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Preoperative renal tumor subtype differentiation is important for radiology and urology in clinical
practice. Pharmacokinetic data (K™ & V,, etc.) derived from dynamic contrast-enhanced MRI (DCE-
MRI) have been used to investigate tumor vessel permeability. In this prospective study on DCE-MRI
pharmacokinetic studies, we enrolled patients with five common renal tumor subtypes: clear cell renal
cell carcinoma (ccRCC; n=65), papillary renal cell carcinoma (pRCC; n=12), chromophobic renal cell
carcinoma (cRCC; n=9), uroepithelial carcinoma (UEC; n=14), and fat-poor angiomyolipoma (fpAML;
n=10). The results show that K*™" of ccRCC, pRCC, cRCC, UEC and fpAML (0.459 = 0.190 min—?,

© 0.206+0.127 min~%, 0.311 +0.111min"%, 0.235 £ 0.116 min—%, 0.511 4 0.159 min—?, respectively)

. were different, but V, was not. Kt could distinguish ccRCC from non-ccRCC (pRCC & cRCC) with a

. sensitivity of 76.9% and a specificity of 71.4%, respectively, as well as to differentiate fpAML from
non-ccRCC with a sensitivity of 100% and a specificity of 76.2%, respectively. Our findings suggest that
DCE-MRI pharmacokinetics are promising for differential diagnosis of renal tumors, especially for RCC

. subtype characterization and differentiation between fpAML and non-ccRCC, which may facilitate the

: treatment of renal tumors.

The differentiation of renal tumor subtypes is important for radiologists and urologists in clinical practice, as
each subtype is associated with a different tumor behavior and different prognosis. Although magnetic resonance
imaging (MRI) is useful for differentiating between benign and malignant tissues'~ and characterizing renal cell
carcinoma (RCC) subtypes*, it cannot be used to accurately distinguish renal oncocytomas from RCCs” 8, or
renal angiomyolipomas with little fat from RCCs* !° or central RCCs from renal pelvic urothelial carcinomas'’.
Because benign lesions occur in ~20% of renal tumors'> '3, better preoperative diagnostic accuracy is needed.
Dynamic contrast-enhanced MRI (DCE-MRI) is routinely used for abdominal MRI and can provide enhanced
information about dynamic changes in targeted lesions. When combined with unenhanced images, DCE-MRI
can be used to characterize cystic degeneration or necrosis within lesions, facilitating accurate tumor diagnosis
. and the documentation of therapeutic outcomes. For renal tumor characterization, DCE-MRI can discriminate
. between benign and malignant renal lesions" !4 and RCC subtypes'* 6. However, conventional DCE-MRI is sub-
: jective and depends upon lesion signal intensity that is visually defined.
: Pharmacokinetic models!” that depict the distribution and diffusion of contrast agents between the vascular
. plasma space and the extravascular extracellular space (EES) can be used with DCE-MRI to quantify tumor
. growth and vascular permeability®. In addition, a DCE-MRI pharmacokinetic model can reflect tumor perfu-
sion, vascular volume, and angiogenesis. It also allows the quantification of the volume transfer constant from
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plasma to the EES (K"™*), the efflux rate constant from EES back to plasma (K,;), the ratio of the EES volume to
tissue volume (V;), and the ratio of blood plasma volume to tissue volume (V).

In previous studies, DCE-MRI pharmacokinetics were chiefly used for the central nervous system and fixed
organs. Specifically, K™ was used to evaluate histologic grades of intracranial gliomas', and time-signal intensity
curves of breast tumors combined with K™ were used to improve the diagnostic accuracy of breast carcinoma?.
For renal tumors, DCE-MRI pharmacokinetics have been focused on the qualitative diagnosis and evaluation
of targeted molecular therapy of metastatic or advanced RCC. However, no comprehensive quantitative anal-
ysis has been published. In a previous study, we confirmed that DCE-MRI pharmacokinetic data (K" & V,)
were reproducible in RCC?.. Thus, in this study, we used DCE-MRI to perform pharmacokinetic assessments of
common renal tumors, and investigated the value of using these pharmacokinetic data for the differentiation of
renal tumor subtypes.

Methods

Patients. The Institutional Review Board of Chinese PLA General Hospital (Beijing, China) approved this
study (#52012-049-01). Study methods were performed in accordance with the Declaration of Helsinki, and
written informed consent was obtained from each subject prior to study initiation. Patients with a renal tumor
diagnosis were consecutively enrolled from September 2012 to December 2013 and underwent DCE-MRI scans
using a 3.0 Tesla MR system (GE Discovery MR 750, GE Healthcare, Milwaukee, WI, USA). Inclusion criteria
were as follows: >18 years of age; glomerular filtration rate (GFR) >60 mL/min, maximal renal tumor diameter
>1 cm; pathologic tumor types including clear cell RCC (ccRCC), papillary RCC (pRCC), chromophobic RCC
(cRCC), renal pelvic carcinoma (RPC), oncocytoma, and fat-poor renal angiomyolipoma (fpAML) (no fat attenu-
ation on CT or fat signal intensity on MRI). Exclusion criteria included lesions with complete cystic degeneration
or necrosis, poor imaging quality (cannot meet imaging analysis requirements); common contraindications for
enhanced MRI such as allergy to gadolinium-related contrast agent, metal implants, or claustrophobia.

