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With the advent of molecular biology, focus on drug development has shifted from 
cytotoxic chemotherapies to molecular targeted therapies. Many of these new 
therapies are expected to be primarily cytostatic in action, making traditional tu-

mor size response criteria less appropriate for the early assessment of drug efficacy (1, 2). 
Thus, there is a need for development of noninvasive methods that are able to monitor tu-
mor response to therapies while potentially providing a better assessment of the response 
of the whole tumor (3, 4). 

One modality that requires continuous follow-up would be the field of radiotherapy. 
However, a substantial number of patients encounter treatment failure (5). A recent study 
showed that tumor response to radiotherapy is regulated by the degree of apoptosis in 
tumor endothelial cells; thus, tumor vasculature can be a powerful target for the treatment 
evaluation of radiotherapy (6). According to Ng et al. (7), the destruction of tumor vessels is 
related to radiation-induced tumor regression. Through the effects on oxygenation, tumor 
perfusion has a significant role in modulating radiotherapy response (8). Therefore, robust 
methods to evaluate the in vivo tumor vascular effects of radiotherapy are warranted. 
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PURPOSE 
We aimed to compare various tumor-related radiologic morphometric changes and computed 
tomography (CT) perfusion parameters before and after treatment, and to determine the optimal 
imaging assessment technique for the prediction of early response in a rat tumor model treated 
with radiotherapy.

METHODS
Among paired tumors of FN13762 murine breast cancer cells implanted bilaterally in the necks of 
eight Fischer rats, tumors on the right side were treated with a single 20 Gy dose of radiotherapy. Per-
fusion CT studies were performed on day 0 before radiotherapy, and on days 1 and 5 after radiother-
apy. Variables based on the size, including the longest diameter, tumor area, and volume, were mea-
sured. Quantitative perfusion analysis was performed for the whole tumor volume and permeabilities 
and blood volumes (BVs) were obtained. The area under the curve (AUC) difference in the histograms 
of perfusion parameters and texture analyses of uniformity and entropy were quantified. Apoptotic 
cell density was measured on pathology specimens immediately after perfusion imaging on day 5. 

RESULTS
On day 1 after radiotherapy, differences in size between the irradiated and nonirradiated tumors 
were not significant. In terms of percent changes in the uniformity of permeabilities between tu-
mors before irradiation and on day 1 after radiotherapy, the changes were significantly higher in 
the irradiated tumors than in the nonirradiated tumors (0.085 [−0.417, 0.331] vs. −0.131 [−0.536, 
0.261], respectively; P = 0.042). The differences in AUCs of the histogram of voxel-by-voxel vascular 
permeability and BV in tumors between day 0 and day 1 were significantly higher in treated tumors 
compared with the control group (permeability, 21.4 [−2.2, 37.5] vs. 9.5 [−8.9, 33.8], respectively, P = 
0.030; BV, 52.9 [−6186.0, 419.2] vs. 11.9 [−198.3, 346.7], respectively, P = 0.049). Apoptotic cell density 
showed a significantly positive correlation with the AUC difference of BV, the percent change of 
uniformity in permeability and BV (r=0.202, r=0.644, and r=0.706, respectively).

CONCLUSION
By enabling earlier tumor response prediction than morphometric evaluation, the histogram analy-
sis of CT perfusion parameters appears to have a potential in providing prognostic predictive infor-
mation in an irradiated rat model. 
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Computed tomography (CT) perfusion 
has been developed as a noninvasive in vivo 
imaging method to investigate tumor-as-
sociated vasculature, and it is increasingly 
used to monitor treatment response and 
quantify tumor vascularity in various solid 
cancers (9–14). Its advantages include rapid 
scanning speed, high temporal and spatial 
resolution, and more importantly, routine 
availability; further, one of the greatest ad-
vantages of CT for perfusion imaging is the 
linear relationship between CT attenuation 
and iodine-based contrast concentration 
compared with other modalities, and this 
allows for an accurate absolute quantifica-
tion of perfusion parameters (15).

