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PURPOSE

Clear cell renal cell carcinoma (ccRCC) is the most common primary malignant urologic tumor.
The Fuhrman grading system is an independent indicator for aggressiveness and prognosis of
ccRCC. We aimed to assess the possible diagnostic role of biexponentially and monoexponential-
ly fitted signal attenuation for the Fuhrman grading.

METHODS

A total of 33 patients with ccRCC underwent multiple b values (0, 20, 50, 100, 150, 250, 400, 600,
800, 1000 s/mm?) diffusion-weighted imaging (DWI). Biexponential parameters (fast ADC [ADCf],
slow ADC [ADCs], and fraction of ADCf [f]) and monoexponential apparent diffusion coefficient
were calculated, and correlated with the Fuhrman grade of ccRCC respectively. The performance
of biexponential parameters in differentiating Fuhrman low- and high-grade tumors was as-
sessed and compared with ADC value by receiver operating characteristic analysis.

RESULTS

Qualified images and diffusion-weighted parameters were obtained for all patients. The ADCf
and f value were positively correlated, whereas ADCs and ADC value were negatively correlated
with Fuhrman grade. Significant differences were observed in ADCf (P < 0.001), ADCs (P = 0.005),
and fvalues (P < 0.001) of high- and low-grade ccRCCs. When differentiating Fuhrman low-grade
tumors from high-grade, the ADCf revealed an area under receiver operating characteristic curve
of 0.959, which was higher than the ADC value (0.789; P = 0.046), while ADCs (0.807) and £ (0.833)
showed no significant difference from ADC (P = 0.85 for ADCs, P = 0.73 for f).

CONCLUSION
Biexponential DWI provides additional parameters for ccRCC. ADCf is more accurate compared
with the ADC value in characterizing Fuhrman grade of ccRCC.

enal cell carcinoma (RCC) is the most common renal carcinoma in adults, accounting

for 85% of all renal cancers (1, 2). The Fuhrman nuclear grade system is the most widely

adopted nuclear grading system for clear cell RCC (ccRCC), and is an independent in-
dicator for aggressiveness and prognosis (3). Although the majority of tumors can be cured
by surgery at the time of diagnosis, assessment of tumor aggressiveness is meaningful for
decisions regarding the optimal surgical intervention, such as the applicability of nephron
sparing surgery (4). Thus, a precise diagnosis of preoperative Fuhrman grade becomes suf-
ficiently important. As noninvasive assessment modalities, computed tomography (CT) and
magnetic resonance imaging (MRI) have been used to determine therapeutic strategies and
surgical planning in RCC (5-18).

It is noteworthy that diffusion-weighted imaging (DWI), combined with various mathe-
matical models, was reported as an effective technique in some studies (8-18). Currently, the
monoexponential DWI refers to a widely used mathematical model of clinical DWI. Apparent
diffusion coefficient (ADC) value, a monoexponential parameter, is a useful tool to diagnose
benign or malignant tumors, RCC subtypes, and Fuhrman nuclear grading of tumors (8-14).
The biexponential DWI signal decay with increasing b-values in a large range is a new model
designed in recent years. Many researchers revealed that biexponential decay functions was
a better model of signal decay, and could enable an independent analysis of the charac-
teristics of ADC values and their interrelationships (15-22). The biexponential parameters
include ADCf (the fast components of ADC), ADCs (the slow components of ADC), and f (the
fraction of ADCf). ADCf represents pseudo-diffusion, which is associated with blood flow in



the microvasculature of random orienta-
tion, determined predominantly by low b
values; ADCs represents tissue diffusivity,
which refers to the true tissue diffusion;
and f value represents the fraction of
ADCf (22). Although biexponential DWI
model was successfully applied in previ-
ous studies involving the brain and pros-
tate (19-22), it was rarely used for RCC
(15-18).

The present study aimed to analyze
the correlation between biexponential
DWI parameters (ADCf, ADCs, and f) and
Fuhrman nuclear grading, as well as the
performance of each parameter in dis-
criminating high or low Fuhrman grad-
ing compared with the monoexponen-
tial DWI parameter, ADC.

