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RESUMO

Neste estudo multi-institucional, avaliamos a viabilidade e precisao de um
novo método baseado no uso de tomografia computadorizada durante o
mapeamento de realce arterial baseado na arteriografia hepatica (CTHA-EM) em
predizer a resposta oncoldgica inicial por imagem de pacientes com carcinoma
hepatocelular (CHC) submetidos a quimioembolizagdo com esferas carreadoras
(DEB-TACE). Demonstramos que CTHA-EM foi altamente preciso em prever a
resposta do tumor de acordo com o mRECIST no primeiro acompanhamento por
imagem. Atualmente, as taxas de resposta completa apés quimioembolizagao
do CHC sao relatadas como sendo inferiores a 60% e a incapacidade de fornecer
um método quantificavel e reproduzivel para avaliar intra-procedimento o
resultado da quimioembolizacdo €& reconhecido como uma das principais
limitagdes para melhorar essas taxas de resposta. Dado que atualmente nenhum
meétodo utlizado na pratica clinica prediz de maneira acurada a resposta do CHC
tratado com DEB-TACE, acreditamos que nossa metodologia pode fornecer
valiosa informacgao que pode ser utilizada intra-procedimento para modificar o

tratamento de pacientes com CHC submetidos a quimioembolizacao.

Palavras-chave: Quimioembolizagdo, carcinoma hepatocelular, tomografia

computadorizada, microesferas carreadoras.



ABSTRACT

Background: To evaluate the feasibility of a novel CT during hepatic
arteriography based-enhancement mapping (CTHA-EM) method to predict
hepatocellular carcinoma (HCC) response to drug-eluting beads transarterial
chemoembolization (DEB-TACE). Methods: This three-institution retrospective
study included 29 patients with 46 HCCs treated with DEB-TACE between 2017-
2020. Pre- and post-DEB-TACE CTHA-EM images were generated using a
deformable registration and subtraction prototype software. Quantitative post-
DEB-TACE tumor relative enhancement (Trost-re) Was performed to categorize
tumor response as residual (TpostRe > 1) vs. non-residual (TrostRe < 1)
enhancement. A blind comparison to the response assessment on first follow-up
imaging (FUI) using mRECIST was performed. Additionally, for tumors with
residual enhancement, CTHA-EM images were used to identify its potential
feeding arteries. Results: CTHA-EM showed residual enhancement in 18
(39.1%) and non-residual enhancement in 28 (60.9%) HCCs with significant
differences on Trost-re (3.05 + 2.4 vs. 0.48 + 0.23, respectively; P < 0.001). FUI
showed non-complete response (partial response or stable disease) in 19
(41.3%) and complete response in 27 (58.7%) HCCs. CTHA-EM had a response
prediction sensitivity of 95% (95% CI, 74.0-99.9) and specificity of 100% (95%
Cl, 87.2-100). Feeding arteries to the residual enhancement areas were
demonstrated in all 18 HCCs with residual enhancement, with 20 of 22
comprising arteries  where DEB-TACE have been delivered.
Conclusion: CTHA-EM provided a quantifiable and highly accurate method to
predict initial HCC response to DEB-TACE and allowed identification of the
putative feeding arteries to the areas of residual arterial enhancement. The use
of this method for intraprocedural response assessment and decision-making

should be prospectively evaluated.

Keywords: Hepatocellular Carcinoma, Computed Tomography Angiography,
Cone-Beam Computed Tomography, Therapeutic Chemoembolization,

Microspheres
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1. Justificativa

A quimioembolizagao transarterial € considerada um dos métodos terapéuticos
de eleigao para pacientes com carcinoma hepatocelular (CHC) de estadio intermédio
pelo critério da Barcelona Clinic Liver Cancer (BCLC, intermediate stage [B]). Tal
procedimento loco-regional tem seu efeito oncologico baseado em dois elementos: 1.
devascularizacdo arterial do CHC, e 2. Exposicdo do CHC a uma alta dose de
quimioterapia. Devido ao seus efeitos locais serem baseados em tais variaveis, a
avaliacdo de resposta oncologica a quimioembolizagdo € baseda na atenuagéo
arterial do tumor por meétodos seccionais de imagem como a tomografia
computadorizada ou ressonéncia magnética.

Apesar do uso extenso da quimioembolizagdo no manejo de pacientes com
CHC, taxas de resposta completa estdo abaixo de 60%. Dentre os fatores afetando
negativamente essa taxa de resposta, esta a incapacidade de analisar o tratamento
completo do tumor por analise de imagem de secc¢do transversal durante o
procedimento. O presente projeto visa desenvolver um novo método de quantificagao
para analisar a resposta a quimioembolizagdo utilizando um mapeamento de realce

arterial baseado em images tomograficas adquiridas intra-procedimento.
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2. Hipotese

O uso de tomografia durante arteriografia pré and pds-quimioembolizagao,
guando analisada com um software capaz de criar um mapa de realce arterial, pode
ser util em identificar areas de atenuacgao arterial residual pds-quimioembolizagao,

assim como identificar a artéria responsavel por tal area de atenuacgao arterial residual.



3. Objetivos

O objetivo deste estudo foi avaliar a viabilidade de um novo método
para avaliar a resposta do carcinoma hepatocelular a quimioembolizagao
usando um mapeamento de realce baseado em tomografia computadorizada
durante arteriografia hepatica.

O Objetivo Primario foi avaliar a capacidade de tal método em prever a
resposta inicial a quimioemboliagdo no primeiro exame seccional de imagem.
Objetivos Secundarios foram (A) correlacionar geograficamente as areas de
realce arterial residual no CTHA-EM e no primeiro exame seccional de
imagem dentre os tumores sem resposta completa; e (B) explorar a
capacidade do CTHA-EM na identificacdo das artérias nutridoras de tais

tumores residuais.

