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Background: Preoperative grading of hepatocellular carcinoma (HCC) is an important
factor associated with prognosis after liver resection. The promising prediction of the
differentiation of HCC remains a challenge. The purpose of our study was to investigate
the value of amide proton transfer (APT) imaging in predicting the histological grade of
HCC, compared with the intravoxel incoherent motion (IVIM) imaging.

Methods: From September 2018 to February 2020, 88 patients with HCC were
enrolled and divided into four groups (G1, G2, G3, and G4) based on the histologic
grades. Preoperative APT signal intensity (S), apparent diffusion coefficient (ADC), true
molecular diffusion coefficient (D), pseudo-diffusion coefficient (D*), and perfusion fraction
(f) of HCC were independently measured by two radiologists. The averaged values of
those parameters were compared using an analysis of variance. The Spearman rank
analysis was used to compare the correlation between those imaging parameters and
the histological grades. Receiver operating characteristic (ROC) curve analysis was used
to explore the predictive performance.

Results: There were significant differences in APT SlI, ADC, D, and f among the four
grades of HCC (all P < 0.001). A moderate to good relationship was found between
APT Sl and the histologic grade of HCC (r = 0.679, P < 0.001). APT Sl had an area
under the ROC curve (AUC) of 0.890 (95% CI: 0.805-0.947) for differentiating low- from
high-grade HCC, and the corresponding sensitivity and specificity were 85.71% and
82.05%, respectively. Comparison of ROC curves demonstrated that the AUC of APT S
was significantly higher than those of IVIM-derived parameter (Z = 2.603, P = 0.0092;
Z =2.099, P=0.0358; Z =4.023, P = 0.0001; Z = 2.435, P = 0.0149, compared with
ADC, D, D*, and f, respectively). Moreover, the combination of both techniques further
improved the diagnostic performance, with an AUC of 0.929 (95% ClI: 0.854-0.973).
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Conclusion: APT imaging may be a potential noninvasive biomarker for the prediction
of histologic grading of HCC and complements IVIM imaging for the more accurate and
comprehensive characterization of HCC.

Keywords: hepatocellular carcinoma, amide proton transfer, intravoxel incoherent motion, histologic grade,

prediction

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary
liver cancer, and its incidence has been increasing worldwide
in recent decades (1). Notably, frequent tumor recurrence is
observed in some cases after liver resection (2). After hepatic
resection, patients with early tumor recurrence have a worse
survival rate than those with late tumor recurrence (3). It has
been reported that histological grading of HCC is one of the
most important predictive factors for early tumor recurrence
and prognosis after curative liver resection (4). Thus, to select
the optimal therapeutic strategy and help to direct the proper
management of HCC patients, it will be of great clinical
significance to develop a more accurate tool to evaluate the
histologic grade of HCC prior to liver resection.

With the development of diagnostic imaging techniques,
especially advanced magnetic resonance (MR) imaging,
many researchers have attempted to develop useful and
noninvasive imaging biomarkers for the grading of HCC.
Recently, conventional diffusion-weighted imaging (DWI) and
intravoxel incoherent motion (IVIM) diffusion-weighted MR
imaging (5-7) have shown their potential values in providing
useful biomarkers for the prediction of HCC grading. The IVIM
model, a common MR imaging technique, can obtain additional
quantitative parameters that describe water diffusivity, perfusion
(pseudo diffusion coeflicient), and the perfusion fraction of
tissues compared with conventional DWL In recent years,
the IVIM approach has been one of the most widely used
MR imaging techniques to evaluate the histologic grade of
HCC (6, 8).

Chemical exchange saturation transfer imaging (CEST) is
one of the routine magnetization transfer techniques, which
can be used to detect the characteristics of the mobile protein
and amino acid in human body (9). Amide proton transfer
(APT) imaging was developed as one of the CEST imaging
techniques (10) and mainly measures the chemical transfer
properties of amide protons located at the +3.5 ppm, thus
enabling indirect determination of cellular mobile protein and
peptide levels (11). Recently, investigators have attempted to
study the potential value of APT imaging in estimating the
histological grade of tumor. In a recent prospective study
(12), APT imaging-guided stereotactic biopsy was performed in
patients with gliomas, and the authors found that the APT SIs
in the high-grade specimens were significantly higher than those
in the low-grade specimens. Additionally, the APT imaging has
also been applied to endometrioid endometrial adenocarcinoma
(EEA) (13) and squamous cell carcinoma of the cervix (SCCC)
(14) to evaluate the tumor characteristics. As a novel contrast

mechanism in the field of molecular imaging, APT imaging has
provided new diagnostic ideas for the grading of HCC. A recent
study has revealed that both APT imaging and DWI had good
diagnostic performance in differentiating high- from low-grade
of HCC, indicating that APT imaging may be a useful imaging
biomarker that complements DWI for the more accurate and
comprehensive HCC characterization (15).

Although both the IVIM and APT imaging have been used
to evaluate the histologic grade of HCC, the application of APT
imaging on HCC is still limited, and whether APT imaging
can provide a better diagnostic performance for differentiating
HCC grades than IVIM-derived parameters has not been
fully understood. Thus, the purpose of the present study
was to investigate the utility of APT imaging for evaluating
the histologic grade of HCC, compared with the IVIM-
derived parameters.