Methods

Clinical information

From June 2012 to February 2013, for-
ty-eight patients with renal masses suspi-
cious for ccRCC were enrolled in our study.
All patients without invasive examinations
(such as biopsy, fine-needle aspiration)
within three days underwent an MRI ex-
amination including DWI at multiple b val-
ues. Following the MRI exam, 41 patients
received surgerical treatment within two
weeks, while seven patients did not. Patho-
logic examinations confirmed the diagnosis
of ccRCC in 35 patients, angiomyolipoma in
four, and chromophobe cell carcinoma in
two. Two patients were excluded, as their
mainly cystic lesions exceeded the range of
the calculation of ADCf and f value. There-
fore, a total of 33 patients with ccRCC and
qualified images were included in the anal-
ysis (Table 1). All pathologic results were
reviewed by a senior pathologist. The Fuhr-

* The monoexponential and biexponential
diffusion-weighted imaging (DWI) might be
helpful to characterize Fuhrman grade of
clear cell renal cell carcinoma (ccRCC).

* The monoexponential and biexponential
diffusion parameters were correlated with
Fuhrman nuclear grading; biexponential
parameter fast apparent diffusion coefficient
(fADC) value had the highest correlation
coefficient.

* The biexponential DWI provides additional
parameters for differentiating Fuhrman low-
grade ccRCC from high-grade ccRCC; ADCf
showed relatively higher diagnostic sensitivity
and specificity compared with the ADC value.

Table 1. Pathologic findings and qualified images

Pathologic Nephrectomy Qualified Median age

types specimen/ biopsy images* (range), yrs Male/female
Angiomyolipoma 3/1 - 57 (52-65) 1/3
Chromophobe cell carcinoma 2/0 - 39.5(31-68) 11
ccRCC Fuhrman grade 1 2/0 1 60 1/0
ccRCC Fuhrman grade 2 14/0 14 52 (30-68) 7/7
ccRCC Fuhrman grade 3 17/0 16 63 (40-75) 12/4
ccRCC Fuhrman grade 4 2/0 2 56.5 (51-62) 2/0

ccRCC, clear cell renal cell carcinoma.

*Qualified images refers to lesions that are not cystic for the most part and do not encompass large regions

exceeding the range of calculation.

man nuclear grading of the tumor was de-
termined by the high-level segment when
renal cell carcinoma displayed uneven
grades in microscope due to heterogeneity
of the tumor. The study protocol was insti-
tutional review board approved, and writ-
ten informed consents were obtained from
all patients.

Image acquisition

All scans were performed using 3.0 T MRI
device (Signa HDx; GE Medical Systems)
with 8US TORSOPA coil. The following se-
quences were used: axial T1-weighted fast
spoiled gradient-echo sequence (Repeti-
tion time [TR]/Echo time [TE], 230 ms/2.424
ms; matrix, 320x170; field of view [FOV],
38 cm; slice thickness, 6 mm; space, 2 mm);
axial fat-suppressed respiratory-triggered
fast spin-echo T2-weighted sequences [TR/
TE, 6315.8 ms/85.2 ms; matrix, 320x224;
FOV, 38 cm; number of excitation [NEX],
2; slice thickness, 6 mm; space, 2 mm);
single-shot echo-planar imaging (SS-EPI)
monoexponential DWI sequence (b value O,
800 s/mm?; TR/TE, 1825 ms/62.3 ms; matrix,
96x130; FOV, 38 cm; NEX, 5; slice thickness,
6 mm; space, 2 mm); SS-EPI multiple b val-
ues DWI sequence (b values 0, 20, 50, 100,
150, 250, 400, 600, 800, 1000 s/mm?; TR/TE,
4000 ms/71.1 ms; matrix, 128x128; FOV, 38
cm; NEX 2; slice thickness, 6 mm; interscan
space, 2 mm; acquisition time, 252 s). The
image noise was reduced by array spatial
sensitivity encoding technique in all pa-
tients before scan. A dynamic contrast-en-
hanced MRI (DCE-MRI) was applied at last
with liver acceleration volume acquisition
sequence (TR/TE, 2.964 ms/1.36 ms; matrix,
256x180; FOV, 42 cm; slice thickness, 2.5
mm; no interscan gap). The gadopentetate
dimeglumine (Magnevist; Bayer Schering
Pharma AG) was administered at a dose of

0.1 mL/kg body weight, and the flow veloc-
ity was 2 mL/s.

