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Purpose: To predict multiple prognostic factors of HCC including histopathologic grade,
the expression of Ki67 as well as capsule formation with intravoxel incoherent motions
imaging by extracting the histogram metrics.

Patients and Methods: A total of 52 patients with HCC were recruited with the MR
examinations undertaken at a 3T scanner. Histogram metrics were extracted from IVIM-
derived parametric maps. Independent student #-test was performed to explore the differences
in metrics across different subtypes of prognostic factors. Spearman correlation test was
utilized to evaluate the correlations between the IVIM metrics and prognostic factors. ROC
analysis was applied to evaluate the diagnostic performance.

Results: According to the independent student #-test, there were 18, 4, and 8 IVIM-derived
histogram metrics showing the capability for differentiating the subtypes of histopathologic
grade, Ki67, and capsule formation, respectively, with P-values of less than 0.05. Besides,
there existed a lot of significant correlations between IVIM metrics and prognostic factors.
Finally, by integrating different histogram metrics showing significant differences between
various subgroups together via establishing logistic regression based diagnostic models,
greatest diagnostic power was obtained for grading HCC (AUC=0.917), diagnosing patients
with highly expressed Ki67 (AUC=0.861) and diagnosing patients with capsule formation
(AUC=0.839).

Conclusion: Multiple prognostic factors including histopathologic grade, Ki67 expression
status, and capsule formation can be accurately predicted with assistance of histogram
metrics sourced from a single IVIM scan.

Keywords: diffusion magnetic resonance imaging, intravoxel incoherent motions,

hepatocellular carcinoma, prognostic factors, histogram analysis

Introduction

As the most common hepatic malignancy, HCC has posed a tremendous threat to
human health for a long time with a notoriously high incidence and mortality.'
Currently, hepatic resection, radiofrequency ablation (RFA), and hepatic transplanta-
tion are widely accepted as the first-line treatment options.” However, a great deal of
HCC patients are still suffering from the poor prognosis, including recurrence, unsa-
tisfactory therapeutic outcome, and so on. Thereby, accurately predicting the prognosis
of HCC with novel prognostic markers has attracted innumerable attention from
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investigators. There exist a lot of prognostic factors including
histopathologic grade, alpha-fetoprotein (AFP), Ki67, satel-
lite lesions, capsule formation, micro-vascular invasion,
tumor size, and so on, which are tightly correlated with the
prognosis of HCC.? Nevertheless, histopathologic examina-
tion has to be performed in order to obtain the insights of the
above prognostic factors with the disadvantages containing
invasiveness, time-consumption, potential sampling bias,
and more. Nowadays, due to the development of fascinating
functional MRI techniques such as diffusion weighted ima-
ging (DWI), imaging approaches have emerged as alternative
solutions to evaluate the prognostic factors of plenty of
tumors, with complementary advantages such as being non-
invasive and cost-effective.*

Being able to simultaneously provide the quantification of
perfusion and diffusion without the contrast agents, intravoxel
incoherent motions (IVIM) imaging has shown tremendous
clinical potential for biomedical applications including cancer
diagnosing, prognosis prediction, and therapeutic evaluation
by means of three quantitative parameters containing D (true
diffusion coefficient), D* (pseudo diffusion coefficient), and f
(perfusion fraction).” However, the most widely-used quanti-
tative metric derived from the parametric map is the mean
value obtained via averaging the whole region of interest
(ROI), which could inevitably be accompanied by the follow-
ing defects: 1) The overall average severely weakens its
reflection on tissue heterogeneity. 2) It’s a huge waste as
there exist a lot of valuable quantitative biomarkers which
serve as the underlying features in comparison to the qualita-
tive image manifestations rather than the mean value.

One recently-emerging histogram analysis provides a
novel solution to the aforementioned problem. Taking the
tumor heterogeneity into consideration, histogram analysis
holds greater potential by incorporating the signal of each
voxel into analysis.® Instead of the inaccurate estimation of
the whole lesion with mean value, histogram metrics provide
both the much more precise evaluation of overall signal inten-
sity with different percentiles and the direct reflection of tumor
heterogeneity with the metrics including the kurtosis, skew-
ness, variance and standard deviation (SD),” which render
itself one effective tool with great clinical significance.
Based on the aforementioned points, we hypothesized that
there may exist a lot of significant correlations among the
histogram metrics of IVIM parametric maps and multiple
prognostic factors of HCC. Moreover, these correlations
may render the IVIM one effective technique for simulta-
neously providing the prediction of multiple prognostic fac-
tors, which would not only greatly ease the effort of the

pathologists but also be meaningful for subsequent clinical
management.