17
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4. Método

Este trabalho foi aprovado pelo Comité de Etica com o numero PA17-0597
(Universidade do Texas MD Anderson Cancer Center). Os métodos, os resultados e
discussédo desta Tese de Doutoramento estado descritos no seguintes artigo preparado

para publicagao.
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5. Artigo:

INTRODUCTION

Transarterial chemoembolization (TACE) is the standard treatment for patients
with intermediate-stage hepatocellular carcinoma (HCC) (1, 2). Its oncological effects
are related to tumor arterial devascularization and necrosis, which do not prompt
immediate changes in overall tumor size. Consequently, arterial enhancement-based
treatment response criteria are considered the gold-standard for TACE response
evaluation (3, 4) and have demonstrated superiority over size-based criteria for
predicting pathological response and survival (4-7).

In lipiodol-based TACE, the degree of intratumoral lipiodol accumulation can be
utilized as a surrogate for treatment response and can be assessed by intraprocedural
computed tomography (CT) or cone-beam CT (CBCT) (8-11). In drug-eluting beads
TACE (DEB-TACE), tumor response can be estimated by the degree of contrast-media
retention within the tumor on non-contrast CT (12). Nevertheless, contrast-media
retention might obscure areas of superimposed residual tumor enhancement. Also,
differently to lipiodol — such contrast-media retention occurs only transiently. The use
of dual-phase CBCT for response assessment has been also been reported for
patients undergoing DEB-TACE (13-15). However, it is clinical practice use is limited
due to the lack of an easily quantifiable and reproducible method to assess residual
tumor enhancement, often attributed to the complexity of acquiring the CBCT images
as well as the inherent artifacts of CBCT imaging itself. Finally, none of those reported
methods identify the putative artery responsible for residual tumor enhancement,
limiting its application for intra-procedure decision-making. Therefore, DEB-TACE
treatment endpoint assessment is currently based on subjective assessment of 2D
digital subtraction angiography (DSA). The ability of DSA to identify residual tumor
enhancement is dependent on the amount of residual tumor, number of hepatic
arteries supplying it, the respiratory and cardiac motion, and has been reported to be
highly variable between operators (16-18).

CT during hepatic arteriography (CTHA) has proved superior to CBCT for TACE
planning due to its better contrast resolution and minimal artifacts caused by motion
and beam hardening (19). CTHA also permits quantification of parenchymal
enhancement in Hounsfield units (HU), potentially allowing an objective and

reproducible method for assessing TACE treatment endpoint. Several angio-CT users
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have been using repeated CTHA imaging to identify tumor feeding arteries as well as
residual tumor areas(20). However, the presence of contrast retention in the tumor
during embolization often makes it difficult to delineate residual tumor areas on CTHA
alone.

The aim of this study was to evaluate the feasibility of a novel CT during hepatic
arteriography based-enhancement mapping (CTHA-EM) method to predict
hepatocellular carcinoma (HCC) response to drug-eluting beads transarterial
chemoembolization (DEB-TACE).

MATERIALS AND METHODS
Study Population

This three-institution retrospective study was compliant with the Health
Insurance Portability and Accountability Act and approved by each Institutional Review
Board with a waiver of informed consent. Between November 2017 and November
2020, the prospectively compiled DEB-TACE registries were searched to identify
patients who met the following inclusion criteria : (1) treatment-naive HCC without
extra-hepatic arterial tumor supply, (2) treated with DEB-TACE and who had a two-
phase CTHA images acquired pre- and post-DEB-TACE delivery (n = 33 patients), (3)
who were deemed to have achieved complete response (CR) by intra-procedural DSA
and CT (n = 30 patients), and (4) had at least one follow-up CT or magnetic resonance
(MR) images following DEB-TACE. A total of 29 patients (24 men, mean age, 68 years
[range, 50-87]) with 46 HCCs (mean diameter, 2.7 cm [range, 0.6-6.3]) submitted to
twenty-nine DEB-TACE sessions met the inclusion criteria. Demographic and clinical

characteristics of all the patients are shown in Table 1.

Table 1. Baseline Demographics and clinical characteristics (29 patients of DEB-

TACE)

Characteristics Value

Sex
Male 24 (82.8)
Female 5(17.2)

Age (range), y 68 + 8.0 (50-87)

Tumor size (range), cm 2.7+1.6(0.6-6.3)

Number of tumors treated with DEB-TACE, per

patient

One 16 (55.2)
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Two 9 (31.0)
Three 4 (13.8)
AST, IU/L 48.2 £ 22.3
ALT, IU/L 40.5 + 26.1
Total bilirubin, mg/dL 09+£05
Albumin, g/dL 3905
INR 1.1+01

Child-Pugh grade, per patient
A 26 (89.7)
B 3(10.3)
Catheter tip location during CTHA, per patient
Celiac trunk 9 (31.0)
Common hepatic artery 17 (58.6)
Proper hepatic artery 1(3.4)
Others 2 (6.9)

Interval between DEB-TACE session and first 8.2+ 3.6 (3.1-18.6)
follow-up imaging (range), weeks

Modality of follow-up imaging

cT 19 (65.5)
MR 9 (31.0)
CT and MRI 1(3.4)

Note: Continuous data are expressed as mean + standard deviation and categorical
data are number of patients (percentage). ALT, alanine aminotransferase; AST,
aspartate aminotransferase; INR, international normalized ratio. CTHA: CT during

hepatic arteriography.

