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Abstract

Background: To examine the value of energetic-spectrum computed tomography (spectral CT) quantitative
parameters in renal cell carcinoma (RCC) microvascular angiogenesis.

Methods: The authors evaluated 32 patients with pathologically confirmed RCC who underwent triple-phase
contrast-enhanced CT with spectral CT imaging mode from January 2017 to December 2019. Quantitative
parameters include parameters derived from iodine concentration (IC) and water concentration (WC) of 120 keV
monochromatic images. All specimens were evaluated including the microvascular density (MVD), microvascular
area (MVA) and so on. The correlation between IC and WC (including average values and random values) with
microvascular parameters were analyzed with Pearson or Spearman rank correlation coefficients.

Results: The MVD of all tumors was 26.00 (15.00-43.75) vessels per field at x 400 magnification. The MVD of RCC
correlated positively with the mean IC, mean WC, mean NWC, mean NIC, random IC, random NIC in renal cortical
phase, WCD,, WCD,, NWCD, and ICD; (Spearman rank correlation coefficients, r range, 0.362-0.533; all p < 0.05). The
MVA of all tumors was (16.16 +8.98) % per field at x 400 magnification. The MVA of RCC correlated positively with
the mean IC, mean WC, mean NWC, mean NIC, random IC, random NIC in renal cortical, mean WC and mean NWC
in renal parenchymal phase, WCD;, WCD,, WCDs, NWCD,, and NWCD;3 (Pearson or Spearman rank correlation
coefficients, r range, 0.357-0.576; all p < 0.05). Microvascular grading correlated positively with the mean NWC,
mean NIC and random NIC in renal cortical phase, mean NWC in renal parenchymal phase, NWCD,, WCDs, NWCDs,
NICD, and NICDs (Spearman rank correlation coefficients, r range, 0.367-0.520; all p < 0.05). As for tumor diameter
(55.19 +19.15), um, only NWCDs was associated with it (Spearman rank correlation coefficients, r=0.388; p < 0.05).

Conclusions: ICD and WCD of spectral CT have a potential for evaluating RCC microvascular angiogenesis. MVD,
MVA and microvascular grade showed moderate positive correlation with ICD and WCD. ICD displayed more
relevant than that of WCD. The parameters of renal cortical phase were the best in three phases. NICD and NWCD
manifested stronger correlation with microvascular parameters than that of ICD and WCD.
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Introduction

Renal cell carcinoma (RCC) is a kind of tumor origi-
nated from renal epithelial cells, accounting for more
than 90% of renal cell carcinoma, consisting of 2% of
adult malignancies [1, 2]. The incidence rate of RCC has
increased in the past two decades [3]. Approximately,
20-30% of RCC patients will have distant metastasis
during the follow-up period after curative surgery [3, 4].
However, the treatment of advanced RCC is still a chal-
lenge for clinicians, with a 5-year survival rate less than
20% [5]. Clear cell renal cell carcinoma (ccRCC) is the
most common subtype, ccRCC accounts for almost 85%
of all sorts of RCC [4, 5].

Due to the formation of new microvessels, the struc-
ture of microvessels in malignant tumors is different
from that in normal tumors. In malignant tumors,
microvessels are curved and organized more irregularly.
In addition, their walls are more fragile due to the weak
connection among endothelial cells, other pericyte layers
and basement membrane [6]. These characteristics are
related to the susceptibility of tumor invasion, metastasis
and recurrence. Microvessel density (MVD) and micro-
vessel area (MVA) measured by immunohistochemical
technique have been considered as the criteria for evalu-
ating tumor angiogenesis, which reflect the intensity of
blood vessels, the area of endothelial lumen and the
blood volume for tumor perfusion [7, 8]. Nevertheless,
studies on different types of RCC, including papillary
and clear cell RCC, demonstrate that MVD and MVA
are negatively correlated with survival rate, directly
correlated or of no significant difference [9]. The reasons
for these contradictory findings are not completely expli-
cit. CT and MR perfusion imaging, as well as intravoxel
incoherent motion (IVIM) model for diffusion weighted,
were once perceived to be ideal for preoperative nonin-
vasive evaluation of tumor angiogenesis [10]. However,
they are limited in clinical application due to the large
radiation dose, long examination time and other factors.

In recent years, spectral imaging has been intro-
duced as a new application of dual energy CT and
an advanced CT scanning technology [11]. Energetic-
spectrum computed tomography (spectral CT) is able
to provide iodinebased material decomposition image
and quantitatively analyze the iodine concentration
(IC) of normal tissues and lesions in enhanced im-
ages. IC possesses a certain value in the imaging
diagnosis, pathological grading and differential diag-
nosis of RCC [12, 13]. However, only a few studies
pay close attention to the relationship between IC
derived from spectral CT and RCC angiogenesis.
Therefore, it is of vital importance to explore the
expression of IC and WC on the angiogenesis of
tumor. This study aims to analyze the relationship
between IC and WC with RCC angiogenesis.
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Materials and methods

Participants

The study was approved by the Institutional Ethics
Committee of the First Hospital of Jilin University,
Changchun, China. Written informed consent was
obtained from related patients by email or letter. We
retrospectively reviewed the Picture Archiving and Com-
munication System for renal cell carcinoma patients
who had undergone renal CT plain scan plus three-
phase enhancement before surgery from January 2017 to
December 2019. The inclusion criteria were as follows:
1) patients aged between 18 and 80 years old; 2) renal
CT plain scan plus three-phase enhancement before sur-
gery; 3) patients who had undergone CT performed ac-
cording to our standard protocol; 4) patients who had
received standard nephrectomy; 5) The interval between
CT scan and surgery was no more than 2 weeks. When
evaluating tumor angiogenesis index, in order to ensure
the consistency of baseline level, the following inclusion
criteria should also be met: 1) RCCs were all single with-
out distant metastasis; 2) The maximum diameter of
RCC was between 3 and 5 cm.

