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Abstract: We explored the value of intravoxel incoherent motion diffusion-weighted imaging (IVIM-DWI) in differentiating the pathological grades of clear cell renal cell carcinoma (ccRCC). Preoperative IVIM-DWI data from 42
patients with ccRCC were prospectively analyzed. IVIM-DWI parameters (apparent diffusion coefficient [ADC], pure
diffusion coefficient [D], pseudo-diffusion coefficient [D*] and perfusion fraction [f]) were compared between the
low Fuhrman grade (grades I and II) and high Fuhrman grade (grades III and IV) ccRCC groups. The high-grade ccRCC
group exhibited significantly lower ADC ([1.10 ± 0.58] × 10-3 mm2/s vs. [1.62 ± 0.24] × 10-3 mm2/s, P = 0.003), D
([1.40 ± 0.20] × 10-3 mm2/s vs. [1.73 ± 0.18] × 10-3 mm2/s, P<0.001) and f (0.15 ± 0.09 vs. 0.27 ± 0.08, P<0.001)
values compared with the low-grade group. There was no significant difference in the D* values between the two
groups ([72.18 ± 90.28] × 10-3 mm2/s vs. [109.46 ± 129.07] × 10-3 mm2/s, P = 0.772). The optimal cut-off values
(area under the curve, sensitivity and specificity) for distinguishing low- and high-grade ccRCCs were as follows: ADC
= 1.14 × 10-3 mm2/s (0.768, 95.2% and 66.7%), D = 1.64 × 10-3 mm2/s (0.931, 81.0% and 100.0%), and f = 0.18
(0.829, 85.7% and 66.7%). IVIM-DWI may be helpful in differentiating the Fuhrman grades of ccRCC.
Keywords: Intravoxel incoherent motion, diffusion-weighted imaging, renal carcinoma, Fuhrman grade, sensitivity
and specificity

Introduction
Comprising approximately 80%-85% of all renal
cell carcinomas (RCCs) [1, 2], clear cell RCC
(ccRCC) is usually associated with a poorer
prognosis than the other subtypes of RCCs [3,
4]. Preoperatively obtaining an accurate pathological ccRCC grade is helpful for optimizing
surgical approaches and predicting the
patient’s prognosis [5].
Previous studies on ccRCC have explored that
traditional diffusion-weighted imaging (DWI)
is helpful for identifying the Fuhrman pathological grade of tumors [6-11], which is widely used
for ccRCC in current clinical practice [12, 13].
However, conflicting observations were reported across prior investigations [6-11]. This might
be due to the shortcoming of ADC in characterizing the diffusion motion of water molecules
since ADC cannot separate the motion caused
by the Brownian movement from that caused
by microcirculatory perfusion, which might neg-

atively influence the performance of ADC on differentiating the pathological grade of ccRCC.
With the ability to simultaneously quantitate
the two kinds of diffusion motion in tissues,
intravoxel incoherent motion DWI (IVIM-DWI)
has become increasingly utilized in preoperatively grading a variety of tumors [14-17].
Nevertheless, the performance of IVIM-DWI on
evaluating the Fuhrman grade of ccRCC has
remained unclear. Thus, this study aimed to
investigate the utility of IVIM-DWI in differentiating low- and high-grade ccRCCs.
Materials and methods
Subjects
This single-center, prospective study was approved by the Medical Ethics Committee of our
institution and conducted in accordance with
the Declaration of Helsinki. From May 2015 to
February 2017, 59 consecutive patients who
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Figure 1. Flow diagram of patient elimination.