Hence, this research aimed to evaluate the multiple
prognostic factors of HCC including the histopathologic
grade, Ki67, and capsule formation by means of extracting
the histogram metrics with IVIM imaging. As far as we
are aware, few previous studies aimed to simultaneously
predict multiple prognostic factors of HCC via histogram
metrics obtained from a single functional MRI technique.

Patients and Methods

Patients

This study was conducted in accordance with the Declaration
of Helsinki. Besides, both the approval from the institute
review board (IRB) of Fourth Hospital of Hebei Medical
University and written informed consent from each patient
was successfully obtained. The ethics approval number was
kf238. From January 2019 to December 2019, a total of 75
patients were recruited into this prospective research.

Inclusion Criteria
Patients suspected as HCC according to the CT, ultrasono-
graphy examinations, or preoperative MR examination.

Exclusion Criteria

1) Pathological results confirmed that it was not HCC, but
other abdominal malignancies, such as hemangioma and
so on. 2) Previous treatment such as percutaneous ethanol
injection, radiofrequency ablation, chemoembolization, or
the combination of above. 3) Poor image quality resulted
from motion artifacts and so on. 4) Inaccessible histo-
pathologic results. 5) Too small lesions that were difficult
for defining the ROIs in the following analysis.

From January 2019 to December 2019, a total of 75
patients preliminarily suspected as HCC were recruited
into this research according to the inclusion criteria. Ten
patients were excluded because of being diagnosed as
other malignancies, including cholangiocarcinoma (n=8),
hemangioma (n=1), and gallbladder carcinoma (n=1). In
addition, 10 patients were excluded because pathological
results were inaccessible. Moreover, one patient was
excluded as the lesion was too small to be identified. Also,
one patient was excluded because the IVIM scan was not
performed correctly. Additionally, one patient was excluded
because of poor MR image quality. Therefore, 52 patients
were ultimately introduced for subsequent statistical analy-
sis. Patient characteristics are exhibited in Table 1.
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Table | Patients Characteristics

Characteristics

Values

Mean age (years)

55.7+12.8 (Min: 30, Max:
79)

Gender
Men

Women

39
13

Size of tumor (mm)

5.9+3.2 (Min: I.1, Max: 15.2)

Histopathologic grade 1-4

Low grade (E-S | and E-S 2) 25

High grade (E-S 3 and E-S 4) 27
Capsule formation

With Capsule formation 36

Without Capsule formation 16
AFP (ng/mL) 465.6+521.7

(Min: 1.2, Max: 1210.0)

Ki67 (%) 27.3+13.8 (Min: 0, Max: 60)
Ki6é7 (-) 17
Ki67 (+) 35
Hepatitis history
Hepatitis B 15
Without hepatitis history 37
Time between imaging and surgery Median: 10.0
(days) (Min: 3, Max: 19)

MR Examination

All the MR examinations were performed on a 3T scanner
(uMR 780, United Imaging Healthcare, Shanghai, China)
with a 12-channel body coil. MR protocols included 1)
transverse T2 weighted fast spin echo sequence (FSE):
TR: 5620.0 ms, TE: 85.8 ms, Flip angle: 90°, slice thick-
ness: 5 mm, intersection gap: 1.0 mm, matrix: 378*504; 2)
Dynamic three-dimensional T1 weighted gradient echo
(GRE) sequence: TR: 3.05 ms, TE: 1.35 ms, Flip angle:
10°, slice thickness: 5.0 mm, matrix: 360*480; 3) breath-
hold two dimensional GRE sequence based susceptibility
weighted imaging (SWI): TR: 120.0 ms, TE: 10.0 ms, Flip
angle: 30°, slice thickness: 5 mm, intersection gap: 1.0 m,
matrix: 303*384; 4) breath-hold three-dimensional T1
weighted dual-echo (in phase and opposed phase) GRE
sequence: TR: 4.07 ms, TE: 1.11/2.56 ms, Flip angle: 10°,
slice thickness: 5 mm, matrix: 360*480; 5) single-shot
echo planar sequence based IVIM: TR: 4294.0 ms, TE:
67.1 ms, Flip angle: 90°, slice thickness: 5 mm, intersec-
tion gap: 1.0 mm, matrix: 200%256, b values: 0, 10, 20, 30,
40, 60, 80, 100, 200, 500 and 800 s/mm?>.