The exclusion criteria were as follows: 1) Imaging data
with poor quality due to body movements or other artifacts
were excluded; 2) Patients who were found to be allergic to
iodine contrast agent before enhanced CT examination
were excluded; 3) Patients who are RCC complicated with
hemorrhage were excluded; 4) Cystic RCC and RCC with
large cystic lesions were excluded to ensure the same base-
line level of tumor angiogenesis index.

Energy Spectrum CT imaging

Renal three-phase enhancement CT was performed on a
Revolution GSI CT scanner (GE Healthcare). Scanning
range was conducted from “diaphragmatic apex to lower
pole of kidney” with supine position. The CT scan was con-
ducted with the following parameters: tube voltage, auto-
matically selected by machine according to the patient’s
weight; tube current, 485 mA; pitch, 0.984; field of view
(FOV), medium; image matrix, 512 x 512; rotation speed,
0.6; slice thickness/gap, 5/5 mm. Renal three-phase enhance-
ment scan: high pressure syringe was utilized to inject non-
ionic contrast agent iohexol or iopatol through elbow vein,
with the dosage of 1.0-1.5 ml/kg and the speed of 3.5 ml/s.
The cortical phase scanning was performed at 25 s after in-
jection, renal parenchymal phase scanning was performed at
(60 £5) s, and excretion phase scanning was performed at
(180 + 30) s after injection. During the scanning, the patient
was required to hold his breath after deep inspiration to
avoid motion artifacts affecting the image quality.

Acquisition of iodine and water concentration
The iodine and water concentration of renal three-phase
enhancement CT were measured in Picture Archiving
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and Communication Systems (GE, Version AW4.6,
USA). The IC of each tumor demands to take the aver-
age of six values on the decomposition images for iodine
(120kev). These six values include four values in the
axial maximum plane and two values in the coronal
maximum plane. The four measurement values of the
maximum axial plane include the measurement values
of the directions in front, back, left and right. The region
of interest (ROI) of these four directions should not
cross each other and keep as far as possible to avoid ob-
vious necrosis. It’s required to keep the area of ROI con-
sistent. The WC of each tumor was obtained on the
water equivalent images in the same way as above. The
iodine concentration in the aorta (IC,,) at the same slice
of the lesion was obtained. Normalized iodine concen-
tration (NIC) was normalized to the IC,, using the
formula NIC =IC/IC,,. Likewise, the normalized WC
(NWC) was obtained with the formula NWC=WC/
WC,o. (N)WCD,/ICD; =The difference of (N)WC/IC
between renal cortical phase and parenchymal phase.
(N)WCD,/ICD, = The difference of (N)WC/IC between
renal parenchymal phase and excretory phase.
(N)WCD3/ICD;3 = The difference of (N) WC /IC between
renal cortical phase and excretory phase. The above
measurements were conducted independently by three
radiologists with more than 10 years working experience.
All the values were taken as the average of the three
radiologists.

Interpretation of clinicopathological results

According to the electronic medical records, the pathologic
findings such as tumor types, tumor classifications, and
stage of tumor were assessed. Distant metastasis was de-
fined by imaging examinations and clinical follow-up [14].

Immunohistochemical analysis

Immunohistochemistry was used to stain tumor microves-
sels. The first antibody was CD34. The thickness of paraf-
fin fixed sections was 5pm, which was dewaxed and
hydrated. Microwave antigen repair, 2% citrate buffer, PH
6.0, 15mins. After the first antibody was dripped, the slices
were incubated in a wet box at 4°C overnight. After the
universal second antibody was dripped, the slices were
placed in a wet box and incubated at 37 °C for 30 mins.
The slices were washed with TBS (0.01 mol / L, pH74)
for 3 times. After DAB staining, the nuclei were stained
with hematoxylin. Finally,the slide was sealed.

Analysis of tumor microvessels

Five sections were offered for per patient, the average
value of microvessel density, area and grading was taken
from the five sections. As long as no less than one slice
has characteristic blood vessels, the characteristic blood
vessels can be defined as positive.
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1) Mean microvessel density (MVD): After staining,
the high vascular density area was found under low
power microscope. The top five regions with the higher
vascular density in each slice were selected. The number
of microvessels in each field of vision was counted. The
average value of the five regions is calculated as mean
MVD. When counting, only a single endothelial cell or
cell cluster is counted, otherwise the vascular lumen is
not counted as microvessel.

2) Microvascular area (MVA): Percentage of microves-
sel area in tumor tissue area.