MATERIALS AND METHODS

Patients

This prospective study was approved by the institutional review
board and followed the ethical guidelines of the Declaration of
Helsinki, and written informed consent was acquired from each
subject before inclusion. From September 2018 to February 2020,
127 patients with suspected HCC based on clinical history and/or
previous ultrasonography and/or CT were initially enrolled
and underwent preoperative liver MR imaging. Patients were
included based on the following criteria: (1) with primary HCC
lesions that had not been previously treated; (2) aged >18 years;
(3) had no contraindication to MR examinations; (4) did not
undergo any form of contrast-enhanced examination 24 h before
APT and IVIM imaging.

Thirty-nine patients were excluded due to various reasons: (1)
did not undergo surgery and/or histopathological examination
(n = 17); (2) had a history of preoperative treatment prior
to MR imaging, such as radiofrequency ablation, transarterial
chemoembolization, percutaneous ethanol injection, or a
combination of these (n = 9); (3) were not diagnosed with HCC
after evaluating the final histopathological examinations (n = 7);
(4) had a low quality of MR images (n = 3); and (5) had tumor
lesions smaller than 1 cm (n = 3). Eighty-eight patients (78 males
and 10 females; mean age 53.45 + 13.67 years, range from 31
to 67 years) with histopathological-confirmed HCC were finally
included. The etiology of liver disease included hepatitis B virus
(n = 74), hepatitis C virus (n = 10), and others (n = 4). The
mean tumor size was 7.82 %+ 3.65cm. According to the major
Edmondson and Steiner grading system on the final pathologic
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TABLE 1 | MRI parameters.

Parameters T1-weighted imaging T2-weighted imaging APT imaging IVIM imaging
Sequences Axial LAVA flex Axial FSE T2WI Axial CEST-EPI Axial SE-EPI
Repetition time/echo time (ms) 4.3/1.6 10,000/70 2500/11.9 2500/58.8
Flip angle (°) 14 110 20 90

Field of view (mm?) 360 x 324 360 x 360 400 x 400 380 x 380
Matrix (frequency x phase) 260 x 210 320 x 320 128 x 128 128 x 128
Number of excitations 1 1.5 1 2-6
Slice thickness (mm) 4.0 4.0 5.0 5.0

Slice gap (mm) 0 0.5 N/A 1.0

No. of slices 24 24 1 20

LAVA, liver acquisition with volume acceleration; CEST, chemical exchange saturation transfer; FSE, fast spin-echo,; SE, spin-echo, EPI, echo-planar imaging; N/A, not applicable.

reports, all the tumors were histologically classified as follows:
grade 1 (G1, n = 19), grade 2 (G2, n = 30), grade 3 (G3, n = 28),
and grade 4 (G4, n = 11). Furthermore, G1 and G2, and G3 and
G4 were defined as low- and high-grade HCC, respectively, based
on the evidence that significant differences in long-term survival
were demonstrated between low- and high-grade HCC (16, 17).

Data Acquisition

All patients underwent liver MR scanning on a 3T device (GE
DISCOVERY MR750; GE Healthcare, Milwaukee, Wisconsin,
USA) with a 32-channel phased-array torso coil. The scans
ranged from the top of the diaphragm to the lower edge of the
liver. All patients were instructed to fast and abstain from food
and water for 6-8 h prior to MR examinations, and the patients
were also trained in the techniques of even breathing and breath-
holding. First, conventional liver MR images were obtained
using an axial respiratory-triggered fat-suppressed fast spin-
echo T,-weighted imaging sequence and a three-dimensional
Liver Acquisition with Volume Acceleration-Flexible (LAVA-
Flex) sequence with breath-hold. The total scanning time of the
conventional MR imaging was ~7 min. After conventional MR
scanning, two-dimensional axial APT imaging was performed
using a single-shot fast spin echo-planar imaging sequence with
free-breathing (Fermi pulses, with a power level of 2 uT and
a total saturation duration of 2s for four multiple pulses). To
obtain an APT z-spectrum, the APT imaging was repeated at
49 saturation frequency offsets (from 600 to —600 Hz with an
interval of 25Hz). In addition, three unsaturated images at the
offset of 5,000 Hz were also acquired for signal normalization.
Specifically, the “frequency of 5000 Hz”, i.e., 39 ppm (1 ppm =
128 Hz on 3T), is far away from water in 4.7 ppm and other
metabolites (12 ppm) that can have CEST effect. Therefore,
there will not be any “CEST-effect” when using saturation pulse at
the frequency offset of 5,000 Hz, and this z-spectrum can be taken
as water signal SO for calculation. The APT images were acquired
through a single section that was selected as the one showing the
maximum tumor area according to axial T,-weighted imaging,
and the total acquisition time of APT imaging was 2 min and 10s.
Acquisition of IVIM was performed by using a spin-echo echo-
planar imaging sequence with free-breathing, and the b values
were 0, 20, 40, 80, 160, 200, 400, 600, 800, and 1000 s/mm?. The

total scanning time for IVIM imaging was 5 min. Detailed MR
imaging parameters are summarized in Table 1.

