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Abstract

Objective: To investigate microcirculatory differences between pathologic types of kidney tumor using 320-slice dynamic
volume CT perfusion.

Methods: Perfusion imaging with 320-slice dynamic volume CT was prospectively performed in 85 patients with
pathologically proven clear cell renal cell carcinoma (RCC) (n = 66), papillary RCC (n = 7), chromophobe RCC (n = 5),
angiomyolipoma (AML) with minimal fat (n = 7), or RCC (n = 78). Equivalent blood volume (Equiv BV), permeability surface-
area product (PS; clearance/unit volume = permeability), and blood flow (BF) of tumor and normal renal cortex were
measured and analyzed. Effective radiation dose was calculated.

Results: There was a significant difference in all three parameters between tumor and normal renal cortex (P,0.001). Equiv
BV was significantly different between RCC and AML with minimal fat (P = 0.038) and between clear cell RCC and AML with
minimal fat (P,0.001). Mean Equiv BV and BF were significantly higher in clear cell RCC than in papillary RCC (P,0.001 for
both) and mean Equiv BV was higher in clear cell RCC than in chromophobe RCC (P,0.001). The effective radiation dose of
the CT perfusion protocol was 18.5 mSv.

Conclusion: Perfusion imaging using 320-slice dynamic volume CT can be used to evaluate hemodynamic features of the
whole kidney and kidney tumors, which may be useful in the differential diagnosis of these four pathologic types of kidney
tumor.
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Introduction

Ninety percent of all renal tumors come under five histologic

types: clear cell carcinoma (or conventional carcinoma), which is

the most common; chromophobe carcinoma; papillary carcinoma;

and two common benign tumors, angiomyolipoma (AML) and

oncocytoma [1]. AML is the most common benign tumor of the

kidney; it comprises fat, smooth muscle, and abnormal blood

vessels. The detection of intratumoral fat allows the radiologist to

reliably and accurately identify AML [2,3]. However, intratumoral

fat cannot be visualized in an AML on cross-sectional imaging in

cases of so-called AML with minimal fat [4–6]. These tumors can

mimic renal cell carcinoma (RCC), leading to unnecessary surgery.

In addition, RCCs account for 80–90% of all renal neoplasms [7–

9], with multiple subtypes that differ in their histopathologic

features, genetic expression pattern, and clinical behavior. Clear

cell, papillary, and chromophobe are the most representative

subtypes, accounting for 65–70%, 15–20%, and 6–11% of RCCs,

respectively [10,11]. These histopathologic entities differ in their

prognosis and biologic behavior, as well as in their response to

available therapies [12,13]. Accurate subtyping of RCC by

imaging is crucial for designing optimal treatment protocols and

predicting prognosis [14].

Some investigators [6,15–17] have focused on imaging features

and degree of enhancement on multiphasic, multidetector CT or

MRI as a means of distinguishing AML with minimal fat from

RCC. There have been reports [8,9,11,18–24] of subtype

differentiation of RCCs by CT or MRI.

Perfusion, which is a functional parameter, is the process of a

body delivering blood to a capillary bed in its biological tissue.

Perfusion is the amount of blood that passes through each unit

volume of a tissue. As the metabolic requirements of the tissues are

supplied through perfusion, perfusion examination is the indirect

criterion of the tissue’s metabolic activity. Perfusion imaging

redefines CT as a technique that can now depict vascular

physiology in addition to detailed anatomy [25,26]. Tissue

perfusion may be estimated on a segmental basis by calculating

time-density curves from dynamic CT acquisitions [27]. Current-

ly, the major applications of perfusion CT are in acute stroke and

oncology. Within the kidney, not only can perfusion CT measure
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alterations of glomerular filtration [28] and assess angiogenesis

[14,29], but it has also been used to demonstrate reduced renal

perfusion in renal vein thrombosis, renal artery stenosis, renal

obstruction, and cyclosporine toxicity [26,27,30,31]. Perfusion CT

can also be applied to the monitoring of a renal tumor’s response

to therapy [32–35].

To our knowledge, 320-slice dynamic volume CT perfusion has

not previously been used in the differential diagnosis of clear cell

RCC, papillary RCC, chromophobe RCC, and AML with

minimal fat. Thus, the aim of our study was to assess the value

of this modality for the differential diagnosis these renal tumors.

Materials and Methods

Patients
This prospective study was approved by the Institutional

Review Board of Shanghai Changhai Hospital Ethics Committee.