Image Analysis
All the original data were processed with one in-house
prototype software developed by Matlab R2018b.

IVIM: The quantitative pixel-wise parameters derived
from the IVIM were obtained through the following fitting
model expressed as:

Sp/So = (1 = f) exp(=bD) + fexp(—bD")

where S and S are, respectively, the signal intensity when
various b values are applied, f is the perfusion volume
fraction, D (unit: m%/s) is the true diffusion coefficient
representing pure diffusion, and D* (unit: m*/s) is the
pseudo-diffusion coefficient representing perfusion related
diffusion (incoherent microcirculation within the voxel).
Blinded to the pathological indexes, two abdominal
radiologists were asked to define the volume of interest
(VOI) on the basis of the whole lesion of HCC in D map
with T2WI image as a reference. The VOIs were firstly
defined by a radiologist with 8 years’ experience and then
validated by another radiologist with 25 years’ experience.
Meanwhile, the necrosis and hemorrhage were carefully
avoided to be incorporated into VOIs. Then the freehand
VOIs were automatically copied to other parametric maps
including D* map and f map. Histogram metrics of IVIM
parametric maps were calculated on the basis of the whole
lesion with one in-house prototype software developed by
Matlab R2018b. The histogram metrics contained the
mean, median, standard error of mean (SE), standard
deviation (SD), variance, skewness, kurtosis, minimum
value (min), maximum value (max), 10th percentile, 25th
percentile, 40th percentile, 70th percentile, 75th percentile,
and 90th percentile. It should be noted that there are some
kinds of open-sourced software which can be utilized for
calculating the IVIM parameters (Firevoxel (https://wp.
nyu.edu/Firevoxel)) and the histogram metrics of images
(Image J software (National institute of Health, Bethesda,
MD); Mazda software (http://www.eletel.p.lodz.pl/pro

gramy/mazda/)).

Histopathologic Evaluation

One pathologist having more than 10 years’ experience of
haptic pathology was asked to grade the HCC ranging from E-
S grade 1 to E-S grade 4 with a widely-applied Edmonson-
sterner classification standard.® Patients were then divided into
high grade (E-S grades 3 and 4) or low grade (E-S grades 1
and 2). The tumor specimens were stained with MIB-1
(DakoCytomation, Glostrup, Denmark), one specific mono-
clonal antibody for quantifying the Ki67. According to
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whether the expression of Ki67 was more than 10%, the
patients were divided into Ki67 (+) (expression >10%) and
Ki67 (-) (expression <10%). The selection of 10% as a thresh-
old for dividing patients into Ki67 (+) and Ki67 (-) was
according to previous research.”'® The presence of capsule
formation (capsule formation (+)) was concluded by evaluat-
ing the tumor specimens.

Statistical Analysis

In general, a technique flowchart of this research is dis-
played in Figure 1. Firstly, candidate diagnostic markers,
histogram metrics showing significant differences between
various subgroups, were obtained via independent Student
t-test. Then, the principal component analysis (PCA) was
performed to integrate all candidate markers into several
principal components. Finally, logistic regression based
diagnostic models were established via utilizing principal
components for achieving a diagnostic purpose.

In detail, the Kolmogorov—Smirnov test was firstly per-
formed to see whether each parameter obeyed normal dis-
tribution. Next, Mann—Whitney U-test or independent
Student #-test was performed to evaluate if the histogram
metrics derived from IVIM had significant differences in
various pathological groups. Besides, the potential correla-
tions between histogram metrics derived from IVIM and
prognostic factors including the expression of Ki67, capsule
formation, and histopathologic grade were explored by
Spearman correlation test and quantified by correlation
coefficient abbreviated as r. Principal component analysis
(PCA) was performed to integrate the candidate diagnostic
markers, histogram metrics showing significant differences
into several principal components (PCs). For example, there
exist 18 histogram metrics (candidate diagnostic markers)
derived from IVIM
between low grade and high grade HCC patients. Eighteen

