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Abstract

Purpose: To validate a free-breathing dynamic contrast-
enhanced-MRI (DCE-MRI) in hepatocellular carcinoma
(HCC) patients using gadoxetic acid, and to determine
the relationship between DCE-MRI parameters and
histological results.

Methods: Thirty-four HCC patients were included in this
prospective study. Free-breathing DCE-MRI data was
acquired preoperatively on a 3.0 Tesla scanner. Perfusion
parameters (K™, K., V. and the semi-quantitative
parameter of initial area under the gadolinium concen-
tration—time curve, iAUC) were calculated and com-
pared with tumor enhancement at contrast-enhanced
CT. The relationship between DCE-MRI parameters
and Ki67 indices, histological grades and microvascular
density (MVD) was determined by correlation analysis.
Differences of perfusion parameters between different
histopathological groups were compared. Receiver oper-
ation characteristic (ROC) analysis of discriminating
high-grades (grade III and IV) from low-grades (grade I
and IT) HCC was performed for perfusion parameters.
Results: Significant relationship was found between
DCE-MRI and CT results. The DCE-MRI derived
K™ were significantly negatively correlated with Ki-
67 indices (tho = — 0.408, P = 0.017) and the histo-

Correspondence to: Bin Song; email: songb_radiology@163.com

logical grades (tho = — 0.444, P = 0.009) of HCC, and
K., and V. were significantly related with tumor MVD
(rtho = —0.405, P = 0.017 for K.p; and rho = 0.385,
P = 0.024 for V). K™, K,, and iAUC demonstrated
moderate diagnostic performance IAUC = 0.78, 0.77
and 0.80, respectively) for discriminating high-grades
from low-grades HCC without significant differences.
Conclusions: The DCE-MRI derived parameters demon-
strated weak but significant correlations with tumor
proliferation status, histological grades or microvascular
density, respectively. This free-breathing DCE-MRI is
technically feasible and offers a potential avenue toward
non-invasive evaluation of HCC malignancy.

Key words: Dynamic contrast-enhanced magnetic
resonance imaging—Hepatocellular carcinoma—Ki-67
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Hepatocellular carcinoma (HCC) represents a major
burden in clinical practice considering its high rate of
morbidity and mortality [1]. Investigators have reported
that the histological grade of HCC is a significant
prognostic factor after surgery, with high-grade HCC
associated with worse survival compared with low-grade
HCC [2, 3]. The S5-year tumor-specific survival for
Edmondson-Steiner grade I-II and grade III-IV were
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81% and 18%, respectively, after curative resection in
HCC patients without portal vein tumor thrombosis [4].
The Ki-67 proliferation index reflects the degree of
proliferation activity and is significantly correlated with
tumor grades [5]. In HCC, Ki67 expression was found to
be in close relation to tumor growth rate [6] and was an
independent prognostic indicator of patient disease-free
and overall survival rates [7]. Recent study showed that
the Ki67 expression level in HCC has a prognostic value
similar with Edmonson-Steiner grading [8].

Tumor neovascularization is another important prog-
nostic factor. Angiogenesis is a hallmark of tumor devel-
opment and progression, which has been reported in the
development of HCC [9, 10]. The hypervascular nature of
this tumor suggested the importance of angiogenesis
evaluation with the management and monitoring of HCC.
The microvascular density (MVD), as assessed by CD31 or
CD 34 staining, has generally been considered as an index
of angiogenesis [11]. Clinical researches have revealed its
correlation with histological grade and patient prognosis
[12, 13]. However, despite their distinct prognostic signif-
icance, neither the histological grade nor MVD of HCCs is
routinely available through biopsy for the invasiveness and
concern of procedure-related complications [3].

Dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) in combination with pharmacoki-
netic modeling allows non-invasive evaluation of tumor
malignancy and vascular physiology. To standardize the
kinetic parameters derived from DCE-MRI, Tofts et al.
proposed a model to quantitatively evaluate the perfu-
sion parameters using the volume transfer constant
(K'"™™), the reflux rate constant (K.p) and volume frac-
tion (V,) of the extravascular extracellular space (EES)
per unit volume of tissue, where K™ represents the
volume transfer constant from blood plasma to EES, K,
represent the rate constant from EES to blood plasma,
and V. is the volume of EES per unit volume of tissue
[14]. Currently, this model has been successfully em-
ployed for tumor grading and treatment assessment in
different organs, including brain, breast, pancreas and
liver [15-19]. Conventional contrast-enhanced multi-
phase liver MRI is usually performed in multiple breath
holds. However, when applying quantitative pharma-
cokinetic analysis, the multiphase DCE-MRI suffers
from limited temporal and spatial resolution. Further-
more, these methods often provide no information on
quantitative perfusion. Alternatively, a recently devel-
oped technique applying radial sampling with the gold-
en-angle review order and contrast-enhancing k-space
filter, currently named GOLD, was reported to be ben-
eficial for free-breathing DCE-MRI with increased con-
sistency in flip angles and decreased motion artifacts [20].
Moreover, although quantitative DCE-MRI has been
frequently applied, the relationship between those per-
fusion parameters and histopathology has not yet been
fully understood.

Quantitative free-breathing dynamic contrast-enhanced

The purpose of this study was to explore the validity
of a free-breathing DCE-MRI in HCC patients using
gadoxetic acid, by comparing it with contrast-enhanced
computed tomography (CT), and to explore its clinical
significance by correlating the DCE-MRI derived quan-
titative parameters with histological findings.

Materials and methods
Patients

This prospective study was approved by the Institutional
Review Board. Written informed consent was obtained
from all patients. The inclusion criteria were: (a) hepatic
tumors suspected of HCC; (b) treatment-naive; and
(c) surgical resection was considered according to the
clinical practice at local institution. Patients were con-
sidered not eligible if they were pregnant, under 18 years
old or have contraindication to the liver-specific contrast
agent enhanced MR examination (e.g., history of ana-
phylactoid reaction, renal failure, non-compatible
biometallic implants or claustrophobia). A total of 40
patients were initially involved in this study. Three pa-
tients were excluded because the final pathology finding
was confirmed not to be HCC. Three patients were
additionally excluded owing to the failure to calculate the
perfusion parameter because of massive necrosis in the
tumor (n = 2) and severe motion artifact because of a
left subphrenic location of the tumor (z = 1). Therefore,
the final study group comprised 34 patients with a mean
age of 54.82 £ 10.8 years (range 28-83 years). The mean
time interval between MR examination and surgical
resection was 1.97 + 1.32 days (range 1-6 days). The
underlying diseases of those HCC patients were hepatitis
B (n = 26), both hepatitis Band C (n = 1), autoimmune
hepatitis (n = 1), and cryptogenic disease (n = 6).

Image acquisition

Patients were examined using a 3.0T MR scanner (Mag-
netom Skyra, Siemens Healthcare, Erlangen, Germany)
with an 18-channel phased-array body coil and spine coil
within 1 week before surgery. All patients were asked to
fast for 6 h before MR examination. High-spatial-resolu-
tion transverse and coronal T2-weighted images and
transverse T1-weighted fat-suppressed MR images were
acquired before contrast enhancement. Free-breathing
DCE-MRI data were acquired using a prototype radial
stack-of-stars three-dimensional (3D) spoiled gradient echo
pulse sequence with golden-angle radial sampling schemes.
The imaging parameters were as follows: TE/TR = 1.73/
3.78 ms, flip angle 12°, slice thickness 1.5 mm,
slices = 104, matrix = 256 x 256, FOV = 380 x
380 mm®. After baseline acquisition of 15s, a dose of
0.025 mmol/kg Gd-EOB-DTPA (gadolinium ethoxyben-
zyl diethylen-etriamine pentaacetic acid, Bayer Schering
Pharma, Germany) was injected intravenously at a rate of
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2 mL/sec via a power injector, followed by a 20 mL saline
flush at the same rate. A total of 2108 radial spokes were
acquired over the course of 6:15 min. Image reconstruction
was performed on-line with a golden-angle view sharing
technique [2]. K-space was divided into seven concentric
rings filled with 34, 55, 89, 144, 233, 377, 610 spokes,
respectively. The 34 spokes of the innermost ring corre-
spond to a temporal resolution of approximately 6 s. Pa-
tients were asked to breathe slowly and smoothly during the
acquisition process. After DCE-MRI acquisition, the hep-
atobiliary phase imaging was performed at 20 min after Gd-
EOB-DTPA administration. All examination was con-
ducted by the same technician with 15 years of experience in
MR examination to reduce possible technical errors.

