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Abstract

Using noninvasive radiomics to predict pathological biomarkers is an innovative work worthy
of exploration. This retrospective cohort study aimed to analyze the correlation between
NAD(P)H quinone oxidoreductase 1 (NQO1) expression levels and the prognosis of patients
with hepatocellular carcinoma (HCC) and to construct radiomic models to predict the
expression levels of NQO1 prior to surgery. Data of patients with HCC from The Cancer
Genome Atlas (TCGA) and the corresponding arterial phase-enhanced CT images from
The Cancer Imaging Archive were obtained for prognosis analysis, radiomic feature extrac-
tion, and model development. In total, 286 patients with HCC from TCGA were included.
According to the cut-off value calculated using R, patients were divided into high-expression
(n =143) and low-expression groups (n = 143). Kaplan—Meier survival analysis showed that
higher NQO1 expression levels were significantly associated with worse prognosis in
patients with HCC (p = 0.017). Further multivariate analysis confirmed that high NQO1
expression was an independent risk factor for poor prognosis (HR = 1.761, 95% Cl: 1.136
-2.73, p=0.011). Based on the arterial phase-enhanced CT images, six radiomic features
were extracted, and a new bi-regional radiomics model was established, which could nonin-
vasively predict higher NQO1 expression with good performance. The area under the curve
(AUC) was 0.9079 (95% CI1 0.8127—1.0000). The accuracy, sensitivity, and specificity were
0.86, 0.88, and 0.84, respectively, with a threshold value of 0.404. The data verification of
our center showed that this model has good predictive efficiency, with an AUC of 0.8791
(95% CI 0.6979-1.0000). In conclusion, there existed a significant correlation between the
CT image features and the expression level of NQO1, which could indirectly reflect the prog-
nosis of patients with HCC. The predictive model based on arterial phase CT imaging fea-
tures has good stability and diagnostic efficiency and is a potential means of identifying the
expression level of NQO1 in HCC tissues before surgery.

Introduction

Liver cancer is the sixth most common malignancy, making it the third leading cause of can-
cer-related mortality worldwide. Hepatocellular carcinoma (HCC) accounts for 75-85% of the
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total liver cancer burden [1-3]. Although surgical resection and liver transplantation are con-
sidered effective for HCC treatment, postoperative recurrence remains common and may
result in poor outcomes. Classical prognostic indicators, including pathological features, labo-
ratory diagnostic indicators such as alpha-fetoprotein (AFP), and other examination methods,
including CT, MRI, and ultrasound, fail to meet the clinical needs of precision and personal-
ized medical strategies. Additional exploration of new prognostic markers is needed to stratify
the prognosis of patients and contribute to the development of more effective individualized
treatment strategies.

The NAD(P)H quinone oxidoreductase 1 gene (NQOI), which is located on chromosome
16q22.1, encodes reductive coenzyme/quinone oxidoreductase, also known as DT-nicotin-
amide dehydrogenase, which is a homodimeric flavoprotein that catalyzes the two-electron
reduction of quinone to hydroquinone. Together, NQO1 and other phase I and phase II meta-
bolic enzymes constitute the metabolic network of exogenous toxic substances in vivo, playing
an important role in the detoxification metabolism [4]. NQO1 is widely distributed in human
organs, with the highest expression levels observed in the gastrointestinal tract, gall bladder, fat
tissue, and thyroid [5]. Although NQOL is not abundantly expressed in the normal liver, its
mRNA levels in HCC tissues were found to be approximately 50 times higher than that in nor-
mal tissue [6]. High NQO1 expression is associated with tumor metastasis, angiogenesis, and
poor prognosis. NQOL1 is highly expressed in human and mouse HCC cells, promoting prolif-
eration and mediating tumor growth by activating the PI3K/AKT and MAPK/ERK signaling
pathways, which suggests that NQO1 can be used as a therapeutic target for HCC [7]. In an
HCC orthotopic transplantation tumor model, both NQO1 knockout and an NQO1 inhibitor
blocked tumor growth and induced apoptosis, suggesting that NQO1 plays an important role
in maintaining the proliferation of HCC cells [8]. NQO1-responsive prodrugs and nanocar-
riers have been developed for cancer treatment [9-12]. Notably, the ClinicalTrials.gov website
(https://www.clinicaltrials.gov) contains 36 NQO1-relevant clinical trials.

