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Renal cell carcinoma: preoperative evaluate the grade of
histological malignancy using volumetric histogram analysis
derived from magnetic resonance diffusion kurtosis imaging
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Background: To investigate the value of histogram analysis of magnetic resonance (MR) diffusion kurtosis
imaging (DKI) in the assessment of renal cell carcinoma (RCC) grading before surgery.

Methods: A total of 73 RCC patients who had undergone preoperative MR imaging and DKI were
classified into either a low- grade group or a high-grade group. Parametric DKI maps of each tumor were
obtained using in-house software, and histogram metrics between the two groups were analyzed. Receiver
operating characteristic (ROC) curve analysis was used for obtaining the optimum diagnostic thresholds, the
area under the ROC curve (AUC), sensitivity, specificity and accuracy of the parameters.

Results: Significant differences were observed in 3 metrics of ADC histogram parameters and 8 metrics of

DKI histogram parameters (P<0.05). ROC curve analyses showed that K, ,, mean had the highest diagnostic

PP
efficacy in differentiating RCC grades. The AUC, sensitivity, and specificity of the K,,, mean were 0.889,
87.9% and 80%, respectively.

Conclusions: DKI histogram parameters can effectively distinguish high- and low- grade RCC. K,,, mean
is the best parameter to distinguish RCC grades.

Keywords: Renal cell carcinoma (RCC); magnetic resonance imaging (MRI); diffusion kurtosis imaging (DKI);

histogram analysis
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Introduction sampling errors and observer variability limit its application

Renal cell carcinoma (RCC) is the most common (4,5). Therefore, there is a need to develop non-invasive

pathological type of kidney cancer. Its global morbidity
and mortality increased at a rate of about 2-3% per
decade (1). Histologic grade of RCC affects both patient’s
prognosis and surgical planning. Consequently, an accurate

preoperative assessment methods.

Multi-parametric magnetic resonance imaging (MRI)
technology is a powerful tool for the diagnosis of renal
disease benefit from its characteristics of non-invasive, no

preoperative assessment is essential (2,3). Histologic grade ionizing radiation, high soft tissue resolution, and multi-
is mainly based on the Fuhrman classification system, which parameter imaging. Diffusion-weighted imaging (DWI) is
requires a needle biopsy or postoperative pathological a functional technology that develops image contrast based
examination. However, a biopsy is inherently invasive on the inhibition of migration of water molecules in tissues
with multiple possible complications. Problems such as by tissue microstructures. As a result of the dense cellularity,
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malignant tissue has restricted diffusion, which is reflected
by a low mean apparent diffusion coefficient (ADC). DWI
is based on the Gaussian distribution of the diffusion
motion of water molecules. However, the diffusion motion
of water molecules in biological tissues is limited by various
tissue microstructures including cell size, arrangement,
distribution, which make the diffusion does not follow a
Gaussian distribution.

Diffusion kurtosis imaging (DKI) is a further extension
of the DWI model. It quantifies the non-Gaussian diffusion
behavior of water molecules, yields a corrected ADC
(Dapyp app.
quantify diffusion heterogeneity and assess the complexity

) and apparent kurtosis coefficient (K,,,). K,,, can
of tissue microstructural environment (6,7). Routine
parameter measurements only provide mean values without
considering its potential spatial distribution. Histogram
analysis is a mathematical approach to evaluate the variations
of parameters of all voxels in a region of interest (ROI), it
more comprehensively estimates biological characteristics
of the tumor, including spatial distribution and histological
heterogeneity. This method had been widely applied
in neoplasms for diagnosis, grading, staging, typing,
and treatment response assessment (8-15). In advanced
rectal adenocarcinoma, DKI metrics with whole tumor
volume histogram analysis was associated with important
prognostic factors (9). In another study of glioma, DKI
histogram parameters were able to improve the accuracy of
glioma grading before surgery (10). However, to the best
of our knowledge, the use of DKI histogram analysis as a
surrogate marker of RCC histological grading has not been
explored yet. This study uses a histogram analysis of DKI
to differentiate high and low- grade of RCCs for the first
time. The observations in histogram analysis of DKI may
be a potential biomarker reflecting increased heterogeneity
and asymmetric distribution of RCC. We hypothesized that
DKI histogram parameters might differ between different
grades of RCC. Therefore, the purpose of this study was to
investigate the value of histogram parameters derived from
DKI in the assessment of RCC grading before surgery.