Image processing

All images were processed by two senior
radiologists on an Advantage Windows
workstation (ADW 4.3, GE Healthcare); the
observers were unaware of the pathologic
finding. The monoexponential and biex-
ponential model parameters were all mea-
sured in multiple b values DWI sequence
to make sure that the size and shape of the
regions of interest (ROIs) were all the same.
Color maps were generated automatically.
The ROI was placed at a solid area of the
tumor at the central level on multiple b val-
ues DWI sequence b=0 images. Then, ROIs
were automatically placed in the same area
on different b value images, on monoex-
ponential and biexponential parameters
maps. The ROIs were either circular or ellip-
tical, 30-120 mm?in size. Since the DWI sig-
nal intensity acquired for ADCf and f values
may occasionally exceed the range of the
calculation, regions of remarkable overflow
were avoided during ROl placement. On
this basis, the size of ROl was kept as large
as possible in the solid part. To avoid cysts
and necrotic areas, we overlaid convention-
al MRI sequences (T2-weighted imaging
and DCE-MRI) with diffusion-weighted im-
ages. The values of ROIs of all the parame-
ters were measured three times, and the
mean values were adopted. ROIs were also
placed in normal cortical areas as control;
the ROIs were either circular or elliptical
to best fit the shape to the normal area of
renal cortex, covering an area no less than
30 mm?2. All parameters were automatically
calculated at the workstation.

The equation for the monoexponential
model was as follows:

S2/S1 = exp (-bADC)

Comparison of DWI models in evaluation of renal cell carcinoma « 101



Where b is the diffusion-weighting factor,
S2 and S1 are the signal strengths of tissues
at high b values and at b=0 s/mm?, and ADC
is the apparent diffusion coefficient.

Biexponential DWI parameters were cal-
culated using the formula:

S/S0 = fexp (-bADCf) + (1 - f) exp (-bADCs)

Where S and SO are the signal strengths at
a particular b value and b=0 s/mm?, f is the
fraction of ADCf, ADCf (fast apparent diffu-
sion coefficient) is the diffusion constant of
pseudodiffusion component, and ADCs (slow
apparent diffusion coefficient) is the diffusion
constant of pure diffusion component (23).

Statistical analysis

STATA 10.0 software (Stata Corp. LP) was
used to analyze all data. Statistics were
presented as meanzstandard deviation or
median (min-max). Correlation between all
parameters of both models and the Fuhr-
man nuclear grading was analyzed using
Spearman’s rank correlation. Patients were
assigned into two groups according to
their Fuhrman nuclear grading: low-grade
(grades | and Il) and high-grade (grades llI
and IV). Bartlett test was employed to ana-
lyze normal distribution and homogeneity
of variance. Independent samples t-test
was performed to compare parameters of
the two groups. Receiver operating charac-
teristic (ROC) curves of all parameters were
created; area under the ROC curve (AUC)
was used to determine the effectiveness of
ADC and biexponential parameters for dis-
tinguishing the tissues of the two groups.
Z test was used for pairwise comparisons
between the AUCs of ADC and biexponen-
tial parameters. Maximum Youden index (J)
was used to determine the optimal sensitiv-
ity and specificity, and the corresponding
diagnostic cutoff point. P < 0.05 was consid-
ered significant.