3) Microvascular classification: Punctiform microves-
sels displayed that the microvessels were divided by
tumor cells and distributed in punctiform shape, with no
communication between the microvessels. The linear
microvessel manifest that there were punctate microves-
sels on both sides of the microvessel, with the middle
long and narrow, which was linear. The annular micro-
vessels are characterized by thick microvessels, which
encircle the tumor cells in an island shape and commu-
nicate with each other. Strip type microvessels showed
thick microvessels and paralleled to tumor trabeculae,
communicating with each other as well as showing a
thick network. The tumor microvascular classification
was semi quantified: the punctiform type was grade I,
the linear type was grade II, and the annular or strip
type was grade III (Fig. 1). The microvascular grade of
the tumor was in line with the majority of the grading
results in any 10 high-power fields.

4) Analysis of special vascular structure: Record
whether there are vascular lakes, vascular trees (One
main vessel accompanied by branch vessels), thick mus-
cular vessels or vessels with diameter more than 50 um
appearing.

Statistical analysis

Pearson’s or Spearman’s correlation test was applied to
test the correlation between WC and IC values (mean
WC, mean IC, random WC, random IC, mean NWC
and mean NIC in renal cortical phase, parenchymal
phase and excretory phase; WCD, NWCD, DIC and
NICD parameters) with microvessel parameters (MVD,
MVA, specific microvascular, microvascular grading,
vessel diameter and tumor diameter). All statistical ana-
lyses were performed using SPSS 21.0 (SPSS). P<0.05
was considered statistically significant.

Results

Demographic and relevant characteristics

A total of 32 patients with RCC were included in the
study. The nuclear grade of RCC was positively corre-
lated with MVD (Spearman rank correlation coefficients,
r=0.872, p <0.001). Table 1 shows their demographic,
pathological microvascular data and values of iodine and
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Fig. 1 CD34 staining (x 40) show punctiform microvessels (A), linear microvessel (B), annular microvessels (C) and strip type microvessels (D). The
cytoplasm of tumor vascular endothelial cells is extensively stained with CD34
.

water concentration in three phase enhancement. In this
study, RCC affected men more frequently than women.
Most of the measurement data is in line with normal
distribution, only a few (MVD, NMW(C in renal cortical
phase, NMIC in renal excretory phase, RIC in renal cor-
tical phase, ICD;, ICD,, NICD,, NICD3;, NWCD, and
NWCD3) are skew distribution.

Imaging data
Correlation between microvessel parameters and WC/IC
in renal cortical phase.

The correlations between the WC/IC in renal cortical
phase and microvessel parameters were analyzed. The
mean WC, mean IC, mean NWC, mean NIC, random
IC and random NIC from renal cortical phase scanning
correlated positively with the MVD of RCC (Spearman
rank correlation coefficients, all p <0.05), as shown in
Table 2. In the same scanning phase, the correlations be-
tween the mean NIC and mean NWC with MVD were
better than those between the mean IC and mean WC
with MVD. Moreover, for the same phase, the correla-
tions between the mean IC and mean NIC with MVD
were stronger than those between the random IC and
random NIC with MVD. The mean WC, mean IC, mean
NWC, mean NIC, random IC and random NIC from
renal cortical phase scanning correlated positively with
the MVA of RCC (Pearson or Spearman rank correlation

coefficients, all p <0.05), as displayed in Table 2. In the
same scanning phase, the correlations between the mean
IC and mean NWC with MVA were better than those
between the mean NIC and mean WC with MVA. Be-
sides, for the same phase, the correlations between the
mean IC and mean NIC with MVA were stronger than
those between the random IC and random NIC with
MVA. The mean NWC, mean NIC and random NIC
had moderate positive correlation with microvascular
grading (Spearman rank correlation coefficients, all p <
0.05), and the correlation between the mean NIC and
microvascular grading was stronger than that between
the mean NWC with microvascular grading.

Correlation between microvascular parameters and WC/IC
in renal parenchymal phase

The relationships between microvascular parameters
and WC/IC of renal parenchymal phase among the 32
patients enrolled in the study were presented in Table 3.
The mean WC and mean NWC correlated positively
with the MVA of RCC (Pearson rank correlation coeffi-
cients, both p <0.05). Besides, the correlation between
the mean NWC and MVA was slightly stronger than
that between the mean WC with MVA. At the same
time, the mean NWC was also discovered to be posi-
tively correlated with microvascular grading (Pearson
rank correlation coefficients, p < 0.05).



Zhang et al. BMC Cancer (2021) 21:874

Table 1 Demographic and clinical characteristics
Variable Patients (n=32)
Age (years) 53.53+8.15

25 (78.1%)/7 (21.9%)

Male/Female

MWC/MNWC (mg/ml)
Renal cortical phase 95.61 +33.89/042 (0.31-047)

82.74+20.54/039 +£0.15

65.37£1221/078 £0.17

Renal parenchymal phase
Renal excretory phase
RWC/RNWC (mg/ml)
95.53 +44.48/0.39 +0.23
85.06 +23.07/0.73 £ 0.21
65.26 + 14.14/0.75 £ 0.18

Renal cortical phase
Renal parenchymal phase
Renal excretory phase
MIC/MNIC (mg/ml)
2899+ 14.52/033+£0.14
24.65+837/0.71£0.23
17.09 + 6.60/0.91 (0.78-1.05)

Renal cortical phase
Renal parenchymal phase
Renal excretory phase
RIC/RNIC (mg/ml)
27.00 (19.50-34.25)/ 032+ 0.16
24.16 + 8.86/0.70 + 0.27
16.95 £549/0.79+0.27
12.87 +£21.26/-030+0.13
30.24 + 27.82/- 0.40[- 0.46-(— 0.30)]
17.37 £13.38/-0.12(- 0.22-0.02)
4.14(-291-8.17)/ -0.388 + 0.15
13.17 (2.18-16.34)/ -0.56[- 0.75-(— 0.42)]
756 +4.92/-021[-0.36-(— 0.05)]