DEB-TACE protocol

Six interventional radiologists, (BO, AM, CL, RL, TT, HN), with 9, 15, 8, 19, 18,
and 11 years of experience, respectively, performed DEB-TACE in an angio-CT suite.
After conscious sedation, transarterial access was obtained with femoral artery
puncture, and the target tumor(s) and respective feeding hepatic arteries were
identified by DSA and CTHA. The feeding arteries were selected on a segmental or
subsegmental level with a 1.8-2.4Fr. microcatheter (PIXIE, Tokai, Japan, or Parkway,
Asahi, Japan; Progreat, Terumo, Japan). DEB-TACE was performed with 70-150 or
100-300 ym particles (LC BeadM1, Boston Scientific, USA, or DC Beads, Eisai,
Japan) loaded with doxorubicin (25 mg/mL, 50 mg total) or epirubicin (50mg/mL,
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75mg total) and mixed with 12, 15 or 19 mL of nonionic contrast medium and 6, 5, or
10 mL of 0.9% saline, respectively. The solution was injected at a rate of
approximately 1 mL per minute until complete tumor devascularization and near-
stasis of the feeding artery was documented on DSA images. All DEB-TACE were
performed with the goal of achieving CR per modified Response Evaluation Criteria
in Solid Tumors (MRECIST).

Intra-procedural CTHA imaging protocol

A dual-phase CTHA (native CT and intra-arterial CT during hepatic
arteriography) was routinely acquired for DEB-TACE planning (Pre-DEB-TACE CTHA)
to evaluate the presence of additional tumors, identify target tumor(s) and their feeding
arteries, and rule out presence of extrahepatic feeding arteries. CTHA was performed
using contrast media (Omnipaque 300, GE Healthcare, Chalfont, St Gille, UK) injected
at 2 mL/sec (average total volume: 22 mL) with an acquisition delay of 4 or 8 seconds
for arterial phase using a 5Fr. catheter placed in the celiac artery, common hepatic
artery, or left gastric artery, or a 1.8-2.4Fr. co-axial microcatheter placed in the common
hepatic artery or proper hepatic artery (Supplementary Table 1). Post-DEB-TACE
CTHA was acquired at the discretion of the interventional radiologists to complement
DSA images post-DEB-TACE assessment in cases where DSA images were not

adequate to determine the treatment end point.

CTHA-EM imaging processing

CTHA-EM algorithm was applied to pre- and post-DEB-TACE CTHA images with an
offline prototype software (Hepacare, Siemens Healthineers, Germany). CTHA-EM
analysis was not performed at the time of the procedure and was not used for
intraprocedural decision-making. First, automatic registration using a deformable
registration algorithm (Figure 1) (21-24) was performed to establish a voxel-level
mapping between the non-contrast and arterial phase CTHA images. Second,
registered images were subtracted to uncover true tumor enhancement. These two
steps took less than 30 seconds and were performed on pre- and post- images
separately to create pre- and post-DEB-TACE CTHA-EM, respectively. Third, pre- and
post-DEB-TACE CTHA-EM images were co-registered to facilitate voxel-based
comparison and to segment HCC into the post-DEB-TACE EM images. Processing

were done on the full quasi-isotropic high-resolution data (voxel size, 0.6mm?) without
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any smoothing to retain full vascular contrast.

DEB-TACE Procedure CTHA-Based Enhancement First Post DEB-TACE Imaging Follow-up
Mapping Assessment (Blinded to CTHA-EM Assessment)

Pre DEB-TACE Follow-up CT

Tumor
response
assessment
with
mRECIST

Assessment
for residual
arterial

tumor

S A enhancement
Non-Contrast Phase Pre DEB-TACE CTHA-EM on CTHA-EM

(inverted)
Post DEB-TACE

Deformable registration algorithm

Image sublracion of non-contrast enhanced No
and intra-arterial CTs - Residual | o cqual

h
Non-Contrast Phase Post DEB- THA-EM
(inverted)

Non-CR

Portal Phase

DEB-TACE procedure day Post procedure CTHA-based enhancing First follow-up cross-sectional imaging
mapping response assessment

Figure 1: Workflow illustration of proposed methodology. Left box: pre-DEB-TACE CTHA showed a
tumor on the segment 8 on the contrast-enhanced CTHA (white arrow). Post-DEB-TACE CTHA showed
contrast media pooling within the tumor (black arrow). Middle box: Pre- and post-DEB-TACE native and
arterial phase CTHA images were loaded into workstation and software was used to generate CTHA-
EM with deformable registration and subtraction to assess residual tumor enhancement. The tumor was
highlighted on pre-DEB-TACE CTHA-EM (white arrowhead) and no residual tumor enhancement was
depicted on the post-DEB-TACE CTHA-EM (dotted circle). Right box: first follow-up imaging after DEB-
TACE was used to assess the treatment response accordingly to mRECIST, confirming complete
response in this case. Note: CR: complete response, CTHA: computed tomography during hepatic
arteriography, CTHA-EM: computed tomography during hepatic arteriography enhancement mapping,
DEB-TACE: drug-eluting beads transarterial chemoembolization, PR: partial response, SD: stable

disease.

CTHA-EM imaging analysis and interpretation

CTHA-EM analysis was conducted independently by a computer scientist (GC) and an
imaging physicist (EK). Quantitative assessment was made by measuring the mean
Hounsfield unit (HU) values in regions of interest (ROI) areas on CTHA-EM images
(Figure 2). ROIs were drawn on pre-DEB-TACE CTHA-EM images (ROlrumor — largest
tumor cross-sectional area as seen on either axial or coronal plane; ROl jver — normal
liver parenchyma in the contralateral hepatic lobe, excluding blood vessels) and
transferred to post-DEB-TACE-CTHA-EM image. Tumor relative enhancement,
TrrerostRE (ROlTumor/ROlLiver), Was calculated as the ratio of HU values of tumor
enhancement to the normal non-embolized liver parenchyma. Tumor response to
DEB-TACE was defined as no residual (Tpost-re < 1) vs. residual tumor enhancement