Signed written informed consent was obtained from all partici-

pants.

From October 2011 to January 2013, 101 patients with

suspected RCC by conventional CT at our department were

scheduled for surgical resection and were thus screened for study

inclusion. None of the patients had seriously impaired function of

the heart, liver, kidneys, and history of allergies to iodine contrast

medium. Seven patients were excluded because of unwillingness to

participate in the study. Thus, a total of 94 patients underwent

renal CT perfusion imaging. All of these cases were confirmed by

surgical resection and pathological analysis. Nine masses were

excluded from the study at pathologic analysis owing to carcinoma

of renal pelvis (n = 4), unclassified RCC (n = 4), and metastatic

tumor (n = 1). Finally, the left 85 patients (66 clear cell, seven

papillary, five chromophobe, and seven AML with minimal fat)

were included in our study. The 7 patients with AML had

undergone nephrectomy because AML was not diagnosed on the

basis of preoperative CT findings; the tumors had instead been

diagnosed at preoperative CT as RCCs. Intratumoral fat cannot

be visualized in these tumors on CT imaging, and therefore these

tumors were considered minimal-fat AML [6]. The 85 cases

comprised 63 males and 22 females with a mean age of 52 years

(range 22–76 years) (Table 1).

Equipment and Contrast Agents
All patients were examined with 320-slice dynamic volume CT

(Aquilion ONE; Toshiba Medical Systems, Ottawara, Japan). For

perfusion imaging, 30–40 ml of iopamidol (Niopam; Ultravist 370,

370 mg/ml; Bracco S.P.A., Italy) was injected through a 20-gauge

needle in the antecubital vein at a flow rate of 6.5 ml/s, followed

by 30 ml saline solution at the same flow rate. The total duration

of injection was about 10 s. A CT power injector (Ulrich Medical,

Germany) was used in all cases.

Procedure Design and Scanning Techniques
We established a dynamic CT protocol with the following

parameters: 100 kV tube voltage; 100 mA tube current; 0.5 s

gantry revolution time; 1 mm pixel spacing; 5126512 pixel

(spatial resolution); and 0.5 mm reconstructed slice thickness.

Scanning was performed as follows. Patients were required to

breathe in and out lightly and naturally. An abdominal belt was

applied to reduce respiratory artifacts. First, an unenhanced single

image was obtained to ensure that the kidneys would be

completely covered by the 16-cm imaging field. Second, dynamic

volume CT scanning was initiated after the delay time, which was

8 s after the beginning of the contrast agent injection. In total,

24 CT volumes of the kidneys were acquired. Each of the 24 scans

took 0.5 s (one volume acquisition equals a single gantry rotation

at a speed of 0.5 s per 360urotation). The different temporal

sampling intervals were 1.5 s–4.5 s, and the process took 79.75

seconds overall.

Image Post-processing
To correct for motion and breathing differences in all three

planes (axial, coronal, and sagittal), image registration (Body

Registration, Vitrea fx ves 6.0, nonrigid registration based on

global FOV, Toshiba Medical Systems) was performed as the first

step. Figure 1 showed an example for image quality before and

after the image registration process. Second, the 24 image datasets

were post-processed using Body Perfusion software (Vitrea fx ves

6.0, Liscensed software, Toshiba Medical Systems) as followed.

The perfusion maps (Figure 2, 3) were generated by Body

Perfusion software, and the section thickness of the maps was

5 mm. To optimize visualization of the soft tissue, a processing

threshold (CT value range) of between –30 and 400 HU was

chosen [14] (Figure 2, 3), and the analysis matrix and noise

elimination level were chosen as 128 and strong, respectively. An

arterial input was defined within the abdominal aorta by using a

mouse to place a circular region of interest (ROI). ROIs of renal

tumor and normal renal cortex were defined manually in two

planes (axial and coronal). Moreover, ROIs were placed in two

different sections of each of the two planes. We took care to ensure

that the tumor ROI remained within the internal structure of the

mass and to exclude necrosis, cysts, hemorrhage, calcification, and

adipose tissue [14] (Figure 2A, 3C). Mean values for perfusion

parameters were derived by software and recorded for each

patient.

Perfusion was determined using the single input maximal

method [36] and Patlak plotting [37]. Based on the aorta and

tissue time–density curve, blood flow (BF) was derived by the

maximal slope method. Equivalent blood volume (Equiv BV) and

permeability surface-area product (PS; clearance/unit volume =

permeability) were obtained from a Patlak plot.