In twenty-nine patients, previous preoperative tri-phase
dynamic contrast-enhanced CT was also performed. The
scanning was performed using a dual source CT system
(Somatom Definition; Siemens Healthcare, Forchheim,
Germany) in a single tube mode with the following param-
eters: 120 kV, 200 mAs, rotation time of 0.5 s, collimation
of 24 x 1.2 mm, pitch of 0.9, thickness of 5 mm, and gap of
2 mm. Contrast agent (iohexol, 300 mg iodine/mL; Bayer
Schering Pharma AG, Leverkusen, Germany) dosed to
weight (1.5 mL/kg) wasinjected atarate of 2.5 mL/s with an
automatic power injector after an initial unenhanced CT
scanning. Arterial phase and portal venous phase were ob-
tained around 30-35s and 60-70 s after the contrast
administration, considering the differences of patient’s
habitus and other factors. The time interval between CT and
MR examination was 1.2 £ 0.8 days (range 1-4 days).

Image analysis

Post-processing of DCE-MRI data was performed on the
Tissue-4D software (Siemens Healthcare) to calculate
K", Kep, and V. using a single-input two-compartment
model based on the Toft’s model [14]. An intermediate
arterial input function (AIF) scale was adopted accord-
ingly [21]. Initial area under the gadolinium concentra-
tion—time curve (IAUC) was also calculated. We measured
both the mean (K™, K,,,, V. and iAUC) and the maxi-
mum (max-K"*", max-K.p,, max-V, and max-iAUC) per-
fusion parameters mean value

job]

of HCCs. For
quantification, a single representative region of interest
(ROI) was traced manually along the margin of the tumor
on the slice where tumors showed their largest transverse
diameter on the pseudo-color images of perfusion
parameters, avoiding areas of hemorrhage and necrosis by
referring to the precontrast T1-weighted, T2-weighted,
and dynamic contrast-enhanced T1-weighed images [22].
The average ROI size was 23.35 + 16.84 cm? (range
2.16-71.85 cm?). A similarly sized ROI was placed on the
background liver parenchyma (BLP), avoiding the inclu-
sion of imaging artifacts and major vascular structures. To
measure the maximum perfusion parameters, three addi-
tional ROIs were chosen at the hot spots of the pseudo-
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color maps (i.e., most enhanced area) on the same slice of
quantifying the mean parameters. This semi-automated
measurement was conducted in consensus by two radiol-
ogists, who were blinded to histopathological results, and
was repeated once. The average results of the two mea-
surements were regarded as perfusion parameters.

All CT images were reviewed in consensus by the same
two radiologists. To evaluate the enhancement degree of
HCC, the CT attenuation values of the tumor were
measured during the unenhanced, arterial and portal ve-
nous phase. A single representative ROI was carefully
hand drawn to encircle the area identical to that of DCE-
MRI parameters. The degree of arterial enhancement
(AE) was defined as [AE = (CTarerial — CTpre)/CTpre],
and the degree of portal venous enhancement (PVE) was
defined as [PVE = (CTportal — CTpre)/CTpre|, Where
CTarterial and CTpora are the CT attenuation values of
HCC at arterial and portal venous phase, and CT,,. is the
attenuation values at unenhanced CT.

Histopathological analysis

Tumor sections were matched as closely as possible to
the lesion where the perfusion parameters were mea-
sured, i.e., the section where tumors showed their largest
transverse diameter, using the transverse T2-weighted
and contrast-enhanced T1-weighted images as reference.
Resected specimens were fixed with 10% paraformalde-
hyde solution, embedded in paraffin and cut into 4 um-
thick sections for either hematoxylin—eosin (H&E)
staining or immunohistochemical identification of
markers of proliferation (Ki-67 antigen) and MVD. Ki-
67 (Rabbit monoclonal, SP6, Abcam, Cambridge, UK)
(1:100 dilution) and anti-mouse CD31 (Rat monoclonal,
MECI14.7, Abcam, Cambridge, UK) (1:50 dilution)
staining was performed by standard avidin—biotin—per-
oxidase complex method and 3,3’-diaminobenzidine
(DAB) solution was used for color development.