(TPost-RE > 1)
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- e
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A B T.e > 1.0 — Residual tumor

Figure 2: A.) Flowchart for quantitative assessment of CTHA-EM imaging. TpostrRe Was calculated per
the flowchart in A using post-DEB-TACE CTHA-EM images; B.) lllustration of Trostre assessment of two
patients without residual tumor enhancement (top images) and suspected residual tumor enhancement
(bottom images). For evaluating residual tumor enhancement, only voxels with higher attenuation (small
red dotted circle) were used for TrostrRe COmputation as subtraction of contrast stasis on post DEB-TACE-
CTHA-EM images resulted in varying HU values. Note: CTHA-EM: computed tomography hepatic
arteriography enhancement mapping; DEB-TACE: drug-eluting beads transarterial chemoembolization;

ROI: region of interest; Trostre: relative enhancement of tumor on post-DEB-TACE CTHA-EM.

CTHA-EM-imaging based response assessment was interpreted and recorded
blinded to the first follow-up imaging (FUI). Finally, for tumors with residual
enhancement on post-DEB-TACE CTHA-EM images, MIP (5-10mm) images were
used to identify the potential feeding arteries supplying the residual tumor
enhancement areas, which was defined by the presence of an artery continuously
connecting to the area of residual tumor enhancement. Also, pre-DEB-TACE CTHA
imaging were evaluated to identify if such feeding arteries were present or if they were
new collaterals that developed following DEB-TACE delivery. Correlation between the
areas of residual arterial enhancement on CTHA-EM and FUI was performed by visual
inspection using a side-to-side image multi-modality co-registration analysis

(syngo.via, Siemens Healthineers, Germany).
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Follow-up Imaging and the treatment response

The first FUI after DEB-TACE was performed either with MR or CT quadriphasic
protocol according to the American Association for the Study of Liver Diseases
guidelines (2). Two interventional radiologists (EL, SYH) with 8 and 13 years of
experience, respectively, blinded to CTHA-EM assessed the per-tumor treatment

response according to mRECIST criteria.

Statistical Analysis

The study’s primary outcome measure was to evaluate the ability of CTHA-EM
in predicting the per-tumor treatment response at the first FUI. Secondary outcome
was to correlate the exact anatomical areas of residual tumor on CTHA-EM with the
first FUI and to explore the capability of CTHA-EM in identifying the feeding arteries to
residual tumors. Tumor size was compared between treatment response cohorts by
using one-way analysis of variance. To calculate specificities, sensitivities, positive
predictive values (PPV), and negative predictive values (NPV) with 95% confidence
intervals (Cl), we used cross-tabulation. The measured HU values and percentage
changes were compared using t-test or Wilcoxon rank-sum. Statistical analysis was
performed by using commercially available statistical software (SPSS, v.24; IBM,
Armonk, USA).

RESULTS

Quantitative evaluation of Tpost-rRe Showed significant differences between HCCs
classified as having residual enhancement vs. non-residual enhancement (3.05 + 2.4
[1.31-10.87], 0.48 + 0.23 [0.13-0.97] respectively; P < 0.001). Trre-re demonstrated no
differences on baseline relative tumor enhancement between HCCs later labeled as
non-residual enhancement vs. having residual enhancement following DEB-TACE
(3.66 £ 2.7 [1.29-12.42] vs. 3.68 + 2.0 [1.52-7.95], P =0.67), indicating that differences
on Trostre Were driven by DEB-TACE treatment. Per-tumor response analysis based
on CTHA-EM (Trost.re) showed 18 (39.1%) HCCs had residual enhancement, while 28
(60.9%) had no residual arterial enhancement.

The mean interval from DEB-TACE to the FUI was 8.2 weeks (range, 3.1-18.6).
The FUI showed complete response (CR) in 27 (58.7%), partial response (PR) in 17
(37.0%), and stable disease (SD) in 2 (4.3%) of the 46 HCCs. Table 2 shows the

correlation between CTHA-EM-based and the first FUI tumor response assessment.
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Table 2. Diagnostic accuracy of intra-procedural CTHA-EM

First follow-up imaging (FUI),
mRECIST
non-CR (PR or SD) CR (n=27)
(n=19)

Residual tumor 18 0
CTHA-EM | enhancement (n = 18)

Non-residual tumor 1 27

enhancement (n = 28)

Note: mRECIST, modified response evaluation criteria in solid tumors: CR, complete response; PR,

partial response; SD, stable disease; CTHA-EM, CT hepatic arteriography enhancement mapping.

Treatment response prediction by CTHA-EM yielded a sensitivity of 94.74%
(95% Cl, 74.0-99.9), specificity of 100% (95% ClI, 87.2—100), PPV (Positive Predictive
Value) of 100% (95% CI, 79.3-100), NPV (Negative Predictive Value) of 96.4% (95%
Cl, 80.0-99.5), and an accuracy of 97.8 % (95 %Cl, 88.5-99.9). Based on CTHA-EM
analysis, there was only one false negative case for residual tumor enhancement of all

the 46 tumors (Figure 3).

e £\

(A) Pre-DEB-TACE CTHA (B) Pre-DEB-TACE CTHA-EM (inverted)

%58 r 5.

(C) Post-DEB-TACE CTHA (D) Post-DEB-TACE CTHA-EM (inverted) (F) CTHA

Figure 3: A false negative case of CTHA-EM presenting residual tumor on first follow-up imaging 13.3
weeks later. A.) Pre-DEB-TACE CTHA and B.) CTHA-EM showed hypervascular tumor consistent with
HCC (arrow). C.) Post-DEB-TACE CTHA showed retention of contrast media in the tumor (arrow). D.)
Post-DEB-TACE CTHA-EM demonstrated the treated tumor without any residual tumor enhancement

or feeding artery. E.) The first follow-up imaging and F.) the following CTHA showed residual tumor in
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the border of treated tumor (arrow). Tumor progression instead of residual untreated tumor cannot be
excluded due to long follow-up period from DEB-TACE procedure to first follow-up imaging.
Note: CTHA: Computed tomography hepatic arteriography; CTHA-EM: Computed tomography hepatic

arteriography enhancement mapping; DEB-TACE: drug-eluting beads transarterial chemoembolization.