Methods
Patients

This study was approved by the Ethics Committee of our
hospital. Informed consent requirement was waived because
of its retrospective nature. From May 2015 to June 2018,
109 patients who underwent preoperative MRI, including
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routine sequences and DKI sequence, were involved in the
present study. They were all diagnosed as RCC based on
the histological assessment. The exclusion criteria were: (I)
patients who underwent anti-tumor therapy before MRI
examination (n=15); (II) image artifacts leaded to inability of
observe lesions or accurately depict the ROI (n=12) (motion
artifact, n=4 cases; magnetic sensitive artifact, n=8); (I1I) time
between operation and MRI examination exceeded 1 month
(n=7); (IV) recurrent tumor patients (n=2). Finally, 73 patients
composed the study population. Among the 73 patients,
there were 45 male patients (mean age, 59.2 years; range,
35-80 years) and 28 female patients (mean age, 57.4 years;
range, 38-71 years) with an overall mean age of 58.5 years
(range, 35-80 years). The average maximum diameter of
the tumors was 4.3 cm (range, 2.3-12.8 cm).

MRI protocol

All MRI examinations were performed on a 3.0T MRI
system (MAGNETOM Prisma, Siemens Medical Solutions,
Erlangen, Germany) using a 16-channel phased array body
coil for anatomic coverage of the abdomen. All patients
underwent a supine position scan. The routine MRI
protocol included axial T1 weighted imaging, axial T2 fat
suppression weighted imaging, and coronal T2-weighted
imaging sequence. The DKI sequence was acquired using a
single shot diffusion-weighted echo-plane imaging sequence
with five b values of 200, 500, 1,000, 1,500 and 2,000 s/mm”
in three orthogonal directions under free breathing.
Imaging parameters were as follows: repetition time/echo
time =4,400/86 ms, field of view =320x240 mm, section
thickness =5 mm, intersection gap =1 mm, the number of
average of five b value is 1, 1, 2, 3 and 4, respectively, scan
matrix =128x128, number of slices =30. The acquisition
time was 3 min 26 s.

Iimage analysis

Original digital imaging and communications in medicine
(DICOM) data of DKI sequence were post-processed
using an in-house program written in MATLAB (version
2013b, MathWorks, Natick, Massachusetts, USA). For the
DKI model, five b value data were fitted according to the
following equation [1]:

1
S, =S, xexp {—beapp +g><b2 ><Dapp2 xKapp} (1]

Where S, is the DWI signal intensity at a specified b
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value, S, is the baseline signal at b=0. K, is the apparent
kurtosis coefficient, and it is a unitless parameter indicates the
deviation of water motion from the Gaussian distribution.
D,
diffusion behavior of water molecules. ADC was obtained

is similar to ADC after the correction of Gaussian

from the same data using all b values for fitting based on the
mono-exponential model according to the equation [2]:

Sy =Sy x exp (-b - ADC) (2]

Where S, is the signal intensity for a given b value, S, is
signal intensity at b=0, b is the diffusion sensitivity factor.

All parameter maps were analyzed by two abdominal
radiologists with 7 and 20 years of experience, respectively,
who were blinded to clinical data and pathological
diagnosis. Freehand ROI were outlined around the tumor
on DW by 4 (b=1,000 s/mm’) images and simultaneously
copied to ADC, D, and K, maps using the in-house
program written in MATLAB. ROIs of all slices that cover
the whole tumor were selected in each patient and excluded
the bleeding, calcifications, necrosis and cystic areas. Raw
data of ADC, D,,, and K, for each voxel in the ROI were
automatically generated by the software (Figure I).