CT perfusion analysis produces resulting 
parametric maps, for which each pixel rep-
resents a parameter value. Given signifi-
cant tumor heterogeneity, a voxel-based 
approach may be more sensitive than the 
mean tumor averages of perfusion variables 
(16). The problem is that perfusion param-
eters to predict therapy response  in the 
clinical setting might be more complex to 
quantify and compare due to the inherent 
pre- and post-treatment heterogeneities 
observed within tumors. Recently, Freiman 
et al. (17) developed a new approach to 
quantify the response of a tumor to therapy 
based on the entire cumulative histogram 
analysis. This method assesses the area un-
der the curve (AUC) of a histogram curve, 
which is expressed as a particular parameter 
such as CT attenuation value or perfusion 
parameter, after the segmentation of tumor 
lesion, and then calculates the differenc-
es in AUCs of histogram curves in pre- and 
post-treatment. Therefore, their approach 

provides a single number that summarizes 
the overall tumor changes over time. Thus, 
it provides a potential solution to the prob-
lem of complexity. 

Given the fact that the optimum mea-
surement technique, appropriate response 
evaluation method, and magnitude of size 
change are subject to debate, we sought to 
compare various tumor-related radiologic 
morphometric changes and CT perfusion 
parameters before and after treatment, and 
to determine the optimal imaging assess-
ment technique for the prediction of early 
response in a rat tumor model treated with 
radiotherapy. To this end, we conducted 
response measurements according to size 
and perfusion parameters (mean value, CT 
texture, and value based on the entire cu-
mulative histogram analysis). 

Methods
Animal preparation

We used 10 female Fischer 344 rats (Charles 
River, Sulzbach) weighing between 200 g and 
240 g and the FN13762 murine mammary 
carcinoma cell line (18) (American Type Cul-
ture Collection; Manassas) as an experimen-
tal animal tumor model. The study protocol 
was reviewed and approved by the Animal 
Care and Use Committee of our institute. 

The methods for the animal tumor model 
were described in detail in a previous report 
(19). For subcutaneous tumor cell implanta-
tion, anesthesia was induced with a mix-
ture of isoflurane (Isoflurane Belamont, Be-
lamont Laboratories) and medical oxygen 
(isoflurane 5%; medical oxygen, 3 L/min) 
produced by an anesthetic gas evaporator 
(Minerve, Esternay). Anesthesia was main-
tained with an intramuscular injection of 
10 mg/kg of ketamine hydrochloride (Keta-
lar; Yuhan Yanghang) and 4 mg/kg of xyla-
zine hydrochloride (Rompun, Bayer Korea). 
FN13762 cells were inoculated bilaterally 
into the subcutaneous layer of the posterior 
neck of the rats with a 24-gauge needle by 
injecting 5×106 cells suspended in 0.1 mL of 
Dulbecco’s modified Eagle’s medium (Cam-
brex Biosciences, Verviers). Cellular viability 
was tested prior to tumor implantation us-
ing trypan blue; this always yielded a result 
of >90%. All procedures were performed 
using an aseptic technique. Animals were 
monitored through the recovery period 
and were returned to their cages. Tumor 
growth was checked with ultrasonography 
and electronic calipers daily following tu-
mor implantation. 

Perfusion CT 
The tumors were allowed to grow up to 

15 mm in diameter using ultrasound, which 
typically required seven days, before irra-
diation. When the tumors grew to approx-
imately 15 mm in diameter, a perfusion CT 
examination of them was performed. An-
esthesia for CT scanning was induced and 
maintained with an intramuscular injection 
of 4 mg/kg of xylazine hydrochloride and 
10 mg/kg of ketamine hydrochloride. The 
tail vein was catheterized with a 24-gauge 
plastic cannula (Ethicon, Johnson & John-
son Medical) for contrast material injection. 
Each rat was placed and fixed in a plastic 
frame where the posture of rats could be 
maintained throughout the study. 

CT scans were acquired during shallow 
self-breathing. Perfusion CT scanning was 
performed using a 64 slice scanner (Soma-
tom Definition, Siemens Medical Solutions) 
with a 512×512 pixel matrix, 120 kV, 80 mAs, 
14×1.2 mm collimation, 5–8 mm table feed/
rotation, and 0.5 s rotation time. An initial 
unenhanced study was performed to cover 
the entire tumor. A bolus of contrast mate-
rial (iopromide, Ultravist 370, Schering) was 
administered using an in-house dual injec-
tor with a micropump. The bolus infusion 
was administered at a decreasing rate (0.32 
mL at 0.02 mL/s for 16 s, 0.16 mL at 0.01 
mL/s for 16 s, and 0.28 mL at 0.007 mL/s 
for 40 s) and was followed by a saline flush 
(0.1 mL at 0.01 mL/s for 10 s). The infusion 
protocol was adopted from that of Ng et al. 
(20) and was modified for a small animal. 
Regarding Patlak analysis, contrast concen-
tration of the tissue was equivalent to the 
sum of the intravascular and extravascular 
contrast concentrations at any time point, 
as denoted by the following equation: 