Among the 18 HCCs with residual arterial enhancement by CTHA-EM, a total
of 22 feeding arteries were identified on the post-DEB TACE CTHA-EM MIP images.
These feeding arteries were not depicted on post-DEB-TACE DSA and were obscured
by the presence of contrast-media stasis and the enhancement of the liver parenchyma
on post-DEB-TACE CTHA (Figure 4). Of these arteries, 20 (90.9%) were the same
artery initially identified on pre-DEB-TACE CTHA and treated with DEB-TACE
(suboptimal embolization endpoint per CTHA-EM), whereas 2 (9.1%) arteries were not
supplying the tumor on pre-DEB-TACE CTHA and were therefore designated as newly
developed collateral arteries post-DEB-TACE. Correlation between the areas of
residual arterial enhancement on CTHA-EM and FUI demonstrated full agreement

between both.

(A) Pre-DEB-TACE CTHA-EM (B) Post-DEB-TACE CTHA-EM (D) Post contrast CTHA

Figure 4: Identifying feeding arteries on CTHA-EM with residual tumors. A.) Before DEB-TACE, a small
feeding artery (orange arrow) could be barely depicted on pre-DEB-TACE CTHA-EM. B.) After DEB-
TACE, this feeding artery became prominent (orange arrow) with residual tumor enhancement (red
arrow) on post-DEB-TACE CTHA-EM. A region of contrast stasis could be seen as a subtracted void
area (white arrow). C.) Non-contrast post-DEB-TACE CTHA showed the region of contrast stasis (white
arrow). D.) Contrast-enhanced post-DEB-TACE CTHA demonstrated the feeding artery (orange arrow)
and the residual tumor, which was difficult to be distinguished due to contrast stasis.

Note: DEB-TACE: drug-eluting beads transarterial chemoembolization; CTHA-EM: Computed

tomography hepatic arteriography enhancement mapping.
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DISCUSSION

In this proof-of-concept study, the proposed CTHA-EM method demonstrated a
high accuracy in predicting HCC treatment response to DEB-TACE on the initial follow-
up imaging. Moreover, among HCCs where CR was not achieved, CTHA-EM was able
to depict the feeding arteries supplying the residual tumor enhancement area. The
deformable registration and subtraction of non-contrast and contrast-enhanced CTHA
images allowed to differentiate true residual tumor enhancement from post-DEB-TACE
contrast media stasis or pooling within the treated HCCs. Additionally, the Tpostre
provided a quantitative and reproducible method to determine residual tumor
enhancement following DEB-TACE.

Objective response (CR or PR) according to mRECIST is a relevant prognostic
factor of survival in HCC patients undergoing TACE (25-27). Furthermore, patients with
CR have longer overall survival than those with PR (6). Unfortunately, less than 60%
of the treated HCC tumors exhibit CR after DEB-TACE (25-27). Although such low CR
rates can be attributed to tumor biology or more advanced disease (28, 29), technical
limitations during TACE procedures cannot be neglected as potential contributing
factors. An important technical limitation of DEB-TACE is the lack of an objective
intraprocedural method to determine the treatment endpoint. Angiographic indicators
of complete embolization are difficult to reproduce, resulting in variable survival
outcomes (16). Moreover, nondominant communicating arterial arcades, which
frequently supply HCCs at the liver watershed areas, might become dominant feeding
arteries when the primary feeding arteries are embolized (30, 31) or occluded (32, 33).
Such tumor perfusion redistribution from interlobar collateral arteries could be one of
the reasons for the low CR rates (34, 35). Therefore, recognizing residual tumor
enhancement and its feeding arteries intra-procedurally is crucial during DEB-TACE.

CTHA-EM can be a valuable intra-procedural tool to improve the treatment
response assessment during HCC treatment with DEB-TACE. The challenges in
assessing intra-procedural response to DEB-TACE are illustrated in our present study,
as 39.1% (18/46) of the treated HCCs had residual tumor on the first FUI, despite being
deemed to have CR at the DEB-TACE procedure’s completion per the interventional
radiologist’s judgment based on the DSA and CTHA (non-contrast and arterial phase)
images. This suggests that standard DSA and CTHA have a low negative predictive
value in assessing incomplete DEB-TACE. Also, there is indication that CTHA-EM can

provide valuable information on the identification of the residual tumor feeding artery,
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which could improve the treatment strategy (i.e., need for further embolization),
potentially improving the overall CR rates following DEB-TACE.

We believe that the high accuracy of CTHA-EM in identifying residual tumor
demonstrated in the present study is related to several factors. First, the use of CT has
many advantages as it provides reliable and reproducible imaging, allows standardized
quantitative arterial enhancement assessment via HU quantification, offers easy
correlation with the follow-up imaging, and facilitates better image quality with
comparable or often lower radiation exposure compared to CBCT (19, 36). Second,
since CTHA-EM uses subtraction imaging, it removes background noise resulting from
contrast-media stasis/pooling within the tumor and adjacent vessels and allows reliable
HU value normalization. Based on the comparison between non-residual and residual
tumors, quantitative evaluation of Trostre Showed significant differences, suggesting
that a suboptimal embolization endpoint might have been the culprit for not achieving
complete response on the vast majority of HCCs reported in this present patient
population.