Radiomics provides noninvasive and high-throughput imaging via a technique called
"image sequencing” and dynamically detects and quantitatively reflects tumor characteristics.
Using automated algorithms, radiomics allows the high-throughput extraction of features
from digital medical images in a region of interest. In previous studies, radiomics has been
shown to be useful for early diagnosis, typing, tumor heterogeneity and microenvironment
evaluation, and preoperative microvascular invasion estimation in HCC [13-15].Certain
genetic markers or immunophenotypes in liver cancer tissues are associated with aggressive
tumor behavior and poor prognosis [16, 17]. However, techniques for measuring them require
invasive tissue sampling and specialized equipment. To the best of our knowledge, no study
has used radiomic features to predict NQO1 expression levels in HCC and patient outcomes.
Therefore, the present study aimed to investigate the associations between NQO1 expression
and the prognosis of patients with HCC, NQO1-related immune infiltration phenotype, and
related gene analysis. In addition, radiological models of the whole tumor and peritumoral
areas obtained using CT radiomics technology from The Cancer Genome Atlas (TCGA) and
The Cancer Imaging Archive (TCIA) were first introduced to evaluate whether the radiomics
model could noninvasively predict NQO1 expression levels. Our findings provide valuable
insights regarding the noninvasive prediction of tissue biomarkers using radiomics.

Materials and methods
Data and image sources

A total of 377 liver cancer case records were downloaded from TCGA data portal (https://
portal.gdc.cancer.gov/). Twenty-nine patients died within 1 month after surgery, 13 patients
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without HCC and 49 patients with missing data were excluded. Therefore, a total of 286
patients were included in the study. Among them, 75 patients had preoperative CT images
stored in TCIA (https://www.cancerimagingarchive.net/). Samples with no arterial phase
enhancement images, samples with poor image quality, or images with no corresponding clini-
cal or gene expression information were excluded. A total of 35 cases were considered for
radiomic analysis. External validation data came from 83 cases of patients who underwent
liver surgery at The First Affiliated Hospital, College of Medicine, Zhejiang University from
November 2021 to December 2021, including eight cases of non-liver cancer, 38 cases of pre-
operative tumor treatment, 12 cases with no artery phase images or poor artery phase image
quality preoperative CT, and five cases with unqualified liver cancer specimens. A total of 20
outlier validation data were finally included. Our study protocol was approved by the clinical
ethics review board of The First Affiliated Hospital, College of Medicine, Zhejiang University,
and written informed consent was obtained from the patients. A brief flowchart of the process
is shown in Fig 1A. The authors had no access to information that could identify any individ-
ual participants during or after data collection.

Identification of NQO1 as a differentially expressed gene

UCSC XENA (https://xenabrowser.net/datapages/), with the Toil process, was used to unify
the handling of TCGA, GTEx, and transcript per million (TPM) RNA-seq data formats [18].
HCC data from TCGA and the corresponding normal tissue data from GTEx were extracted.
For data preprocessing, we first transformed the NQO1 expression data into the TPM format.
Next, we transformed the TPM values into a log, (TPM+1) scale for downstream analysis by
adding 1 to each value of TPM to avoid divergence between zero TPMs. The second step was
to merge gene data with corresponding clinical data. Finally, using the merged data, all eligible
cases were divided into high- and low-expression groups based on the NQO1 expression cut-
off value. Kaplan-Meier analysis was used to assess the overall survival (OS) rates of both
groups, and a Kaplan-Meier curve was plotted. The prognostic value of multiple variables,
including NQOI levels, sex, age, tumor grade and stage, AFP levels, and vascular invasion,
were evaluated via univariate and multivariate Cox proportional hazard regression analysis.

Correlation analysis of NQO1 with HCC clinical and pathology features

Univariate Cox regression was used to conduct exploratory subgroup analysis to analyze the
effect of different expression levels of NQO1 on the prognosis of patients in different sub-
groups of each covariable. The Spearman’s rank correlation coefficient was used to analyze the
correlation between NQO1 and tumor clinical and pathological features, and the results are
shown by a correlation heat map.

NQO1-related immunoinfiltration phenotype and related gene analysis

The gene expression matrix of HCC samples was uploaded to the CIBERSORTx database (https://
cibersortx.stanford.edu/), and the immunoinfiltration of each sample was calculated. The R pack-
age “limma” was used to analyze the difference in the degree of immune cell infiltration between
the groups. Correlation between NQO1 and immune genes was analyzed using Spearman’s rank
correlation coefficients, and a heat map was constructed to visualize the results.