Ct = rbv×bt + K×∫bt×dt, 
where Ct is the concentration of contrast 

material within the tissue, rbv is the relative 
blood volume of the tissue, bt is the con-
centration of contrast material in the blood, 
and K is the permeability. By plotting this 
graphically, the permeability can be de-
rived from the gradient of the slope of this 
line, and relative blood volume (BV) can be 
derived from the y-intercept (Fig. 1). Perfu-
sion CT study was repeated on days 1 and 5 
after irradiation to the right-side tumor (21). 

Irradiation
X-ray irradiation was delivered with a 

Clinac 4/100 (Varian Medical Systems), with 
4 MV, field size of 5×5 cm2, effective field 
size of 4×4 cm2, dose rate of 280 MU/min, 

Main points

•	 To predict early radiotherapy response in 
a rat tumor model, we compared various 
tumor-related radiologic morphometric 
changes and CT perfusion parameters. 

•	 When compared between before and one 
day after irradiation, change in uniformity of 
permeability value of irradiated tumors was 
significantly higher than that of nonirradiated 
tumors.

•	 Apoptotic cell density showed a significant 
positive correlation with the AUC difference 
of blood volume, the percent change of 
uniformity in permeability, and the blood 
volume one day after irradiation. 

•	 There was a significant positive correlation 
between the percent change of uniformity 
and the AUC difference in the permeability 
value.



source to-surface distance of 100 cm, and 
depth of 2 cm. The tumor on the right side 
of the neck was chosen and exposed to a 
single dose of x-rays of 20 Gy, with the left 
tumor and the remainder of the rat torso 
shielded with a 4 mm thick lead shield. The 
left nonirradiated tumor served as a control. 

Image processing and analysis
Data were transferred to a workstation 

(Leonardo, Siemens Medical Solutions). 
Among the 10 rats, two were excluded from 
the analysis because of unwanted death 
during anesthesia for the pretreatment CT 
scan. Therefore, there were images from 24 
perfusion studies for evaluation (eight rats, 
three series each). CT scans were jointly as-
sessed by one chest radiologist (nine years 
of experience in CT interpretation) and one 
radiology physicist (13 years of experience 
in radiology physics). Variables based on the 
size of each lesion were assessed in terms of 
the longest diameter, tumor area, and tumor 
volume using a semi-automated software 
tool (Syngo CT Oncology, Siemens Medical 
Solutions). On the same workstation, a re-
gion of interest (ROI) covering as large an 
area as possible of the whole tumor was 
drawn. ROI was drawn freehand around the 
tumor using an electronic cursor and mouse. 

CT perfusion parameters were analyzed 
using an in-house software (MIL, Seoul) 
based on the Interactive Data Language (ITT 
Visual Solutions). The arterial input was de-
termined from bolus-tracking images for the 
tumor side of each rat, and ROIs of the whole 
tumor drawn above were used; the software 
substantially calculated permeability and BV 
using Patlak analysis automatically (22). 

The area under the curve (AUC) differ-
ence in the histogram of perfusion param-

eters was quantified using the following 
steps: for the permeability and BV maps of 
each tumor, ROI, and time point, a normal-
ized cumulative histogram was computed 
(Fig. 2). Next, the differences between the 
histograms over time (before irradiation − 
on day 1 after irradiation; before irradiation 
− on day 5 after irradiation) were comput-
ed for both the irradiated and nonirradi-
ated tumor ROIs (Fig. 2k). Finally, AUC was 
computed for each difference histogram, 
where the histogram AUC of the tumor 
(T) was normalized by the histogram AUC 
of the nontumorous soft tissue (NT) [dNT/ 
dTNormalized = (dH/dTt)/(dH/dTnt)]. The result-
ing measurement provides a single number 
that summarizes the entire changes in the 
permeability or BV (Fig. 2).