showing significant differences

candidate diagnostic markers were then integrated into
three PCs via PCA. Next, the logistic regression based
diagnostic model for grading HCC was established with
the above three PCs as independent variables. Similarly,
predictive models for diagnosing patients with highly
expressed Ki67 and capsule formation were also established
according to the above methods. Finally, the diagnostic
performance of logistic regression based diagnostic model
abbreviated as LG model and individual histogram metrics
derived from IVIM was evaluated by utilizing the ROC
(receiver operating characteristic curve) analysis. All para-
meters in this research were statistically analyzed with the
SPSS 25.0 software (SPSS Inc., Chicago, IL, USA). It was

regarded as having statistical significance when the P-value
was less than 0.05.

Results

MR Images and Histogram Characteristics
Figures 2 and 3 displayed the representative MR images of
two HCC patients with different pathological indexes.
Representative IVIM fitting curves of 10 patients ran-
domly selected from the patient cohort are listed in
Supplementary Figures S1 and 2.

Figure 4 illustrates the comparison of histogram dis-
tribution of each IVIM parameter including D, D* and f
between the two representative HCC patients with differ-
ent pathological indexes. It was obvious that all the histo-
gram distribution deviated from Gaussian distribution to a
large extent. Moreover, distinguishable distribution differ-
ences between two patients can be clearly identified.

Histogram Metrics of IVIM

BrieﬂYa Dmeam Dmediam Dkurtosisa DlOth percentiles D25th percentiles
D40th percentiles D 70th percentiles D 75th percentiles fmeans fmediam f -
skewness»s fkurtosis> fl Oth percentiles f25th percentiles f40th percentiles f7 Oth

percentile,f75th percentiles andf90th percentile all dlSPlayed the cap-
ability of differentiating high grade HCC from low grade

HCC (P<0.05). Differently, Dieans fmedian> fa0th percentite @nd
J70th percentile Showed significant differences between the Ki67
(-) group and Ki67 (+) group. Moreover, it was feasible to
predict the capsule formation with Diedians Dioth percentiles

D25th percentiles D4Oth percentiles D70th percentiles D75th percentiles
k k
D SD» and D 75th percentile- (Table 2)

Correlative Evaluation

As Figure 5 and Tables S1-3 in the Supplementary Material
show, histogram metrics derived from IVIM including the
Dineans Dimedians Dioth percentiles D25th percentiles D40th percentiles
D70th percentiles D75th percentile> D90th percentiles fmeans fmedian» f25th

percentiles fA‘lOth percentiles 4f70th percentiles .f75th percentiles and 4f90th
percentile Were significantly and inversely correlated with the

histopathologic grade in comparison to fixewness> frurtosis, and
D*gp that were positively correlated with the histopathologic
grade. Similarly, Dincan, Dyariances fmeans fmedians f40th percentiles
J70th percentile> A0 f75¢h percentile WeTE negatively correlated with
the expression of Ki67. As for capsule formation, there
existed positive correlations between the histogram metrics
including the Dieans Dmedians P1oth percentiles D25th percentiles

D40th percentile» D70th percentiles 48 well as D75th percentiles and
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Figure | Technique flowchart of predicting multiple prognostic factors of HCC via extracting IVIM histogram metrics.

capsule formation, along with a negative correlation between
the D*sp and capsule formation.

Diagnostic Performance Evaluation

With principal component analysis (PCA), eighteen, four, and
eight candidate markers which showed significant differences
between high grade and low grade groups, Ki67 positive and
Ki67 negative groups as well as capsule formation (+) and

capsule formation (-) groups were “compressed” into three,
two, and two principal components (PCs), respectively.
Furthermore, three logistic regression based diagnostic models
(LG) were established with the above PCs for diagnosing
patients with high grade HCC, positive expression of Ki67
or capsule formation. The detailed processes and results
of PCA and logistic regression are displayed in the
Supplementary Material as Figures S3—5 and Tables S4-9.
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Figure 2 Representative MR images of a patient with low grade HCC. (A) T2WI image, (B) D map, (C) D* map, and (D) f map.
Note: The main prognostic indexes were: histopathologic grade: |, AFP: 2.23 ng/mL, Kié7: 3%, tumor size (the longest diameter): 5.7 cm, capsule formation: with capsule

formation.