Histologic results

Pathologic characteristics were evaluated from surgical
resection specimens, and assessed by a dedicated urological
pathologist with 12 years of experience. He was blinded
to the previous MRI findings and clinical information and
reviewed all the histological slides (x200) using an optical
microscope (Nikon Eclipse E600, Nikon, Osaka, Japan).
Images were digitally photographed, and a nuclear grade 1-4
(G1-4) for each sample was assigned based on the Fuhrman
grading system (16).

Statistical analysis

Voxel-based raw data of each ROI were used for histogram
analysis, then the following parameters for each ROI were
calculated: mean, standard deviation (SD), skewness (skew),
kurtosis and cumulative frequency distributions of 10th,
25th, 50th, 75th, and 90th percentiles. The interobserver
agreement for DKI parameters was assessed by calculating
the interclass correlation coefficient (ICC). Data of G1 and
G2 were combined into low-grade group and G3 and G4
were combined into high-grade group because of the small
number of G1 and G4 tumors. Data were expressed as mean
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+ SD, or median (25th-75th percentile). The normality
of variables was evaluated. Differences of all histogram
parameters between the two group were evaluated using
Student’s t-test or Mann-Whiney U test. Receiver operating
characteristic (ROC) curve was used to assess the area under
the curve (AUC) and determine the optimum threshold of
each histogram metric in distinguish low- grade RCC from
high-grade RCC. The best cut-off point was selected by the
biggest Youden index. A two-sided P value of less than 0.05
was considered to be significantly different. All statistical
analyses were performed using IBM SPSS software (version

21.0, Chicago, IL, USA).

Results

According to the histologic evaluation results, 73 specimens
were classified as G1 (n=6), G2 (n=34), G3 (n=29) and G4
(n=4). G1 and G2 were classified as low- grade groups,
while G3 and G4 were merged into high-grade groups. The
ICC of DKI and DWI parameters of the two radiologists
were all higher than 0.75, which suggest good intra-
observer agreements. Therefore, our result was based on
the more experienced reader’s observation.

o Dapps and ADC
for all lesions were summarized in Table 1. The K, 10th,
25th, 50th, 75th, and 90th percentile, K,,, mean and K,
SD values were significantly higher in high- grade group
than that in low-grade group (P<0.05). In contrast, ADC
app 25th
percentile were significantly higher in the low-grade group
than that in the high-grade group (P<0.05). D,,,

D,,, kurtosis were different in high- and low-grade groups,

The histogram analysis values of K,

50th percentile, mean and kurtosis values and D
mean and

but the differences were not significant, their P value were
0.057 and 0.072, respectively. The Box plot also showed a
comparison of different grades of RCC (Figure 2). These
parameters were significantly different between high- and
low-grade tumors (P<0.05).

The ROC curve analysis showed that ADC 50th, ADC
mean, ADC kurtosis, D,,, 25th, K, 10th, 25th, 50th,
75th, 90th percentile, K,,, mean and K,,, SD values could
effectively distinguish between high- and low-grade RCCs.
K,,, mean had the highest AUC value (0.889). K, 90th and
K,,, mean they had the same highest sensitivity (89.7%).
K,,, 25th had the highest specificity (92.5%). K,,, 25th
had the highest positive predictive value (PPV) (88%), and
K,,, mean had the highest negative predictive value (NPV)
(88.9%). K,,, mean and K, 75th had the same highest
diagnostic accuracy (83.6%) (Table 2, Figure 3).
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Figure 1 A 67-year-old man with clear cell renal cell carcinoma (RCC) (Fuhrman II). (A) The lesion shows high signal intensity on the axial
T2-weighted image; (B) the lesion shows low signal intensity on the axial T1-weighted image; (C) the lesion shows high signal intensity
on axial T2-weighted fat suppression imaging; (D) the lesion shows high signal intensity on the coronal T2-weighted image; (E) apparent
diffusion coefficient (ADC) parameter map; (F) D,,, parameter map; (G) K,,, parameter map; (H) the schematic of freechand region of
interest (ROI) on diffusion image; (I) histograms of ADC; (J) histograms of D, ; (K) histograms of K., ;
clear cell RCC (Fuhrman IT) (hematoxylin and eosin, x200). The arrow points to the location of the tumor.