Renal cortical phase
Renal parenchymal phase
Renal excretory phase
WCD/NWCD; (mg/ml)
WCD,/NWCD; (mg/ml)
WCD5/NWCD3 (mg/ml)
ICD4/NICD; (mg/ml)
ICD,/NICD, (mg/ml)
ICD3/NICDs (mg/ml)

Microvascular grading

Il 15 (46.9%)

Il 17 (53.1%)

MVD 26.00 (15.00-43.75)
MVA(%) 16.16 + 898
Microvascular diameter (um) 20.63+9.73
Diameter of analyzed tumor ~ 55.19+19.15
tissue (um)

Microvascular diameter/ 4098 £19.66

Tumor diameter (%)

Data are expressed as mean * standard deviation, median (interquartile range)
or n (%). MVD microvessel density, MVA microvessel area. (N)WCD;/ICD; The
difference of (N)WC/IC between renal cortical phase and parenchymal phase.
(N)WCD/ICD, The difference of (N)WC/IC between renal parenchymal phase
and excretory phase. (N)WCD3/ICD; The difference of (N) WC /IC between renal
cortical phase and excretory phase

Correlation between microvascular parameters and WC/IC
in renal excretory phase

The correlations between the WC/IC indexes in renal
excretory phase and microvascular parameters of RCC
were demonstrated in Table 4. No significant correla-
tions between all WC / IC derived indicators and
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microvascular parameters (Pearson or Spearman rank
correlation coefficients, all p > 0.05) were found.

Correlation between microvascular parameters and DWC

The correlations between WCD indicators and micro-
vessel parameters were exhibited in Table 5, Fig. 2A, C
and E. The WCD;, WCD,, and NWCD, correlated posi-
tively with the MVD of RCC (Spearman rank correlation
coefficients, all p <0.05). And the correlation between
WCD; and MVD was higher than that between WCD,
and MVD. Moreover, the correlation between the
NWCD, was lower than that between WCD, and MVD.

For MVA, the WCD;, WCD,, NWCD,, WCD3, and
NWCD; correlated positively with the MVA of RCC
(Pearson or Spearman rank correlation coefficients, all
p <0.05). According to the strength of association, the
order is as follows: WCD,,>WCD3 > WCD;. The correla-
tions between the WCD, and WCD3; with MVA were
stronger than those between the NWCD, and NWCD;3
with MVA.

The WCD3;, NWCD,, and NWCD; correlated posi-
tively with the microvascular grading of RCC (Spearman
rank correlation coefficients, all p <0.05). The correl-
ation between the WCD3; and microvascular grading was
weaker than that between the NWCD3; and microvascu-
lar grading. What’s more, DNWC; was moderately cor-
related with the vessel diameter (Spearman rank
correlation coefficients, p < 0.05).

Correlation between microvascular parameters and DIC

The correlations between DIC indicators and microves-
sel parameters were displayed in Table 6, Fig. 2B, D and
E. The DIC; correlated positively with the MVD of RCC
(Spearman rank correlation coefficients, p <0.05). The
NICD, and NICDj; correlated positively with the MVD
of RCC (Spearman rank correlation coefficients, both
p<0.05). The correlation between the NICD, and
microvascular grading (r = 0.397) was stronger than that
between the NICDj3 and microvascular grading (r = 0.383).

Discussion

The incidence rate of RCC has raised in recent years,
ranking the seventh in the most frequently diagnosed
malignancies [15]. Renal cell carcinoma is one of the
most hyper-vascularized tumors. High levels of HIF-1
and HIF-2 mediate the production of vascular endothe-
lial growth factor (VEGF), which explains the high
vascularization of RCC. Metabolic disorders and angio-
genesis caused by hypoxia are the microenvironment
basis of renal cell carcinoma metastasis. Angiogenesis is
crucial for tumor growth and metastasis. The new
microvessels in the tumor are the main sites for tumor
cells to enter circulation. The 5-year survival rate of
metastatic renal cell carcinoma was less than 10% [16].
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Fig. 2 The relationship between WCD, ICD and MVD in thirty-two renal cell carcinoma patients are exhibited. The relationship between NWCD,
NICD and MVD are also shown for comparison. Several of the difference of ICD and WCD between cortical phase and medullary phase, including
standardized difference, show a positive correlation with MVD. (N)WCD,/ICD, = The difference of (N)WC/IC between renal cortical phase and
parenchymal phase. (N)WCD,/ICD, = The difference of (N)WC/IC between renal parenchymal phase and excretory phase. (N)WCD5/ICD5 =The
difference of (N) WC /IC between renal cortical phase and excretory phase

CT and MR perfusion are utilized to assess tumor
angiogenesis. Nevertheless, perfusion parameters are not
correlated to microvascular angiogenesis. Perfusion
index (PI) reflects the ability of blood perfusion. The
high PI of tumor tissue is not only related to the number
of microvessels, but also related to that of large vessels.
It may be the reason that microvascular parameters such
as MVD sometimes don’t have obvious correlation with
CTP and MTP parameters. Nevertheless, due to the
limitation of exam methods, the above opinions need to
be supplemented by new means. The minimum voltage
(80kvp) and the maximum voltage (140kvp) are usually

used to achieve the maximum energy separation to dis-
tinguish different substances. Spectral CT scan quantita-
tively analyze the iodine and water density of RCC by
generating decomposition image Spectral CT can be
combined with iodine contrast to calculate iodine con-
centration in lesions. It can be used to evaluate the
microvascular parameters of various solid tumors in-
cluding MVD, MVA, etc.