Heterogeneity within this ROI was also 
quantified by calculating entropy (irregu-
larity, e) and uniformity (distribution of gray 
level, u) (23) with the following equations: 

and

where I is the pixel value [between I=1 to 
k (where k is the highest pixel value)] in ROI 
and P (I) is the probability of the occurrence 
of that pixel value. Higher entropy and low-
er uniformity represent increased hetero-
geneity (24). We did not apply any filtration 
step because there are no establishments 
that enable the confirmation or refute the 
supposition for filtered texture data yet. 

All approaches for quantitative response 
measurement are summarized in Fig. 3. 

Histologic analysis
After CT imaging on day 5 after irradia-

tion, the rats were euthanized with an over-
dose of ketamine and xylazine, and tumors 
were excised and dissected. Each resection 
specimen was evaluated with standard 
pathologic methods as described in the 
surgical pathology dissection manual of the 
Department of Pathology (25). For tumor 
sampling, a tumor tissue of approximately 
10 mm in diameter per slide was obtained. 
With a hematoxylin–eosin stain, terminal 
deoxynucleotidyl transferase-mediated 
dUTP nick end labeling (TUNEL) staining 
of each tumor tissue was performed. With 
regard to the details of the tumor tissue 
staining procedure, the methods used by 
Kim et al. (26) were adopted. Three digital 
pictures were taken (original magnification, 
×250), away from the areas of necrosis but 
otherwise randomly, for each tumor slice 
that had undergone TUNEL staining by a 
pathologist (six years of experience in histo-
logic studies) who was blinded to the treat-
ments that each animal received. A camera 
(SPOT) on a microscope (Nikon Optiphot 2; 
Nikon) interfaced with a personal computer 
and SPOT software was used to image the 
stained slides. These images were analyzed 
using noncommercial software from the 
National Institutes of Health (ImageJ, ver-
sion 1.37v; National Institutes of Health). 
Apoptotic (TUNEL-stained) cells were seg-
mented according to the signal intensity 
difference between target cells and back-
ground in each picture, while the intensity 
and minimum particle size thresholds were 
manually determined, and cell number was 
then counted in all three pictures per tumor. 
The total cell number in the three pictures 
was also counted with the same procedure, 
and the cell density (target cell number 
divided by the total cell number) was cal-
culated (Fig. 4). For the count of apoptosis, 
total tumor cells were considered. Uneven 
background intensity was corrected by us-
ing the “rolling ball” algorithm (27), while 
the radius was manually determined.

Statistical analysis
The descriptive analysis was expressed 

in terms of mean and standard deviations 
when data is normally distributed and in 
terms of median with minimum and maxi-
mum when data is not normally distributed. 
The nonparametric Wilcoxon signed-rank 
test was used to compare each variable be-
tween the irradiated right-side and nonirra-
diated left-side tumors. Interrelationships 
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Figure 1. a, b. Patlak plot for the study. The graph shows representative fits of the Patlak model (a). The 
x-axis represents time (s) and y-axis represents compartmental volume (mL). Permeability is derived 
from the gradient of slope and blood volume from the y-intercept (b). 
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Figure 2. a–k. Representative case showing 
histogram analysis. Permeability map of a CT 
image before irradiation (a, b) and histograms (c, 
d). In the histograms, the vertical axis shows the 
number of voxels in the tumor. The horizontal 
axis shows permeabilities (mL/100 mL/min). 
The permeability map of a CT image on day 1 
after the irradiation of a tumor on the right side 
(e, f) and histograms (g, h). A slight increase in 
size and reduction in permeability are noted 
(e–h). Combined histogram distributions of 
the irradiation before (red) and after (green). 
Permeability is shifted to the left from the red 
to the green graph (i). Cumulative histograms 
of the permeabilities, before (red) and on day 
1 after (green) irradiation (j). The differences 
between time-point histograms: AUC difference 
was estimated as 1.1060 mL/100 mL/min (k).
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between imaging parameters and patho-
logic response (apoptotic cell density) were 
assessed using the Spearman correlation 

coefficient test. For the sequential change 
of heterogeneity parameters, linear by lin-
ear association in the chi-square test was 

used to verify the existence of a time-relat-
ed trend. 