(L) pathological analysis confirmed
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Table 1 Comparisons of DWI and DKI histogram parameters between low- and high- grade RCCs

Parameters Total Grade 1&2 Grade 3&4 P value
ADC (107 mm?/s)
10th 1.04+0.09 1.04+0.09 1.03+0.10 0.67
25th 1.21+0.08 1.23+0.08 1.20+0.08 0.199
50th 1.44+0.08 1.45+0.08 1.42+0.07 0.048
75th 1.71+0.07 1.71+0.06 1.71+0.07 0.873
90th 1.96 (1.89-2.04) 1.97+0.12 1.98+0.10 0.517
Mean 1.44+0.08 1.46+0.08 1.42+0.07 0.034
SD 0.48+0.18 0.47+0.17 0.49+0.20 0.821
Skew 0.48+0.29 0.44+0.26 0.53+0.31 0.168
Kurtosis 3.11+1.01 2.89+1.14 3.37+0.75 0.037
D.pp (10° mm?/s)
10th 1.56+0.10 1.57+0.09 1.54+0.11 0.216
25th 1.75+0.10 1.77+0.09 1.72+0.11 0.029
50th 2.00+0.12 2.02+0.11 1.98+0.13 0.204
75th 2.23+0.13 2.24+0.13 2.22+0.13 0.339
90th 2.52+0.13 2.54+0.12 2.50+0.13 0.169
Mean 1.99+0.11 2.01+0.10 1.96+0.12 0.057
SD 0.54 (0.42-0.63) 0.5 (0.39-0.62) 0.56 (0.43-0.67) 0.196
Skew 0.45+0.16 0.44+0.16 0.46+0.16 0.55
Kurtosis 3.63 (2.59-4.37) 3.42+1.27 4.06+1.74 0.072
Kapp
10th 0.22+0.05 0.20+0.04 0.24+0.04 0.001
25th 0.43+0.09 0.38+0.05 0.49+0.08 <0.001
50th 0.63+0.11 0.58+0.08 0.71+0.09 <0.001
75th 0.82+0.10 0.77+0.07 0.89+0.08 <0.001
90th 0.91+0.09 0.89+0.07 1.00+0.07 <0.001
Mean 0.63+0.11 0.56+0.07 0.71+0.10 <0.001
SD 0.35 (0.28-0.42) 0.31 (0.26-0.38) 0.4 (0.35-0.43) <0.001
Skew 0.34+0.09 0.33+0.10 0.35+0.08 0.393
Kurtosis 3.47+1.02 3.39+0.98 3.57+1.08 0.436

DWI, diffusion-weighted imaging; DKI, diffusion kurtosis imaging; RCC, renal cell carcinoma; ADC, apparent diffusion coefficient.

Discussion

ADC value derived from mono-exponential DWI model,

In this study, we found that histogram metrics of ADC, K., mean based on DKI model may yield better diagnostic
D,,, and K,,, were significantly different between high- accuracy and reflect the microstructural complexity of the
and low- grade RCCs. Furthermore, in comparison with tumor. Histogram analysis based on voxel distribution was

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Figure 2 Boxes chart of diffusion-weighted imaging (DWI) and diffusion kurtosis imaging (DKI) metrics histogram parameters with a
significant difference in low- and high-grade renal cell carcinomas (RCCs). The abscissa is different groups; ordinate is different parameters.

Mean, range, and P value are above each image.