Results

The median age of the enrolled 33 pa-
tients was 54 years (range, 30-75 years).
The mean tumor diameter was 42.70+15.06
mm. A total of 21 patients had tumor in
the right kidney, whereas 12 patients had
tumor in the left kidney. Only one patient
had a Fuhrman nuclear grade | tumor, 14
had grade Il tumors, 16 had grade Ill tu-
mors, and two had grade IV tumors. Due to
the small number of patients with Fuhrman
grade | and IV tumors, we classified grades
I and Il as low-grade, while grades Il and IV
as high-grade. Low- and high-grade groups
had a median age of 52 years (range, 30-68

Table 2. Correlation of monoexponential and biexponential DWI parameters with the Fuhrman

nuclear grading of tumors

ADCf ADCs fvalue ADC, .,
r 0.779 -0.607 0.548 -0.553
P <0.001 <0.001 0.001 0.001

ADCf, fast apparent diffusion coefficient; ADCs, slow apparent diffusion coefficient; f value, fraction of ADC;
ADC_,,, apparent diffusion coefficients of b value (0, 800 s/mm?); r, correlation coefficient.

Table 3. Monoexponential and biexponential DWI parameters of Fuhrman low- and high-grade

tumors
ADCf ADCs fvalue ADC, .,
(X107 mm?/s) (X107 mm?/s) (%) (X107 mm?/s)
Fuhrman low-grade tumors 24.01£11.2 1.36+0.29 24.4+5.57 1.89+0.21
Fuhrman high-grade tumors 65.63+26.4 1.11+£0.17 36.31+£10.43 1.64+0.29
P <0.001 0.005 <0.001 0.009
ADCf, fast apparent diffusion coefficients; ADCs, slow apparent diffusion coefficients; ADC_, ., apparent

diffusion coefficients of b value (0, 800 s/mm?); f value, fraction of ADCf.

Table 4. AUC analysis of biexponential DWI parameters and corresponding sensitivity, specificity,
and accuracy in prediction of Fuhrman low- and high-grade tumors

ADCf ADCs fvalue ADC, 0
AUC 0.959 0.807 0.833 0.789
Maximum Youden index (J) 0.889 0.633 0.778 0.533
Best diagnostic cutoff (X107 mm?/s) 39.5 1.25 33.2 1.74
Sensitivity (%) 88.9 83.3 77.8 86.7
Specificity (%) 100 80.0 100 66.7
Accuracy (%) 93.94 81.8 87.9 75.8

AUC, area under the ROC curve; DWI, diffusion-weighted imaging; ADCf, fast apparent diffusion coefficient;

ADCs, slow apparent diffusion coefficient; f value, fraction of ADCf; ADC

value (0, 800 s/mm?).

500 aPParent diffusion coefficient of b

years) and 61.5 years (range, 38-75 years),
respectively.

Monoexponential ADC values had a neg-
ative correlation with the nuclear grade of
tumors (correlation coefficient r, -0.553; P
= 0.001). We found a stronger correlation
between biexponential parameters and
Fuhrman nuclear grading of tumors. The
correlation coefficient of ADCf was 0.779 (P
< 0.001), ADCs was -0.607 (P < 0.001), but f
value was only 0.548 (P=0.001). ADCf and f
were positively correlated, while ADCs neg-
atively correlated with the nuclear grade of
tumors. Compared with other parameters
obtained from both models, ADCf had the
closest correlation with Fuhrman nuclear
grading (Table 2).

High-grade ccRCC showed remarkably
lower monoexponential ADC than low-
grade ccRCC. The AUC for the differential
diagnosis of low- and high-grade tumors
was 0.789, the best cutoff point was
1.74x107 mm?/s, and the sensitivity and
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specificity were 86.7% and 66.7%, respec-
tively.

High-grade ccRCC showed markedly high-
er ADCfand fvalue but lower ADCs than low-
grade ccRCC (Figs. 1 and 2), with significant
differences (P < 0.05) (Table 3). The AUCs of
ADCf, ADCs, and f curves were 0.959, 0.807,
and 0.833, respectively. The ADCf showed a
higher AUC than other parameters, with a
relatively higher diagnostic sensitivity and
specificity (Table 4), but the difference failed
to reach a statistically significance (P=0.101
for ADCf vs.fand P=0.089 for ADCf vs. ADCs).

The AUC of ADCf was also superior to that
of monoexponential ADC values, and the
difference reached statistical significance,
but the P value was just a little lower than
0.05 (P=0.046).Thus, a larger group of sam-
ples is required to further verify its diagnos-
tic efficiency. In addition, the AUC of ADCs
and f showed no significant difference from
ADC (P = 0.850 for ADCs vs. ADC and P =
0.739 for fvs. ADC).