In our study, iodine and water were utilized as the
bascs material pair in material decomposition and were
also used to measure IC and WC in kidney. The density
of iodine and water in tumor can be quantitatively
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Table 6 Multiple linear regression results evaluating the correlation of microvessel parameters and ICD

Microvessel ICD, NICD, DICD, NICD, ICD; NICD3
Parameters r Pvalue r Pvalue r Pvalue r Pvalue r Pvalue r P value
MVD 0473 0.006* 0.172 0347 0408 0.020 0111 0.546 0.060 0.746 0.067 0714
MVA 0.398 0.024 0017 0925 0.540 0.001 0.225 0.215 0427 0.015 0.243 0.180
Specific microvascular 0225 0.215 0317 0077 0.153 0403 0.199 0274 -0019 0919 0.094 0.609
Microvascular grading 0217 0.233 0.187 0305 0234 0.197 0.397 0.024* 0.190 0.298 0.383 0.030*
Vessel diameter 0.211 0.246 0162 0375 0227 0212 -0.035 0849 0.025 0.890 -0.084 0648
Tumor diameter -0210 0248 0068 0.710 -0.149 0415 -0052 0777 -0077 0675 -0034 0853
Vessel diameter/ 0.300 0.096 0.077 0677 0.256 0.157 -0.122 0505 -0.005 0976 -0.178 0330

Tumor diameter

*means that P<0.05, with statistical significance. (N)ICD; The difference of (N) IC between renal cortical phase and parenchymal phase. (N)ICD, The difference of
(N) IC between renal parenchymal phase and excretory phase. (N)ICD; The difference of (N) IC between renal cortical phase and excretory phase. ICD; showed
moderate correlation with MVD. NICD2 and NICD3 showed weak correlation with microvascular grading

analyzed by spectral CT. the MVD, MVA and other
microvascular parameters were evaluated on the basis of
macroscopic imaging [17]. Only the mean IC, mean
WC, mean NWC and mean NIC of renal cortex phase
were positively correlated with MVD, suggesting that
tumor cells were metabolized vigorously and blood sup-
ply was abundant, while there were no significant corre-
lations between the above parameters and MVD in the
other two phases (Fig. 3). In the other two phases, the
correlation between IC value and microvascular parame-
ters is lower than that of cortical phase, which may be
related to the blood flow characteristics of the kidney it-
self. In addition, RCC is abundant in blood supply, so
the IC of cortical phase can reflect the real situation of
microvessels best. Some studies have demonstrated that
the NIC value of enhanced CT scan was positively corre-
lated with MVD [18]. A retrospective study of 60 pa-
tients with lung cancer showed that MVD was positively
correlated with IC, ICD and NIC (range 0.581-0.800, all
<0.001). Similar to our study, the correlation between
IC and ICD and MVD is better than that between NIC
and MVD. There was a certain amount of iodine in
tumor tissue without injection of CT contrast agent. In
addition, a mixture of different substances exist in the
tissue, and the mixture of the two basic materials can be
quantitatively measured by spectral CT. ICD can elimin-
ate these confounding factors better. NIC usually refers
to the ratio of IC in tumor to IC in thoracic aorta at the
same level. It can be seen that NIC may also be affected
by the degree of aortic enhancement when the blood
supply of the subjects is different, which may also make
NIC deviate from the actual IC of the lesion [19, 20]. It
is believed that although angiogenesis is related to
microvascular density, it does not necessarily lead to
high blood flow, because the increased interstitial fluid
pressure of immature and leaky new vessels may reduce
blood flow and lead to tissue hypoxia [21].

IC mainly reflects the blood supply of microvascular
RCC in the renal cortical phase, while IC may indicate
the flow and retention of blood supply in the renal me-
dullary phase. It is worth noting that cortical phase en-
hancement is more prominent in RCC, suggesting that
cortical phase IC is more useful for the detection of
angiogenesis in RCC. The IC of renal cortical phase
image reflects the density of tumor capillaries, and the
difference of renal cortical phase and medullary phase
image reflects the clearance of tumor capillaries and
tumor matrix [22]. In renal parenchymal phase, mean
IC, mean NIC, random IC and random NIC had no pro-
minet correlation with microvascular parameters. Iodine
is the main component of CT contrast agent, so IC can
effectively evaluate the blood supply of tumor. Given
that renal medulla is located in the deep layer of renal
cortex with few blood vessels, and account for the vast
majority of renal parenchyma,. it is reasonable to explain
that the indicators derived from IC are not related to
microvascular conditions.