Data Analysis

In CEST imaging, the magnetic transfer ratio (MTR) was defined
as 1 — S/So, where Sy and S,y are the water signals before
and after pulse saturation, respectively (10). For APT imaging,
the asymmetry analysis at 3.5 ppm downfield from the water
signal was calculated as MTRysym (3.5 ppm): MTRsym (3.5 ppm)
= Ssat (=3.5 ppm)/Sp — Ssar (+3.5 ppm)/Sop = MTR4ym (3.5
ppm) + APTR, where MTR yqym is the inherent asymmetry of
the conventional magnetization transfer effect and APTR is the
APT ratio (10). As a result, the measured MTRysym (3.5 ppm)
values can be defined as the apparent APT SIs, and therefore, it is
appropriate to define the calculated MTRysym (3.5 ppm) images
as APT-weighted imaging. In our study, the APT SI was defined
as MTRasym (3.5 ppm) x 100 (%). The detailed analysis methods
of the parameters derived from APT and IVIM imaging have
been described previously (13, 18). After data acquisition, the
images were transferred to a GE AW4.6 workstation (Advantage
workstation 4.6; GE Healthcare, Milwaukee, Wisconsin, USA)
and data analysis was performed independently by two observers
(observer 1, B.L.W.,, and observer 2, F.J., with 7 and 5 years of
experience in liver MR imaging, respectively) who were blinded
to the histopathological results. Borders were drawn along the
edge of the tumor on the original images of the IVIM and APT
sequences by referring to the conventional T;- and T,-weighted
images. On the largest diameter of each lesion, three regions of
interest (ROIs) with the same size (~100 mm?) were manually
delineated in the solid part of the tumor, carefully avoiding the
edge of the tumor and areas of cystic degeneration, necrosis,
and bleeding. The ROIs were automatically copied to the APT
and IVIM pseudo-colored maps to obtain the mean APT SI,
apparent diffusion coefficient (ADC), true molecular diffusion
coeflicient (D), pseudo-diffusion coefficient (D*), and perfusion
fraction (f) values for each ROI. We calculated the averaged
values of the three ROIs for each parameter, and the averaged
values calculated by the two observers were recorded for further
analysis. In patients with multifocal lesions, the lesion with the
largest diameter was chosen for analysis.
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Pathologic Evaluation

The pathologic evaluation was performed for the surgically
resected specimens from the 88 patients by a pathologist (a non-
author with 31 years of experience in liver pathology) who was
blinded to the liver MR imaging results. Three aspects were
included in the pathologic reports: the histologic grade, size, and
location. Based on the Edmondson and Steiner grading system
(19), the major (predominant grade within the tumor) and
worst (grade of the most poorly differentiated region) histologic
grade of HCC was reported. One of the authors (X.K.L.) was
responsible for the collection of pathologic data.

Statistical Analysis

A Shapiro-Wilk test was used to evaluate the normal distribution
of the imaging parameters. Then, if those parameters were
determined to be normally distributed, we calculated the
intraclass correlation coefficient (ICC), a measurement reflecting
the differences in reliability between the two independent
observers, to assess the reproducibility of those imaging
parameters: excellent agreement (ICC > 0.75), good agreement
(0.60 < ICC < 0.74), fair agreement (0.40 < ICC < 0.59), and
poor agreement (ICC < 0.40) (13). The differences in APT SI
and IVIM-derived parameters among different HCC grades were
analyzed using an analysis of variance (ANOVA), followed by
a post-hoc test using least significant difference method. The
Spearman rank analysis was used to compare the correlation
between those imaging parameters and the histological grades.
The correlation coeflicient, rho (r), was obtained to compare the
degree of the correlations as follows: little or no relationship (0
< r < 0.25), fair (0.25 < r < 0.5), moderate to good (0.5< r <
0.75), and very good to excellent (r > 0.75) (6). A Bland-Altman
plot analysis was used to illustrate the agreement between the
interobserver measurements, receiver operating characteristic
(ROC) analyses were performed to evaluate the diagnostic
performance of the APT SI and IVIM-derived parameters
in distinguishing the low-grade (G1 and G2) and high-grade
(G3 and G4) HCC, and the optimal cutoff values and the
corresponding sensitivity and specificity values were calculated.
Delong test (20) was used for the comparison of ROC curves.
Statistical analyses were performed using SPSS software version
22.0 (IBM SPSS Statistics, Armonk, NY) and MedCalc software
version 19.2.0 (MedCalc, Mariakerke, Belgium). A P < 0.05 was
considered to indicate a significant difference.

RESULTS

Interobserver Agreement

The Shapiro-Wilk test revealed that all the quantitative imaging
parameters measured by the two observers were normally
distributed (observer 1: P = 0.124 for APT SI, 0.167 for ADC,
0.247 for D, 0.089 for D*, and 0.234 for f; observer 2: P = 0.215
for APT SI, 0.221 for ADC, 0.283 for D, 0.142 for D*, and 0.198
for f). The ICCs between the two observers were 0.998 [95%
confidence interval (CI): 0.996-0.998], 0.989 (95% CI: 0.983-
0.993),0.995 (95% CI: 0.993-0.997), 0.994 (95% CI: 0.990-0.996),
and 0.996 (95% CI: 0.994-0.998) for APT SI, ADC, D, D*, and

f, respectively, suggesting an excellent reliability. The Bland-
Altman analysis of the APT SI and IVIM-derived parameters
measured by the two observers showed good concordance,
with at most five values beyond the 95% limits of agreement
(Figure 1).