Figure 3 Representative MR images of a patient with high grade HCC. (A) T2WI image, (B) D map, (C) D* map, and (D) f map.
Note: The main prognostic indexes werehistopathologic grade: 4, AFP: 759.50 ng/mL, Ki67: 40%, tumor size (the longest diameter): 9.7 cm, capsule formation: without

capsule formation.

The diagnostic performance of LG and individual IVIM
histogram metrics that showed significant differences across
various subtypes of HCC were evaluated by ROC curves,
which are exhibited in Figure 6 and Table 3. Among all

histogram metrics and LG, logistic regression based diagnostic
models (LG) yielded the best diagnostic power for grading
HCC (AUC=00917), diagnosing patients with highly
expressed Ki67 (AUC=0.861), and diagnosing patients with
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Figure 4 Tumor histogram distribution of D (A and D), D* (B and E), and f (C and F) of one patient with low grade HCC (A—C), whose MR images are displayed in
Figure 2, and another patient with high grade HCC (D-F), whose MR images are displayed in Figure 3.

Note: The smooth black curve represents the theoretical Gaussian distribution.

capsule formation (AUC=0.839) compared to other individual
histogram metrics. As for individual histogram metrics
sourced from specific [VIM parametric maps, the D75 percentite
had the best diagnostic performance (AUC=0.888) of all
metrics derived from D map for grading HCC with regard to
that 75t percentite Was the best indicator (AUC=0.881) derived
from f'map for grading HCC. Differently, Dean (AUC=0.730)
and f7ot percentite (AUC=0.724) were the best diagnostic mar-
kers, respectively, derived from D maps and f maps for diag-
nosing highly-expressed Ki67. As for predicting capsule
formation, Dot percentite (AUC=0.764) and D*754 percentite
(AUC=0.701), respectively, served as the best diagnostic mar-
kers compared to other metrics derived from D maps and D*
maps. It should be noted that 1) only candidate markers,
metrics showing significant differences between subgroups,
were analyzed with the ROC curve. For instance, there were
no D* derived metrics which showed significant differences
between low grade and high grade HCC. Therefore, the diag-
nostic performance related results of D*-derived metrics were
not exhibited. 2) To avoid the fact that Figure 5 displayed
information being too redundant, only histogram metrics
sourced from specific parametric maps including D, D*, and
f'maps with the best diagnostic value were displayed to com-
pare with the mean value. For instance, D75y percentile Was
the best diagnostic marker sourced from D map with regard

tO f75th percentile» Which was the best diagnostic marker sourced

from f'map for grading HCC. Moreover, detailed diagnostic
performance related parameters such as sensitivity, specificity,
accuracy, and so on are displayed in Table 3. In addition,
comparisons of AUC of different metrics were listed in the
Supplementary Material (Tables S10-12). Briefly, there
existed a significant difference between the logistic regression
based diagnostic model (LG) and fyea, for grading HCC
(P=0.030). Additionally, f7st percentile Was significantly better
than fc.n for grading HCC (P=0.035). As for diagnosing
patients with highly expressed Ki67, the AUC of LG was
significantly higher than that of Dy,can (P=0.050), f70th percentite
(P=0.042) and fiean (P=0.008). As for predicting capsule
formation, the diagnostic power of LG was significantly
higher than that of D*754 percentile (P=0.012) and D* ;can
(P=0.005).

Discussion
Histogram Metrics of Different Subtypes

and Correlative Analysis

Along with the invasion and metastasis of HCC, increased
malignancy of HCC is manifested as the variations of
different prognostic factors including an increase in histo-
pathologic grade, an increase in expression of Ki67,* and
the absence of capsule and so on. Moreover, rapid prolif-
eration of tumor cells results in the increase in nuclear to
cytoplasmic ratio and the decrease in intercellular space,
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Table 2 The Histogram Metrics Display Significant Differences in