Shen et al.



Discussion

Our study demonstrates that discrimina-
tion of high or low Fuhrman grade of ccRCC
is feasible by both monoexponential and
biexponential DWI. All parameters of both
models were significantly correlated with
Fuhrman grade. The patients with high
grade were determined with a dominant
decrease in tumor diffusivity (reflected by
lower ADC or ADCs). And high grade tumors
had higher ADCf and f, which might indi-
cate more heterogeneity and complexity
of microvasculature in high grade tumors.

Figure 1. a-e. MRI of a 49-year-old man

who was found to have a renal mass during
ultrasonography examination without any
symptoms. ROI1 indicates tumor parenchyma;
ROI2 indicates uninvolved renal cortex. Panel
(a) shows monoexponential DWI pseudo-color
image of ADC value. The tumor ADC value

is 1.97x1073 mm?/s, which is greater than

the diagnostic cutoff point. Panel (b) shows
multiple b values DWI b=0 image. Panels (c-e)
show pseudo-color images of ADCf, ADCs, and
fvalue.They are 7.07x10-* mm?/s, 1.50x103
mm?/s and 29.4%. ADCf and fvalue are lower
than their cutoff points whereas ADCs is greater
than its cutoff point. The parameters all indicate
Fuhrman low-grade tumor. Postoperative
pathologic analysis indicated ccRCC with
Fuhrman nuclear grade Il.

Moreover, the ADCf revealed a higher AUC
than ADC value. Our results indicate that
biexponential DWI may contribute to the
characterization of Fuhrman grade of ccRCC.

The ccRCC is a highly malignant subtype
of renal cancer with a poor prognosis (24).
Fuhrman grading system classifies tumors
into four grades according to nuclear size,
nuclear shape, and nucleolar prominence
(3). A study involving 634 patients with RCC
by Tsui et al. (25) showed that the five-year
survival rates were 89% for grade | tumors,
65% for grade Il tumors, but only 46% for
grade Il and IV tumors. It is clear that the

Fuhrman grading system is important to
predict the aggressiveness and prognosis
of ccRCC. Previously, preoperative diagnosis
of Fuhrman grade was achieved via biopsy.
However, Campbell et al. (4) suggested that
percutaneous core biopsies were invasive
and could be nondiagnostic in 2.5% to 22%
of cases due to sampling failure. Recently,
functional MRI has began to be used for
RCC because it is noninvasive and repro-
ducible. Gurel et al. (7) showed that histo-
pathologic characterization of renal masses
with MRI was superior to percutaneous bi-
opsy, and suggested that conventional MRI
in addition with ADC values might improve
tissue characterization.

The monoexponential DWI is common-
ly used in clinical practices and researches.
Sandrasegaran et al. (8) reported that high-
grade tumors had lower ADC than low-grade
ones, but there was no statistically signif-
icant difference between them. However,
Goyal et al. (9) found a significant difference,
and Yu et al. (10) demonstrated that the ADC
values of different grades of ccRCC were sig-
nificantly different except grade | vs. Il and
grade Il vs. IV. We also found statistically sig-
nificant difference between the ADC values
of high- and low-grade tumors. Variation in
the results of these studies might be related
to different scanners, scanning parameters,
and different sample sizes.

There have been some studies attempt-
ing to apply biexponential model in clinical
practice (15-22). Biexponential model not
only enables the quantitative measure-
ment of tissue diffusivity, but also distinctly
isolates microcirculatory perfusion effects
from tissue diffusivity, which is unavailable
from the monoexponential model. It has
been demonstrated to be better for the
characterization of water diffusion decay
in the nervous system and prostate than
the monoexponential model (19-22). In
the kidney, Chandarana et al. (17) showed
that it could discriminate enhancing re-
nal lesions from nonenhancing ones in
the absence of contrast agents. Moreover,
Chandarana et al. (15) differentiated be-
tween subtypes of renal neoplasms using
biexponential fitting of DWI, and found that
the combination of the f value and ADCs
had an accuracy of 86.5% in discriminating
ccRCC and chromophobe RCC. In addition,
their study confirmed significantly strong
correlation between the f value and the
cumulative initial area under the curve of
gadolinium concentration at 60 seconds
(CIAUC60) which reflects tumor perfusion.