Table 1. Characteristics of Patients.

Characteristic
Clear cell
(n = 66)

Papillary
(n = 7)

Chromoph-obe
(n = 5)

AML with
minimal fat
(n = 7)

RCC
(n = 78)

Renal tumor
(n = 85)

Sex* Male 51 (77) 5 (71) 3 (60) 4 (56) 59 (76) 63 (74)

Female 15 (23) 2 (29) 2 (40) 3 (44) 19 (24) 22 (26)

Age (y){ 53610 53616 45611 50611 53611 52611

*Data are numbers of patients, and data in parentheses are percentages.
{Data are mean 6 standard deviation.
doi:10.1371/journal.pone.0085522.t001
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Effective Radiation Dose Evaluation
The effective radiation dose of the protocol was estimated by

multiplying the dose–length product from the protocol with the

conversion coefficient for the abdomen of 0.015 mSv6mGy–

16cm–1 [38].

Statistical Analysis
Quantitative data were expressed as the mean 6 standard

deviation. The age and sex distribution were compared between

the RCC and AML with minimal fat by using the independent

sample t test and Chi-square test. Meanwhile, the age and sex

distribution were compared between the four different pathologic

types tumor by Kruskal–Wallis test and Chi-square test. When

continuous values showed a normal distribution, a paired-samples

t-test was used to compare perfusion parameters between normal

cortex and tumor, and an independent-samples t-test was used to

compare RCC and AML. When values did not show a normal

distribution, a two related-samples test (Wilcoxon Signed Ranks

Test) and the Mann–Whitney U test were used. The Kruskal–

Wallis test was used to analyze statistical differences in perfusion

Figure 1. Transverse contrast-enhanced CT scan showed the effect of motion correction. Motion artifacts were seen as blurring of the
kidney contours (arrowheads in A). Most motion artifacts were not seen after correction (B).
doi:10.1371/journal.pone.0085522.g001

Figure 2. ROIs (ROI 1, ROI 2, and ROI 3) were placed in the tumor and in healthy ipsi- and contralateral renal cortex. ROI 1 was the ROI
of tumor tissue. AML with minimal fat (A) (mean CT value = 255.4 HU) with a sufficient blood supply had an abnormal enhancement pattern that was
similar to clear cell RCC (C) (mean CT value = 251.4 HU), while Equiv BV was much lower in AML (B) (mean Equiv BV = 57.7) than in clear cell RCC (D)
(mean Equiv BV = 85.2).
doi:10.1371/journal.pone.0085522.g002

Perfusion of Kidney Tumors on 320-Slice Volume CT
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Figure 3. ROIs (ROI 1, ROI 2, and ROI 3) were drawn in the tumor and in healthy ipsi- and contralateral renal cortex. ROI 1 was the ROI
of tumor tissue. Papillary RCC (a) with the characteristics of hypo-vascularity (mean CT value = 67.4 HU) showed low perfusion values (mean Equiv
BV = 14.1) (B), while chromophobe RCC (C) with a moderate blood supply (mean CT value = 85.0 HU) appeared low perfusion values (mean Equiv
BV = 20.8) (D) too.
doi:10.1371/journal.pone.0085522.g003

Table 2. Perfusion CT parameter values.

Perfusion parameter
Clear cell
(n = 66)

Papillary
(n = 7)

Chromo -phobe
(n = 5)

AML with
minimal
fat (n = 7)

RCC
(n = 78)

Renal tumor
(n = 85)

Normal renal
cortex
(n = 85)

Equiv BV (ml/100 g) 76.6623.9 28.868.6 36.2616.9 49.3610.6 69.7625.3 68.0625.0 97.8625.0

Ps (clearance) (ml/100 g/
min)

96.8667.0 58.2634.2 52.5619.3 94.1631.9 90.5664.2 90.8662.1 208.4698.1

BF (ml/100 g/min) 235.26105.3 74.5642.9 120.6686.8 191.7693.9 213.46112.3 211.76110.6 305.4665.2

Data are mean6standard deviation.
doi:10.1371/journal.pone.0085522.t002

Table 3. Comparison among the perfusion parameters.