MRI acquisition.  All of the patients underwent an MRI scan within 48 h of the initial diagnosis. MRI exam-
inations were performed on a 3.0 T scanner with a maximum gradient strength of 50 mT and maximum slew
rate of 200 mT/s, using an 8-channel surface phased-array coil. Patients practiced breathing techniques before
each scan, which included breathing quickly during a non-scanning break and then breath-holding in the same
position for as long as possible. Routine clinical axial and coronal T2-weighted imaging was performed for all
patients prior to dynamic studies to localize and delineate tumors. The imaging protocol for DCE-MRI consisted
of a pre-contrast T1 mapping sequence and a DCE sequence. The former included five consecutive axial 3D
spoiled-gradient recalled-echo sequences for liver acquisition with volume acceleration (LAVA) with an array of
flip angles (3°, 6°, 9%, 12°, and 15°) in breath-hold mode. It also included an axial DCE sequence (flip angle, 12°):
scanning during 12 s of breath-holding for two phases and a subsequent 6 s of breathing was performed repeatedly
for up to 4.4 min to monitor contrast passage. Scanning parameters were as follows: repetition time (TR), 2.8 ms;
echo time (TE), 1.3 ms; matrix, 288 x 180; field of view (FOV), 38 x 38 cm; slice thickness, 6 mm; number of
excitations (NEX), 1; bandwidth, 125kHz; and parallel imaging acceleration factor, 3. The contrast agent, gado-
diamide (0.1 mmol/kg, Omniscan, GE Healthcare) was given intravenously when the second scan was started at
arate of 2mL/s using a power injector (Spectris; MedRad, Warrendale, PA, USA). The contrast bolus was flushed
with 20 mL normal saline, administered at the same rate, to improve bolus coherence.

Image post-processing and analysis.  All of the DCE-MRI analyses were conducted using open-source
software packages, including the R package (http://dcemri.sourceforge.net/) and a medical image non-rigid reg-
istration package (http://cmictig.cs.ucl.ac.uk/wiki/index.php/NiftyReg).

All images were transferred to an Omni-Kinetics workstation (GE Healthcare, LifeScience, China) for anal-
ysis. The breath-hold position for each patient differed and the shape of the kidney non-rigidly varied between
individuals. It has been shown that image registration methods?? can be used to handle body motion within the
time domain®*2%. Here, the workstation provided an automatic nonlinear registration framework? to remove
errors of misalignment between consecutive MRI scans, thereby increasing accuracy. The registration framework
used a free-form deformation algorithm?® as the main registration engine and mutual information as the corre-
spondence metric?.

Data Collection. Calculation of pharmacokinetic parameters. A multiple flip angle method!”?® was used
to perform T1 mapping to obtain the T1 value of the tissue before and after contrast agent injection. Then the
contrast agent concentration in the tissue was computed using tissue signal intensity. A two-compartment
extended-Tofts model was used® (Eq. 1) with a population-based arterial input function (AIF)'”-?® (Eq. 2) to
calculate parameters. In Equation 1, K™ is the transfer constant from plasma to the EES, V, is the ratio of EES
volume to tissue volume, V}, is the ratio of blood plasma volume to tissue volume, K., = K™/ V, is the efflux rate
constant from EES to plasma, and C,(t) and Cp(¢) represents the contrast agent concentrations in the tissue and
plasma, respectively. In Equation 2, D= 1.0 mmol/kg, a, =2.4kg/l, a,=0.62kg/l, m;, = 3.0, and m,=0.016.
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ccRCC pRCC cRCC UEC fpAML
Sex (Male/Female) 48/17 9/3 3/6 6/8 3/7
Age (Years) (Mean age+SD) | 52.94+10.4 523+11.1 4894153 62.3+82 52.1+11.7
Number of Tumor 65 12 9 14 10
rsr‘;l‘;fl E“m“:i‘zzl(rf:e)r(fgg; 42+18 32+13 42420 31409  |38+12

Table 1. Patient information and pathologic results (n=110). Note: ccRCC, pRCC, cRCC, UEC, fpAML
represent clear cell renal cell carcinoma, papillary renal cell carcinoma, chromophobic renal cell carcinoma,
uroepithelial carcinoma, and fat poor angiomyolipoma, respectively.

Region of interest selection.  All of the images were transferred to a Sun workstation (Sparc 10, Sun
Microsystems, Mountain View, CA, USA), at which pharmacokinetics were measured using Image] software
(National Institutes of Health, Bethesda, MD, USA). Using reference information from anatomic axial and cor-
onal T2-weighted images and post-contrast T1 images, one radiologist blinded to the pathologic results was
instructed to place region of interests (ROIs) on the slice with the largest diameter of tumors according to
dynamic images of DCE-MRI, covering the whole tumor where possible but excluding pulsatile artifacts from
blood vessels and susceptibility artifacts from adjacent bowels. Then, the same ROI was copied to parametric
maps (K", V).

Pathologic analysis. All of the specimens after partial nephrectomy or radical nephrectomy were examined
by two uropathologists blinded to MRI findings, and the consensus was used for final decisions. All of the lesions
were pathologically characterized according to World Health Organization tumor classification of the kidney™.
Hematoxylin and eosin (H&E) staining and immunohistochemistry for cluster of differentiation 31 (CD31) were
performed.

Statistical Analyses. Test of Normality. Normality of all data was analyzed using Shapiro-Wilk method.
Normality was confirmed when p > 0.05.

Differences in the pharmacokinetics of renal tumor subtypes. ~All of the pharmacokinetics are expressed as
mean =+ standard deviation (SD) or median with ranges. Differences in the pharmacokinetics of different renal
tumor subtypes were evaluated using an independent samples Kruskal-Wallis test or a one-way analysis of vari-
ance (ANOVA).