Comparisons of APT Sl and IVIM-Derived

Parameters

As shown in Table2 and Figure2, there were significant
differences in APT SIs, ADC, D, and f values among
different tumor grades. Pairwise comparisons revealed significant
differences in APT SIs between G1 and G3, G1 and G4, G2 and
G3, and G2 and G4; and in D between G1 and G2, G1 and G3,
G1 and G4, and G2 and G4; and in ADC between G1 and G2, G1
and G3, and G1 and G4; and in f between G1 and G2, G1 and
G3, and G1 and G4 (all P < 0.05). Figures 3, 4 show MR images
of two patients with low- and high-grade HCC, respectively.

Correlation of Histologic Grade With APT

Sl and IVIM-Derived Parameters

The Spearman correlation coefficients between the parameters
derived from APT and IVIM imaging and the histopathological
grades of HCC are shown in Table3. A moderate to good
relationship was found between APT SI and the histologic grade
of HCC (r = 0.679, P < 0.001). There was also a moderate
to good relationship between the histologic grade of HCC and
D and f (r = —0.517, P < 0.001 and r = 0.502, P < 0.001,
respectively). A fair relationship was demonstrated between the
histologic grade of HCC and ADC (r = —0.433, P < 0.001),and a
little relationship was found between the histologic grade of HCC
and D* (r = —0.247, P < 0.021).

ROC Analysis for Diagnostic Performance
of APT Sl and IVIM-Derived Parameters

As shown in Figure 5, the ROC analyses demonstrated a better
diagnostic performance of APT SI [area under the ROC curve
(AUC) = 0.890, 95% CI: 0.805-0.947] than IVIM-derived
parameters [AUCs for ADC, D, D*, and f were 0.713 (95%
CIL: 0.606-0.804), 0.757 (95% CI: 0.654-0.842), 0.612 (95% CI:
0.502-0.714), and 0.733 (95% CI: 0.628-0.822), respectively] for
differentiating low- from high-grade HCC. Furthermore, the
combination of APT SI and DKI-derived parameters showed an
improvement of diagnostic performance, with an AUC of 0.929
(95% CI: 0.854-0.973). Corresponding sensitivity, specificity, and
optimal cutoff values are listed in Table 4. Moreover, comparison
of ROC curves demonstrated that the AUC of multivariant
parameters (APT combined with IVIM) was significantly higher
than those of univariant parameters (Z = 2.029, P = 0.0452; Z =
3.428, P = 0.0006; Z = 3.508, P = 0.0005; Z = 4.878, P < 0.0001;
Z = 3.302, P = 0.0010, compared with APT SI, ADC, D, D*, and
f, respectively), and the AUC of APT SI was significantly higher
than those of IVIM-derived parameter (Z = 2.603, P = 0.0092;
Z =2.099, P = 0.0358; Z = 4.023, P = 0.0001; Z = 2.435, P =
0.0149, compared with ADC, D, D*, and f, respectively).
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FIGURE 1 | Bland-Altman plots showing the distribution of the differences of the APT Sl (A), ADC (B), D (C), D* (D), and f (E) between the two observers. The dark
blue horizontal solid line represents the mean difference, and the two dark red horizontal lines represent the limits of agreement, which are defined as the mean
difference plus or minus 1.96 times the standard deviation of the differences.

TABLE 2 | Comparisons of the APT- and IVIM-derived parameters among different histological grades of HCC.

Edmondson-Steiner Grade*

Parameters G1(n=19) G2 (n = 30) G3 (n = 28) G4 (n =11) P value
APT Sl (%) 2.74 £1.27 3.47 +£1.02 6.21 + 2.66 7.53 + 3.17 <0.001
ADC (x 10-3 mm?/s) 1.70 £ 0.32 141+ 0.19 131+ 027 1.35 + 0.42 <0.001
D (x 10~ mm?/g) 1.18 +0.33 0.92 +0.26 0.79 4+ 0.20 0.69 + 0.22 <0.001
D* (x 10-3 mm?2/s) 134.42 + 51.93 120.72 + 44.18 114.24 + 49.18 90.53 + 35.98 0.101
f (%) 37.13 £ 9.13 26.35 + 6.24 23.69 + 7.79 2274 +£7.84 <0.001

*Data are expressed as mean + standard deviation.

DISCUSSION

Our study demonstrated differences in values of preoperative
APT SI, D, ADC, and f among different histologic grades of HCC.
In addition, compared with IVIM-derived parameters, APT SI
was more correlated with the histologic grade of HCC (r =
0.679, P < 0.001). Furthermore, comparisons of the ROC curves
showed that the AUC of APT SI was significantly higher than that
of each IVIM-derived parameter. Our findings indicate that the
APT imaging, a novel molecular MR imaging technique, may be
more accurate in differentiating low- from high-grade of HCC
than IVIM imaging, with a sensitivity and specificity of 85.71%
and 82.05%, respectively.

The potential value of APT imaging in estimating the
histologic grades of tumors, such as SCCC (14, 21), diffuse
gliomas (22), and EEA (13), has been demonstrated by previous

studies. For example, Li et al. investigated the application of
APT imaging in estimating histologic grades of SCCC and found
that APT SI was positively correlated with the SCCC grades
(14). Previous studies have demonstrated a progressive increase
of APT SI from low- to high-grade of gliomas and positive
correlations between APT SI and Ki-67 LI and between APT SI
and cell density (12, 22). Moreover, a positive correlation between
the APT SI and the histologic grades of EEA was demonstrated
by a recent study (13). Thus, our findings are compatible with
these previous studies and indicate that APT imaging may be a
promising method for predicting the histologic grades of tumors.