NIC and NWC were calculated in order to normalize
the differences in individual circulation between patients.
We discovered that the correlation between NIC and
NWC with microvascular parameters was not signifi-
cantly better than that of IC and WC. NIC and NWC
did not show more stable as an index, which was slightly
inconsistent with previous studies [23]. Some studies
also implied that NIC depends on the extent of lesion
and aortic enhancement, and may make NIC deviate
from the actual IC of lesion. This conclusion is similar
to our searching result [19]. Therefore, in view of our
findings in this study, IC may be a better indicator of
tumor angiogenesis than NIC. When the RCC microves-
sels are relatively mature and the blood flow is fast, the
contrast medium is easy to enter. In tumor tissue, when
the differentiation degree of tumor is low, RCC grows
fast, then the neovascularization structure is incomplete
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Fig. 3 Images from a 58-year-old man with a 3.2-cm single renal cell carcinoma. The enhancement of left renal tumor was obvious in renal
cortical phase, but slightly decreased in parenchymal phase and excretory phase (A, C and E). B, D and F show the corresponding iodine
concentration of lesion. Immunohistochemical staining shows CD34-positive microvessel density. The positively stained endothelial cell or
endothelial cell cluster which appears obviously brown is counted as microvessel. The mean microvascular count is 55 (G, x 40)

and unevenly distributed. These lesions show abnormal
hemodynamics, resulting in uneven distribution of blood
supply [24]. Therefore, in cortical and medullary phase,
especially in cortical phase, NIC and NWC correlated
with microvascular grading.

It has been shown that the average iodine density of
larger tumors is significantly lower than that of the
smaller ones [25], which is inconsistent with the results
of our study. There were no significant correlations be-
tween derived parameters of IC and WC with tumor

diameter except NWCD3. That is to say, in this study,
the larger the tumor, the faster the water excretion from
the cortical phase to the renal pelvis secretory phase.
The present study showed that among the difference of
cortical phase,medullary phase as well as medullary
phase, the correlation between WC derived indexes and
angiogenesis seems to be more significant than that of
IC derived indexes. It is becuase the water outflow from
tumor tissue is more easily affected by the changes of
microvascular  structure = with the increase of
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microvascular area and the complexity of microvascular
structure [26]. In addition, the molecular weight of water
is smaller than that of iodine compound, and the flow
rate is faster. The change of WC in different phases can
represent the situation of microvessels better .

Several limiting factors must be considered in this
study. Firstly, the study included a relatively small num-
ber of RCC patients. We believe that our research may
encourage future research, and a large multicenter study
will be desirable. Secondly, the relationship between the
prognosis of these RCC patients and IC and WC is
worth exploring. Moreover, although pathologists and
radiologists are particularly careful in sampling, it is dif-
ficult to match histopathological sections with imaging
sections accurately. RCCs may show different character-
istics in different perspects of view. In clinical practice,
the ROI is delineated at the maximum level of axial and
coronal tumor, also the average value of each measure-
ment is calculated as the final result to minimize the sys-
temic errors. Although strict inclusion and exclusion
criteria were established, selection bias still existed due
to the retrospective study. Further studies will be carried
out with expanded samples. Finally, the correlation be-
tween WC and IC parameters on microvascular status is
still in research stage, and it needs to be further verified
in the follow-up study before applied in clinical practice.

Conclusion

ICD and WCD of spectral CT have potential for evaluat-
ing RCC microvascular angiogenesis. MVD, MVA and
microvascular grade showed moderate positive correlation
with ICD and WCD. ICD displayed more relevant than
that of WCD. The parameters of renal cortical phase were
the best in three phases. NICD and NWCD demonstrated
stronger correlation with microvascular parameters than
that of ICD and WCD.

Abbreviations

ccRCC: Clear cell renal cell carcinoma; IC: lodine concentration; ICD: lodine
concentration difference; IVIM: Intravoxel incoherent motion;

MVA: Microvascular area; MVD: Microvascular density; MIC: Mean iodine
concentration; MNIC: Mean normalized iodine concentration; MNWC: Mean
normalized water concentration; MWC: Mean water concentration;

PI: Perfusion index; RCC: Renal cell carcinoma; RIC: Random iodine
concentration; ROI: Region of interest; RWC: Random water concentration;
NRIC: Normalized random iodine concentration; NRWC: Normalized random
water concentration; WC: Water concentration; WCD: Water concentration
difference

Acknowledgements
Not applicable.

Authors’ contributions

HXH and ZB designed the study idea. WQ and QX performed data mining.
DXB and WJ performed data statistical analyses. LJ prepared figures and
Tables. ZB drafted the initial manuscript. SPF participated in the coordination
of the study and reviewed the manuscript. HXH had primary responsibility
for the final content. All authors have approved the final version of the
manuscript.

Page 13 of 14

Funding
Not applicable.

Availability of data and materials

The datasets generated and/or analyzed during the current study are not
publicly available due to the Personal Information Protection Act, but are
available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

We confirm that all methods were carried out in accordance with relevant
guidelines and regulations. This study was approved by the Institutional
Ethics Committee of the First Hospital of Jilin University, Changchun, China.
Written informed consent was obtained from patients by email or letter.

Consent for publication
Not applicable.

Competing interests
The authors have no conflicts of interest or potential conflicts of interest
relevant to this article to disclose.

Author details

'Department of Radiology, First Hospital of Jilin University, No. 1, Xinmin
Street, Changchun, Jilin Province, China. “Department of Pathology,
China-Japan Union Hospital, Jilin University, Changchun, China. *Department
of Urology Surgery, First Hospital of Jilin University, Changchun, China.