Difference in pharmacokinetics between benign and malignant tumors. CcRCC, pRCC, cRCC, and UEC were
classified as malignant tumors and fpAML and oncoctyoma were defined as benign. Pharmacokinetic differences
between benign and malignant tumors were evaluated using an independent samples t-test or a Mann-Whitney
U test.

Difference in pharmacokinetics of RCC subtypes. Pharmacokinetic differences among RCC subtypes were evalu-
ated using an independent samples Kruskal-Wallis test or one-way ANOVA and differences between ccRCC and
non-ccRCC (pRCC and cRCC) were analyzed using an independent samples ¢-test or Mann-Whitney U test. A
receiver operating characteristic (ROC) curve was used to analyze the diagnostic sensitivity and specificity, and
to calculate Youden’ index.

Differences in pharmacokinetics between fpAML and non-ccRCCs and between RCCs and UECs.  Pharmacokinetic
differences between fpAML and non-ccRCCs and between RCCs and UECs were evaluated using an independent
samples t-test or Mann-Whitney U test, and an ROC was used to analyze the diagnostic sensitivity and specific-
ity, and to calculate Youden’s index. All of the statistical analyses were performed with SPSS software (IBM SPSS
Statistics for Macintosh, Version 22.0. IBM Corp., Armonk, NY, USA) and p values less than 0.05 were considered
statistically significant. However, for multiple samples compared with ANOVA or the Kruskal-Wallis test, p values
less than 0.01 were considered statistically significant.

Results

Patient information and lesion characterization. Patient information, surgical and pathologic data
were collected by a senior attending radiologist, and data for the subjects appear in Table 1. Of the enrolled sub-
jects, 82 patients underwent partial nephrectomy and 37 underwent radical nephrectomy. The interval between
DCE-MRI scanning and surgery was 7.2 + 3.8 days. After excluding renal adenoma (n = 2), renal metastasis
(n=1), solitary fibroma (n= 1), juxtaglomerular cell tumor (n= 1), and cases with poor imaging quality (n=4),
a total of 110 patients underwent DCE-MRI pharmacokinetic analysis (Fig. 1). We did not enroll patients with
oncocytomas.

Test of Normality. According to the Shapiro-Wilk test, K™ values for ccRCC, cRCC, and UEC were nor-
mally distributed, but K™ values for pRCC and fpAML were not. V, values for each group were normally dis-
tributed (p > 0.05).
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Eligible patients
n=119
Renal tumors
n=119
Excluded tumors (n =9)
n=2 (renal adenoma)
_ n=1 (renal metastasis)
n=1 (solitary fibroma)
n=1 (renal juxtaglomerular cell tumor)
n=4 (Poor imaging quality)
Enrolled renal tumors
n=110

Chromophobic RCCs
n=9

Uroepithelial carcinoma

n=14

Clear cell RCCs Papillary RCCs
n=65 n=12

Fat poor AML
n=10

Figure 1. Flowchart of study enrollment. RCC =renal cell carcinoma, AML = angiomyolipoma.

Comparison of DCE-MRI pharmacokinetics among renal tumor subtypes. The K™ and V, para-
metric maps of five renal tumor subtypes are shown in Fig. 2. Differences in K™ among five renal tumors were
statistically significantly different (p < 0.001) and pairwise comparisons appear in Table 2 and Fig. 3. Differences
in V, among the five renal tumors were not statistically significantly different (p =0.044; Fig. 4).

Comparison of DCE-MRI pharmacokinetics between benign and malignant tumors.  The K
values for renal malignant tumors and benign tumors (fpAML) were 0.393 +0.193 min ' and 0.511 4:0.159 min™",
respectively. Differences in K™ of renal malignant tumors and benign tumors (fpAML) were not statistically sig-
nificant (p = 0.064) nor was the V, of renal malignant tumors and benign tumors (fpAML) (p=0.721) (Table 2).

Comparison of DCE-MRI pharmacokinetics among RCC subtypes. The K*** of ccRCC and
non-ccRCC (0.459 £ 0.190 min ! and 0.251 £ 0.130 min !, respectively) was statistically significantly different
(p<0.001). Threshold K™ values that could distinguish ccRCC from non-ccRCC are shown in Fig. 5 along with
specificity and sensitivity (Youden’s index 0.483), and the AUC data. V, data for ccRCC and non-ccRCC were
statistically significantly different (p =0.002) and the cutoft V, values to distinguish ccRCC from non-ccRCC are
shown in Fig. 5 along with the sensitivity and specificity (Youden’s index 0.386) and AUC data.

Comparison of DCE-MRI pharmacokinetics between fpAML and non-clear cell RCCs. K" val-
ues for fpAML and non-ccRCCs were statistically significantly different (p < 0.001). Threshold K" values to
distinguish f{pAML from non-ccRCCs as well as sensitivity and specificity (Youden’s index 0.762) and AUC data
appear in Fig. 6. V, values for f{pAML and non-ccRCCs were not statistically significantly different (p = 0.069).

Comparisons of DCE-MRI pharmacokinetics between RCCand UEC. K" of RCCs and UECs were
statistically significantly different (p=0.015). Threshold K*** values to distinguish RCC from UEC appear in
Fig. 7 along with sensitivity and specificity data (Youden’s index 0.762). AUC data appear in Fig. 7 as well. V, for
RCCs and UECs were not statistically significantly different (p =0.396).