This study has several limitations. First, the small number of cases reported
might limit the generalizability of the present findings. This reflects the inclusion criteria
for this proof-of-concept study, which required pre- and a final post-DEB-TACE CTHA
images. Such images are only performed in selected cases in current clinical practice.
Likewise, there is an inherent sampling bias as only patients undergoing first session
DEB-TACE and who did not have extra-hepatic arterial supply were included in this
study; Third, correlating the results of CTHA-EM to treatment response on first FUIl has
its limitations, as tumor progression or response may occur beyond the first FUI.

In conclusion, the proposed CTHA-EM method can accurately and quantitively
predict intra-procedural embolization end point and immediate treatment response
after DEB-TACE on first imaging follow-up. Also, it allows detection of the feeding
arteries to residual tumor enhancement areas. The role of this method to personalize
post-DEB-TACE imaging follow-up and its impact on tumor progression or response

should be prospectively evaluated.
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6.Consideragoes finais

Em conclusé&o, o novo método descrito nesse estudo (CTHA-EM) foi altamente preciso
na previsédo da resposta inicial do CHC ao DEB-TACE. Adicionalmente, foi capaz de
correlacionar geograficamente a area de atenuagéao arterial residual identificada no
exame de imagem inicial e identificar artérias alimentadoras putativas. Baseado em
tal analise, subsequentes estudos sdo necessarios para investigar a utilidade deste
método como uma ferramenta intraprocedimento para orientar a tomada de deciséo e
seu impacto nos resultados oncolégicos de pacientes com CHC submetidos a DEB-
TACE.
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b. Supplementary Table 1. CTHA acquisition and reconstruction parameters

Note: DSA = digital subtraction angiography.

Institution A
Number of Patients 20
System SOMATOM
Definition Edge
SG (Siemens
Healthineers,
Forchheim,
Germany)

Voltage 120 kV

mAS 300 reference mAs

(CARE Dose)
Rotation time 0.5 sec
Pitch 0.6

Collimated slices 64 x 0.6 mm
Reconstructed slice 0.6 mm
width
lterative Safire B40f
reconstruction
algorithm
Reconstruction 512*512
matrix
Field of view 40 cm
Quasi-isotropic voxel 0.8x0.6x0.6
size mm?3
Embolization Syngo
guidance embolization
guidance
(Siemens
Healthineers,
Forchheim,
Germany)

Injection protocol
Rate of injection
(Varied depending on
the DSA)
Contrast dilution

2mL/second, 8
seconds delay

Undiluted

Institution B
4

Aquilion ONE SG

(Canon, Tokyo,
Japan)

120 kV
noise index: 8

0.5 sec
0.813

80 x 0.5 mm
0.5 mm

AiCE Body
standard

512*512

32 cm
0.6x0.6x0.5
mm?3
Not used

2mL/second, 4
seconds delay

75%

Institution C
5
SOMATOM
Definition AS SG
(Siemens
Healthineers,
Forchheim,
Germany)

120 kV
300 reference mAs
(CARE Dose)
0.5 sec
1
32 x 0.6 mm
0.6 mm

Safire B40f

512512

30 cm
0.6x0.6x0.6
mm?3
Not used

2mL/second, 8
seconds delay

66.6%
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Abstract

Background To evaluate the feasibility of a novel approach for predicting hepatocellular carcinoma (HCQ) response
to drug-eluting beads transarterial chemoembolization (DEB-TACE) using computed tomography hepatic arteriogra-
phy enhancement mapping (CTHA-EM) method.

Methods This three-institution retrospective study included 29 patients with 46 HCCs treated with DEB-TACE
betwean 2017 and 2020. Pre- and posttreatment CTHA-EM images were generated using a prototype deformable
registration and subtraction software. Relative tumor enhancement (T, o) defined as the ratio of tumor enhance-
ment to normal liver tissue was calculated to categorize tumor response as residual (Tpu,.ge > 1) versus non-residual
(Tooeqe < 1) enhancement, which was blinded compared to the response assessment on first follow-up imaging
using modified RECIST criteria. Additionally, for tumors with residual enhancement, CTHA-EM was evaluated to iden-
tify its potential feeding arteries.

Results CTHA-EM showed residual enhancement in 18/46 (39.19%) and non-residual enhancement in 28/46 (60.9%)
HCCs, with significant differences on Ty, g (3.05 £ 2.4 versus 048 £ 0.23, respectively; p < 0.001). The first follow-up
imaging showed non-complete response (partial response or stable disease) in 19/46 (41.3%) and complete response
in 27/46 (58.79%) HCCs. CTHA-EM had a response prediction sensitivity of 94.7% (959 Cl, 74.0-99.9) and specificity of
1009 (95% (1, 87.2-100). Feeding arteries to the residual enhancement areas were demonstrated in all 18 HCCs (20
arteries where DEB-TACE was delivered, 2 newly developed collaterals following DEB-TACE).

Conclusion CTHA-EM method was highly accurate in predicting initial HCC response to DEB-TACE and identifying
feeding arteries to the areas of residual arterial enhancement.

Keywords Carcinoma (hepatocellular), Chemoembolization (therapeutic), Computed tomography angiography,
Cone-beam computed tomography, Microspheres

*Correspondence

Bruno C Odisio

BCOdisio@mdandarsonaorg

Full list of author information is avaiable at the end of the artide

. © The Authorls) 2023 Open Accass This artice is leensad under 2 Creative Comenors Attribution 40 Intemational Liceres, which
@ Sprlngeropen penits wse, sharing, adaptation, distribuzion and repeoduction in any medium or format, 25 long s you ghve aporopyiate credit o the
— orginal author(s) and the source, provide 2 link to the Geathe Commons lcence, and iIndicate f changes were made. The mages o
ather thid party matertal in this article 3 iInduded In the arsde’s Creattve Commons licence, unless Indicned atherwtse In aaedt ine
1o $he matertal If raterty 15 not induded in the arscle’s Creathve Commons licence and your intended use Is not by statutory
aguation or expeeds the pernitted e, you wil need 1o cbtain permission directly from the copyeight holdet To view a copy of this
leznce, visit bt foreattvncommons.ong/lcerees by 40/,



Taljl et al. European Radiology Experimental (2023)7:4
Keypoints
+ Computed tomography hepatic arteriography

enhancement mapping (CTHA-EM) correlated with
initial hepatocellular carcinoma response to drug-
eluting beads transarterial chemoembolization (DEB-
TACE).