The histopathological examination was performed by
an experienced pathologist with more than 10 years of
experience, and was blinded to radiological and clinical
results. The major histological grade of HCC (predomi-
nant grade within the tumor) was recorded according to
Edmondson-Steiner classification [4], a long applied
grading system for differentiation of HCC in that size
and morphology of HCC cells, and was used for radio-
logic-pathologic correlation. Tumors with Edmondson-
Steiner grade I and II were classified into low-grades
group, while Edmondson-Steiner grade III and IV HCCs
were classified into high-grades group. The Ki-67 label-
ing index was evaluated by calculating the rate of Ki-67
positive cells. To evaluate tumor angiogenesis, MVD was
determined by examining the viable tumor area without
necrosis, as described by previous studies [23, 24].
Briefly, the slides stained with CD31 were screened at
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low power field (x100) and the five most vascular areas
were selected for microvessel counts at high power field
(x400). All positive stained cells were counted as
microvessels. The average microvessel counts of selected
areas were regarded as MVD.

Statistical analysis

Continuous variables are expressed as mean + standard
deviation (SD). Scatterplots of DCE-MRI parameters
and CT indices were generated. Where appropriate,
Spearmans’s (or pearson’s) correlation analysis was used
to identify a relationship between parameters of the two
imaging modalities. Differences of DCE-MRI parame-
ters between tumors and BLP were compared using non-
parametric paired t-tests. Spearmans’s (or pearson’s)
correlation analysis was performed to evaluate the cor-
relation between perfusion parameters and histopatho-
logical results. An independent ¢ test was used to
compare perfusion parameters between different
histopathological groups (high-groups of Ki67 index and
MVD were defined higher than the median values). Re-
ceiver operation characteristic (ROC) analysis of dis-
criminating low-grades from high-grades HCC was
performed for perfusion parameters. Sensitivity and
specificity with corresponding 95% confidence intervals
(CI) were derived and areas under the ROC curve (AUC)
were computed. Differences in diagnostic performances
were analyzed by comparing the ROC curves according
to the method of Delong et al. [25]. P values of less than
0.05 were regarded as statistically significant. All statis-
tical analysis was carried out by commercially available
MedCalc (MedCalc for Windows, version 11.5.0.0).

Results
Clinical and histopathological assessment

A total of 45 tumors were identified in the 34 patients.
Among them, there were 26 patients with one lesion, five
patients with two lesions, and three patients with more
than two lesions. In patients with multifocal lesions, the
largest lesion was chosen as the study target. The median
tumor size was 5.8 cm (range 2.1-13.0 cm). The median
AFP level was 116.35 ng/ml (range 1.29-26,282 ng/ml).
The 34 selected HCCs were histopathologically classified
according to the major Edmondson-Steiner grade. MVD
and Ki67 index were determined as previously described.
The clinical and hispathological information was sum-
marized in Table 1.

Comparison of DCE-MRI and CT results

Figure 1 shows the scatterplots of median values of AE and
PVE vs. median values of K"™" and iAUC. Correlation
analysis demonstrated significant relationship between
DCE-MRI parameters and CT indices. Both K""* and
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Table 1. Patients and tumor characteristics

Characteristics Value

Age (years) Me;aéngzlg)SD: 54.82 + 10.8 (range
24/10

Median: 116.35 (range 1.29-26,282)

Male/female
AFP (ng/ml)*
Underlying liver disease

Hepatitis B 26
Hepatitis B and C 1
Autoimmune hepatitis 1
Cryptogenic 6

Tumor size (cm)
Edmondson-Steiner grade

Median: 5.8 (range 2.1-13.0)