Statistical analyses were performed with 
SPSS software (SPSS version 19.0, IBM Corp.). 
A P value of <0.05 was considered to indicate 
a significant difference.

Results
All CT measurements, including CT perfu-

sion parameters for nonirradiated and all irra-
diated tumor groups, are summarized in Fig. 5. 

No statistically significant differences 
between the irradiated and nonirradiated 
tumors were noted in terms of size mea-
surement or perfusion parameters. In the 
nonirradiated tumors, the mean values of 
size measurements and permeability were 
elevated, and those of BV were consistently 
reduced on both days 1 and 5. In the irradi-
ated tumors, sizes were slightly elevated on 
day 1 after irradiation, but reduced on day 
5. BV decreased on day 1, but was slightly 
elevated on day 5. Permeability consistently 
increased, and these changes by irradiation 
were more likely than those in the nonirra-
diated tumors. 

Differences in size measurements be-
tween the irradiated and nonirradiated 
tumors were not significant on day 1 after 
irradiation, whereas the median sizes in ir-
radiated tumors were significantly smaller 
than those in the nonirradiated tumors on 
day 5 (diameter, P = 0.009; tumor area, P < 
0.001; tumor volume, P < 0.001). No signifi-
cant difference was observed in other vari-
ables between the irradiated and nonirra-
diated tumors on day 1 and even on day 5. 

In terms of the heterogeneity of tumor 
perfusion parameters, entropy decreased 
and uniformity consistently increased both 
on days 1 and 5 after irradiation in the per-
meability and BV of the irradiated tumors. 
These time-related trends were statistically 
significant (entropies of permeability and 
BV, P = 0.029 and P = 0.013, respective-
ly; uniformities of permeability and BV, P 
= 0.034 and P = 0.028, respectively). On 
the other hand, the nonirradiated tumors 
showed more heterogeneous changes 
on day 1. Five days after, even the control 
group became more homogeneous proba-
bly due to a significant necrotic change. 

In terms of percent change before and on 
day 1 after irradiation (Table 1, Fig. 6), the 
change in the uniformity of permeability of 
irradiated tumors was significantly higher 
than that of the nonirradiated tumors (P = 
0.042). Further, significant increases in the 
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Figure 3. Diagrams illustrate all approaches for the quantitative response measurement.

Figure 4. a–d. Histologic analysis of tumor response. Representative hematoxylin-eosin (HE)-stained 
(a) and terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)-stained (b) 
slices of the tumor collected on day 5 after irradiation (original magnification, ×250). Apoptotic cells are 
indicated by arrows. Apoptotic cell density was estimated to be 0.86% (total cell count using image J, 
1272; TUNEL-positive nuclei count, 11). HE-stained (c) and TUNEL-stained (d) slices of the nonirradiated 
tumor. There are no TUNEL-positive nuclei in this field. 

c
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histogram AUC difference of vascular per-
meability and BV were observed after irra-
diation compared with those in the control 
group (P = 0.030 and P = 0.049, respectively). 

The apoptotic cell density in the irradiat-
ed tumor group was 0.75% (0.39%, 1.26%) 
and significantly higher than that in control 
group (0.05% [0%, 0.16%]) (P = 0.005).

The apoptotic cell density showed a 
significant positive correlation with the AUC 
difference of BV, the percent change of uni-
formity in permeability, and BV on day 1 after 
irradiation (r = 0.202, P = 0.035; r = 0.644, P = 
0.024; and r = 0.202, P = 0.004; respectively). 
However, there was no significant interrela-
tionship between other CT parameters on 
day 1 and apoptotic cell density (Table 2). 

Table 3 shows a significant positive cor-
relation between the percent change of 

uniformity and the AUC difference in the 
permeability (r = 0.515, P = 0.023).

Discussion
In this study, we established a small animal 

model for Patlak analysis and determined 
the feasibility of a new quantitative analysis 
method (histogram difference) for treatment 
response evaluation using a multiparametric 
approach on the whole tumor basis. 