Discussion

The accurate diagnosis of renal masses can be accomplished by analyzing the imaging features of renal masses.
Although diagnostic imaging is often used to diagnose renal masses, it comes with a number of challenges. Thus,
in this study, we used DCE-MRI pharmacokinetics to characterize renal masses among five renal tumor subtypes
to determine if kinetic measurements could be used as an alternative diagnostic tool for the differential diagnosis
of renal tumors. Of these, fpAML had the greatest K™ followed by ccRCC, cRCC, UEC, and pRCC. The f{pAML
and ccRCC values were not different statistically but the K" of ccRCC was greater than that of pRCC, a finding
that is in accordance with the literature®!. f{pAML had the greatest K™, likely due to its thick-walled blood vessels
that lack arterial elasticity®”32. ccRCC tumors have a rich and regular network of small thin-walled blood vessels,
which may create high K™, pRCC tumors have few blood vessels, which may contribute to the low K",

Using K™ and V,, to distinguish between renal benign and malignant tumors produced no statistically signif-
icant differences, which may be explained by the fact that ccRCCs accounted for most of the malignant tumors
and their pharmacokinetics were similar to those of f{pAMLs. For ccRCC and non-ccRCC, K" was statistically
significantly different and K™ had a large area under the ROC curve for diagnosing ccRCC (0.819); however, the
V, values were not significantly different.

Differentiating f{pAML from non-ccRCC is of interest, but previous studies have shown that CT is of little
value in this regard® and that f{pAML and pRCC often overlap in images** *; specifically, both renal masses
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Figure 2. K", V, maps and photomicrographs of five renal tumor types. (a) A 46-year-old male with ccRCC.
(al) K value of ccRCC was 0.372 min"’; (a2) V, value of ccRCC was 0.497; (a3) H&E staining (original
magnification, 20 x ) shows solid alveolar and acinar patterns arranged by tumor cells with a clear cytoplasm
and a regular network of small thin-walled blood vessels.; (a4) Immunohistochemistry for CD31 (original
magnification, 20 x ) shows a network of small, thin-walled blood vessels. (b) A 45-year-old male with pRCC.
(b1) K'rns value of pRCC was 0.094 min~%; (b2) V, value of pRCC was 0.213; (b3) H&E staining (original
magnification, 20x) shows papillae formed by delicate fibrovascular cores that contain foamy macrophages.
Papillae are lined with cytologically low-grade cells with a small amount of cytoplasm and relatively uniform
nuclei; (b4) Immunohistochemistry CD31 (original magnification, 20x) shows small, delicate blood vessels

in the fibrovascular cores, but not between the papillae. (c) A 49-year-old male with cRCC. (c1) K™ value

of cRCC was 0.259 min"’; (c2) V, value of cRCC was 0.439; (c3) H&E staining (original magnification, 20 x )
shows tumor cells arranged in a solid sheet-like pattern, separated by incomplete, hyalinized vascular septa.
Tumor cells are round to polygonal and have well-defined cytoplasmic borders, pale eosinophilic cytoplasm
with a fine reticular pattern, and perinuclear halos; (c4) Immunohistochemistry CD31 (original magnification,
20x) shows positively stained endothelial cells lining the surface of incomplete and hyalinized vascular septa.
(d) A 67-year-old male with UEC. (d1) K"*™ value of UEC was 0.203 min*; (d2) V, value of UEC was 0.498;
(d3) H&E staining (original magnification, 20x) shows infiltrating cohesive nests of cells with moderate-to-
abundant amphophilic cytoplasm and large hyperchromatic nuclei. Irregular blood vessels of different sizes and
thicknesses in stroma between tumor cell nests; (d4) Immunohistochemistry CD31 (original magnification,
20x) shows positively stained endothelial cells lining irregular blood vessels in the stroma. (e) A 46-year-old
female with fpAML. (el) K™ value of fpAML was 0.607 min~'; (€2) V, value of f{pAML was 0.570; (e3) H&E
(original magnification, 20 x) shows tumor composed of various mixtures of thick-walled and poorly organized
blood vessels, smooth muscle and rare mature fat; (e4) IHC CD31 (original magnification, 20x) shows thick-
walled poorly organized blood vessels.

can appear hypointense on T2- weighted images. Although MRI has been used to analyze imaging differences
between fpAML and RCCs!®3% %, the analyses were done by grouping ccRCC and non-ccRCC together instead of
analyzing them separately, the latter of which is the ideal way to analyze these two different types of tumors!® 3,
ccRCCs have many distinguishing features compared to fpAML, so positive results would be expected. Here, we
focused on the differentiation between fpAML and non-ccRCCs, and noted that K™ was statistically signifi-
cantly different between these tumor subtypes, with an area under the ROC curve of 0.924. When the threshold
for K™ of 0.365 min~" was selected, the sensitivity and specificity of f{pAML were high. Increasing the threshold
K" value to 0.427 min ™!, improved specificity and worsened sensitivity, which may allow preoperative distinc-
tions between fpAML and non-ccRCC.
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1vs2 <0.001 0.014
1vs3 0.034 0.039
1vs4 <0.001 0.137
1vs5 0.256 0.770
2vs3 0.160 0.929
2vs4 0.625 0.389
2vs5 <0.001 0.114
3vs4 0.318 0.483
3vs5 0.013 0.165
4vs5 <0.001 0.411

Table 2. Pairwise comparison of DCE-MRI pharmacokinetics of renal tumors. Note: 1: clear cell renal cell
carcinoma; 2: papillary renal cell carcinoma; 3: chromophobic renal cell carcinoma; 4: uroepithelial carcinoma;
5: fat-poor angiomyolipoma.
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Figure 3. Box-and-whisker plot of K™ value. Boxes = interquartile range, whiskers = range of all
values, horizontal line within box = median K™, ccRCC = clear cell RCC, pRCC = papillary RCC,
cRCC = chromophobic RCC, UEC = uroepithelial carcinoma, fpAML = fat poor angiomyolipoma.
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Figure 4. Box-and-whisker plot of V, value. Boxes = interquartile range, whiskers = range of all
values, horizontal line within box = median V,, ccRCC = clear cell RCC, pRCC = papillary RCC,
c¢RCC = chromophobic RCC, UEC = uroepithelial carcinoma, fpAML = fat poor angiomyolipoma.