Theoretically, the effect of APT imaging in tumor is primarily
correlated with the tissue content of labile amide protons of
mobile proteins (23, 24). In the present study, we found that
the APT SlIs progressively increased from low- to high-grade
HCC. In line with our finding, a recent study found that the
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FIGURE 2 | Plots show individual data points, averages (transverse lines), and standard deviations (vertical lines) of APT Sl (A), ADC (B), D (C), D* (D), and f (E) for
each HCC grade. *P < 0.05; **P < 0.01; ""P < 0.001 for pairwise comparisons.

FIGURE 3 | Preoperative MR images of one lesion in a 52-year-old man with grade 2 HCC. (A) T.-weighted image, (B) APT image of HCC fused with T»-weighted
imaging indicates that the average APT Sl value determined by two observers is 3.17%, (C~F) IVIM-derived pseudo-colored maps of HCC (ADC, D, D*, and f,
respectively) fused with T»-weighted imaging indicate that the average ADC, D, D*, and f values determined by two observers were 1.54 x 10-3 mm?/s, 1.59 x 10~
mm?/s, 100.18 x 1072 mm?/s, and 34.55%, respectively.

APT SIs of high-grade HCC were significantly higher than  nuclear-to-cytoplasmic ratio, megakaryocytes and malformed
those of low-grade HCC (15). Malignant tumors often show  nuclei appear, and the number of ribosomes in the cytoplasm
obvious cell and structural atypia, including an increase in the  also increase (14). As HCC becomes more poorly differentiated
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mm?/s, 98.41 x 1073 mm?/s, and 27.52%, respectively.

FIGURE 4 | Preoperative MR images of one lesion in a 47-year-old man with grade 4 HCC. (A) T»-weighted image, (B) APT image of HCC fused with T,-weighted
imaging indicates that the average APT Sl value determined by two observers is 6.35%, (C~F) IVIM-derived pseudo-colored maps of HCC (ADC, D, D*, and f,
respectively) fused with To-weighted imaging indicate that the average ADC, D, D*, and f values determined by two observers were 1.14 x 1072 mm?/s, 0.45 x 102

TABLE 3 | Spearman correlation coefficients of the APT- and IVIM-derived
parameters with the histopathological grades of HCC.

Parameters Spearman correlation coefficients P value
APT SI (%) 0.679 <0.001
ADC (x 1073 mm?/s) —0.433 <0.001
D (x 1073 mm?/s) —-0.517 <0.001
D* (x 1072 mm?/s) —0.247 0.021
f (%) —0.502 <0.001

during hepatocarcinogenesis, cellular density and nuclear-to-
cytoplasmic ratios increase, while the architecture becomes more
complicated (25). The association of high APT SI values and
high cellularity and proliferation has been clearly demonstrated
in brain tumors (11, 12, 26). Therefore, the upward trend in APT
SI for high-grade HCC may be associated with several factors,
such as a higher tumor cell proliferation rate and cellular density.

Additionally, we found significant differences in D, ADC, and
f values among different HCC grades, and higher-grade HCC
had lower D and ADC values than lower-grade HCC. IVIM
imaging can reflect the characteristics of lesions in terms of cell
density, microcirculation perfusion, and tissue complexity (18).
As reported previously, a decrease in both ADC and D values
may be attributed to the increased cellular density, nuclear-to-
cytoplasmic ratios, and architectural complications in higher-
grade HCC (27). In line with our findings, Zhu et al. reported
a downward shift of D and ADC values from low- to high-grade
HCC (8).

Furthermore, we found a moderate to good relationship
between the histologic grade of HCC and D and f (r = —0.517,
P < 0.001 and r = 0.502, P < 0.001, respectively). A recent
study also showed a moderate to good relationship between
the histologic grade of HCC and D (8), which is consistent
with our study. Further ROC curve analysis revealed that the
AUC of D was higher than that of ADC (0.757 vs. 0.713).
A recent meta-analysis focusing on the diagnostic accuracy of
quantitative diffusion parameters in the pathological grading of
HCC has confirmed that the D value was superior to the ADC
value for discriminating the HCC grade, which supports our
findings (28). However, APT SI showed the highest AUC (AUC
= 0.890; 95% CI: 0.805-0.947) in differentiating low- from high-
grade HCC, and the AUC of APT SI was significantly higher
than those of the IVIM-derived parameters, indicating that APT
imaging is more accurate to predict the histologic grade of HCC
than IVIM imaging. We further analyzed the additive value of
APT to IVIM imaging in the differentiation between low- and
high-grade HCC. The results revealed that a combination of
both MR imaging techniques (APT and IVIM) could further
improve the diagnostic performance. Therefore, our findings
suggest that APT imaging is superior to IVIM imaging in the
evaluation of HCC characteristics, and a combination of both
can provide a more accurate and comprehensive reflection to
HCC characteristics.

We acknowledged several limitations of our study. First, the
APT imaging was obtained for only one section per patient
because of time limitations for the imaging protocol; thus, we
could only acquire the imaging parameters on the maximum
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FIGURE 5 | ROC analyses of the APT Sl and IVIM-derived parameters for differentiating low- from high-grade HCC. The AUCs for APT SI, ADC, D, D*, and f were
0.890, 0.713, 0.757, 0.612, and 0.733, respectively, and a combination of both techniques improves the AUC to 0.929.