Image segmentation, feature extraction, and feature selection

The whole-tumor region (i.e., the region of tumor segmentation) was manually outlined using
3D-slicer software (ver. 4.10.2) under the supervision of a hepatobiliary surgeon; more
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Fig 1. Flowchart of data collection and analysis. (A) Gene and image data screening process. (B) Flowchart of radiomic progression. TCGA: The Cancer
Genome Atlas; TCIA: The Cancer Imaging Archive; HCC: hepatocellular carcinoma; NQO1: NAD(P)H: quinone oxidoreductase 1; WT-RO: whole-tumor
regional radiomics; BR-RO: bi-regional radiomics.

https://doi.org/10.1371/journal.pone.0290900.9001

information can be found in previous studies [19, 20]. Using Python’s SimpleITK package
(https://simpleitk.org/), the whole-tumor and 3 mm peritumoral regions were obtained by tak-
ing the whole-tumor region and automatically ballooning it outward; we termed this the
whole-peritumor region. Finally, 107 standard imaging features were included using R (pyra-
diomics package). The correlation and redundancy between the image omics features result in
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overfitting of the model, affecting the generalization ability of the prediction model of NQO1
expression. Recursive feature elimination (RFE) based on the maximum correlation minimum
redundancy (mRMR) algorithm was used. First, the importance of the features was ranked by
the algorithm, and then the features that contributed the least to the model were eliminated.
The iterative process was repeated several times until the number of remaining features
reached the required number.

Model establishment

Logistic regression models were constructed using the best feature subsets from the tumor
region or bi-regional area. The area under the curve (AUC) was calculated to evaluate the per-
formance of the radiomic models using receiver operating characteristic curves (ROC). Model
predictive accuracy was assessed using calibration curves. As a final step, a decision curve anal-
ysis (DCA) was performed to determine the clinical value of radiomic evaluation. A research
flowchart of the current study is shown in Fig 1B.

Statistical analysis

R version 4.1.0 (http://www.r-project.org/) (packages including limma, pROC, rms, glmnet,
rmda, survminer, survival, mRMRe, irr, and caret) were used for statistical analysis of data.
Quantitative variables are expressed as the mean + SD or median and quartiles. Categorical
variables such as sex are presented as values and percentages. Student’s ¢-test or Wilcoxon’s
rank-sum test was used to compare quantitative variables. The chi-square test was used to
compare categorical variables. The Kaplan-Meier method and log-rank test were used for sur-
vival analysis. Multivariate Cox regression analysis was used to determine independent risk
factors for OS. We calculated the AUCs of the models and compared them using De Long’s
method [21]. Differences were considered statistically significant at a two-sided p-value of
0.05. Significance indicators: ns, non-significant (p>0.05); *, p<0.05; **, p<0.01; and ***,
p<0.001.

Results
Patient characteristics

A total of 286 patients with HCC from TCGA database were included for further analysis. The
median follow-up time was 629 days (Quartile: 386-1247 days). The cut-off value of the
NQOL1 expression level calculated using the R package “survminer” was 2.2177. According to
the obtained cut-off value, the patients were divided into a high-expression group (n = 143)
and a low-expression group (n = 143) (Table 1). Only vascular invasion showed significant dif-
ferences between the two groups; other parameters, including age, sex, stage, grade, hepatic
inflammation, residual tumor, and AFP levels, showed no significant differences.

Higher NQOL1 level was associated with worse HCC prognosis

Transcriptome sequencing data of NQO1 from TCGA database (https://portal.gdc.cancer.gov/
) were analyzed. NQOL1 levels were higher in the tumor group than in the normal group
(p<0.001), with the median difference between the two groups being 2.261 (1.875-2.891) (Fig
2A). Kaplan-Meier survival analysis revealed that high levels of NQO1 were associated with a
worse prognosis (Fig 2B) (p = 0.017). Univariate Cox regression analysis showed that high
NQOL1 expression level was a risk factor for poor prognosis (hazard ratio [HR] = 1.643, 95%
confidence interval [CI]: 1.088-2.481, p = 0.018) (Fig 2C). Further multivariate analysis
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Table 1. Baseline characteristics of patients with HCC.