Low-grades 19
Grade [ 4
Grade II 15

High-grades 15
Grade IIT 11
Grade IV 4

Mean + SD: 29.12 + 13.94 ves-
sels/field (range 4.8-54.2)
Median: 24.55% (range 1.21%—-86%)

Microvascular density

Ki67 index

% Normal values for serum AFP are under 8 ng/ml
AFP, alpha-fetoprotein; SD, standard deviation

1AUC were significantly correlated with AE and PVE of
HCC (tho = 0.549, P = 0.002 for K" vs. AE, and
rho = 0.447, P = 0.015 for K™ vs. PVE; rho = 0.546,
P = 0.002 foriAUCvs. AE, and rho = 0.558, P = 0.002
foriAUC vs. PVE). No significant correlation with AE and
PVE was observed for K., and V, (P > 0.05 for all).

Quantitative perfusion parameters

The K™, Kep, Ve, and iAUC were 0.57 + 0.32 min ™',
231+ 1.4l min~!, 0.32+0.1, and 5.55+2.14 for
HCC; and 0.23 £ 0.07 min™', 0.61 & 0.28 min~', 0.43
+ 0.11, and 3.21 £ 0.75 for BLP. The K", K, and
1AUC of HCC were significantly higher than that of BLP
(P < 0.001 for all), and the V, of HCC was significantly
lower than that of BLP (P < 0.001).

Correlation between perfusion parameters
and histopathological results

A significant negative correlation between K™ and the
Ki67 index was observed (rtho = — 0.408, P = 0.017)
(Fig. 2), no significant correlation was found between the
maximum perfusion parameters and Ki67 index
(P > 0.05 for all). The K" and iAUC were signifi-
cantly correlated with the Edmondson-Steiner grade of
HCC (tho = — 0.444, P = 0.009 for K" and
rho = — 0.523, P = 0.002 for iAUC), while no signifi-
cant correlation with the histological grade was observed
for Ko, and Ve (P > 0.05 for all). As to the maximum
parameters, only the max-K"™" was correlated with tu-
mor grades (tho = — 0.382, P = 0.028). The K™, K,
and 1AUC of high-grades HCC were significantly lower
than that of low-grades HCC (P = 0.001, 0.031, and
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Fig. 1. Scatterplots of the comparison of the median values of K™"* and iAUC vs. tumor arterial enhancement (AE) and portal
venous enhancement (PVE) degree. Significant positive correlation was demonstrated between K", iAUC, and AE and PVE of
HCC.

Fig. 2. Representative perfusion images of a poorly prolif- correlated with lower Ki67 index (E). Other perfusion
erative (A-D) and highly proliferative (F-I) HCC, as indi- parameters did not differ significantly between Ki67 low- and
cated by the Ki67 index. HCC with higher K"" (A) was  high-groups.
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Ktrans Kep Ve

Fig. 3. Representative perfusion images of a low-grade (A—
D) and high-grade (F-I) HCC. K" and iAUC were significantly
negatively correlated with tumor differentiation. The K" (F vs.
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iAUC " HE

A), Kep (G vs. B), and iAUC (I vs. D) of high-grade HCC were
significantly lower than that of low-grade HCC, but there was no
statistically significant difference for V, between the two groups.

Table 2. Correlations between perfusion parameters and histopathological results

Ki67 index Edmondson-Steiner grades MVD
Mean Max Mean Max Mean Max
K™ (min~") — 0.408%* —0.232 — 0.444** — 0.382* — 0.195 —0.317
Kep (min~") —0.183 — 0.098 —0.336 — 0.266 — 0.405* — 0.445%*
B — 0.291 — 0.149 —0.233 —0.234 0.385% 0.419*
iAUC —0.243 — 0.053 — 0.523%** —0.292 0.230 0.098

Values are statistically significant at **P < 0.01 and at *P < 0.05

K" yolume transfer constant; K., reflux rate; V., extravascular extracellular space; iAUC, initial area under the gadolinium concentration—time

curve; MVD, microvascular density

Table 3. The comparison of mean perfusion parameters between different histopathological groups