Perfusion parameter Normal renal cortex vs renal tumor RCC vs AML with minimal fat
Four different
pathologic types

Mean difference (95% CI) P value Mean difference (95% CI) P value P value

Equiv BV 24.8 (235.1 – 224.4) ,0.001 20.4 (1.2–39.6) 0.038 ,0.001

Ps(clearance) 60.0 (2130.5 – 2104.7) ,0.001 23.63 (252.6–45.4) 0.883 0.147

BF 102.1 (2115.7 – 271.7) ,0.001 21.7 (265.5–108.9) 0.622 ,0.001

The paired-samples t-test was used to compare perfusion parameters between normal cortex and tumor, and an independent-samples t-test was used to compare RCC
and AML with minimal fat.
The Kruskal–Wallis test was used among the four different pathologic types of tumor.
doi:10.1371/journal.pone.0085522.t003
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parameters between the four different pathologic types of tumor.

When there were significant differences in a perfusion parameter

among the four different pathologic types, the Nemenyi test was

used for multiple comparisons. To evaluate the diagnostic validity

of the perfusion values, we analyzed receiver-operating charac-

teristic (ROC) curves and the cut-off values for differentiation of

these pathologic types of kidney tumor. Statistical analysis was

performed using commercially available software (IBM SPSS 20).

P,0.05 was considered to indicate statistical significance.

Results

Clear cell RCC, papillary RCC, and chromophobe RCC

accounted for 85%, 9%, and 6% of RCCs, respectively. There

were no significant differences in the sex and age distribution of

the four different pathologic types of tumor (P.0.05). There were

no significant differences in the sex and age distribution between

RCC and AML with minimal fat (P.0.05).

Mean perfusion CT parameter values (Equiv BV, PS, and BF)

for normal renal cortex and the renal tumors are summarized in

Table 2. The comparison among the perfusion parameters were

shown in Table 3. There were significant differences in all the

three parameters between tumor and normal renal cortex

(P,0.001). Equiv BV differed significantly between RCC and

AML with minimal fat (P = 0.038) (Fig. 2). There were significant

differences in Equiv BV and BF among the four different

pathologic types of tumor (P,0.001 for both). However, Mean

Ps (clearance) and BF were similar between RCC and AML with

minimal fat (P.0.05). No significant difference was found in Ps

(clearance) among the four different pathologic types of tumor

(P.0.05). Table 4 demonstrated the comparison among the four

different pathologic types of tumor by the Nemenyi test. Mean

Equiv BV and BF were significantly higher in clear cell RCC than

in papillary RCC (P,0.001 for both) and mean Equiv BV was

higher in clear cell RCC than in chromophobe RCC (P,0.001). A

significant difference was found between the mean Equiv BV of

clear cell RCC and that of AML with minimal fat (P,0.001).

However, Mean BF of clear cell RCC was similar to that of

chromophobe RCC (P = 0.05). Clear RCC was not significantly

different from AML with minimal fat in BF (P = 0.63). There were

no significant differences in all the two parameters (Equiv BV and

BF) among papillary RCC, chromohpobe RCC, and AML with

minimal fat (P.0.05) (Figure 3).

The box and whisker plots about the perfusion parameters of

different pathologic types of tumor were presented in Figure 4.

The results of ROC curve analysis for comparison among the four

different pathologic types of tumor were illustrated in Table 5. In

addition, the effective radiation dose of the CT perfusion protocol

was 18.5 mSv.

Discussion

Assessment of organ or tumor perfusion has been of interest for

years [39]. In the brain, for instance, CT perfusion imaging plays a

clinically important role in detecting ischemic tissue in acute stroke

patients [40]. Although perfusion CT has been applied in renal

adequacy and other renal diseases [14,26–35], two problems arise

with the multidetector-row CT devices in current clinical use.

First, because of the limited detector size (current systems from

various manufacturers cover 19.2 mm to 4 cm), neither the kidney

in its craniocaudal extension nor larger tumors can be imaged in

full without table motion during imaging. Second, most patients

are unable to hold their breath for longer than 1 min, carrying the

risk that the targeted region of the kidney may slip out of the image

plane. The newly introduced 320-slice CT device covers an
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anatomical region of 16 cm in the isocenter of the gantry, which

comfortably includes the upper abdominal organs, thus solving the

problem of incomplete coverage of both kidneys. The second

problem of differences between multiple acquisitions due to

patient breathing necessitates the use of registration techniques

that virtually eliminate artifacts arising from organ motion [41]. In

our study, ROIs of renal tumor and normal renal cortex were

defined manually in two planes (axial and coronal). This protocol

takes into account the entire tumor, which appears as if the

perfusion parameters were measured in three-dimensional vol-

umes of interest [42].