Variable Total (n = 286) Low (n=143) High (n = 143) p-value

Age, n (%) 0.193
~59 138 (48) 63 (44) 75 (52)
60~ 148 (52) 80 (56) 68 (48)

Gender, n (%) 0.161
Female 90 (31) 51 (36) 39 (27)
Male 196 (69) 92 (64) 104 (73)

Grade, n (%) 0.181
G1/G2 176 (62) 94 (66) 82 (57)
G3/G4 110 (38) 49 (34) 61 (43)

Stage, n (%) 0.999
I 213 (74) 107 (75) 106 (74)
/v 73 (26) 36 (25) 37 (26)

Hepatic_inflammation, n (%) 0.802
None 97 (34) 51 (36) 46 (32)
Unknown 92 (32) 44 (31) 48 (34)
Mild/Severe 97 (34) 48 (34) 49 (34)

Residual_tumor, n (%) 0.999
RO 264 (92) 132 (92) 132 (92)
R1/R2/RX 22(8) 11(8) 11(8)

AFP (ng/ml), n (%) 0.777
~399 153 (53) 79 (55) 74 (52)
400~ 73 (26) 34 (24) 39 (27)
Unknown 60 (21) 30 (21) 30 (21)

Vascular_invasion, n (%) <0.001
None 160 (56) 97 (68) 63 (44)
Unknown 40 (14) 15 (10) 25 (17)
Micro/Macro 86 (30) 31 (22) 55 (38)

Grade: tumor grade; Stage: pathologic stage based on AJCC”™; AFP: alpha-fetoprotein

https://doi.org/10.1371/journal.pone.0290900.t001

confirmed that high NQO1 expression was an independent risk factor for poor prognosis
(HR = 1.761, 95% CI: 1.136-2.73, p = 0.011) (Fig 2C).

Univariate Cox regression was used to conduct exploratory subgroup analysis to analyze
the effect of NQOL1 on the prognosis of patients in different subgroups for each covariable. No
significant interaction was observed between the expression level of NQO1 and age, sex, stage,
grade, hepatic inflammation, residual tumor, and AFP levels; however, a significant interaction
was observed between NQO1 and vascular invasion (Fig 2D). Furthermore, we analyzed the
correlation between NQO1 and the clinical features of tumors, and the results of the correla-
tion heat map showed that NQO1 was significantly correlated with vascular invasion
(p<0.001) (Fig 2E).

Immune infiltration phenotype and immune gene analysis

The infiltration of immune cells in HCC was analyzed, and 20 immune cell types are shown in
Fig 3A. The infiltration degree of M0 macrophages and regulatory T cells was significantly
increased in the group with high NQO1 expression levels. However, there was no significant
difference in the degree of infiltration of other immune cells, including naive B cells, memory
B cells, NK cells, M1 and M2 macrophages, dendritic cells, and neutrophils, between the two
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Fig 2. Differential expression of NQOLI in cancer and para-cancer tissues, its relationship with prognosis and clinical variables, and its effect on
subgroups. (A) The expression level of NQOI in cancer tissues was higher than that in adjacent tissues, and the median difference between the two groups
was 2.261 (1.875-2.891), indicating a significant difference (p<0.001). (B) The median survival time of the low-expression group was 2532 days and that of
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(p =0.017). (C) High expression of NQO1 is an independent risk factor for postoperative overall survival in patients with HCC (HR = 1.761, 95% CI: 1.136
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—2.730, p = 0.011). (D) Univariate Cox regression was used to conduct exploratory subgroup analysis to analyze the effect of NQOI (high-expression group
vs. low-expression group) on the prognosis of patients in different subgroups of each covariable. (E) Correlation analysis between NQO1 and clinical
indicators; heat map shows that the NQO1 was significantly correlated with vascular invasion (p<0.001).

https://doi.org/10.1371/journal.pone.0290900.9002

groups. In addition, correlation analysis between NQO1 and immune genes was conducted
(Fig 3B). NQO1 was significantly correlated with immune genes, such as CD44, CD86,
TNFSF18, TNFRSF8, TNFSF9, TNFSF14, HAVCR2, LAIR1, LGALSY, and IDO2, among which
TNFSF9 and LGALS9 had the strongest correlation.

Construction and validation of radiomic models for predicting NQO1
expression levels

The median (intraclass correlation coefficient [ICC]) value of the imaging features based on
the whole-tumor region was 0.979; there were 90 imaging features with an ICC value greater
than 0.75 (84.1% of the total features). The median ICC value of the image features based on
the whole-peritumor region was 0.971; there were 102 image features with ICC values greater
than 0.75 (95.3% of the total features). The ICC values of the selected imaging features were all
above 0.8 (Table 2).