224 able to provide more quantitative information about tumor DWTI had demonstrated their potential for RCC assessment 230
225 heterogeneity by obtaining additional parameters to depict and subtype differentiation (17,18). Wang et al. (17) showed 231
226 the distribution of signal intensity. Such as SD, kurtosis that although the histogram method was not superior to 232
227 and skewness, either of them could reflect the deviation of the conventional mean value method, it could provide 233
228 the histogram from the normal distribution. Histogram more information about tumor heterogeneity. Li er a/. (18) 234
229 analysis of dynamic contrast-enhanced (DCE) MRI and demonstrated that quantitative volumetric ADC histogram 235
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Table 2 ROC results of partial DWI and DKI metrics histogram parameters
Diagnostic index AUC Cutoff value Se (%) Sp (%) PPV (%) NPV (%) Accuracy (%)
ADC
50th 0.64 1.455 60.0 (24/40) 72.7 (24/33) 72.7 (24/33) 60.0 (24/60) 65.8 (48/73)
Mean 0.634 1.445 55.0 (22/40) 66.7 (22/33) 66.7 (22/33) 55.0 (22/40) 60.3 (44/73)
Kurtosis 0.671 2.72 84.8 (28/33) 50.0 (20/40) 58.3 (28/48) 80.0 (20/25) 54.8 (40/73)
D,y 25th 0.657 1.755 60.0 (24/40) 72.7 (24/33) 72.7 (24/33) 60.0 (24/60) 65.8 (48/73)
Kapp
10th 0.719 0.225 66.7 (22/33) 70.0 (28/40) 64.7 (22/34) 71.8 (22/39) 60.3 (44/73)
25th 0.87 0.455 66.7 (22/33) 92.5 (37/40) 88.0 (22/25) 77.1 (37/48) 80.8 (59/73)
50th 0.881 0.655 75.8 (25/33) 85.0 (34/40) 80.6 (25/31) 81.0 (34/42) 80.8 (59/73)
75th 0.876 0.835 81.8 (27/33) 85.0 (34/40) 81.8 (27/33) 85.0 (34/40) 83.6 (61/73)
90th 0.867 0.935 87.9 (29/33) 77.5 (31/40) 76.3 (29/38) 88.6 (31/35) 82.2 (60/73)
Mean 0.889 0.625 87.9 (29/33) 80.0 (32/40) 78.4 (29/37) 88.9 (32/36) 83.6 (61/73)
SD 0.771 0.345 81.8 (27/33) 65.0 (26/40) 65.9 (27/41) 81.2 (26/32) 72.6 (53/73)

DWI, diffusion-weighted imaging; DKI, diffusion kurtosis imaging; AUC, area under the curve; Se, sensitivity; Sp, specificity; PPV, highest
positive predictive value; NPV, highest negative predictive value; ADC, apparent diffusion coefficient.
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Figure 3 Receiver operating characteristic (ROC) curve of partial
diffusion-weighted imaging (DWI) and diffusion kurtosis imaging
(DKI) metrics histogram parameters in differentiating low and
high- grade renal cell carcinomas (RCCs). Different parameter
curves are represented by different colors. The curve of K,,, mean
is closest to the top left corner of the image and has the largest
area under the ROC curve (AUC) value (0.889) and diagnostic

performance.
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analysis helped differentiate various subtypes of small solid
renal tumors.

DKI could quantify the extent of diffusion restriction
and the tissue microstructure complexity. The complexity

of tissue structures was associated with high K, values

app
(7,19). Some studies showed that the mean K, value was
significantly lower in low- grade tumors than that in high-
grade tumors (20,21). Our results were consistent with
theirs, in the present study, the 10th, 25th, 50th, 75th,
90th percentile, mean and SD of K, in low-grade RCC
were all significantly lower than those in high-grade group.
K,,, mean was the best parameter of differentiating RCC
grades (AUC =0.889). More complex cell structure, higher
cell densities, and more nuclear atypia associated with
greater angiogenesis and tissue necrosis were observed in
high-grade tumors (20-22). Thus, the 10th, 25th, 50th,
75th, 90th percentile and mean of K,
RCC were higher than those of low-grade tumors. Also,
the standard deviation of the K, value of the high-grade
group was higher than that of the low-grade group, which
was indicated the heterogeneity of histogram distribution,

of high-grade

and also indicated the increase of the complexity of tumor
microstructure.