Chen et al. [14] reported CT perfusion values for normal renal

cortex; the average BF of 454.32 ml/100 ml/min was higher than

that measured in our study. However, the BF in our study was

similar to that of Reiner et al. [42] (305.4 ml/100 ml/min vs

297.1 ml/100 ml/min). Our values for the BF of RCC, clear cell,

papillary, and chromophobe tumors appear to differ from previous

studies [14,42]. In addition, our results for these parameters

cannot be compared with previous studies because of the

differences in units between Equiv BV and BV, and PS (clearance)

and KTrans [14,42]. Thus, we think that these differences between

the previous studies (Chen et al.’s and Reiner et al.’s) and our

study might be attributed to differences in scan protocols, volume

analysis, and post-processing algorithms.

The estimated effective radiation dose of the protocol used in

our study was controlled to within 18.5 mSv, which is below the

effective radiation dose used for standard CT perfusion

(33.666.8 mSv) [43].

With the use of an advanced CT scanner and the described CT

protocols and post-processing software, we consider the perfusion

parameter values obtained in our study to be accurate.

In this study, all of the perfusion parameter values for tumor

were significantly lower than those for normal renal cortex, which

is in agreement with the recent studies of Chen et al. and Reiner

et al. [14,42]. Our finding that Equiv BV and BF were

significantly higher in clear cell RCC than in papillary RCC is

in line with that of Chen et al. [14]. These results might be

explained by alterations of microvessel architecture in tumor [44].

Similar to clear cell renal carcinoma, AML with minimal fat

also appears to exhibit abnormal enhancement with a ‘‘fast-in-

and-fast-out’’ pattern during the early phase that is easily

misdiagnosed as renal cancer. It is difficult to differentiate them

merely through CT [45]. Kimet al. [6] compared various CT

features of AML with minimal fat with those of size-matched

RCCs and found that biphasic helical imaging may be useful in

differentiating AML with minimal fat from RCC, with homoge-

neous tumor enhancement and prolonged enhancement pattern

being the most valuable CT findings. Sasiwimonphan et al. [17]

thought that a combination of T2 signal intensity (SI) ratio less

than 0.9 with SI index greater than 20% plus T1 SI ratio greater

than 1.2 or arterial-to-delayed enhancement ratio greater than 1.5

was accurate in differentiating AML from RCC. We found mean

Equiv BV to be significantly lower in AML with minimal fat than

Figure 4. The mean Equiv BV of clear cell RCC was significantly higher than that of papillary and chromophobe tumors and AML
with minimal fat (A). The mean BF of papillary RCC was significantly higher than that of clear cell RCC (B). The mean Equiv BV of AML with minimal
fat was significantly lower than that of RCC (C). The PRCC and CRCC were the abbreviation for ‘‘papillary RCC’’ and ‘‘chromophobe RCC’’ respectively.
*Data were outliers.
doi:10.1371/journal.pone.0085522.g004

Table 5. Comparison among the four different pathologic types of tumor by using ROC analysis.

RCC vs AML with
minimal fat
(Equiv BV)

Clear cell vs
papillary
(Equiv BV)

Clear cell vs
papillary (BF)

Clear cell vs
chromophobe
(Equiv BV)

Clear cell vs AML with
minimal fat
(Equiv BV)

Area under ROC curve 0.80 0.98 0.96 0.96 0.92

Threshold value 56.16 47.22 153.84 57.45 56.16

Sensitivity 0.78 0.97 0.79 0.86 0.909

Specificity 0.86 1.00 1.00 1.00 0.86

Accuracy 0.79 0.97 0.96 0.96 0.90

doi:10.1371/journal.pone.0085522.t005
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in clear cell RCC and in RCC. To the best of our knowledge, such

findings have never been reported in previous studies. Zhang et al.

[15] reported that the unenhanced attenuation characteristic,

intratumoral vessels, and the attenuation values of unenhanced

and early excretory phase scans are valuable parameters in

differentiating AML with minimal fat from papillary RCCs on

CT. We found no significant difference between the Equiv BV, PS

(clearance), and BF of non-clear cell RCC and AML with minimal

fat, which might be attributed to the limitations of this study.

There were insufficient numbers of cases of non-clear cell RCC

and AML with minimal fat, so further studies are needed.