We established a prediction model called the whole-tumor regional radiomics (WT-RO)
model using RFE with only two optimal features (Fig 4A). The AUC of the WT-RO model
was 0.7072 (95% CI: 0.5304-0.8841) (Fig 5A). Based on the RFE analysis of whole-peritumor
regional radiomic features (Fig 4B), we constructed a bi-regional radiomics (BR-RO) model to
predict NQOL1 expression levels. This model included both the whole-tumor and whole-peri-
tumor regions. There were six radiomic features: Whole_glszm_SmallAreaEmphasis, Whole_-
ngtdm_Coarseness, Whole_peri_glrlm_RunLengthNonUniformity,
Whole_peri_ngtdm_Coarseness, Whole_peri_firstorder_TotalEnergy, and Whole_per-
i_glszm_SmallAreaLowGrayLevelEmphasis. The AUC of the BR-RO model was 0.9079 (95%
CI: 0.8127-1.0000) (Fig 5A). The accuracy, sensitivity, and specificity of the WT-RO model
and the BR-RO model were 0.71, 0.94, and 0.53 and 0.86, 0.88, and 0.84 respectively, with
thresholds of 0.332 and 0.404, respectively (S1 Table).

Evaluation of radiomic models

There was a significant difference in AUCs between the two models (p = 0.008) (Fig 5A). The
calibration curves and Hosmer-Lemeshow goodness-of-fit tests showed that the prediction
probability of high-expression levels of NQO1 by the image omics prediction models was in
good agreement with the true value (p>0.05) (Fig 5B). Comparing the DCA curves of the
WT-RO and BR-RO models, the BR-RO model was better than the WT-RO model (Fig 5C).

Owing to the better performance of the BR-RO model, the probability of predicting NQO1
expression levels was defined as the radiomics score. Radiomics score = —3.8126 x Whole_
ngtdm_Coarseness + 1.5993 x Whole_glszm_SmallAreaEmphasis — 1.7211 x Whole_peri_
glrlm_RunLengthNonUniformity + 0.4666 x Whole_peri_ngtdm_Coarseness — 0.2292 x Whole_
peri_firstorder_TotalEnergy + 3.1423 x Whole_peri_glszm_SmallArealLowGrayLevelEmphasis
—0.1927 (Table 3).

Next, we compared whether the radiomics score differed according to the expression of
NQOI1 between the two groups. The distribution of the score was significantly different
between the two groups (p = 0.002) (Fig 5D). The radiomic score of the high-NQO1 expres-
sion level group was higher.

The data verification of our center showed that this model had good predictive efficiency,
with an AUC of 0.8791 (95% CI 0.6979-1.0000) (Fig 6A). The DCA curves showed that if the

PLOS ONE | https://doi.org/10.1371/journal.pone.0290900 September 11, 2023 8/17


https://doi.org/10.1371/journal.pone.0290900.g002
https://doi.org/10.1371/journal.pone.0290900

PLOS ONE Radiomics predicting NQO1 in HCC

151 NS NS NS NS NS NS NS * NS NS NS NS bt NS NS NS NS NS NS NS

=
N

I
©

NQO1
Low

High

Fraction

o
o

o
w
leH
e+
5]
&

% v¥gy
4
00]{F® pw ve T PR V¥ gq uy ¥ ¥ gy T oy pyvww

C Q& ¥ O LSO LN YO LN
&S &S gx\“\@@(\q}q‘z’“@%% L FEF TNV LSS

& & N Q) & &°
T E e @ T NERCERC NG
(XS PR A\
Q" K @ 7 &
0\\9 N © Q
G @

NOO! W] T T EEEDER RN i
CDh44 |-~ TOET | D (| -l R T
TNFRSFEQ on ol - =
LA o1 008] 0.1 on o [R88] - [%RIees] = | [ERelees]e=~ | onlrorfooe]
NRP1 [rsfostsed el (IR | EE COEEE BOEEED 08
CD40LG 014 034 038 030 0.2 Bl AR A B ~ BRI
CID2776 [05] 10| w1s] 021]022] 02« SRMESRTR SRS S IR0 [RSA I TR E O EEE
CD86  0:15[051/065 016 031 057/ 0. [ = 00| + [ooe] o] B [ [ 0.6
HHIL A2 (052026 026] 021] 18] a20] 00| o . = [ [l o |B 5 B
e icrrorermE o o
CD160  [0m[010037] 03¢/ 025 07 008|038 0.12] .08 . [ - 5 vos ous} « [ERIR
TNFESF4 005 007015 022 009 07 039 016 0.0 014020 Q=] = | = e F 04
TNFEFSF 18 10030 034 010033/ 035/ 0:26 050 020/ 036 021 01 [lee]ee oo [ [