+ CTHA-EM provided quantitative evaluation of resid-
ual arterial tumor enhancement after DEB-TACE.

+ CTHA-EM identified feeding arteries to areas of
residual tumor enhancement.

+ CTHA-EM might be used to guide treatment deliv-
ery and determine treatment endpoint.

Background

Transarterial chemoembolization (TACE) is a standard
treatment for patients with intermediate-stage hepatocel-
lular carcinoma (HCC) [1, 2]. Its oncological effects are
related to tumor arterial devascularization and necro-
sis, which do not prompt immediate changes in overall
tumor size. Consequently, arterial enhancement-based
treatment response criteria are considered to be the ref-
erence standard for TACE response evaluation [3-5]
and have demonstrated superiority over size-based crite-
ria for predicting pathological response and survival [4,
6-8].

In lipiodol-based TACE, the degree of intratumoral
lipiodol accumulation can be utilized as a surrogate
for treatment response and can be assessed by intrap-
rocedural computed tomography (CT) or cone-beam
CT (CBCT) [9-12]. In drug-eluting beads TACE (DEB-
TACE), tumor response can be estimated to a certain
extent by the degree of contrast agent accumulated
within the tumor during the delivery of DEB-TACE on
native CT or CBCT acquired immediately after treat-
ment [13]. Nevertheless, as opposed to lipiodol, such
contrast agent retention occurs only transiently and
may not be a reliable surrogate for assessing emboli-
zation endpoint and predicting treatment response.
Furthermore, in the event of acquiring a contrast-
enhanced CT/CBCT arteriography after DEB-TACE,
contrast agent retained in the tumor might obscure
areas of residual tumor enhancement making it hard
to identify true residual tumor enhancement. The use
of dual-phase CBCT with perfusion blood volume
imaging for response prediction has been reported for
patients undergoing DEB-TACE [14-16]. However,
its use in clinical practice is limited due to the lack of
a reliable and reproducible method to assess residual
tumor enhancement, often attributed to the complex-
ity of acquiring CBCT images, lack of standardization
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of gray scale values, and the sensitivity of CBCT acqui-
sition to motion and breathing artifacts. Finally, none
of those reported methods identifies the putative artery
responsible for residual tumor enhancement, limiting
its application for intra-procedure decision-making.
Therefore, two-dimensional digital subtraction angiog-
raphy (DSA) remains to be the primary method of sub-
jectively assessing DEB-TACE treatment endpoint.

Advanced algorithms that apply deep learning meth-
ods on DSA image sequence are being developed to
predict treatment response [17]. However, DSA imag-
ing due to its inherent projection geometry poses many
challenges in identifying residual tumor enhancement
depending on the amount and location of the residual
tumor, number of hepatic arteries supplying it, subtrac-
tion artifacts from respiratory and cardiac motion, and
end point assessment has been reported to be highly
variable between operators [18-20]. Several studies
have demonstrated the importance of achieving ade-
quate embolization during TACE and its correlation to
improved survival outcomes, with emphasis on achiev-
ing complete response at first TACE session [18, 21, 22]
and CT-based texture analysis predictive modeling to
select optimal patients for TACE intervention upfront
[23]. Hence, a robust, accurate, and objective method of
predicting early treatment response to TACE remains
the most desirable need.

CT hepatic arteriography (CTHA) has proved to be
superior to CBCT for TACE planning because of its
better contrast resolution, comparable spatial resolu-
tion, and minimal artifacts caused by motion and beam
hardening [24]. CTHA also permits reliable quantifica-
tion of parenchymal enhancement in Hounsfield units
(HU), potentially allowing an objective and reproducible
method for assessing TACE treatment endpoint. Several
angiography/C'T users have been using repeated CTHA
imaging to identify tumor feeding arteries as well as
residual tumor areas [25]. However, it is often difficult to
delineate contrast stasis and residual tumor.

The aim of this study was to evaluate the feasibility
of a novel approach to predict HCC response to DEB-
TACE using CTHA enhancement mapping (CTHA-
EM) through image subtraction.

Methods

Study population

This three-institution retrospective study was compliant
with the Health Insurance Portability and Accountability
Act and approved by each institutional review board with
a waiver of informed consent. Between November 2017
and November 2020, the prospectively compiled DEB-
TACE registries were searched to identify patients who
met the following inclusion criteria: (1) treatment-naive



Taljl et al. European Radiology Experimental (2023)7:4

HCC without extrahepatic arterial tumor supply, (2)
who were treated with DEB-TACE and had a dual-phase
CTHA images (native and contrast-enhanced arterial
phases) acquired before and after DEB-TACE delivery
(m = 33 patients), (3) who were deemed to have achieved
complete response (CR) by intra-procedural DSA and CT
(m = 30 patients), and (4) who had at least one follow-up
CT or magnetic resonance imaging following DEB-TACE
(Fig. 1).