TABLE 4 | Diagnostic performance of the APT- and IVIM-derived parameters in differentiating the low- from high-grade HCC.

Parameters

AUC (95% CI) P value Optimal cutoff value Youden index Sensitivity (%) Specificity (%)
APT Sl (%) 0.890 (0.805-0.947) <0.001 4.31 0.678 85.71 82.05
ADC (x 1078 mm?/s) 0.713 (0.606-0.804) <0.001 1.48 0.351 53.06 82.05
D (x 10~° mm?/s) 0.757 (0.654-0.842) <0.001 0.94 0.377 53.06 84.62
D* (x 1073 mm?/s) 0.612 (0.502-0.714) 0.066 97.95 0.212 67.35 53.85
f (%) 0.733 (0.628-0.822) <0.001 29.35 0.423 55.1 87.18
Combined 0.929 (0.854-0.973) <0.001 - 0.729 85.71 87.18

tumor area. Second, the IVIM and APT sequences are based
on EPI acquisition, with low resolution and poor signal-to-noise
ratio, which are easily affected by motion and susceptibility
artifacts (29). In addition, the IVIM and APT images were
acquired with free breathing, resulting in decreased signal-to-
noise ratio on parameter maps. However, the free-breathing
protocol was recommended in several studies (30, 31) because of
its good reproducibility and shorter acquisition time compared
with that of respiratory-triggered and breath-hold imaging.
Third, the freehand ROI analysis could produce definite artificial

errors, which might affect the accuracy of the values of those
quantitative imaging parameters. Fourth, the APT imaging can
be affected by fat (32), and liver may have higher fat fraction
compared to lots of other organs. However, our study did not
measure the fat signal of liver due to limited scanning time, and
whether there is a linear trend between APT SI and fat signal is
unclear. Thus, future studies are needed to clarify this question.
Fifth, this is a single-center study with a relatively small sample
size. A prospective cohort study with a large sample size is needed
in the future to provide more reliable findings.
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In summary, our study showed that APT SI was positively
correlated with the histologic grading of HCC and had a
better diagnostic performance than IVIM-derived parameters
in differentiating low- from high-grade HCC. Moreover, a
combination of both techniques further improved the diagnostic
performance, suggesting a complementary effect between APT
and IVIM imaging. These findings indicate that APT imaging
may be a potential noninvasive biomarker for the prediction of
histologic grading of HCC and can provide helpful quantitative
MR imaging information to assist in HCC diagnosis and clinical
treatment strategy. In the future, large-scale investigations are
needed to confirm the value of APT imaging in HCC diagnosis
and grading.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the institutional review board of the
First Affiliated Hospital of Xinxiang Medical University. The
patients/participants provided their written informed consent to

REFERENCES

1. Torre LA, Bray E, Siegel RL, Ferlay J, Lortet-Tieulent ], Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin. (2015) 65:87-108. doi: 10.3322/caac.21262

2. Park JH, Koh KC, Choi MS, Lee JH, Yoo BC, Paik SW, et al
Analysis of risk factors associated with early multinodular recurrences
after hepatic resection for hepatocellular carcinoma. Am ] Surg. (2006)
192:29-33. doi: 10.1016/j.amjsurg.2005.11.010

3. Portolani N, Coniglio A, Ghidoni S, Giovanelli M, Benetti A, Tiberio
GA, et al. Early and late recurrence after liver resection for hepatocellular
carcinoma: prognostic and therapeutic implications. Ann Surg. (2006)
243:229-35. doi: 10.1097/01.51a.0000197706.21803.al

4. Regimbeau JM, Abdalla EK, Vauthey JN, Lauwers GY, Durand F, Nagorney
DM, et al. Risk factors for early death due to recurrence after liver resection for
hepatocellular carcinoma: results of a multicenter study. J Surg Oncol. (2004)
85:36-41. doi: 10.1002/js0.10284

5. Nakanishi M, Chuma M, Hige S, Omatsu T, Yokoo H, Nakanishi K, et al.
Relationship between diffusion-weighted magnetic resonance imaging and
histological tumor grading of hepatocellular carcinoma. Ann Surg Oncol.
(2012) 19:1302-9. doi: 10.1245/510434-011-2066-8

6. Woo S, Lee JM, Yoon JH, Joo I, Han JK, Choi BI. Intravoxel incoherent motion
diffusion-weighted MR imaging of hepatocellular carcinoma: correlation
with enhancement degree and histologic grade. Radiology. (2014) 270:758-
67. doi: 10.1148/radiol. 13130444

7. Granata V, Fusco R, Filice S, Catalano O, Piccirillo M, Palaia R, et al. The
current role and future prospectives of functional parameters by diffusion
weighted imaging in the assessment of histologic grade of HCC. Infect Agent
Cancer. (2018) 13:23. doi: 10.1186/s13027-018-0194-5

8. Zhu SC, Liu YH, Wei Y, Li LL, Dou SW, Sun TY, et al. Intravoxel
incoherent motion diffusion-weighted magnetic resonance imaging for
predicting histological grade of hepatocellular carcinoma: Comparison with
conventional diffusion-weighted imaging. World ] Gastroenterol. (2018)
24:929-40. doi: 10.3748/wjg.v24.i8.929

9. Ward KM, Aletras AH, Balaban RS. A new class of contrast agents
for MRI based on proton chemical exchange dependent saturation

participate in this study. Written informed consent was obtained
from the individual(s) for the publication of any potentially
identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

BW, FJ, and DH contributed to the conception and design of
the study. BW and FJ contributed to paper searching. FJ, XL,
and KW contributed to investigation. BW and FJ contributed to
data analysis. BW, FJ, and DH contributed to the interpretation
of data. BW, FJ, and DH contributed to the drafting of the
manuscript, while all authors made critical revision of the
manuscript for important intellectual content and gave final
approval of the version to be published. BW obtained funding to
support this work. BW, FJ, and DH had full access to all the data
of the study and take responsibility for the integrity of the data
and the accuracy of the data analysis. All authors contributed to
the article and approved the submitted version.