At first, our results highlighted the chal-
lenges in obtaining an accurate represen-
tation of the perfusion curve of the Patlak 
model. Patlak analysis is a two-compart-
ment model with one-way transfer of con-
trast material from the intravascular com-
partment to the extravascular extracellular 
compartment and allows BV and permeabil-
ity to be determined. This method is a more 

straightforward approach to quantification 
than the distributed parameter model (28). 
In addition, it has an advantage over the 
distributed parameter model in that a high 
temporal resolution acquisition protocol is 
not necessary. Therefore, the assessment 
of tumor volume coverage can be greater, 
allowing whole tumor analysis to be per-
formed (29). However, even for patients, a 
detailed contrast material infusion protocol 
is necessary, and further, a substantial in-
fusion time is required, which is why there 
has been no animal tumor model for Patlak 
analysis. We obtained a Patlak plot on our 
rat tumor model with CT perfusion using a 
micropump system. 

Regarding the interaction between ion-
izing radiation and tumor vasculature, one 
study has shown that tumor response to 

Figure 5. CT measurements. Differences in size measurements between the irradiated and nonirradiated tumors were not significant on day 1 after 
irradiation. The median values of size measurements in the irradiated tumors were significantly smaller than those in the nonirradiated tumors on day 5 (all P 
< 0.01). No significant difference was observed in other variables between the irradiated and nonirradiated tumors on day 1 or day 5. However, tumor entropy 
decreased and uniformity sequentially increased on days 1 and 5 both in permeability and blood volume of the irradiated tumors. This trend was statistically 
significant (all P < 0.05).
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radiation may be regulated by tumor endo-
thelial cell apoptosis (6). In addition, the up-
regulation of vascular endothelial growth 
factor reported in various cancer types af-
ter ionizing radiation may bring about in-
creased perfusion and neovascularization 
(30). A recent study on lung cancer patients 
showed increased perfusion after radiation 
(7). In this study, the mean tumor permea-
bility increased in both irradiated and non-
irradiated tumors, whereas the mean tumor 
vascular BV decreased in both. Moreover, 
the difference in perfusion parameters 
between the irradiated and nonirradiated 
tumors was not significant in terms of the 
median value for day 1 and even for day 5 
after irradiation. A similar phenomenon was 
observed in a recent study by Galban et al 
(16), where perfusion magnetic resonance 
imaging (MRI) was evaluated as a poten-
tial biomarker for response monitoring. 
They observed quantitative alterations in 

relative cerebral BV and flow maps during 
treatment. However, the average value of 
the mean tumor perfusion during treat-
ment was found to lack sufficient sensitivity 
to accurately evaluate treatment outcome. 
These results were probably due to the het-
erogeneous changes in BV or flow occurring 
throughout the tumor, which ultimately de-
sensitizes the whole tumor measurement. 

In comparison, through voxel-by-vox-
el analysis using the parametric response 
map (PRM), spatial information could be 
preserved and local variations in terms of 
tumor PRM voxels after therapy initiation 
could be delineated from each other and 
therefore visualized and quantified within 
the context of the anatomical image. The 
problem is that this approach suggested 
by Galban et al. (16) is not technically appli-
cable in all solid tumors. For voxel-by-voxel 
analysis between pre- and post-treatment 
maps, an unchanged outline of the tumor 

may be ideal or, if not, complex postpro-
cessing including nonrigid registration is 
a prerequisite to voxel-by-voxel analysis. 
Furthermore, optimal registration might fail 
in cases of a significant change of regional 
anatomical structures or significant change 
of voxel number.

In view of this, our method using the his-
togram AUC difference was a more sensitive 
technique for the quantification of treat-
ment-induced early alterations in perfusion 
parameters. A change in the number of 
voxels is not an issue because this analysis 
goes through normalization and cumulation. 
This measure summarizes the entire tumor 
response, including tumor heterogeneity, 
without prior image nonrigid registration, 
which is susceptible to inherit a registration 
error. Further, this method is simple and intui-
tive to interpret, unlike existing methods that 
solely use the difference between tumor ROI 
median/mean values, and it provides a single 
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Figure 6. Changes in CT parameters. In terms of percent change before irradiation and day 1 after irradiation, change in the uniformity of the permeability of 
the irradiated tumors was significantly higher than that of the nonirradiated tumors (P = 0.042). Further, significant increases in the histogram AUC difference 
of vascular permeability and blood volume were observed after irradiation compared with those in the control group (P = 0.030 and P = 0.049, respectively). 
Refer to Table 1 for the scale of the y-axis for each parameter.
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number that summarizes the overall tumor 
perfusion changes over time (Table 4). 

