correlated with these 
advanced radiological evaluations and compatibility with clinical data was investigated. 
Special images for each group were processed separately. 

4. Discussion 

Diffusion tensor imaging is a promising method for characterizing microstructural 
changes and may be helpful in finding the essential cause of abnormality in patients. In 
this paper, contrary to definite special technical applications (physics, mathematics, 
mechanism) or complicated statistical analyses, high-resolution DTI images are eva-
luated simply by visual calculations.  
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Figure 3. A young man with autism spectrum disorders (a) though to normal callosal anatomy at 
sagittal T1 weighted image, (b) crossing fibers were very sparked at fused, colored tractography 
image. 

 

 
Figure 4. Displacement, infiltration and destruction of U fibers, major association and projection 
fibers could be clearly visualized in intracranial neoplasia cases. (a) A case with left frontobasal 
cortical capillary malformation (at smaill picture, enhanced area, arrow) shows only thinned 
short association fibers in FA maps (at background picture, short arrow) compared with normal 
right side (at background picture, long arrow). (b) At three dimensional fiber tract map, the or-
ganization of the fibers is protected without any obvious deformation (encircled area). However 
in a case with right basal ganglionic GMB; pathological rim enhancement and central necrosis is 
seen on T1 weighted axial image (c). In this case, colored FA map (d) and fused three dimension-
al fiber tractography image (e) show deformation and destruction of insular “u” fibers, internal 
and external capsules (arrows) compared with left side. 

 
There are many signs and demonstrative abnormalities defined by DTI protocol. 

New techniques are currently being developed based on DTI as DSI (diffusion spec-
trum imaging), kurtosis, Q-ball imaging etc., since his area is subject of ongoing re-
searches. 

Methods for the acquisition and analysis of DTI are rapidly evolving. While the 
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complexity is getting problem, the need for enhanced evolution methods are also acce-
lerating with the new developments in this area; for instance while the number of the 
vectors are increasing, capacity and speed of the processors should increase to excep-
tional levels. 

In simple terms, complex operation mechanism of DTI consist of appliance of at 
least 6 different directions of diffusion gradient and determination of varying degrees of 
movement limitations water molecules undergo along fiber tracts in their microenvi-
ronments [2]. 

The last range of parameters that can be extracted from the DTI concept relates to 
the mapping of tissue structure orientation in space. Here gathered data are quantified 
and mapped as mean diffusivity and fractional anisotrophy and organized as gray scale 
and colored maps. Roi measurements and calculations can be done using these maps 
[3]. It is important to notice that diffusion imaging is a truly quantitative method, be-
cause diffusion coefficient calculated is a parameter that directly reflects the physical 
properties of the tissues. Chan et al. investigated the affects of hypoxic ischemic ence-
phalopathy on visual pathways and found retinocollicular and retino geniculate path-
ways were more vulnerable to anterograde degeneration from eye injury than retro-
grade, trans synaptic degeneration from visual cortex injury [4]. 

Nael et al. showed in hyper acute ischemic stroke while all sequence values could be 
in normal limits. FA values could increase suddenly and as process becoming chronic 
FA values diminished [5].  

TBI cases in our study showed decreased FA values. Robert et al. with a mata- 
analysis showed in the same patient group that FA increased and ADC decreased in 
most white matter tracts in the short-term, and FA decreased and ADC increased in 
medium to long-term [6].  

In a study, relationship between mild TBI and mental state was showed clearly with 
in vivo DTI examination [7].  

Congenital anomalies, variations and a large variety of diseases changing from simple 
callosal dysgenesis to otism could be diagnosed by showing fiber course anomalies, 
agenesis and aberrations in great detail when compared with conventional sequences 
[8]-[11]. 

Choudhri et al. showed in their article the effectiveness and success of the commisur-
al dissection could be tested by DTI at postoperative stage and also DTI could be used 
to show displacement, infiltration, destruction of U fibers, major association and pro-
jection fibers in intracranial benign or malignant neoplasms. Even post-op course and 
possible complications of these neoplasms may be estimated through their association 
with critical association and projection fibers [12]. 

Several articles reported that pre-operative assessment with the DTI provided helpful 
information for neurosurgery. Continuously growing numbers of literature data indi-
cate DTI is not only used for demonstration of fiber destruction by tumor invasion but 
also as a part of multiparametric assessment complex for differential diagnosis and tu-
mor grading [12]-[15].  
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Literatures and our cases showed examination of intramedullary lesions with DTI 
provided detailed information about the exact localizations, adjacent fiber tract rela-
tions of these lesions [12]-[16]. 

Furthermore, early period damage of spinal cord by non-neoplastic pathologies like 
disc herniation and possible systemic disorders could be obtained by DTI [17] [18]. 
Evaluations in this study were made relatively, but data in groups which represent main 
pathologies were assessed by a single researcher, FA-ROI measurements were not done 
in most of the cases. Findings were not tested with detailed, inter-group statistical tests, 
so quantification with some evaluations was not achieved and this may hamper the ob-
jectivity. Beside this main restriction, data were presented in consideration with visual 
evaluations needed for every radiologist without deviation from main aim of the article 
and usage of the technique and parametric details [19]. 

On the other hand, this case based article which lacks detailed statistical analysis did 
not present any specific data about cognitive disorders and neuropsychiatric diseases. 
However, prominent and promising findings about this group of disorders appear con-
tinuously throughout the literatures and numbers of related articles are progressively 
increasing [20] [21]. Some articles showed degree of hazards in central nervous system 
disorders by inflammatory intestinal diseases, SLE and Hepatitis B virus infections 
could be evaluated by some metric and statistical measurements of DTI [22]-[26]. We 
believed that if methods like tract based analysis might be simplified in the future, these 
methods could be very valuable for the detection of microstructural anomalies, which is 
unable to be detected visually.  

5. Conclusion 

In conclusion, although it doesn’t provide concrete and case-specific valuable informa-
tion to radiologists, especially in cases with microstructural anomalies like neurop-
sychiatric disorders, epilepsy and motor-mental retardation; in most cases with organic 
pathologies, it is possible to obtain diagnostic information by DTI-FA maps and 3D-trac- 
tography’s vivacious images. Indeed, currently used statistical analysis programs could 
show microstructural anomalies as well as growing steadily and this area is the subject 
of ongoing research. 
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