Various Subgroups

Histogram Negative Positive P-
Metrics Group Group value
Low Grade High Grade
Drmean 1.322+0.270 1.102+0.315 0.009
Drmedian 1.246+0.245 1.006+0.142 0.000
Dyurtosis 0.424+1.590 1.867+3.239 0.050
D)oth percentile 0.815+0.282 0.587+0.275 0.005
Dasen percentile 1.018+0.262 0.781+0.228 0.001
Da4oth percentile 1.154+0.245 0.924+0.163 0.000
D7och percentile 1.489+0.282 1.168+0.138 0.000
D75¢h percentile 1.559+0.298 1.219+0.144 0.000
fmean 0.278+0.066 0.208+0.046 0.000
fmedian 0.220+0.080 0.131+0.050 0.000
fekewness 1.171£0.629 1.948+0.877 0.001
fiurtosis 1.592+2.304 5.632+4.815 0.000
fioth percentile 0.039+0.058 0.014+0.019 0.050
f2sth percentile 0.106+0.073 0.053+0.033 0.002
faoth percentile 0.162+0.079 0.094+0.038 0.000
f70th percentile 0.323+0.092 0.208+0.062 0.000
frsth percentile 0.383+0.095 0.249+0.072 0.000
footh percentile 0.652+0.246 0.436+0.233 0.002
Ki6é7 (-) Ki67 (+)
Dmean 1.333+0.318 1.148+0.294 0.043
fmedian 0.205+0.091 0.158+0.069 0.044
faoeh percentile 0.154+0.086 0.113+0.057 0.043
f70th percentile 0.306+0.085 0.242+0.096 0.025
Capsule (-) Capsule (+)
Dmedian 0.997+0.156 1.177+0.238 0.002
Dioth percentile 0.561+0.299 0.757+0.283 0.028
Daseh percentile 0.752+0.277 0.959+0.245 0.009
Daoth percentile 0.907+0.186 1.091+0.235 0.008
D70th percentile 1.176+0.128 1.388+0.293 0.001
D75¢h percentile 1.233+0.135 1.448+0.311 0.001
D*sp 47.778+17.347 40.278+6.534 0.027
D*75¢h percentile 97.819+8.724 88.568+22.518 | 0.038

Notes: D, True diffusion coefficient (unit: x10°° m
cient (unit: x10° mzls), f, Perfusion fraction. SD, SE, skewness, and kurtosis are

dimensionless metrics.

%/s), D*, Pseudo diffusion coeffi-

which leads to the more restricted diffusion characterized
by the decreased diffusion coefficient. Hence, D value
representing the pure diffusion was significantly higher
in the low grade group, Ki67 (-) group, as well as the
capsule (+) group. Additionally, it’s understandable that
different percentiles of D showed negative correlations
with the histopathologic grade as well as the expression
of Ki67 that has been widely accepted as an index
for quantifying the proliferation of the tumor. “The

above results were consistent with several previous
researchers.”! 13 Furthermore, the result of that different
percentiles off value were significantly lower in the high
grade group and the Ki67 (+) group can be explained by
the following causes: with the increase of HCC malig-
nancy manifested as the increase in the histopathologic
grade, the expression of Ki67, tumor capillaries character-
ized by irregular diameters, abnormal vascular branching
pattern, incomplete basal membrane, and leaks begin to
dominate, resulting in reduced blood circulation.'* Thus,
there were significant inverse correlations between the
histogram metrics sourced from f map and other prognos-
tic factors including the expression of Ki67 and histo-
pathologic grade. Quite different from metrics derived
from D value and f value, nearly all histogram metrics
calculated from D* map did not show significant differ-
ences between the different subtypes of HCC except D*gp
and D*7s54 percentile that were significantly lower in the
capsule formation (+) group. The low signal to noise
ratio of D* map may result in difficulty in obtaining a
meaningful statistical conclusion, which was widely
reported before.'"!* Furthermore, since SD represents the
signal inhomogeneity, the increased D*sp can be
explained by the much more heterogeneous perfusion in
HCC lesion, which also resulted in the significant correla-
tion between the D*gp and grade together with D*gp and
capsule formation. Similarly, Dyariance> fskewness 304 furtosis
were significantly correlated with the prognostic factors,
which further indicated that tumor heterogeneity servers as
one prominent feature during carcinogenesis. To the best
of our knowledge, hardly have the DWI metrics been
applied for evaluating the capsule formation. A lot of
researchers proposed that the presence of capsule forma-
tion in HCC patients suggests the weaker proliferating
capability due to the fact that formed capsules serve as a
“proliferative barrier” which results in the slower increase
in cellular density as well as angiogenesis.'* As a result,
there was a positive correlation between the histogram
metrics of D value and capsule formation. Moreover, the
result of that D*gp inversely correlated with capsule for-
mation inferred that perfusion heterogeneity was wea-
kened along with the presence of capsule formation.