Uroepithelial carcinoma of the renal pelvis or renal pelvic carcinoma that invades the renal parenchyma may
mimic RCC in the center of the kidney. Wehrli’s group'! pointed out that T2 weighted image signal intensity and
uncorrected apparent diffusion coefficient values were not different between RPC and RCC. We observed that
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Figure 5. ROC curve of K" (blue line) and V, (green line) shows comparisons of K™ and V, in ccRCC and
non-ccRCCs. With a K" value of 0.330 min ", sensitivity and specificity were 76.9% and 71.4%, respectively,
and the AUC was 0.819. With a V, of 0.327, sensitivity and specificity were 86.2% and 52.4%, respectively, and
the AUC was 0.716.
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Figure 6. ROC curve (blue line) comparison of K™ in f{pAML and non-ccRCCs. The AUC was 0.924. When
the threshold K"** value was 0.365 min ™, the sensitivity and specificity were 100% and 76.2%, respectively.
When the K™ value was greater than 0.427 min~!, the sensitivity and specificity were 70.0% and 95.2%,
respectively.

RCCs had larger K™ than RPCs, likely because RCCs have a higher microvascular density than RPCs. With a
threshold of 0.228 min~!, K™ can distinguish RCCs from RPC (AUC 0.766; sensitivity 86%; specificity 71.4%),
which may be useful for distinguishing between these tumors. However, V, was not different between RCC and
RPC, so this value cannot be used as a distinguishing index.

For the DCE-MRI technique, we chose a population averaged arterial input function (AIF) instead of a per-
sonal AIF to perform pharmacokinetic calculations. Personal or individual AIFs, if calculated accurately, can
improve pharmacokinetic studies, but personal AIFs require a high temporal resolution and may be influenced
by physiology, ROI placement, partial volume effects, and inflow effects. Due to the non-continuous scanning
mode of the DCE-MRI (See “MRI technique” in Methods) for balancing clinical practice and scientific research
needs, the temporal resolution of DCE-MRI was limited. Thus, we used a population-based AIF method,
which addressed temporal resolution difficulties and reduced AIF ROI location and sizing errors as previously
reported®. In addition, population-based AIF works as well as individual AIF for estimating pharmacokinetics,
as confirmed by several investigators*-42.

The limitations of this study include the necessity of image registration and establishment of kinetic para-
metric maps, which was time-consuming and is not ideal for clinical practice. Thus, more user-friendly software
or an accelerating method should be investigated. Second, ROIs covering the entire tumor on the slice with its
maximum diameter was the most reproducible method for drawing ROI in DCE-MRI analysis, but this method
ignores necrosis, cystic changes, and hemorrhages, which may induce errors in analysis. In the future, histogram
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Figure 7. ROC curve (blue line) comparing K™ in RCCs and UECs. The AUC was 0.766. When the threshold
K'ns value was 0.563 min ', the sensitivity and specificity were 84.9% and 71.4%, respectively.

analysis of pharmacokinetics should be attempted. Third, we were unable to enroll patients with renal oncocy-
toma, as this is a relatively rare disease, making it difficult to obtain an appreciable sample size. Previous work
indicates that oncocytoma has a similar K and V, as ccRCC?!, but our sample size was small (n = 3). Thus,
additional research is required to validate our findings. Finally, a few patients in our center chose CT instead of
MRI for imaging, and of those who agreed to undergo MRI examination, many could not endure the lengthy
DCE-MRI process.

In conclusion, DCE-MRI kinetic measurements are promising for the differential diagnosis of renal tumors,
especially for RCC subtype characterization, and for distinguishing between fpAML and non-ccRCC.

References
1. Vargas, H. A. et al. Renal cortical tumors: use of multiphasic contrast-enhanced MR imaging to differentiate benign and malignant
histologic subtypes. Radiology 264, 779-788, doi:10.1148/radiol.12110746 (2012).
2. Sevcenco, S. et al. Three-Tesla dynamic contrast-enhanced MRI: a critical assessment of its use for differentiation of renal lesion
subtypes. World journal of urology 32, 215-220, doi:10.1007/s00345-013-1177-1 (2014).
3. Kang, S. K., Huang, W. C., Pandharipande, P. V. & Chandarana, H. Solid renal masses: what the numbers tell us. AJR. American
journal of roentgenology 202, 1196-1206, doi:10.2214/ajr.14.12502 (2014).

4. Zokalj, I, Marotti, M. & Kolaric, B. Pretreatment differentiation of renal cell carcinoma subtypes by CT: the influence of different
tumor enhancement measurement approaches. International urology and nephrology 46, 1089-1100, doi:10.1007/s11255-013-0631-
8(2014).