Some investigators [8,9,11,18–24] have focused on the use of

imaging features, most notably degree of enhancement on

multiphasic, multidetector CT, as a means of distinguishing

RCC subtypes. Their studies have shown that the degree of

enhancement of clear cell RCC is greater than that of other RCC

subtypes. In our study, mean Equiv BV and BF were significantly

higher in clear cell RCC than in papillary RCC and mean Equiv

BV was higher in clear cell RCC than in chromophobe RCC.

There was no significant difference in Equiv BV, PS (clearance), or

BF between papillary and chromophobe RCC.

In our study, clear cell RCC, papillary RCC, and chromophobe

RCC accounted for 85%, 9%, and 6% of RCCs, respectively. The

distribution in our study as well as another study (only 4% of the

cases had papillary RCC) [14] did not match the distribution in

other studies [10,11]. We think that this difference is attributable

to the difference in the race of the study populations and the small

sample size. Additionally, further studies are needed to clarify this.

There were limitations to our study. First, our CT protocol

delivered a radiation dose about two times higher than that

delivered by diagnostic CT used to image anatomy. Protocols that

reduce this radiation exposure deserve further study. Second, the

study included only a limited number of papillary and chromo-

phobe RCCs, so accurate evaluation of the perfusion features of

these pathologic types was not possible. Finally, we did not

evaluate the correlation between perfusion CT parameters and

renal tumor angiogenesis.

In summary, perfusion imaging by 320-slice dynamic volume

CT can be used to measure hemodynamic features of the whole

kidney and of kidney tumors, which may be useful in the

differential diagnosis of these four pathologic types of kidney

tumor.

Supporting Information

Figure S1 Comparative 3-dimensional (3D) rendered
images. Axial (A), coronal (B) and sagittal (C) contrast-enhanced

CT showed an AML with intratumoral fat in the left kidney. An

AML with minimal fat of the left kidney was illustrated in Axial

(D), coronal (E) and sagittal (F) contrast-enhanced CT.

(TIF)

Acknowledgments

We are very grateful to Shuai Guo, Xing Chen, Bing Chen, Xiaofei Ye and

Weiwei Zhang for technical support and helpful discussions.

Author Contributions

Conceived and designed the experiments: JL QL CC HZ. Performed the

experiments: CC QH BX QS. Analyzed the data: CC QL QH.

Contributed reagents/materials/analysis tools: BX QS. Wrote the paper:

CC JL QL QH CM.

References

1. Helenon O, Eiss D, Debrito P, Merran S, Correas JM (2012) How to

characterise a solid renal mass: a new classification proposal for a simplified
approach. Diagn Interv Imaging 93: 232–245.

2. Bosniak MA, Megibow AJ, Hulnick DH, Horii S, Raghavendra BN (1988) CT
diagnosis of renal angiomyolipoma: the importance of detecting small amounts

of fat. AJR Am J Roentgenol 151: 497–501.

3. Helenon O, Merran S, Paraf F, Melki P, Correas JM, et al. (1997) Unusual fat-

containing tumors of the kidney: a diagnostic dilemma. Radiographics 17: 129–
144.

4. Sant GR, Heaney JA, Ucci AA Jr, Sarno RC, Meares EM Jr (1984) Computed

tomographic findings in renal angiomyolipoma: an histologic correlation.
Urology 24: 293–296.

5. Jinzaki M, Tanimoto A, Narimatsu Y, Ohkuma K, Kurata T, et al. (1997)
Angiomyolipoma: imaging findings in lesions with minimal fat. Radiology 205:

497–502.

6. Kim JK, Park SY, Shon JH, Cho KS (2004) Angiomyolipoma with minimal fat:

differentiation from renal cell carcinoma at biphasic helical CT. Radiology 230:
677–684.

7. McClennan BL, Deyoe LA (1994) The imaging evaluation of renal cell

carcinoma: diagnosis and staging. Radiol Clin North Am 32: 55–69.

8. Sheir KZ, El-Azab M, Mosbah A, El-Baz M, Shaaban AA (2005) Differentiation

of renal cell carcinoma subtypes by multislice computerized tomography. J Urol
174: 451–455; discussion 455.

9. Jung SC, Cho JY, Kim SH (2012) Subtype differentiation of small renal cell
carcinomas on three-phase MDCT: usefulness of the measurement of degree

and heterogeneity of enhancement. Acta Radiol 53: 112–118.