Diagnostic Performance Analysis

Overall, for individual histogram metrics, D-derived
metrics showed better diagnostic performance with regard
to D*-derived metrics and f-derived metrics for HCC
grading, diagnosing patients with highly expressed Ki67
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Figure 5 The heat maps depict the correlations between the histogram metrics derived from IVIM parametric maps including (A) D, (B) f, as well as (C) D* and prognostic

indexes.

Note: (1) *P<0.05, ** P<0.01, and *** P<0.001. (2) Blue color suggests that there is a significant negative correlation. Red color suggests that there is a significant positive
correlation. (3) The correlation coefficients can be obtained with a reference bar on the right of the heat map.

and capsule formation, which was consistent with several
previous researchers. For instance, Wei et al’s'® research
suggested that there was merely a significant difference of
D value between the different histopathologic grade with
regard to f and D*. Additionally, with similar biological
inspiration of cellularity, ADC was reported to be asso-
ciated with the expression of Ki67.'> The causes were
speculated as the following: 1) during the progress of
tumor invasion and metastasis, the cellularity variation
characterized by D value may be more pronounced with
regard to the vascularity characterized by D* and f, which
leads to the greater diagnostic performance of histogram
metrics derived from D map for grading HCC, discrimi-
nating the Ki67 (+) patients as well as predicting the
capsule formation. 2) Ki67 is a nuclear antigen associated
with proliferating cells. Its function is closely related to
mitosis and is indispensable in cell proliferation.'® As D
and Ki67 provide the similar biological insights of

cellularity, D-derived metrics were better at predicting
Ki67 (+) than other metrics derived from D* and f.
Interestingly, except Dynean Serving as the only best marker
(AUC=0.730) for diagnosing Ki67 (+) compared to other
metrics derived from D map, nearly all individual best
diagnostic markers for grading, diagnosing Ki67 (+), and
diagnosing capsule formation (+) were other histogram
metrics rather than the mean value (Grading: D-derived
metrics: D75 percentile (AUC= 0.888); f-derived metrics:
Srsth percentile (AUC= 0.881), Diagnosing Ki67 (+): f-
derived metrics: f7om percendle (AUC= 0.724), Predicting
capsule formation (+): D-derived metrics: Daom percentile
(AUC= 0.764); D*-derived metrics: D*754 percentile
(AUC=0.701)), which proved the superiority of histogram
analysis. Several previous researchers share similar con-
clusions. For example, Hu et al’ proposed that ADC»sg,
(AUC=0.82) was the best marker for diagnosing Ki67 (+)
compared to ADC can (AUC=0.78). In addition, ADCjsy,
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Figure 6 Diagnostic performance evaluation. Evaluating the diagnostic performance of different IVIM histogram metrics for (A) grading HCC, (B) diagnosing patients with

highly-expressed Kié7, and (C) diagnosing patients with capsule formation.

served as the best indicator for grading HCC according to
Xu’s'” research. Li et al'® concluded that Ds,, was most
valuable for predicting MVI. The potential explanations
were listed as the following: 1) according to previous
research, strong heterogeneity results in that it’s difficult
to characterize tumor with mean value as overall signal
distribution is not uniform.'” 2) The signal intensity within
each voxel of whole lesion that represents the different
percentiles cannot change to the same extent as the degree
of tumor malignancy increases, which signifies the signal
intensity within some voxels that represent the different
percentiles does vary more obviously. However, the over-
all averaging will weaken such sensitivity as there still
exist some “insensitive” voxels. Therefore, mean value

would not sensitively and timely capture the image
changes within the lesion. In this case, histogram metrics,
especially the different percentiles are more powerful for
capturing the image changes within the lesion. For exam-
ple, it’s widely accepted that D value will decrease as
histological grade increases. However, the signal intensity
within each voxel in D maps of the whole lesion cannot
decrease to the same extent. The voxel representing high D
value may decrease more obviously. As a result, D75y,
percentile 1N this research showed a highest value for grading
HCC with regard to other individual D-derived histogram
metrics. Most importantly, this research indicated that
much better diagnostic performance for predicting prog-
nostic factors was obtained with the assistance of the LG
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Table 3 Diagnostic Performance Evaluation