. Campbell, N., Rosenkrantz, A. B. & Pedrosa, I. MRI phenotype in renal cancer: is it clinically relevant? Topics in magnetic resonance

imaging: TMRI 23, 95-115, doi:10.1097/rmr.0000000000000019 (2014).

6. Wang, H. et al. Renal cell carcinoma: diffusion-weighted MR imaging for subtype differentiation at 3.0 T. Radiology 257, 135-143,
doi:10.1148/radiol.10092396 (2010).

7. Schieda, N., McInnes, M. D. & Cao, L. Diagnostic accuracy of segmental enhancement inversion for diagnosis of renal oncocytoma
at biphasic contrast enhanced CT: systematic review. European radiology 24, 1421-1429, doi:10.1007/s00330-014-3147-4 (2014).

8. Rosenkrantz, A. B. et al. MRI features of renal oncocytoma and chromophobe renal cell carcinoma. AJR. American journal of

roentgenology 195, W421-427, doi:10.2214/ajr.10.4718 (2010).

Woo, S., Cho, J. Y., Kim, S. H. & Kim, S. Y. Angiomyolipoma with minimal fat and non-clear cell renal cell carcinoma: differentiation

on MDCT using classification and regression tree analysis-based algorithm. Acta radiologica (Stockholm, Sweden: 1987) 55,

1258-1269, doi:10.1177/0284185113513887 (2014).

10. Sasiwimonphan, K. et al. Small (<4 cm) renal mass: differentiation of angiomyolipoma without visible fat from renal cell carcinoma

utilizing MR imaging. Radiology 263, 160-168, doi:10.1148/radiol. 12111205 (2012).

. Wehrli, N. E. et al. Utility of MRI features in differentiation of central renal cell carcinoma and renal pelvic urothelial carcinoma.

AJR. American journal of roentgenology 201, 1260-1267, doi:10.2214/ajr.13.10673 (2013).

12. Duchene, D. A, Lotan, Y., Cadeddu, J. A., Sagalowsky, A. I. & Koeneman, K. S. Histopathology of surgically managed renal tumors:
analysis of a contemporary series. Urology 62, 827-830 (2003).

13. Lane, B. R. et al. A preoperative prognostic nomogram for solid enhancing renal tumors 7 cm or less amenable to partial
nephrectomy. The Journal of urology 178, 429-434, doi:10.1016/j.juro.2007.03.106 (2007).

14. Kim, J. H. et al. Predicting the histology of small renal masses using preoperative dynamic contrast-enhanced magnetic resonance
imaging. Urology 80, 872-876, doi:10.1016/j.urology.2012.06.001 (2012).

15. Cornelis, F. et al. Multiparametric magnetic resonance imaging for the differentiation of low and high grade clear cell renal
carcinoma. European radiology 25, 24-31, doi:10.1007/s00330-014-3380-x (2015).

16. Sun, M. R. et al. Renal cell carcinoma: dynamic contrast-enhanced MR imaging for differentiation of tumor subtypes—correlation
with pathologic findings. Radiology 250, 793-802, doi:10.1148/radiol.2503080995 (2009).

17. Khalifa, F. et al. Models and methods for analyzing DCE-MRI: A review. Medical physics 41, 124301, doi:10.1118/1.4898202 (2014).

18. Oostendorp, M., Post, M. J. & Backes, W. H. Vessel growth and function: depiction with contrast-enhanced MR imaging. Radiology
251, 317-335, doi:10.1148/radiol.2512080485 (2009).

19. Zhang, N. et al. Correlation of volume transfer coefficient Ktrans with histopathologic grades of gliomas. Journal of magnetic
resonance imaging: JMRI 36, 355-363, doi:10.1002/jmri.23675 (2012).

wu

hed

1

—

SCIENTIFICREPORTS|7:3117 | DOI:10.1038/541598-017-03376-7 8


http://dx.doi.org/10.1148/radiol.12110746
http://dx.doi.org/10.1007/s00345-013-1177-1
http://dx.doi.org/10.2214/ajr.14.12502
http://dx.doi.org/10.1007/s11255-013-0631-8
http://dx.doi.org/10.1007/s11255-013-0631-8
http://dx.doi.org/10.1097/rmr.0000000000000019
http://dx.doi.org/10.1148/radiol.10092396
http://dx.doi.org/10.1007/s00330-014-3147-4
http://dx.doi.org/10.2214/ajr.10.4718
http://dx.doi.org/10.1177/0284185113513887
http://dx.doi.org/10.1148/radiol.12111205
http://dx.doi.org/10.2214/ajr.13.10673
http://dx.doi.org/10.1016/j.juro.2007.03.106
http://dx.doi.org/10.1016/j.urology.2012.06.001
http://dx.doi.org/10.1007/s00330-014-3380-x
http://dx.doi.org/10.1148/radiol.2503080995
http://dx.doi.org/10.1118/1.4898202
http://dx.doi.org/10.1148/radiol.2512080485
http://dx.doi.org/10.1002/jmri.23675

www.nature.com/scientificreports/

20. El Khouli, R. H., Macura, K. J., Kamel, I. R., Jacobs, M. A. & Bluemke, D. A. 3-T dynamic contrast-enhanced MRI of the breast:
pharmacokinetic parameters versus conventional kinetic curve analysis. AJR. American journal of roentgenology 197, 1498-1505,
doi:10.2214/AJR.10.4665 (2011).