Table 1. Characteristics of patients and tumors
Parameter
Age (years)
Long diameter (mm)
Gender
Male
Female
Location
Right kidney
Left kidney

Low-grade (n = 21) High-grade (n = 21) P value
55.38 ± 9.06
59.14 ± 8.99
0.186
53.33 ± 15.52
49.48 ± 14.95
0.385
0.743
6
8
15
13
0.758
11
9
10
12

Table 2. Comparisons of IVIM-DWI parametric values (mean ±
standard deviation) between the low- and high-grade ccRCC
groups
Parameter
Low-grade (n = 21)
ADC (× 10-3 mm2/s)
1.62 ± 0.24
-3
2
D (× 10 mm /s)
1.73 ± 0.18
D* (× 10-3 mm2/s)
72.18 ± 90.28
f
0.27 ± 0.08

High-grade (n = 21)
1.10 ± 0.58
1.40 ± 0.20
109.46 ± 129.07
0.15 ± 0.09

P value
0.003
0.000
0.772
0.000

age. Patients were excluded if
they (1) received a biopsy on a
renal lesion within the past
month; (2) had MRI contraindication; or (3) did not sign the
informed consent form. After
initial enrollment, preoperative MRI was performed, with
a mean time interval between
the MRI and subsequent surgical resection of 6 days
(range, 4-9 days). Seventeen
patients were eliminated from
this study because of technical factors (n = 4), lack of surgical resection (n = 3), or
undesired final histopathological results (n = 10). These
eliminations are summarized
in Figure 1. Thus, the present
study ultimately included 42
patients with ccRCC, which
were all classified as solitary
lesions. The numbers of
ccRCC with Fuhrman nuclear
grades I, II, III and IV were 9,
12, 16 and 5, respectively.
Patients with Fuhrman grade I
or II were classified into the
low-grade group of the present study, while those with
grade III or IV were divided into
the high-grade group. Thus,
both the low- and high-grade
ccRCC groups comprised 21
tumors. The characteristics of
the ccRCC patients and tumors are presented in Table 1.
MRI protocols

All MRI examinations were
performed with the patients in
the supine position on a 1.5IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ccRCC, clear
Tesla clinical MRI scanner
cell renal cell carcinoma; ADC, apparent diffusion coefficient; D, pure diffusion
(Optima MR360, GE Healthcoefficient; D*, pseudo-diffusion coefficient; f, perfusion fraction.
care, Waukesha, WI, USA) using an 8-channel body phasedunderwent preoperative magnetic resonance
array coil. The patients were trained to breathe
imaging (MRI) for the evaluation of renal massdeeply prior to holding their breath, and their
es at our institution were initially enrolled. The
abdominal wall was secured in front of the coil
inclusion criteria were (1) new suspicious RCC
by using a bandage to reduce motion artifacts
detected by conventional CT and/or MRI with a
during MRI data acquisition.
lesion diameter larger than 10 mm; (2) schedThe conventional MRI protocols included the
uled for surgical resection; (3) lacking prior antifollowing sequences: 1) axial T1-weighted dualtumor therapy; and (4) older than 18 years of
10924
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Figure 2. The images in row (A) are the ADC, D, D*, and f maps of a clear cell renal cell carcinoma (Fuhrman grade
II) in the left kidney of a 67-year-old man from the low-grade group. The ADC, D, D* and f values were 2.03 × 10-3
mm2/s, 1.75 × 10-3 mm2/s, 65 × 10-3 mm2/s and 0.29, respectively. The images in row (B) correspond to the IVIMDWI parametric maps of a clear cell renal cell carcinoma (Fuhrman grade III) in the right kidney of a 51-year-old
man from the high-grade group. The ADC, D, D* and f values were 1.13 × 10-3 mm2/s, 1.42 × 10-3 mm2/s, 79 × 10-3
mm2/s and 0.17, respectively.