Ki67 index Edmondson-Steiner grades MVD
Low-group High-group P Low-grades High-grades P Low-group High-group P
(N =17 (N =17 (N =19 (N = 15) (N = 15) (N =19
K™ (min~") 0.70 £ 0.34 0.45 + 0.25 0.019 0.72 £ 0.35 0.39 £ 0.15 0.001 0.60 £+ 0.27 0.55 £ 0.36 0.698
K., (min~") 2.71 £ 1.58 1.91 £ 1.13 0.101 2.77 + 1.37 1.73 £ 1.28 0.031 291 + 1.54 1.84 £ 1.13 0.026
R 0.34 £ 0.11 0.30 &+ 0.10 0.256 0.32 +£0.11 0.30 + 0.10 0.59 0.27 £+ 0.07 0.36 £ 0.11 0.009
iAUC 6.04 £ 1.86 5.05 £ 2.34 0.181 6.48 £2.24 437 £ 1.29 0.003 494 £+ 1.41 6.03 £ 2.51 0.120

K" yolume transfer constant; K., reflux rate; V., extravascular extracellular space; iAUC, initial area under the gadolinium concentration—time

curve; MVD, microvascular density

0.003, respectively), but there was no statistically signif-
icant differences for ¥V, between the two groups
(P > 0.05)(Fig. 3). Among those clinical characteristics,
only the serum level of AFP was significantly correlated
with tumor histological grade (rho = 0.508, P = 0.002).
Table 2 shows the correlation between perfusion
parameters and histopathological results. The compar-
ison of each perfusion parameter between different
groups was demonstrated in Table 3.

With regard to the microvasculature, both the mean
and the maximum K., and V. of HCC were correlated

significantly with MVD (rho = — 0.405, P = 0.017 for
K., and rho = — 0445, P = 0.009 for max-K;

r = 0.385, P = 0.024 for V., and r = 0.419, P = 0.015
for max-V,) (Fig. 4), while K" and iAUC did not
correlate with MVD. Patients’ age, gender ratio, tumor

size, and the level of serum alpha-fetoprotein were not
correlated with MVD.
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Ktrans

Fig. 4. Representative perfusion images of a poorly vascu-
larized (A-D) and highly vascularized (F-1) HCC, as indicated
by the microvascular density (MVD). HCC with lower Ko,

ROC analysis of discriminating low-grade
from high-grade HCC

The diagnostic sensitivity and specificity with corre-
sponding 95% CI of discriminating low-grades form
high-grades HCC was 93.3% (68.1%-99.8%) and 63.2%
(38.4%-83.7%) for K", 86.7% (59.5%-98.3%) and
73.7% (48.8%-90.9%) for Kp,, and 73.3% (44.9%—92.2%)
and 78.9% (54.4%-93.9%) for iAUC. The areas under
ROC curve (AUC) of K", K,,, and iAUC were 0.78
(0.60-0.90), 0.77 (0.59-0.89), and 0.80 (0.63-0.92),
respectively. There were no significant differences be-
tween the diagnostic performances of each parameter
(P > 0.05 for all). The ROC curves of K"*", K., and
iAUC for discriminating low-grades from high-grades
HCC is shown in Fig. 5.

Discussion

With the radial acquisition with golden-angle scheme, we
performed a free-breathing quantitative DCE-MRI for
liver imaging. Vascular changes in HCC can be reliably
detected and quantified by this method without distinct
motion artifact. The relationships between DCE-MRI
and CT results could suggest the validity of this method
in evaluating the vascular changes of HCC. The in-
creased K™ was considered to reflect an increased
vascular permeability in HCC, and the decreased V-,
which was mainly determined by the interstitial distri-
bution space, indicated an aggressive growth of tumor
cells [19, 26].

Tumors with higher ki67 indices tend to have rela-
tively lower K" values. Further exploration revealed a
negative and weak correlation between K™ iAUC, and

Ve
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iAUC CD31

(G) and higher V; (H) was significantly associated with higher
MVD (J). Other perfusion parameters did not differ signifi-
cantly between MVD low- and high-groups.