21. Wang, H. et al. Reproducibility of Dynamic Contrast-Enhanced MRI in Renal Cell Carcinoma: A Prospective Analysis on Intra- and
Interobserver and Scan-Rescan Performance of Pharmacokinetic Parameters. Medicine 94, e1529-1536, doi:10.1097/
md.0000000000001529 (2015).

22. Ruthotto, L., Hodneland, E. & Modersitzki, J. In Biomedical Image Registration Vol. 7359 Lecture Notes in Computer Science (eds
BenoitM, Dawant, GaryE Christensen, J., Michael, Fitzpatrick & Daniel, Rueckert) Ch. 20, 190-198 (Springer Berlin Heidelberg
2012).

23. Rosen, M. A. & Schnall, M. D. Dynamic contrast-enhanced magnetic resonance imaging for assessing tumor vascularity and
vascular effects of targeted therapies in renal cell carcinoma. Clinical cancer research: an official journal of the American Association
for Cancer Research 13, 770s-776s, d0i:10.1158/1078-0432.CCR-06-1921 (2007).

24. Zollner, E. G. et al. Assessment of 3D DCE-MRI of the kidneys using non-rigid image registration and segmentation of voxel time
courses. Computerized medical imaging and graphics: the official journal of the Computerized Medical Imaging Society 33, 171-181,
doi:10.1016/j.compmedimag.2008.11.004 (2009).

25. Klein, A. et al. Evaluation of 14 nonlinear deformation algorithms applied to human brain MRI registration. Neurolmage 46,
786-802, doi:10.1016/j.neuroimage.2008.12.037 (2009).

26. Rueckert, D. et al. Nonrigid registration using free-form deformations: application to breast MR images. IEEE transactions on
medical imaging 18, 712-721, doi:10.1109/42.796284 (1999).

27. Pluim, J. P,, Maintz, J. B. & Viergever, M. A. Mutual-information-based registration of medical images: a survey. IEEE transactions
on medical imaging 22, 986-1004, doi:10.1109/tmi.2003.815867 (2003).

28. Whitcher, B. & Schmid, V. J. Quantitative Analysis of Dynamic Contrast-Enhanced and Diffusion-Weighted Magnetic Resonance
Imaging for Oncology in R. 2011 44, 29, doi:10.18637/jss.v044.i05 (2011).

29. Tofts, P. S. & Kermode, A. G. Measurement of the blood-brain barrier permeability and leakage space using dynamic MR imaging.
1. Fundamental concepts. Magnetic resonance in medicine: official journal of the Society of Magnetic Resonance in Medicine/Society of
Magnetic Resonance in Medicine 17, 357-367 (1991).

30. John, N, Eble, S. G., Jonathan, I. E. & Isabell, A. Sesterhenn. World Health Organization classification of tumours: Pathology and
Genetics of Tumours of the Urinary System and Male Genital Organs. 65 (Lyon: IARC Press, 2004).

31. Chandarana, H. et al. High temporal resolution 3D gadolinium-enhanced dynamic MR imaging of renal tumors with
pharmacokinetic modeling: preliminary observations. Journal of magnetic resonance imaging: JMRI 38, 802-808, doi:10.1002/
jmri.24035 (2013).

32. Esheba Gel, S. & Esheba Nel, S. Angiomyolipoma of the kidney: clinicopathological and immunohistochemical study. Journal of the
Egyptian National Cancer Institute 25, 125-134, d0i:10.1016/.jnci.2013.05.002 (2013).

33. Simpfendorfer, C. et al. Angiomyolipoma with minimal fat on MDCT: can counts of negative-attenuation pixels aid diagnosis? AJR.
American journal of roentgenology 192, 438-443, doi:10.2214/ajr.08.1180 (2009).

34. Schuster, T. G., Ferguson, M. R., Baker, D. E., Schaldenbrand, J. D. & Solomon, M. H. Papillary renal cell carcinoma containing fat
without calcification mimicking angiomyolipoma on CT. AJR. American journal of roentgenology 183, 1402-1404, doi:10.2214/
ajr.183.5.1831402 (2004).

35. Zhang, Y. Y, Luo, S., Liu, Y. & Xu, R. T. Angiomyolipoma with minimal fat: differentiation from papillary renal cell carcinoma by
helical CT. Clinical radiology 68, 365-370, doi:10.1016/j.crad.2012.08.028 (2013).

36. Choi, H.]J. et al. Value of T2-weighted MR imaging in differentiating low-fat renal angiomyolipomas from other renal tumors. Acta
radiologica (Stockholm, Sweden: 1987) 52, 349-353, doi:10.1258/ar.2010.090491 (2011).

37. Hindman, N. et al. Angiomyolipoma with minimal fat: can it be differentiated from clear cell renal cell carcinoma by using standard
MR techniques? Radiology 265, 468-477, doi:10.1148/radiol. 12112087 (2012).

38. Kim, J. K. et al. Renal angiomyolipoma with minimal fat: differentiation from other neoplasms at double-echo chemical shift FLASH
MR imaging. Radiology 239, 174-180, doi:10.1148/radiol.2391050102 (2006).

39. Cutajar, M., Mendichovszky, L. A., Tofts, P. S. & Gordon, I. The importance of AIF ROI selection in DCE-MRI renography:
reproducibility and variability of renal perfusion and filtration. European journal of radiology 74, e154-160, doi:10.1016/j.
ejrad.2009.05.041 (2010).