Sensitivity Specificity Accuracy AUC 95% CI of AUC
Grade
LG 0.926 0.880 0.904 0917 0.807-0.975
D7seh 0.700 1.000 0.846 0.888 0.702-0.977
frsehn 0.800 0.875 0.827 0.881 0.694-0.974
fmean 0.700 1.000 0.827 0.850 0.656-0.958
Dimean 0.781 0.830 0.769 0811 0.712-0.888
Ki67
LG 0.857 0.941 0.885 0.861 0.736-0.941
Dinean 0.800 0.647 0.731 0.730 0.589-0.844
f70th 0.686 0.824 0.731 0.724 0.583-0.839
fmean 0.743 0.588 0.673 0.642 0.497-0.770
Capsule formation
LG 0.722 0.938 0.788 0.839 0.710-0.926
Daowh 0.694 0.8I3 0.731 0.764 0.626-0.871
D*75h 0.556 0.938 0.673 0.701 0.559-0.820
Dimean 0.722 0.8I13 0.720 0.731 0.590-0.844
D* hean 0417 0.8I3 0.519 0.536 0.393-0.676

Notes: LG is the abbreviation of diagnostic model based on logistic regression. It should be noted that: 1) ROC analysis was only performed to evaluate the
diagnostic performance of histogram metrics showing significant differences between subgroups. 2) Only histogram metrics that are sourced from specific
parametric maps including D, D* and f maps and show the best diagnostic value are displayed to compare with mean value. For instance, D75, was the best
diagnostic marker sourced from D map with regard to f7s., which is the best diagnostic marker sourced from f map for grading HCC. 3) There are no D*-derived
metrics, which signifies that all D*-derived metrics show no significant differences between high grade and low grade HCCs.

models. The reasons were speculated as the followings:
1) integrating all candidate markers including different
histogram metrics derived from different parametric
maps together was helpful for characterizing HCC more
comprehensively as all markers were fully utilized. 2)
With regard to specific cut-off value based diagnosis,
diagnostic models such as logistic regression, support vec-
tor machine, K nearest neighbor and so on are much better
at classifying.'®*!

Previous research has demonstrated the clinical poten-
tial of mono-exponential DWI or histogram analysis in
evaluating the therapeutic response of HCC (for example:
TACE or other novel targeted therapies)*? and diagnostic
value in combination with LI-RADS.**** However, hardly
ever were [VIM-derived histogram metrics applied for
addressing the above issues. In view of the important func-
tional insights provided by IVIM as well as the numerous
potential quantitative markers provided by histogram ana-
lysis, IVIM-derived histogram metrics held great potential
in accurately diagnosing patients with HCC of different
grades in the LI-RADS category and evaluating the thera-
peutic response of TACE and other novel therapies.
Furthermore, it’s of great clinical significance to identify
the phenotypical “spectrum” in HCC progression such as

biliary phenotype. The strategy proposed in this study may
also be helpful for predicting the phenotypical “spectrum”
in HCC progression. Some researchers have demonstrated
that the variation of perfusion and diffusion caused by the
increased proportion of collagen fibers in cirrhotic liver
could be characterized by IVIM.?*?® IVIM derived histo-
gram metrics, hence, held great potential in sensitively
monitoring the liver cirrhosis.

There were some limitations which should be acknowl-
edged in this research. Firstly, the relatively small sample
size and imbalance between different subgroups held risks,
resulting in potential statistical bias. In addition, the exter-
nal validation was not performed because it was difficult
to enroll many patients for a prospective study. A larger
population should be introduced in subsequent research.
Besides, as there existed tight correlations between differ-
ent pathological indexes and DWI metrics, some statistical
models, such as the support vector machine and novel
machine learning based diagnostic models, should be
established for integrating both DWI insights and patholo-
gical insights. Moreover, this study did not evaluate the
inter-observer agreement for measuring the IVIM derived
histogram metrics. Finally, more pathological indexes

including the expression of carcinoembryonic antigen
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(CA19-9), carcinoembryonic antigen, and so on should
also be evaluated in the subsequent work.

Conclusion

In conclusion, this research suggested that extracting his-
togram metrics with a single IVIM scan held great poten-
tial in predicting the multiple prognostic factors of HCC
including histopathologic grade, capsule formation, and
the expression of Ki67, which suggested that extracting
the underlying quantitative image biomarkers is valuable
for noninvasively, cost-effectively and accurately predict-
ing the prognostic factors during clinical practice.
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