Assuming that a broad coverage of a 
tumor will be more representative for 
heterogeneous tumors, we measured CT 
perfusion parameters in the whole tumor 
volume. Ng et al. (7) observed different per-
fusion between the tumor rim and center 
after radiotherapy. Heterogeneous vascular 

changes between the tumor rim and center 
may be explained by the uneven distribu-
tion of vascularization and vasodilation and 
neovessel formation effects caused by radi-
ation. Reiner et al. (31) compared perfusion 
parameters obtained from three-dimen-
sional volumes-of-interest (3D-VOIs) with 
those obtained from a two-dimensional 
(2D)-ROI covering the lesion. Compari-
sons revealed considerable differences in 

blood flow, BV, and flow extraction product 
among 3D-VOI and 2D-ROI measurements 
in up to 68% of tumors. Thus, the functional 
assessment of tumor vascularization should 
aim at a broad coverage in the z-axis to al-
low for the reliable and accurate quantifica-
tion of perfusion of the tumor as a whole. 

In our study, the tumor vessel perme-
ability did not change in the same direc-
tion with BV. In other words, permeability 
increased when BV decreased in the irra-
diated tumors. According to one study, 
changes in permeability are more spatially 
dependent than changes in BV (7). There 
were no significant changes in permeabil-
ity after the sixth fraction of radiotherapy, 
for which the authors provided the estab-
lishment of equilibrium between vessel 
permeability and interstitial pressure as the 
reason. Changes in tumor vascularity may 
be dose-dependent and vary according to 
fraction size. Effects of radiation to tumor 
vascularity may also influence the radiosen-
sitivity of tumors as well as normal tissues. 
Tumor perfusion measured with dynamic 
contrast-enhanced MRI showed significant 
increases in the first and second week of 
preoperative chemoradiotherapy in pa-
tients with rectal cancer (32). In contrast, 
in another rectal cancer study, significant 
decreases in blood flow were observed af-
ter preoperative chemoradiotherapy (33). A 
better understanding of changes in tumor 
vascularity after radiation through in vivo 

Table 1. Percent changes in CT parameters  

		                                                          Before irradiation – day 1			                                             Before irradiation – day 5

		  Irradiated	 Nonirradiated	 P	 Irradiated	 Nonirradiated	 P

Size measurements 						    

	 Longest diameter (mm)	 9.2 (5.7, 18.9)	 15.0 (8.8, 25.8)	 0.273	 6.8 (−3.6, 14.4)	 59.1 (39.0, 82.6)	 0.012

	 Tumor area (mm2)	 20.3 (8.8, 27.3)	 30.5 (8.1, 51.5)	 0.403	 2.9 (−23.3, 17.5)	 146.2 (50.6, 201.2)	 0.013

	 Tumor volume (mm3)	 27.1 (24.0, 26.2)	 38.6 (11.9, 56.9)	 0.274	 20.3 (5.2, 32.0)	 291.2 (158.4, 428.0)	 0.013

Permeability 						    

	 Mean (mL/100 mL/min)	 37.8 (−8.4, 120.6)	 27.5 (−12.1, 83.4)	 0.311	 143.9 (−44.0, 363.9)	 88.4 (7.6, 178.4)	 0.302

	 Histogram AUC difference	 21.4 (−2.2, 37.5)	 9.5 (−8.9, 33.8)	 0.030	 −1.4 (−67.9, 26.9)	 −11.3 (−78.8, 25.2)	 0.039

	 Uniformity	 0.085 (−0.417, 0.331)	 −0.131 (−0.536, 0.261)	 0.042	 0.191 (0.014, 0. 430)	 −0.030 (−0.268, 0.315)	 0.019

	 Entropy	 −0.071 (−0.480, 0. 133)	 0.246 (−0.319, 0.887)	 0.124	 −0.168 (−1.490, 0.260)	 0.103 (−0.419, 0.557)	 0.087

Blood volume 						    

	 Mean (mL/100 mL)	 −13.7 (−66.7, 48.0)	 −9.0 (−69.7, 32.0)	 0.650	 −4.7 (−48.5, 38.6)	 −16.1 (−54.8, 17.3)	 0.338