40. Wang, Y., Huang, W,, Panicek, D. M., Schwartz, L. H. & Koutcher, J. A. Feasibility of using limited-population-based arterial input
function for pharmacokinetic modeling of osteosarcoma dynamic contrast-enhanced MRI data. Magnetic resonance in medicine:
official journal of the Society of Magnetic Resonance in Medicine/Society of Magnetic Resonance in Medicine 59, 1183-1189,
doi:10.1002/mrm.21432 (2008).

41. Parker, G. J. et al. Experimentally-derived functional form for a population-averaged high-temporal-resolution arterial input
function for dynamic contrast-enhanced MRI. Magnetic resonance in medicine: official journal of the Society of Magnetic Resonance
in Medicine/Society of Magnetic Resonance in Medicine 56, 993-1000, doi:10.1002/mrm.21066 (2006).

42. Li, X. et al. A novel AIF tracking method and comparison of DCE-MRI parameters using individual and population-based AIFs in
human breast cancer. Physics in medicine and biology 56, 5753-5769, doi:10.1088/0031-9155/56/17/018 (2011).

Acknowledgements

This study was supported by the National Natural Science Foundation of China (Grant No. 81471641). The
sponsors had no role in the study design, data collection and analysis, decision to publish, or preparation of the
manuscript. We thank Dr. Zhenyu Zhou and Dr. Dandan Zheng Ph.D. of the MR Research GE Healthcare China
for their technical support and assistance.

Author Contributions

H.W. and Z.S. contributed equally to this work. HW., Z.S., and H.Y. designed this study. H.W. and Z.S. wrote
the main manuscript. L.M. and N.H. revised the manuscript. H-W. performed the statistical analysis. H.-W. and
X.X. prepared all of the figures. Z.S. performed the ROI drawing. X.X. performed the imaging analysis. L.L. and
Y.W. performed the DCE-MRI scanning. X.M. enrolled the subjects and A.G. and X.C. performed the pathologic
analysis. H.Y. supervised all of the study procedures.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS|7:3117 | DOI:10.1038/541598-017-03376-7 9


http://dx.doi.org/10.2214/AJR.10.4665
http://dx.doi.org/10.1097/md.0000000000001529
http://dx.doi.org/10.1097/md.0000000000001529
http://dx.doi.org/10.1158/1078-0432.CCR-06-1921
http://dx.doi.org/10.1016/j.compmedimag.2008.11.004
http://dx.doi.org/10.1016/j.neuroimage.2008.12.037
http://dx.doi.org/10.1109/42.796284
http://dx.doi.org/10.1109/tmi.2003.815867
http://dx.doi.org/10.18637/jss.v044.i05
http://dx.doi.org/10.1002/jmri.24035
http://dx.doi.org/10.1002/jmri.24035
http://dx.doi.org/10.1016/j.jnci.2013.05.002
http://dx.doi.org/10.2214/ajr.08.1180
http://dx.doi.org/10.2214/ajr.183.5.1831402
http://dx.doi.org/10.2214/ajr.183.5.1831402
http://dx.doi.org/10.1016/j.crad.2012.08.028
http://dx.doi.org/10.1258/ar.2010.090491
http://dx.doi.org/10.1148/radiol.12112087
http://dx.doi.org/10.1148/radiol.2391050102
http://dx.doi.org/10.1016/j.ejrad.2009.05.041
http://dx.doi.org/10.1016/j.ejrad.2009.05.041
http://dx.doi.org/10.1002/mrm.21432
http://dx.doi.org/10.1002/mrm.21066
http://dx.doi.org/10.1088/0031-9155/56/17/018

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:3117 | DOI:10.1038/541598-017-03376-7 10


http://creativecommons.org/licenses/by/4.0/

	Dynamic Contrast-enhanced MRI in Renal Tumors: Common Subtype Differentiation using Pharmacokinetics

	Methods

	Patients. 
	MRI acquisition. 
	Image post-processing and analysis. 
	Data Collection. 
	Calculation of pharmacokinetic parameters. 

	Region of interest selection. 
	Pathologic analysis. 
	Statistical Analyses. 
	Test of Normality. 
	Differences in the pharmacokinetics of renal tumor subtypes. 
	Difference in pharmacokinetics between benign and malignant tumors. 
	Difference in pharmacokinetics of RCC subtypes. 
	Differences in pharmacokinetics between fpAML and non-ccRCCs and between RCCs and UECs. 


	Results

	Patient information and lesion characterization. 
	Test of Normality. 
	Comparison of DCE-MRI pharmacokinetics among renal tumor subtypes. 
	Comparison of DCE-MRI pharmacokinetics between benign and malignant tumors. 
	Comparison of DCE-MRI pharmacokinetics among RCC subtypes. 
	Comparison of DCE-MRI pharmacokinetics between fpAML and non-clear cell RCCs. 
	Comparisons of DCE-MRI pharmacokinetics between RCC and UEC. 

	Discussion

	Acknowledgements

	Figure 1 Flowchart of study enrollment.
	Figure 2 Ktrans, Ve maps and photomicrographs of five renal tumor types.
	Figure 3 Box-and-whisker plot of Ktrans value.
	Figure 4 Box-and-whisker plot of Ve value.
	Figure 5 ROC curve of Ktrans (blue line) and Ve (green line) shows comparisons of Ktrans and Ve in ccRCC and non–ccRCCs.
	Figure 6 ROC curve (blue line) comparison of Ktrans in fpAML and non-ccRCCs.
	Figure 7 ROC curve (blue line) comparing Ktrans in RCCs and UECs.
	Table 1 Patient information and pathologic results (n = 110).
	Table 2 Pairwise comparison of DCE-MRI pharmacokinetics of renal tumors.