Received: 6 April 2021 Accepted: 13 July 2021
Published online: 30 July 2021

References

1. Hemminki K Jiang Y, Ma X, Yang K, Egevad L, Lindblad P. Molecular
epidemiology of VHL gene mutations in renal cell carcinoma patients:
relation to dietary and other factors. Carcinogenesis. 2002;23(5):809-15.
https://doi.org/10.1093/carcin/23.5.809.

2. Hotker AM, Karlo CA, Di Paolo PL, et al. Renal cell carcinoma: associations
between tumor imaging features and epidemiological risk factors. Eur J
Radiol. 2020;129:109096. https://doi.org/10.1016/j.ejrad.2020.109096.

3. Seitlinger J, Prieto M, Siat J, Renaud S. Pulmonary metastasectomy in renal
cell carcinoma: a mainstay of multidisciplinary treatment. J Thorac Dis. 2021;
13(4):2636-42. https://doi.org/10.21037/jtd-2019-pm-10.

4. Weng S, DiNatale RG, Silagy A, Mano R, Attalla K, Kashani M, et al. The
clinicopathologic and molecular landscape of clear cell papillary renal cell
carcinoma: implications in diagnosis and management. Eur Urol. 2021,79(4):
468-77. https//doi.org/10.1016/j.eururo.2020.09.027.

5. Petitprez F, Ayadi M, de Reynies A, Fridman WH, Sautes-Fridman C, Job S.
Review of prognostic expression markers for clear cell renal cell carcinoma.
Front Oncol. 2021;11:643065. https://doi.org/10.3389/fonc.2021.643065.

6. Sopo M, Anttila M, Muukkonen OT, et al. Microvessels in epithelial ovarian
tumors: high microvessel density is a significant feature of malignant
ovarian tumors. Anticancer Res. 2020;40(12):6923-31. https://doi.org/10.21
873/anticanres.14716.

7. Manoharan D, Netaji A, Das CJ, Sharma S. lodine parameters in triple-bolus
dual-energy CT correlate with perfusion CT biomarkers of angiogenesis in
renal cell carcinoma. AJR Am J Roentgenol. 2020,214(4):808-16. https://doi.
org/10.2214/AJR.19.21969.

8. Zhang C, Wang N, Su X, Li K, Yu D, Ouyang A. FORCE dual-energy CT in
pathological grading of clear cell renal cell carcinoma. Oncol Lett. 2019;
18(6):6405-12. https.//doi.org/10.3892/01.2019.11022.

9. Marcon J, Graser A, Horst D, Casuscelli J, Spek A, Stief CG, et al. Papillary vs
clear cell renal cell carcinoma. Differentiation and grading by iodine
concentration using DECT-correlation with microvascular density. Eur Radiol.
2020;30(1):1-10. https://doi.org/10.1007/500330-019-06298-2.

10.  Mayer P, Fritz F, Koell M, Skornitzke S, Bergmann F, Gaida MM, et al.
Assessment of tissue perfusion of pancreatic cancer as potential imaging
biomarker by means of Intravoxel incoherent motion MRI and CT perfusion:
correlation with histological microvessel density as ground truth. Cancer
Imaging. 2021;21(1):13. https://doi.org/10.1186/540644-021-00382-x.


https://doi.org/10.1093/carcin/23.5.809
https://doi.org/10.1016/j.ejrad.2020.109096
https://doi.org/10.21037/jtd-2019-pm-10
https://doi.org/10.1016/j.eururo.2020.09.027
https://doi.org/10.3389/fonc.2021.643065
https://doi.org/10.21873/anticanres.14716
https://doi.org/10.21873/anticanres.14716
https://doi.org/10.2214/AJR.19.21969
https://doi.org/10.2214/AJR.19.21969
https://doi.org/10.3892/ol.2019.11022
https://doi.org/10.1007/s00330-019-06298-2
https://doi.org/10.1186/s40644-021-00382-x

Zhang et al. BMC Cancer

20.

21.

22.

23.

24.

25.

26.

(2021) 21:874

Udare A, Walker D, Krishna S, Chatelain R, McInnes MDF, Flood TA, et al.
Characterization of clear cell renal cell carcinoma and other renal tumors:
evaluation of dual-energy CT using material-specific iodine and fat imaging.
Eur Radiol. 2020;30(4):2091-102. https://doi.org/10.1007/500330-019-06590-1.
Manoharan D, Netaji A, Diwan K, Sharma S. Normalized dual-energy iodine
ratio best differentiates renal cell carcinoma subtypes among quantitative
imaging biomarkers from perfusion CT and dual-energy CT. AJR Am J
Roentgenol. 2020;215(6):1389-97. https://doi.org/10.2214/AJR.19.22612.
Wang D, Huang X, Bai L, Zhang X, Wei J, Zhou J. Differential diagnosis of
chromophobe renal cell carcinoma and papillary renal cell carcinoma with
dual-energy spectral computed tomography. Acta Radiol. 2020;,61(11):1562—-
9. https://doi.org/10.1177/0284185120903447.

Ljungberg B, Albiges L, Abu-Ghanem Y, Bensalah K, Dabestani S, Fernandez-
Pello S, et al. European Association of Urology guidelines on renal cell
carcinoma: the 2019 update. Eur Urol. 2019;75(5):799-810. https;//doi.org/1
0.1016/j.eururo.2019.02.011.