	 Histogram AUC difference	 52.9 (−6186.0, 419.2)	 11.9 (−198.3, 346.7)	 0.049	 68.5 (−33.9, 202.6)	 10.5 (−103.0, 161.5)	 0.007

	 Uniformity	 0.085 (−0.155, 0.283)	 −0.102 (−0.263, 0.310)	 0.085	 0.238 (−0.211, 0.541)	 −0.089 (−0.302, 0.424)	 0.004

	 Entropy	 −0.044 (−0.386, 0.144)	 0.269 (−0.283, 0.594)	 0.201	 −0.193 (−0.489, 0.144)	 0.322 (−0.920, 0.571)	 0.094

Data are expressed as median (minimum, maximum).
CT, computed tomography; AUC, area under the curve. 

Table 2. Correlation of imaging biomarker with pathologic apoptotic cell density  

Change in parameters (before irradiation − day 1 after irradiation)	 r	 P

Size measurement 		

	 Longest diameter (mm) 	 −0.387	 0.055

	 Tumor area (mm2)	 −0.129	 0.310

	 Tumor volume (mm3)	 −0.301	 0.063

Permeability 		

	 Mean (mL/100 mL/min)	 −0.344	 0.080

	 Uniformity 	 0.644	 0.024

	 Entropy 	 −0.387	 0.094

	 Histogram AUC difference 	 0.460	 0.077

Blood volume 		

	 Mean (mL/100 mL)	 −0.239	 0.179

	 Uniformity 	 0.706	 0.004

	 Entropy 	 −0.607	 0.052

	 Histogram AUC difference 	 0.202	 0.035

AUC, area under the curve.



monitoring is clinically relevant. In partic-
ular, the most radical radiotherapy has re-
cently been combined with chemotherapy; 
novel radiation schedules are also being 
developed incorporating new agents such 
as vascular targeting drugs or monoclonal 
antibodies. Thus, a better understanding 
of changes in tumor vasculature after ra-
diotherapy may better guide the timing of 
chemotherapy and even novel drugs. 

The assessment of tumor heterogeneity 
on imaging is a recent issue. Heterogeneity, 
such as that of the tumor blood supply, is a 
well-recognized characteristic of malignan-
cy. Goh et al. (23) assessed changes in the 
CT texture of tumors in patients with met-
astatic renal cell cancer treated with tyro-
sine kinase inhibitors (TKIs). They observed 
that CT entropy decreases and uniformity 
increases with TKIs, reflecting a decrease 
in tumor heterogeneity. In their study, tex-
ture analysis was performed for a limited 
tumor area and not for the whole tumor 
and should also be validated through vari-
ous CT protocols. We also evaluated hetero-
geneity variables on perfusion parameters 
and assessed the relationship between 
heterogeneity analysis results and histo-
gram differences. The tumor uniformity of 
permeability increased on day 1 after irradi-
ation and the percent change showed a sig-
nificantly higher uniformity of permeability 
than nonirradiated tumors on day 1 after 

irradiation, which was corroborated by a 
previous study by Goh et al. (23), reflecting 
reduced tumor heterogeneity. 

The situation was the same for entropy 
values of both BV and permeability. We 
found a consistent tendency of decreased 
entropy values after treatment. Even 
though those changes failed to reach statis-
tical significance, it could be because of the 
sample size. These results would be con-
sistent with a decrease in vascularization 
and the development of necrosis. This is 
also supported by findings of prior studies, 
which have suggested that texture reflects 
the underlying vascularization (34). 

There were limitations to this study. CT 
measurements of permeability reflect a 
complex interaction between microvascu-
lar environments such as capillary surface 
area, interstitial pressure, perfusion, and 
pore size. Additionally, the generalized ap-
plicability of our results might potentially 
be limited by the insufficient sample size. 
We evaluated whole tumor cell apoptosis 
to assess therapeutic efficacy rather than 
the microvascular effects of radiothera-
py, which can be assessed by endothelial 
apoptosis. 

In conclusion, our observations demon-
strate that the histogram analysis of CT per-
fusion parameters has the potential to pro-
vide predictive information for treatment 
response to radiotherapy. However, this 

remains to be validated in a larger prospec-
tive series, and the extension of the analysis 
to other clinical imaging modalities could 
be feasible, thus providing for a possible 
unified analytical approach for quantitative 
image analysis for the early prediction of tu-
mor therapeutic response. 
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