echo in-phase and out-of-phase sequences:
(number of slices, 24; time of repetition [TR],
205 ms; time of echo [TE], 2.1/4.2 ms; slice
thickness, 4 mm; slice space, 1 mm; field of
view [FOV], 380 × 342 mm; acquisition matrix,
256 × 160; number of excitations [NEX], 1); 2)
axial T2-weighted fast spin-echo (FSE) images
with fat suppression (number of slices, 24; TR,
6000 ms; TE, 86.4 ms; slice thickness, 4 mm;
slice space, 1 mm; FOV, 380 × 342 mm; acquisition matrix, 320 × 192; number NEX, 2); and
3) axial and coronal T1-weighted fast spoiled
gradient echo (FSPGR) contrast-enhanced
images with fat suppression (number of slices,
24; TR, 165 ms; TE, 2.3 ms; slice thickness, 4
mm; slice space,1 mm; FOV, 400 × 400 mm;
acquisition matrix, 384 × 192; number NEX, 2).
The contrast agent gadodiamide (Omniscan®,
GE Healthcare) was administered intravenously
at a dose of 0.1 mmol/kg of body weight.
IVIM-DWI was performed before the administration of gadodiamide. Twelve b values (0, 20,
30, 50, 80, 100, 150, 200, 400, 600, 800 and
1000 s/mm2) were applied with a single-shot
diffusion-weighted spin-echo echo-planar sequence. The lookup table of gradient direction was
modified to allow multiple b-value measurements in one series. Parallel imaging was used
with an acceleration factor of 2. In total, 20
axial slices covering the kidney region were
obtained with an FOV of 380 × 304 mm, a slice
thickness of 4 mm, a slice gap of 1 mm, a TR of
6000 ms, a TE of 81.7 ms, a matrix of 128 ×
130, and an NEX of 4.
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IVIM-DWI analysis
All IVIM-DWI data were imported into the
Advantage Workstation with FuncTool software
(version AW 4.6, GE Healthcare) for post-processing. The IVIM-DWI data were independently and double-blindly evaluated by two radiologists (L.Y. and Y.X., with 20 and 15 years of
experience in abdomen radiology, respectively),
using the MADC software kit. The main principle and procedures of the IVIM-DWI analysis
were described previously [18, 19]. Briefly, the
D, D* and f values was derived from the formula Sb/S0 = (1-f) exp (-b D) + f exp (-b D*),
where Sb is the signal intensity with diffusion
gradient b (b ≠ 0 s/mm2), S0 is the signal intensity for the b value of 0 s/mm2, D is the true
diffusion coefficient indicating the pure diffusion of water molecules, D* is the pseudo-diffusion coefficient demonstrating microcirculation perfusion, and f is the microvascular
volume fraction representing the fraction of diffusion related to microcirculation perfusion.
The ADC value was generated from the formula
Sb/S0 = exp (-b ADC) based on conventional DWI
with MRI data at high b values (200, 400, 600,
800 and 1000 s/mm2).
The regions of interest (ROIs) were manually
drawn in the tumor parenchyma. Six ROIs were
manually drawn by each observer for each
tumor on its DWI images (b = 800 s/mm²) of at
least 3 sections using conventional axial
T1-weighted, T2-weighted and contrast-enhanced images as references. Care was taken to
avoid the inclusion of visual cystic change,
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high-grade ccRCC groups
were expressed as the
mean ± standard deviation
Parameter
Cut-off value
AUC (95% CI)
Sensitivity Specificity
and analyzed using SPSS
ADC
1.14 × 10-3 mm2/s 0.768 (0.604-0.931) 95.2%
66.7%
v22.0 (IBM Corporation,
D
1.64 × 10-3 mm2/s 0.931 (0.849-1.000) 81.0%
100.0%
Armonk, NY, USA) and Medf
0.18
0.829 (0.705-0.953) 85.7%
66.7%
Calc v15.0 (MedCalc SofIVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ccRCC, clear cell
tware bvba, Ostend, Belrenal cell carcinoma ; ADC, apparent diffusion coefficient; D, pure diffusion coefgium). P values less than
ficient; D*, pseudo-diffusion coefficient; f, perfusion fraction; AUC, area under curve;
0.05 were considered staCI, confidence interval.
tistically significant. Chisquared tests were performed to test differences in the patients’
gender and tumor locations between the lowand high-grade groups. Non-parametric MannWhitney U tests were used to compare differences in the IVIM-DWI metric values, lesion
sizes and patients’ ages between the two
groups. Receiver operating characteristic (ROC)
curves were generated for the IVIM-DWI parameters with statistically significant differences to
determine their optimal cut-off values resulting
in the best possible diagnostic accuracy according to the Youden Index.
Table 3. Diagnostic performance of IVIM-DWI parameters for differentiating high- and low-grade ccRCCs