D80 [vufssi{wsalostloaforss]asel ot ooz oo R o [0
TNFSFO  [u32/us¢ o7 032 o] as{as] ] o4 oz o2 s a1 o o QRRR | = Jeeooe L 02
CDT0 [loiloaloafsifenlealoadommenodoales] o BRI
b 25 2 2 1 o v e e o o Y o I D T T L 5
IDO1 [ralosloalanfonfenlenfealenlaloulonfenlsaloslonfstoo R
HAVCR? [ososi oaif o35 o2 055 o8] ase o5 075 o35 o7 oad o5 o o5 o o1e o SRR mEY o r 0
CD27 [losiloafutfanfudoalsn]enlsslznfonosilomlaslanler ol vs]on B
TNFRSFE 14 [ou]or{os{voitasd s an]sa]aas sl orr]oso|oosoca] sl ase]ao]sfsaef oo ol e | s8] e Jos [RERS
I Ll sefedastenlomlsn|wlseun]slon|snjsslsjusla afecudoass L 5
7 0 o e o e e e 0 . e X e R IR

0.17/0.35 0.67) 0.58/ 0.19 0.66/0.29| 0.72 0.25 082 046/ 0.25 0.39 073 0.64 0.43 073 0.15 0,49, 0.68 0.5 029 0.04 091 R 2 e xe) o0}

CD200RT 006 043054 038034 065 0.7 074 0.0/ 09/ 55/ 019 041 060 01/ 033 034/ 0.12 0.2 071 w4 027003 039 0.6 el ] .

015052 056/ 039,030 054/0.57 035 0.31 069 038 0.47 042 073 068 0.7 060 0.1 0.35 056 062 033 001062 0.62] 065 [+ |2 = -] L —04

KIR3DLT 005 o1t a0 35 017 ae-a o2n 006022/ 039 001 06 019020 017 017 00/ 026 019 024 s 00z s 17 010 s [l] = [o= | oo oe] = [roe

010 0,14/ 0.19] 032 0.04) .62/ 0.15] 0.47 -0.01 063 0.44 0.04 022047 031 0.25 039 0.20] 0.28 0,44/ 050 0.23-0.02 043045 0,441 0.2 0.17 [WERasafowa f oo fuunfosafeonfuualusel

LGALS9 025 00 00/ 02 022 046/ 05] 03 026 047 02 018

0.6 062 0.47 063 0,17 0.24) 050 061 039 0.0 061 059 051 0.75 010 0.44 M ses [sm s lie i)

wefose] -+ —0.6

001 047 07034 032 036022 069 032057037 020 041039 064 025 050, 010046 066|054 0.16 096 035063 066 0.3 0.18 028 0.0 [
TINESF 15 o110 0n 02000 050 05 0020 018 019/ 037 033 08 02 027 041 018 012 047 039/ 020 012 040 0.1 001 0.5 w0 020 0.0 037 e eee| o= [owe] =

BILA [wldciasfilsalaalmfsimlieperamamaalmahemmidaai -
PP Py e Y e PP PP P P P P Py Py P PR e Py Fpm e P P Fp oS Fpe P PP v e 0.8

TNFRSF 18 07 034 05601008 050/ 03] 05 032/ 07/ 026 0.9 030070 w5 /07 015 032 0 070 s 001 030 072 038|062/ 012 0.6 o8] 001 0.0 075/ 059 060

PDCDI [elehaladslathalfefslalefiledseamlifmdaoflade

60/ 018 0.42 058 052 0.45 082071 0.49| 0.68

2. i ittt i o ok et i e Tl s 2 s e e i »

Fig 3. Infiltration of immune cells in HCC and analysis of correlation with immune gene expression. (A) In the high-expression group,
the infiltration degree of MO macrophages was significantly increased (p<0.05), whereas the infiltration degree of naive B cells was not
significantly different between the two groups (p>0.05). (B) Spearman’s rank correlation coefficient was used to analyze the correlation
between NQO1 and immune genes, and it was found that NQO1 was significantly correlated with CD44, TNFSF18, TNFSF9, and other
immune genes.

https://doi.org/10.1371/journal.pone.0290900.g003
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Table 2. Intraclass correlation coefficient (ICC) values for radiomics features.