100 - | =
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[ = /
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= - i /
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100-Specificity

Fig. 5. The ROC curves of K™", K, and iAUC for dis-
criminating low-grades from high-grades HCC. There were no
significant differences between the diagnostic performances
of each parameter.

tumor histological grade. The mean perfusion parame-
ters correlate better with Ki67 index and Edmondson-
Steiner grade compared with the maximum perfusion
parameters. ROC analysis demonstrated moderate
diagnostic performance for K™, K,, and iAUC for
discriminating high-grades from low-grades HCC. Al-
though no significant differences were found between the
diagnostic performances of each index, K™ shows the
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highest sensitivity (93.3%), while the best specificity
(78.9%) was achieved by iAUC.

Of the various perfusion parameters, K"™" is the
most commonly used DCE-MRI parameters. It reflects a
combination of blood flow, vessel permeability, and
vessel density [14]. In addition, the semi-quantitative
parameter, iIAUC, is associated with tumor blood influx,
perfusion, and interstitium, representing the general tu-
mor blood flow, overall perfusion, and tumor interstitial
space index [14]. It is a relatively robust and simple ki-
netic parameter to derive and is able to characterize all
enhancing regions without problems associated with
model fitting failures [27]. Therefore, K"™™ and iAUC
were expected to better represent the actual vascular
features of HCC than other parameters. The results that
both K™ and iAUC were correlated significantly with
the histological grade of HCC in the present study sug-
gested the potential of those parameters in predicting the
malignancy of tumors. On the other hand, neither K,
nor V. were significantly associated with tumor differ-
entiation. Shen et al. [28] speculated that because K, and
V. were related with the composition of EES, and despite
the increased local vascular permeability, the composi-
tion of EES did not differ markedly among lesions with
different differentiation statuses.

Quantitative assessment of tumor perfusion charac-
teristics based on DCE-MRI was found to be correlated
with tumor proliferation, tumor differentiation, and/or
patient prognosis in many studies [28-31]. Inconsistent
with those findings, our results revealed a negative
correlation between K", Ki67 index, and histologic
grade. We speculate this discrepancy might be due to
the adoption of different post-processing model and the
hepatocyte-specific contrast agent of Gd-EOB-DTPA in
this study. It remains unclear why K"*" is correlated
with Ki67 proliferation status and histological grade in
HCC, but there are some favorable results. Longer
progression-free survivals were reported to be associated
with higher baseline perfusion parameters such as K"
in HCC [30] and renal cell carcinoma [32] patients.
Those conclusions are in keeping with our results, i.e.,
higher baseline K™ is a predictive marker of favorable
biological behavior. Barnes et al. [33] hypothesized a
direct relationship between K" and proliferation by
observing a potential spatial correlation between the
parametric maps of K™, AUC, and SUV from '*F-
FLT PET, but this hypothesis needs further explo-
ration.

In terms of microvasculature, we found that lower
K., and higher V. were associated with higher MVD,
while K"*™ and iAUC were not correlated with MVD.
The best correlation between MVD and perfusion
parameters was found with the adoption of maximum
parameters. Over the last few years, many studies have
attempted to correlate tumor MVD with DCE-MRI

derived K", K, and V, with greatly varied results [34—
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38], but few studies have focused on HCC. Results of the
present study contradict with that of previous studies.
Such inconsistent results may be attributed to differences
among study groups and the endothelial markers em-
ployed to quantify MVD, for the positive correlation was
found with the use of a newly identified CD105 as a
marker of endothelial cells highly involved in the process
of tumor angiogenesis. Another explanation could also
be the adoption of the hepatocyte-specific contrast agent
of Gd-EOB-DTPA. Besides, there are researchers [39, 40]
who think that a lack of correlation between DCE-MRI
parameters and histology does not necessarily suggest
inaccuracy of the parameter, but perhaps that the com-
plex and continuously changing metabolic demands of
tumor angiogenesis is not adequately sampled by histo-
logical techniques.