FUNDING

This study was supported by the Henan Province Medical
Science and Technology Research Project (2018020349), which
was received for open access publication fees.

transfer (CEST). ] Magn Reson. (2000) 143:79-87. doi: 10.1006/jmre.
1999.1956

10. Zhou J, Payen J-F, Wilson DA, Traystman R], Van Zijl PC. Using the amide
proton signals of intracellular proteins and peptides to detect pH effects in
MRI. Nat Med. (2003) 9:1085-90. doi: 10.1038/nm907

11. ZhouJ, Lal B, Wilson DA, Laterra ], Van Zijl PC. Amide proton transfer (APT)
contrast for imaging of brain tumors. Magn Reson Med. (2003) 50:1120-
6. doi: 10.1002/mrm.10651

12. Jiang S, Eberhart CG, Zhang Y, Heo HY, Wen Z, Blair L, et al. Amide
proton transfer-weighted magnetic resonance image-guided stereotactic
biopsy in patients with newly diagnosed gliomas. Eur ] Cancer. (2017) 83:9-
18. doi: 10.1016/j.¢jca.2017.06.009

13. Takayama Y, Nishie A, Togao O, Asayama Y, Ishigami K, Ushijima Y,
et al. Amide proton transfer MR imaging of endometrioid endometrial
adenocarcinoma: association with histologic grade. Radiology. (2018)
286:909-17. doi: 10.1148/radiol.2017170349

14. Li B, Sun H, Zhang S, Wang X, Guo Q. Amide proton transfer imaging
to evaluate the grading of squamous cell carcinoma of the cervix: A
comparative study using 18F FDG PET. J. Magn Reson Imag. (2019) 50:261-
8. doi: 10.1002/jmri.26572

15. Lin Y, Luo X, Yu L, Zhang Y, Zhou J, Jiang Y, et al. Amide proton transfer-
weighted MRI for predicting histological grade of hepatocellular carcinoma:
comparison with diffusion-weighted imaging. Quant Imaging Med Surg.
(2019) 9:1641-51. doi: 10.21037/qims.2019.08.07

16. Zhou L, Rui JA, Wang SB, Chen SG, Qu Q, Chi TY, et al. Factors predictive
for long-term survival of male patients with hepatocellular carcinoma
after curative resection. J Surg Oncol. (2007) 95:298-303. doi: 10.1002/jso.
20678

17. Zhou L, Rui JA, Ye DX, Wang SB, Chen SG, Qu Q. Edmondson-Steiner
grading increases the predictive efficiency of TNM staging for long-term
survival of patients with hepatocellular carcinoma after curative resection.
World J Surg. (2008) 32:1748-56. doi: 10.1007/s00268-008-9615-8

18. Park YS, Lee CH, Kim JH, Kim IS, Kiefer B, Seo TS, et al. Using
intravoxel incoherent motion (IVIM) MR imaging to predict lipiodol uptake
in patients with hepatocellular carcinoma following transcatheter arterial

Frontiers in Oncology | www.frontiersin.org

October 2020 | Volume 10 | Article 562049


https://doi.org/10.3322/caac.21262
https://doi.org/10.1016/j.amjsurg.2005.11.010
https://doi.org/10.1097/01.sla.0000197706.21803.a1
https://doi.org/10.1002/jso.10284
https://doi.org/10.1245/s10434-011-2066-8
https://doi.org/10.1148/radiol.13130444
https://doi.org/10.1186/s13027-018-0194-5
https://doi.org/10.3748/wjg.v24.i8.929
https://doi.org/10.1006/jmre.1999.1956
https://doi.org/10.1038/nm907
https://doi.org/10.1002/mrm.10651
https://doi.org/10.1016/j.ejca.2017.06.009
https://doi.org/10.1148/radiol.2017170349
https://doi.org/10.1002/jmri.26572
https://doi.org/10.21037/qims.2019.08.07
https://doi.org/10.1002/jso.20678
https://doi.org/10.1007/s00268-008-9615-8
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Wu et al.

APT Imaging in HCC

19.

20.

21.

22.

23.

24.

25.

26.