Comparison of DWI models in evaluation of renal cell carcinoma « 103



Thus far, biexponential DWI had limit-
ed clinical applications in determination
of Fuhrman nuclear grade of renal tumors.
Only Rheinheimer et al. (18), in their study
involving 20 patients with ccRCC, reported
a weak but significant correlation between
the Fuhrman nuclear grade and the f val-
ue (r=0.54) and ADCs (r=0.51). High-grade
ccRCC had higher f value and lower ADCs
compared with low-grade, consistent with
our results. But no statistically significant
correlation was found in their study for
ADCf. This finding was inconsistent with
our results, which showed higher positive

Figure 2. a-e. MRI of a 58-year-old man who was
admitted due to gross hematuria for 15 days.
ROI1 indicates tumor ROI2 indicates uninvolved
renal cortex. Panel (a) shows monoexponential
DWI pseudo-color image of ADC value. The
tumor ADC value is 1.88x107>mm?/s, which is
greater than its diagnostic cutoff point. Panel (b)
shows multiple b values DWI b=0 image. Panels
(c—e) show pseudo-color images of ADCf, ADCs,
and fvalue. They are 81.9x107 mm?/s, 1.65x1073
mm?/s, and 63.5%, respectively. ADCs, ADCf,

and fvalue are greater than their cutoff points.
Postoperative pathologic analysis indicated
ccRCC with Fuhrman nuclear grade Ill tumor,
which could be accurately diagnosed by ADCf or
fvalue rather than the ADC and ADCs.

correlation coefficients between the ADCf
and the Fuhrman nuclear grade. Michaely
et al. (26) indicated that tumor growth in-
creased with higher tumor grade. As tumor
grows, original capillaries cannot satisfy the
growth requirements, more blood vessels
are generated in the tumor tissue, leading
to increased microcapillary density, tumor
blood flow, and relative blood volume of the
tumor. This may result in remarkable differ-
ences in the tumor tissue perfusion compo-
nents between low- and high-grade tumors,
and it might explain the increase in ADCf
and f value, along with increasing Fuhrman
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nuclear grade. Since ADCf is closely related
with tissue perfusion, f value, which rep-
resents the fraction of ADC, is also related
with tissue perfusion. Many studies have
already confirmed the correlation between
f value and the degree of tumor enhance-
ment or perfusion components (15, 17).

There was no significant difference be-
tween the parameters of the low- and high-
grade tumor groups in Rheinheimer et al.
(18). This was inconsistent with our results.
The possible reasons could be variations in
the sample size, equipment, and b values
between the studies. In their study, MRI ex-
aminations were performed on 20 patients
using a 1.5 Tesla MRI. They used less num-
ber of b values (0, 50, 100, 150, 200, 300,
400, 600, 800 s/mm?) and a relatively lower
maximal b value compared with ours and
the sample sizes of both studies were small,
which may have contributed to the differ-
ent results in the two studies.

This study had some limitations. First, our
sample size was small. Larger studies are
needed for further investigation. Second,
due to longer DWI time biexponential fitting
was more susceptible to motion artifacts,
particularly for tumors located at the low-
er pole. Third, the ROIs were mostly placed
within the tumor parenchyma, but some tu-
mors contained unevenly distributed cysts;
thus some small cystic components could
not be avoided within the ROI. Lastly, the
size of ROIs in our study ranged widely due
to tumor size variations. Thus, the heteroge-
neity of a larger tumor may have been great-
er than a smaller tumor (e.g., some minimal
necrosis could have been included), leading
to some bias in measurements.

In conclusion, biexponential DWI has a
slight advantage over monoexponential
DWI in differentiating between Fuhrman
high- and low-grade RCCs. Biexponential
DWI provides more parameters and the
ADCf performs a little better than ADC. We
suggest that this may be a potential diag-
nostic technique in future studies.
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