High-grade HCC was found to an independent
predictor of microvascular invasion [41], and was
associated with early recurrence and worse survival [4].
For this reason, careful assessment is required in pa-
tients with high-grade HCC when surgical plan was
considered [42]. The changes in tumor MVD were also
frequently employed in evaluating treatment response
[24, 37, 43]. Preoperative HCC characterization is
therefore pivotal to treatment planning, prognosis pre-
diction, as well as drug selection. Current technique
advances in MRI have enabled HCC malignancy char-
acterization through diffusion-weighted imaging [44,
45], DCE-MRI [44, 46], hepatobiliary phase [47, 48],
and the recently reported magnetic resonance elastog-
raphy [49]. Among them, DCE-MRI was expected to
provide more information. In combination with
gadoxetic acid, this DCE-MRI can provide perfusion
and hepatobiliary information at one-stop examination,
enabling combined tumor diagnosis, and evaluation.
The weak correlation between DCE-MRI parameters
and histopathological results in this study implied the
potential of this DCE-MRI protocol in preoperatively
and non-invasively characterizing HCC.

The major argument about this study should be the
application of the single-input model during post-pro-
cessing. Normally, liver has dual blood supply and a dual
input model is favored [19]. But things are slightly dif-
ferent in HCC. According to early researches [50, 51],
during multistep hepatocarcinogenesis of HCC, the
intranodular arterial supply first decreases at the early
stage and then acutely increases, and finally, the entire
nodule is fed only by the abnormal hepatic artery. Cur-
rently, there is no consensus as to which kinetic model is
best suited [19]. Because HCC receives major blood
supply from hepatic arteries, the single-input model was
commonly used in many articles [19, 20] and in this
study.

Another issue is the adoption of the hepatocyte-
specific contrast agent of Gd-EOB-DTPA. Gd-EOB-
DTPA is a chelate of albumin and Gd-DTPA, allowing
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Gd-DTPA reversible and non-covalent binding to pro-
tein to prolong intravascular persistence [52]. Among the
last few years, the liver-specific contrast agent Gd-EOB-
DTPA has shown different characteristics from tradi-
tional gadolinium-based contrast media in DCE-MRI
[53, 54]. Besides, as a liver—specific contrast agent, Gd-
EOB-DTPA is also accumulated and excreted through
the bile ducts. Therefore, the use of the Toft’s model in
this study may not be valid. It’s worth noting that,
according to previously established conclusion [55, 56],
the cellular uptake of Gd-EOB-DTPA in HCC was
dramatically decreased due to decreased membranal
expression of the uptake transporter organic anion-
transporting polypeptide 8 (OATPS8). This, we assume
could ease the concern to some extent. Though efforts
have been reported in establishing specialized post-pro-
cessing model for DCE-MRI using Gd-EOB-DTPA [57,
58], no consensus has been reached. The development of
a generally recognized model is necessary to enable the
combined tumor detection and evaluation.

Several other limitations about our study should also
be acknowledged. First, although we included only HCC
patients, the patient numbers were small, and the radi-
ologic-pathologic correlation was all based on surgical
specimens, thus may bring a selection bias. Second, we
did not assess the intraindividual variability of those
pharmacokinetic parameters, which is clinically impor-
tant when DCE-MRI is involved in monitoring of
treatment response. Third, the hepatocyte-specific con-
trast media of Gd-EOB-DTPA was used in this study.
Although different perfusion characteristics of Gd-EOB-
DTPA have been previously reported, we fail to further
explore the influence of Gd-EOB-DTPA on the phar-
macokinetic parameters compared with traditional
gadolinium-based contrast media in this study. More-
over, we did not explore possible correlations between
baseline DCE-MRI parameters and long-term clinical
outcomes. Also, the accuracy of the DCE-MRI param-
eters is influenced by magnitude of motion artifact;
therefore, the application of this protocol in lesions with
subphrenic location is limited. Further investigations are
required in a larger patient cohort to confirm these pre-
liminary results and to validate the clinical utility of our
work.

In conclusion, this free-breathing quantitative DCE-
MRI protocol provides a valid and practicable method
for future liver perfusion imaging. The DCE-MRI de-
rived K" were significantly correlated with Ki-67
proliferation status and the histological grade of HCC,
and K., and V', were correlated with tumor MVD. The
weak correlations between DCE-MRI parameters and
histological results offer a potential avenue toward non-
invasive evaluation of HCC malignancy.
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