Previously published studies had shown that the ADC
obtained from DWIT and true diffusion coefficient (D)
obtained from intravoxel incoherent motion IVIM) DWI

qims.amegroups.com  Quant Imaging Med Surg 2019;9(4):671-680
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helped differentiate the pathological grade of RCC. Several
studies have also reported that the ADC and D values
of high-grade RCC were significantly lower than those
of low- grade RCC (20,23-26). Zhang et al. (20) showed
that the 10th percentile ADC had the highest accuracy in
discriminating low- from high-grade clear cell RCC. Dai
et al. (26) reported that mean D,,, value was significantly
lower in G1 and G2 RCC than that in G3&4. Our results
were similar to theirs. In the present study, the mean ADC
and 50th percentile ADC values of low-grade group were
significantly higher than that of high-grade group. The
reason may be because these results reflect the pathological
characteristics of RCCs in common. Cell density and cell
composition of the tumors are key factors that determine
their pathological grade (2,3,27). In high-grade tumors, the
quantity and density of the tumor cells increase fast. The
cells proliferate actively, arrange densely, and increased
nuclear atypia, polykaryocyte, megakaryocyte, and
cytoplasm ratios, restrict the diffusion of water molecules
and decrease the ADC value.

Also, the present study also showed that the D, 25th
percentile and ADC 50th percentile in low-grade group
were significantly higher than those in high-grade group,
and the ADC kurtosis was lower than that of high- grade
group. Zhang et al. (20) reported that mean, median, and
10th percentile ADC of low-grade clear cell RCC were
significantly higher than those of high-grade clear cell
RCC. Dai et al. (26) showed a negative correlation between

mean D, value and nuclear-to-cytoplasm (N/C) ratio of

app

RCC, high-grade tumors had lower mean D, value and

pp
higher N/C ratio than those of low-grade tumors. These
findings provide a more detailed distribution of tumor cells
of RCC, finding that high-grade tumors have a higher
heterogeneity, as the density and quantity are higher. As
a result, the diffusion of water molecules in high-grade
tumors are more restricted, then the 25th percentile D,
and 50th percentile ADC decrease. In high-grade group,
the histogram distribution of voxels is more likely to skew to
the left or right, then the skewness of ADC value increases
and the peak of data distribution tends to be sharper, the
ADC kurtosis value increase.

Dai et al. (27) reported that mean K, had the highest
diagnostic value between normal renal parenchyma and
clear cell RCC when the optimum diagnostic threshold was
0.54, but ROC analysis of different grade of RCC was not
given in the study. Wu et al. (21) reported the high AUC

value of mean D, , and mean K between the different

app app
grade of RCC. The results of our study were consistent with
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the previous studies. K,,, mean had the highest diagnostic
value. The AUC and the cut-off value of K,,, mean were
0.886 and 0.625, respectively, and the sensitivity, specificity,
and accuracy were 87.9%, 80%, and 83.6%, respectively.
The specificity and accuracy of K, were higher than those
of ADC and D, Besides, the 75th percentile K, showed
high diagnostic accuracy, which was equal to K,,, mean.

This study also had several limitations. Firstly, the
sample size was small, especially for the G1 and G4 tumor
samples, the reliability of the results should be confirmed in
larger patient samples by prospective studies. Secondly, high
b value DWI images had a low signal-to-noise ratio and
hence impairing the fitting of DKI and DWI parameters.
A multi-step weighted linear least-squares approach would
be useful which could provide high performance in terms
of accuracy (28). Thirdly, free breathing was used during
the scan, although kidney is a retroperitoneal organ, motion
artifacts may still occur, resulting in biased results. The
use of 3D non-rigid registration techniques may greatly
reduce the effects of motion displacement. Finally, artifacts
in the body DWI sequence was also a problem. Respiratory
gating techniques can be used to suppress motion artifacts,
but this will significantly increase scan time. Rapid imaging
techniques, such as compressed sensing, are expected to
solve this problem. However, RCC patients with a large
amount of bleeding, DWI and DKI maybe not applicable.

In conclusion, the present study had demonstrated
that DKI histogram parameters derived from Magnetic
Resonance DKI were able to distinguish between high
and low-grade RCC. K,,, mean was the best parameter of
differentiating RCC grades. DKI is feasible for evaluating
the non-Gaussian behavior of water diffusion and provides
better performance than DWI in grading RCC. Further
studies with larger sample sizes are warranted to explore the
full potential of DKI for non-invasive imaging of RCCs.

Data availability

The data that support the findings of this study are available
on request from the corresponding author (Guangyao
Wu). The data are not publicly available because of the
data above containing information that could compromise
research participant privacy.
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