Radiomics features ICC

Whole_glszm_SmallAreaEmphasis 0.977876
Whole_ngtdm_Coarseness 0.938499
Whole_peri_glrlm_RunLengthNonUniformity 0.976227
Whole_peri_ngtdm_Coarseness 0.916978
Whole_peri_firstorder_TotalEnergy 0.975062
Whole_peri_glszm_SmallAreaLowGrayLevelEmphasis 0.841527

https://doi.org/10.1371/journal.pone.0290900.t002

threshold probability is 55-99%, using this BR-RO model in the current study to predict high
NQOL1 expression can add more benefit (Fig 6B).

Discussion

The worldwide incidence of HCC is high, and it is estimated that more than 50% of HCC cases
occur in China [2]. Studies have found that NQO1 plays an important role in many human
cancers, including lung, breast, uterine cervical, and prostate cancer [22-25].To explore new

prognostic markers to stratify patient prognosis in the present study, we used a noninvasive
radiomic model to predict NQO1 expression levels and prognosis in HCC.

Bioinformatics analysis showed that the expression of NQO1 in HCC tumor tissues was
higher than that in adjacent tissues and that this was an independent risk factor for poor prog-
nosis of patients with HCC. This finding is consistent with those of previous research [6],
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Fig 4. Screening of imaging features of the whole-tumor and whole-peritumor regions. Two imaging features (A) were screened in the whole tumor area,

and four imaging features (B) were screened in the whole peritumoral area.

https://doi.org/10.1371/journal.pone.0290900.9g004
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Fig 5. Comparison of WT-RO model and BR-RO model. (A) The AUC of the WT-RO model was 0.7072 (95% CI: 0.5304-0.8841), The AUC of BR-RO
model was 0.9079 (95% CI 0.8127-1.0000). There was a significant difference in AUCs between the two models (p = 0.008). (B) The calibration curves and
Hosmer-Lemeshow tests showed that the prediction probability of high expression of NQO1 by the radiomics prediction models was in good agreement with
the true value (p>0.05). (C) Comparing the DCA curves of the WT-RO model and the BR-RO model, we found that the BR-RO model also seemed to be better
than the WT-RO model. (D) The distribution of Rad_score was significantly different between high- and low-NQO1 groups (p = 0.002). The Rad score of the
group with high expression of NQO1 was higher than that of the group with low expression of NQOI.

https://doi.org/10.1371/journal.pone.0290900.9005
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Table 3. Selected features in radiomics model 2 and corresponding coefficients.

Radiomics features Coefficient
Whole_ngtdm_Coarseness -3.8126
Whole_glszm_SmallAreaEmphasis 1.5993
Whole_peri_glrlm_RunLengthNonUniformity -1.7211
Whole_peri_ngtdm_Coarseness 0.4666
Whole_peri_firstorder_TotalEnergy -0.2292
Whole_peri_glszm_SmallAreaLowGrayLevelEmphasis 3.1423

https://doi.org/10.1371/journal.pone.0290900.t003

which indicated that NQO1 may be an important target for liver cancer treatment in the future
[26]. The patient characteristics, such as cancer grade, inflammation, residual tumor, and AFP
level, did not significantly differ between the high- and low-NQO1-expression groups, except
for vascular invasion. Furthermore, the correlation heat map showed that NQO1 was signifi-
cantly correlated with vascular invasion. Overexpression of the NFE2L2 target gene NQOI in
tumors was significantly associated with metastasis, vascular invasion, and poor outcome [27],
which indicated the mechanism underlying the higher NQOI1 level causing poor outcomes in
patients with HCC. Further analysis of immune infiltration showed that the numbers of M0
macrophages and regulatory T cells were significantly increased in the group with high NQO1
expression, and the immune genes TNFSF9 and LGALS9 were significantly correlated with
NQOL. Previous studies have shown that NQOI1 plays an important role in specific immune
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cells, including macrophages, by suppressing Toll-like receptor-mediated innate immune
responses [28], dendritic epidermal T cells [29], Th17 cells by regulating reactive oxygen spe-
cies levels [30], and immune cells within the tumor microenvironment [31]. Combined with
the results of the current study, it can be inferred that NQO1 may affect tumorigenesis and
prognosis by influencing the function of immune cells.