10. Cheville JC, Lohse CM, Zincke H, Weaver AL, Blute ML (2003) Comparisons

of outcome and prognostic features among histologic subtypes of renal cell
carcinoma. Am J Surg Pathol 27: 612–624.

11. Sun MR, Ngo L, Genega EM, Atkins MB, Finn ME, et al. (2009) Renal cell

carcinoma: dynamic contrast-enhanced MR imaging for differentiation of tumor
subtypes–correlation with pathologic findings. Radiology 250: 793–802.

12. Lam JS, Shvarts O, Leppert JT, Figlin RA, Belldegrun AS (2005) Renal cell
carcinoma 2005: new frontiers in staging, prognostication and targeted

molecular therapy. J Urol 173: 1853–1862.

13. Schrader AJ, Olbert PJ, Hegele A, Varga Z, Hofmann R (2008) Metastatic non-

clear cell renal cell carcinoma: current therapeutic options. BJU Int 101: 1343–
1345.

14. Chen Y, Zhang J, Dai J, Feng X, Lu H, et al. (2010) Angiogenesis of renal cell

carcinoma: perfusion CT findings. Abdom Imaging 35: 622–628.

15. Zhang YY, Luo S, Liu Y, Xu RT (2013) Angiomyolipoma with minimal fat:

differentiation from papillary renal cell carcinoma by helical CT. Clin Radiol 68:

365–370.

16. Zhao XJ, Pu JX, Ping JG, Zang J, Lu Y, et al. (2013) Angiomyolipoma with

minimal fat: differentiation from renal cell carcinoma at helical CT. Chin

Med J (Engl) 126: 991–992.

17. Sasiwimonphan K, Takahashi N, Leibovich BC, Carter RE, Atwell TD, et al.

(2012) Small (,4 cm) renal mass: differentiation of angiomyolipoma without

visible fat from renal cell carcinoma utilizing MR imaging. Radiology 263: 160–

168.

18. Press GA, McClennan BL, Melson GL, Weyman PJ, Mauro MA, et al. (1984)

Papillary renal cell carcinoma: CT and sonographic evaluation. AJR

Am J Roentgenol 143: 1005–1009.

19. Jinzaki M, Tanimoto A, Mukai M, Ikeda E, Kobayashi S, et al. (2000) Double-

phase helical CT of small renal parenchymal neoplasms: correlation with

pathologic findings and tumor angiogenesis. J Comput Assist Tomogr 24: 835–

842.

20. Kim JK, Kim TK, Ahn HJ, Kim CS, Kim KR, et al. (2002) Differentiation of

subtypes of renal cell carcinoma on helical CT scans. AJR Am J Roentgenol 178:

1499–1506.

21. Herts BR, Coll DM, Novick AC, Obuchowski N, Linnell G, et al. (2002)

Enhancement characteristics of papillary renal neoplasms revealed on triphasic

helical CT of the kidneys. AJR Am J Roentgenol 178: 367–372.

22. Ruppert-Kohlmayr AJ, Uggowitzer M, Meissnitzer T, Ruppert G (2004)

Differentiation of renal clear cell carcinoma and renal papillary carcinoma using

quantitative CT enhancement parameters. AJR Am J Roentgenol 183: 1387–

1391.

23. Zhang J, Lefkowitz RA, Ishill NM, Wang L, Moskowitz CS, et al. (2007) Solid

renal cortical tumors: differentiation with CT. Radiology 244: 494–504.

24. Young JR, Margolis D, Sauk S, Pantuck AJ, Sayre J, et al. (2013) Clear cell renal

cell carcinoma: discrimination from other renal cell carcinoma subtypes and

oncocytoma at multiphasic multidetector CT. Radiology 267: 444–453.

25. Miles KA, Griffiths MR (2003) Perfusion CT: a worthwhile enhancement?

Br J Radiol 76: 220–231.

26. Yilmaz O, Ovali GY, Genc A, Tarhan S, Ozcan T, et al. (2009) Perfusion

computed tomography could be a new tool for single-session imaging of ureteric

obstructive pathology: an experimental study in rats. J Pediatr Surg 44: 1977–

1983.

Perfusion of Kidney Tumors on 320-Slice Volume CT

PLOS ONE | www.plosone.org 7 January 2014 | Volume 9 | Issue 1 | e85522



27. Paul JF, Ugolini P, Sapoval M, Mousseaux E, Gaux JC (2001) Unilateral renal

artery stenosis: perfusion patterns with electron-beam dynamic CT–preliminary
experience. Radiology 221: 261–265.