Simonaggio A, Epaillard N, Pobel C, Moreira M, Oudard S, Vano YA. Tumor
microenvironment features as predictive biomarkers of response to immune
checkpoint inhibitors (ICl) in metastatic clear cell renal cell carcinoma
(mccRCC). Cancers (Basel). 2021;13(2):231. https//doi.org/10.3390/cancers1302
0231.

Ma W, Yang J, Liu N, et al. Are tumor-associated micro-angiogenesis and
lymphangiogenesis considered as the novel prognostic factors for patients
with Xp11.2 translocation renal cell carcinoma. BMC Cancer. 2020;20:1182.
Wu F, Zhou H, Li F, Wang JT, Ai T. Spectral CT imaging of lung Cancer:
quantitative analysis of spectral parameters and their correlation with tumor
characteristics. Acad Radiol. 2018;25(11):1398-404. https.//doi.org/10.1016/j.a
€ra.2018.04.017.

Li R, Li J, Wang X, Liang P, Gao J. Detection of gastric cancer and its
histological type based on iodine concentration in spectral CT. Cancer
Imaging. 2018;18(1):42. https://doi.org/10.1186/540644-018-0176-2.

Li Q, Li X, Li XY, Huo JW, Lv FJ, Luo TY. Spectral CT in lung Cancer:
usefulness of iodine concentration for evaluation of tumor angiogenesis
and prognosis. AJR Am J Roentgenol. 2020;215(3):595-602. https://doi.org/1
0.2214/AJR.19.22688.

Chen X, Ren K, Liang P, Li J, Chen K, Gao J. Association between spectral
computed tomography images and clinicopathological features in
advanced gastric adenocarcinoma. Oncol Lett. 2017;14(6):6664-70. https//
doi.org/10.3892/01.2017.7064.

Yang DM, Palma DA, Kwan K, Louie AV, Malthaner R, Fortin D, et al.
Predicting pathological complete response (pCR) after stereotactic ablative
radiation therapy (SABR) of lung cancer using quantitative dynamic [(18) F]
FDG PET and CT perfusion: a prospective exploratory clinical study. Radiat
Oncol. 2021;16(1):11. https.//doi.org/10.1186/513014-021-01747-z.

Yang CB, Yu N, Jian YJ, Yu Y, Duan HF, Zhang XR, et al. Spectral CT imaging
in the differential diagnosis of small bowel adenocarcinoma from primary
small intestinal lymphoma. Acad Radiol. 2019;26(7):878-84. https://doi.org/1
0.1016/j.acra.2018.08.020.

Cao Y, Zhang G, Bao H, Zhang S, Zhang J, Zhao Z, et al. Development of a
dual-energy spectral CT based nomogram for the preoperative
discrimination of mutated and wild-type KRAS in patients with colorectal

cancer. Clin Imaging. 2021;69:205-12. https://doi.org/10.1016/j.clinimag.2020.

08.023.

Wei J, Zhao J, Zhang X, Wang D, Zhang W, Wang Z, et al. Analysis of dual
energy spectral CT and pathological grading of clear cell renal cell
carcinoma (ccRCC). Plos One. 2018;13(5):e0195699. https://doi.org/10.1371/
journal.pone.0195699.

Lennartz S, Tager P, Zopfs D, luga Al, Reimer RP, Zéske C, et al. Lymph node
assessment in prostate Cancer: evaluation of iodine quantification with
spectral detector CT in correlation to PSMA PET/CT. Clin Nucl Med. 2021;
46(4):303-9. https.//doi.org/10.1097/RLU.0000000000003496.

Li Q, Li X, Li XY, He XQ, Chu ZG, Luo TY. Histological subtypes of solid-
dominant invasive lung adenocarcinoma: differentiation using dual-energy
spectral CT. Clin Radiol. 2021,76:77.e1-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1007/s00330-019-06590-1
https://doi.org/10.2214/AJR.19.22612
https://doi.org/10.1177/0284185120903447
https://doi.org/10.1016/j.eururo.2019.02.011
https://doi.org/10.1016/j.eururo.2019.02.011
https://doi.org/10.3390/cancers13020231
https://doi.org/10.3390/cancers13020231
https://doi.org/10.1016/j.acra.2018.04.017
https://doi.org/10.1016/j.acra.2018.04.017
https://doi.org/10.1186/s40644-018-0176-2
https://doi.org/10.2214/AJR.19.22688
https://doi.org/10.2214/AJR.19.22688
https://doi.org/10.3892/ol.2017.7064
https://doi.org/10.3892/ol.2017.7064
https://doi.org/10.1186/s13014-021-01747-z
https://doi.org/10.1016/j.acra.2018.08.020
https://doi.org/10.1016/j.acra.2018.08.020
https://doi.org/10.1016/j.clinimag.2020.08.023
https://doi.org/10.1016/j.clinimag.2020.08.023
https://doi.org/10.1371/journal.pone.0195699
https://doi.org/10.1371/journal.pone.0195699
https://doi.org/10.1097/RLU.0000000000003496

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Participants
	Energy Spectrum CT imaging
	Acquisition of iodine and water concentration
	Interpretation of clinicopathological results
	Immunohistochemical analysis
	Analysis of tumor microvessels
	Statistical analysis

	Results
	Demographic and relevant characteristics
	Imaging data
	Correlation between microvascular parameters and WC/IC in renal parenchymal phase
	Correlation between microvascular parameters and WC/IC in renal excretory phase
	Correlation between microvascular parameters and DWC
	Correlation between microvascular parameters and DIC

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