Although various studies, including this one, have confirmed that NQOL1 is closely related
to HCC prognosis, noninvasive detection of NQO1 expression in liver tissues cannot be per-
formed because of its dependence on surgical specimens. However, radiomics could be an
excellent tool to solve this issue owing to its noninvasiveness, dynamic detection, and quantita-
tive reflection of tumor characteristics. Medical images provide not only imaging data but also
quantitative data upon conversion by certain technology. Analyzing such extracted data can
reveal complex patterns that reflect biology at the macro and micro levels [32]. Radiomics is a
high-throughput “image sequencing” technique that can obtain a large number of image
parameters. In radiomic analysis, a statistical model is constructed to predict clinical events,
such as prognosis or response. In clinical practice, radiomics technology is widely used to
determine the prognosis of HCC [33, 34]. One prediction model was established using preop-
erative enhanced CT images and machine learning, which can accurately predict the preopera-
tive pathological grade of liver cancer [35, 36]. A nomogram model integrating radiomics and
clinical parameters has been developed to predict the survival of patients with combined hepa-
tocellular-cholangiocarcinoma after hepatectomy [37]. Another radiomics model established
using preoperative multiparameter magnetic resonance imaging can accurately predict the
efficacy of unresectable HCC after transcatheter arterial chemoembolization [38].

Radiomics focuses on the noninvasive assessment of HCC genotype and immune profile, as
well as treatment response prediction and assessment [33]. In the present study, preoperative
arterial CT images of patients with HCC were used to delineate tumor areas and obtain whole-
tumor imaging parameters. An RFE based on the mRMR algorithm was adopted. First, two
parameters were obtained and incorporated into the logistic regression model; however, the
predictive ability of this model was poor, with an AUC < 0.8. We propose that inclusion of
peritumoral imaging parameters may improve the accuracy of this model. We obtained the
whole-peritumor regional imaging parameters in the delineated tumor area, extending 3 mm
outward. We created a BR-RO model to predict NQO1 expression levels, which included both
the whole-tumor and whole-peritumor regions. Finally, six parameters from preoperative arte-
rial CT images (Whole_glszm_SmallAreaEmphasis, Whole_ngtdm_Coarseness, Whole_per-
i_glrlm_RunLengthNonUniformity, Whole_peri_ngtdm_Coarseness,
Whole_peri_firstorder_TotalEnergy, and Whole_peri_glszm_SmallAreaLowGrayLevelEm-
phasis) were included to establish a bi-regional model that could accurately predict the higher
expression levels of NQOL in patients with HCC, with an AUC of 0.9079. Furthermore, the
fine calibration curves and DCA curves confirm the excellent performance of the new bi-
regional model, which can predict higher expression levels of NQO1 noninvasively in patients
with HCC. Compared to the previous studies [39, 40], our results suggested that heterogeneity
does exist in peritumoral tissue, indicating that the radiomic features of the bi-regional area
from CT images can be utilized to predict the NQO1 expression. Similar findings have been
found in other tumors [41-43].We believe that this novel model can be used as a good strategy
to noninvasively judge HCC prognosis and provide more accurate decision-making informa-
tion for HCC treatment.

Although the radiomic model performed well, this study had several limitations. First, clini-
cal data, including CT images, were acquired from public datasets, which inevitably contain
large variances in image quality, which may impact the predictive model. Second, our study
only included arterial phase images and lacked plain and venous CT images. We plan to
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include all CT images in future studies. Finally, although external data verified that the model
had good predictive efficiency further multicenter studies are required to optimize this model.

Artificial intelligence (AI) aims to use computers to simulate human learning activities by
identifying existing knowledge, acquiring new knowledge, constantly improving performance,
and achieving self-improvement. Al uses its powerful data analysis and learning capabilities to
mine and analyze massive high-latitude medical data to form various prediction models [44-
46]. In future, we plan to include more imaging data of dynamic CT and implement Al tech-
nology to expect its ability to predict NQO1.

In conclusion, the present study revealed a significant correlation between CT images and
the expression level of NQO1, which could indirectly reflect the prognosis of patients with
HCC. The predictive model based on arterial phase CT imaging features has good stability and
diagnostic efficiency and is a potential means to noninvasively identify the expression levels of
NQOL in liver cancer tissues.
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