28. Helck A, Sommer WH, Klotz E, Wessely M, Sourbron SP, et al. (2010)

Determination of glomerular filtration rate using dynamic CT-angiography:
simultaneous acquisition of morphological and functional information. Invest

Radiol 45: 387–392.
29. Wang JH, Min PQ, Wang PJ, Cheng WX, Zhang XH, et al. (2006) Dynamic

CT Evaluation of Tumor Vascularity in Renal Cell Carcinoma. AJR

Am J Roentgenol 186: 1423–1430.
30. Al-Said J, Kamel O (2010) Changes in renal cortical and medullary perfusion in

a patient with renal vein thrombosis. Saudi J Kidney Dis Transpl 21: 123–127.
31. Miles KA, Hayball MP, Dixon AK (1994) Functional imaging of changes in

human intrarenal perfusion using quantitative dynamic computed tomography.
Invest Radiol 29: 911–914.

32. Squillaci E, Manenti G, Ciccio C, Nucera F, Bove P, et al. (2009) Perfusion-CT

monitoring of cryo-ablated renal cells tumors. J Exp Clin Cancer Res 28: 138.
33. Jiang T, Kambadakone A, Kulkarni NM, Zhu AX, Sahani DV (2012)

Monitoring response to antiangiogenic treatment and predicting outcomes in
advanced hepatocellular carcinoma using image biomarkers, CT perfusion,

tumor density, and tumor size (RECIST). Invest Radiol 47: 11–17.

34. Goh V, Ng QS, Miles K (2012) Computed tomography perfusion imaging for
therapeutic assessment: has it come of age as a biomarker in oncology? Invest

Radiol 47: 2–4.
35. Ng CS, Wang X, Faria SC, Lin E, Charnsangavej C, et al. (2010) Perfusion CT

in patients with metastatic renal cell carcinoma treated with interferon. AJR
Am J Roentgenol 194: 166–171.

36. Miles KA (1991) Measurement of tissue perfusion by dynamic computed

tomography. Br J Radiol 64: 409–412.

37. Patlak CS, Blasberg RG, Fenstermacher JD (1983) Graphical evaluation of

blood-to-brain transfer constants from multiple-time uptake data. J Cereb Blood
Flow Metab 3: 1–7.

38. Valentin J, International Commission on Radiation P (2007) Managing patient

dose in multi-detector computed tomography(MDCT). ICRP Publication 102.
Ann ICRP 37: 1–79, iii.

39. Miles KA (2003) Perfusion CT for the assessment of tumour vascularity: which
protocol? Br J Radiol 76 Spec No1: S36–42.

40. Shamalov NA, Gubskii LV, Ramazanov GR, Anisimov KV, Shetova IM, et al.

(2012) [Dynamics of perfusion CT parameters in the early acute phase of
ischemic stroke]. Zh Nevrol Psikhiatr Im S S Korsakova 112: 3–6.

41. Kandel S, Kloeters C, Meyer H, Hein P, Hilbig A, et al. (2009) Whole-organ
perfusion of the pancreas using dynamic volume CT in patients with primary

pancreas carcinoma: acquisition technique, post-processing and initial results.
Eur Radiol 19: 2641–2646.

42. Reiner CS, Goetti R, Eberli D, Klotz E, Boss A, et al. (2012) CT perfusion of

renal cell carcinoma: impact of volume coverage on quantitative analysis. Invest
Radiol 47: 33–40.

43. Kambadakone AR, Sharma A, Catalano OA, Hahn PF, Sahani DV (2011)
Protocol modifications for CT perfusion (CTp) examinations of abdomen-pelvic

tumors: impact on radiation dose and data processing time. Eur Radiol 21:

1293–1300.
44. Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH, et al. (2000)

Heterogeneity of angiogenesis and blood vessel maturation in human tumors:
implications for antiangiogenic tumor therapies. Cancer Res 60: 1388–1393.

45. Guo Y, Peng Q, Wang Z, Liu M, Yang X, et al. (2011) Differentiation of CT
scan diagnosis between minimal fat renal angiomyolipoma with sufficient blood

supply and clear cell renal carcinoma. Chinese-German Journal of Clinical

Oncology 10: 35–39.

Perfusion of Kidney Tumors on 320-Slice Volume CT

PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e85522