Results

Figure 3. Receiver operating characteristic curves of
ADC, D and f in discriminating between the high- and
low-grade ccRCC groups.

necrosis, hemorrhage, large vessel and fat
areas. The ROIs were subsequently propagated
to the IVIM-DWI parametric maps for measuring the metric values. For each parameter, 12
numerical values were generated for each
lesion by the two observers. The final value for
each parameter was designated the mean
value of the 12 numerical values above.
Pathological grading
The pathological grade of ccRCC from the
resected specimen was determined by a veteran uropathologist with 12 years of specialty
experience according to the Fuhrman grading
system [20, 21].
Statistical analysis
Intra-class correlation coefficients were calculated to evaluate inter-observer variability. The
IVIM-DWI parametric values for the low- and
10926

The intra-class correlation coefficients (95% CI)
of inter-observer reproducibility for the measurements of ADC, D, D* and f were 0.873
(0.765-0.932), 0.930 (0.870-0.962), 0.814
(0.655-0.900) and 0.894 (0.803-0.943), respectively, which demonstrates optimal interobserver reproducibility and consistency.
The IVIM-DWI parametric values for the two
ccRCC groups are summarized in Table 2. The
high-grade group exhibited significantly lower
ADC, D and f values than the low-grade group
(all P<0.01). Figure 2 shows representative
images of low- and high-grade ccRCCs. For differentiating low- and high-grade ccRCCs based
on ROC curve analysis, the area under the
curve (AUC) value for D was the highest (0.931),
followed by that for f, whereas ADC had the lowest AUC value (Table 3 and Figure 3).
Discussion
The present study demonstrated that both
the diffusion- and perfusion-related IVIM-DWI
parameters exhibited the potential to discriminate the pathological Fuhrman grade of ccRCC.
Moreover, the microcirculatory perfusion might
negatively influence the performance of diffuInt J Clin Exp Med 2018;11(10):10923-10928
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sion on distinguishing ccRCC lesions with different pathological grades.
High-grade ccRCC showed obviously lower
ADC, D and f values than low-grade ccRCC in
the current study. This was consistent with previous findings on DWI [8, 9], which suggests
that the diffusion movement of water molecules is more restricted in high-grade ccRCC
than in low-grade ccRCC, since both ADC and D
are diffusion-related parameters [18]. Our
observation was also similar to previous studies in which ccRCC with low Fuhrman grade
demonstrated higher enhancement degree on
MRI than high-grade tumor [22, 23], which indicates that high-grade ccRCC might own lower
vascularization than low-grade ccRCC, as
parameter f depends mainly on the microvessel density of tissues [24, 25].
In our study, the pure perfusion parameter (D*)
value did not show a significant difference
between the two ccRCC groups, which was in
line with prior findings on other malignancies
[15-17]. This might result from the poor reproducibility in the measurement of D* [26-28].
Additionally, the pure perfusion parameter (D)
performed better than the perfusion-related
metrics (ADC and f) in the differentiation
between the high- and low-grade ccRCCs in
this study. Taken together, it may be inferred
that microcirculatory perfusion would have a
negative impact on the diagnostic efficiency of
diffusion in discriminating ccRCC lesions with
different Fuhrman grades.
In conclusion, our observations demonstrated
that IVIM-DWI, especially its pure diffusion
parameter D, may be helpful in differentiating
the Fuhrman grades of ccRCC.
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