27.

chemoembolization: a preliminary result. Magn Reson Imag. (2014) 32:638-
46. doi: 10.1016/j.mri.2014.03.003

Edmondson HA, Steiner PE. Primary carcinoma of the liver: a
study of 100 cases among 48,900 necropsies. Cancer. (1954) 7:462-
503. doi:  10.1002/1097-0142(195405)7:3 <462::AID-CNCR2820070308
>3.0.CO;2-E

Delong ER, Delong DM, Clarke-Pearson DL. Comparing the areas under two
or more correlated receiver operating characteristic curves: a nonparametric
approach. Biometrics. (1988) 44:837-45. doi: 10.2307/2531595

Li B, Sun H, Zhang S, Wang X, Guo Q. The utility of APT and IVIM in the
diagnosis and differentiation of squamous cell carcinoma of the cervix: a pilot
study. Magn Reson Imag. (2019) 63:105-13. doi: 10.1016/j.mri.2019.08.020
Togao O, Yoshiura T, Keupp ], Hiwatashi A, Yamashita K, Kikuchi
K, et al. Amide proton transfer imaging of adult diffuse gliomas:
correlation with histopathological grades. Neuro Oncol. (2014) 16:441-
8. doi: 10.1093/neuonc/not158

Yan K, Fu Z, Yang C, Zhang K, Jiang S, Lee DH, et al. Assessing
amide proton transfer (APT) MRI contrast origins in 91 gliosarcoma in
the rat brain using proteomic analysis. Mol Imaging Biol. (2015) 17:479-
87. doi: 10.1007/s11307-015-0828-6

Zhou J, Heo HY, Knutsson L, Van Zijl PCM, Jiang S. APT-weighted MRI:
Techniques, current neuro applications, and challenging issues. ] Magn Reson
Imaging. (2019) 50:347-64. doi: 10.1002/jmri.26645

Muhi A, Ichikawa T, Motosugi U, Sano K, Matsuda M, Kitamura T, et al. High-
b-value diffusion-weighted MR imaging of hepatocellular lesions: estimation
of grade of malignancy of hepatocellular carcinoma. ] Magn Reson Imaging.
(2009) 30:1005-11. doi: 10.1002/jmri.21931

Zhou J, Zhu H, Lim M, Blair L, Quinones-Hinojosa A, Messina
SA, et al. Three-dimensional amide proton transfer MR imaging
of gliomas: Initial experience and comparison with gadolinium
enhancement. ] Magn Reson Imaging. (2013) 38:1119-28. doi: 10.1002/jmri.
24067

Guo AC, Cummings TJ, Dash RC, Provenzale JM. Lymphomas and
high-grade astrocytomas: comparison of water diffusibility and histologic
characteristics. Radiology. (2002) 224:177-83. doi: 10.1148/radiol.22410
10637

28.

29.

30.

31.

32.

Yang D, She H, Wang X, Yang Z, Wang Z. Diagnostic accuracy of
quantitative diffusion parameters in the pathological grading of hepatocellular
carcinoma: A meta-analysis. | Magn Reson Imaging. (2020) 51:1581-
93. doi: 10.1002/jmri.26963

Akbey S, Ehses P, Stirnberg R, Zaiss M, Stocker T. Whole-brain snapshot
CEST imaging at 7T using 3D-EPL. Magn Reson Med. (2019) 82:1741-
52. doi: 10.1002/mrm.27866

Cieszanowski A, Pasicz K, Podgoérska ], Fabiszewska E, Skrzynski W,
Jasieniak J, et al. Reproducibility of intravoxel incoherent motion of liver
on a 3.0T scanner: free-breathing and respiratory-triggered sequences
acquired with different numbers of excitations. Pol ] Radiol. (2018)
83:e437. doi: 10.5114/pjr.2018.79651

Gurney-Champion O], Rauh SS, Harrington K, Oelfke U, Laun FB,
Wetscherek A. Optimal acquisition scheme for flow-compensated intravoxel
incoherent motion diffusion-weighted imaging in the abdomen: An accurate
and precise clinically feasible protocol. Magn Reson Med. (2020) 83:1003-
15. doi: 10.1002/mrm.27990

Zimmermann F, Korzowski A, Breitling J, Meissner JE, Schuenke P, Loi
L, et al. A novel normalization for amide proton transfer CEST MRI
to correct for fat signal-induced artifacts: application to human breast
cancer imaging. Magn Reson Med. (2020) 83:920-34. doi: 10.1002/mrm.
27983

Conlflict of Interest: KW was employed by the company GE Healthcare.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Wu, Jia, Li, Li, Wang and Han. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

10

October 2020 | Volume 10 | Article 562049


https://doi.org/10.1016/j.mri.2014.03.003
https://doi.org/10.1002/1097-0142(195405)7:3<462::AID-CNCR2820070308>3.0.CO;2-E
https://doi.org/10.2307/2531595
https://doi.org/10.1016/j.mri.2019.08.020
https://doi.org/10.1093/neuonc/not158
https://doi.org/10.1007/s11307-015-0828-6
https://doi.org/10.1002/jmri.26645
https://doi.org/10.1002/jmri.21931
https://doi.org/10.1002/jmri.24067
https://doi.org/10.1148/radiol.2241010637
https://doi.org/10.1002/jmri.26963
https://doi.org/10.1002/mrm.27866
https://doi.org/10.5114/pjr.2018.79651
https://doi.org/10.1002/mrm.27990
https://doi.org/10.1002/mrm.27983
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Comparative Study of Amide Proton Transfer Imaging and Intravoxel Incoherent Motion Imaging for Predicting Histologic Grade of Hepatocellular Carcinoma
	Introduction
	Materials and Methods
	Patients
	Data Acquisition
	Data Analysis
	Pathologic Evaluation
	Statistical Analysis

	Results
	Interobserver Agreement
	Comparisons of APT SI and IVIM-Derived Parameters
	Correlation of Histologic Grade With APT SI and IVIM-Derived Parameters
	ROC Analysis for Diagnostic Performance of APT SI and IVIM-Derived Parameters

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