DEB-TACE protocol
Six interventional radiologists (B.C.O., A.M., ST, TM,,
HN,, and CA.L), with 9, 15, 8, 9, 18, and 11 years of
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experience, respectively, performed DEB-TACE in an
angio/CT suite. After conscious sedation, transarte-
rial access was obtained with femoral artery puncture,
and the target tumor(s) and respective feeding hepatic
arteries were identified by DSA and CTHA. The feeding
arteries were selected on a segmental or subsegmental
level with a 1.1-2.4-Fr microcatheter (Progreat, Terumo,
Japan; PIXIE, Tokai, Japan, or Parkway, Asahi, Japan).
DEB-TACE was performed with 70—150 or 100-300
pum particles (LC Bead M1, Boston Scientific, USA, or
DC Beads, Eisai, Japan) loaded with doxorubicin (25 mg/
ml., 50 mg total) or epirubicin (50 mg/mL, 75 mg total)
and mixed with 12, 15, or 19 mL of nonionic contrast

140 HCC patients undergoing DEB-
TACE between November 2017 and
November 2020 in institution A

197 HCC patients undergoing DEB-
TACE between November 2017 and
Novemnber 2020 in institution B

128 HCC patients undergoing DEB-
TACE between November 2017 and
November 2020 in institution C

Inclusion criteria

delivery

procedural DSA and CT

- Treatment-naive HCC without extra-hepatic arterial tumor supply
- Presence of dual-phase CTHA images (native and contrast-enhanced arterial phase) acquired pre- and post-DEB-TACE

- Achieve desired treatment endpoint consisting of lack of residual arterial enhancement by visual assessment of intra-

- Presence of at least one follow-up CT or magnetic resonance images following DEB-TACE

A

y

Eligible patients, n = 29

Institution A, n =20

Institution B, n=4

InstitutionC,n=5

|

v

Complete response according to
follow-up imaging, n = 27

Ag. 1 Partiapant flowchart for indlusion

v

Non-complete response according to
follow-up imaging, n = 19
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medium and 6, 5, or 10 mL of 0.9% saline, respectively.
The solution was injected manually at a rate of approxi-
mately 1 mL/min until complete tumor devascularization
and near stasis of the feeding artery was documented on
DSA images. All DEB-TACE were performed with the
goal of achieving CR per modified response evaluation
criteria in solid tumors (mRECIST) [4].

Intraprocedural CTHA imaging protocol

A dual-phase CTHA (native CT and intra-arterial CT
during hepatic arteriography) was routinely acquired for
DEB-TACE planning to evaluate the presence of addi-
tional tumors, identify target tumor(s) and their feeding
arteries, and rule out the presence of extrahepatic feed-
ing arteries. CTHA was performed using contrast agent
(Omnipaque 300, General Electric Healthcare, Chalfont,
St. Gille, UK) injected at 2 mL/s (average total volume 22
mL) with an acquisition delay of 4 or 8 s for arterial phase
using a 5-Fr catheter placed in the celiac artery, common
hepatic artery, or left gastric artery, or a 1.1—2.4-Fr coax-
ial microcatheter placed in the common hepatic artery or
proper hepatic artery (Supplementary Table 1). Immedi-
ate CTHA after treatment was acquired at the discretion
of the interventional radiologists to complement subjec-
tive assessment of the treatment using DSA images in
cases where DSA images were not adequate to determine
the treatment endpoint.
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CTHA-EM imaging processing

A CTHA-EM algorithm was applied to pre- and post-
treatment CTHA images with an offline prototype
software (Hepacare, Siemens Healthineers, Germany).
CTHA-EM analysis was not performed at the time of the
procedure and was not used for intraprocedural decision-
making. First, automatic registration using a deformable
registration algorithm (Fig. 2) [26-29] was performed to
establish a voxel-level mapping between the non-contrast
and arterial phase CTHA images. Registration accuracy
assessment of this algorithm was reported tobe 1.3 + 1.1
mm on average, with larger errors (1.9 = 1.7 mm) seen on
the periphery of the liver. We did not assess the registra-
tion accuracy of the algorithm as it was beyond the scope
of this paper, and our datasets were acquired back to back
with exact imaging acquisition settings, less prone to arti-
facts from breathing/cardiac motion, and very minimal
liver deformation. Second, registered images were sub-
tracted to uncover true tumor enhancement. These two
steps took less than 30 s and were performed on pre- and
post-images separately to create pre- and posttreatment
CTHA-EM images, respectively. Third, pre- and post-
treatment CTHA-EM images were co-registered to facili-
tate voxel-based comparison and to segment HCC on the
posttreatment CTHA-EM images. Processing was done
on the full quasi-isotropic high-resolution data (voxel

CTHA during
DEB.TACE Procedure

Fretreatment CTHA

v . D
Pont-trestment CTHA

A

CTHA Enhancement mapping sed
dassment

Fiest follow-sp imaging masssment
[klnded to CTHA enhanceswnt mapping)

P CT

Brturiel Psne CT

a Nates €1 Mapsegirage

O Computation performed
for the study in the other day
Fig. 2 Schematic lllustration of proposed CTHA-EM method to predict hepatocellular cardnoma response to DEB-TACE. a CTHA Image acquisition
during DEB-TACE consists of dual-phase CT (native- and contrast-enhanced arteral phases) acquired before and after DEB-TACE. Pre-treatment
CTHA showed hypervascular tumor In segment 8 (white arrow). Posttreatment CTHA showed contrast agent accumulation withan the tumaor from
DEB-TACE along with arterial supply (black arrow), making it difficult to delineate contrast stasts from residual tumor biush. b Pre- and posttreatment
dual-phase CTHA Images were loaded Into a workstation, and software was usad to generate CTHA-EM Images with deformable ragistration and
subtraction to assess residual tumor enhancement. The tumor was highliightad on pre-treatment CTHA enhancement mapping (white arrow),

and no residual tumor enhancement was depicted on the posttreatment CTHA enhancemant mapping (dotted cirdde). Contrast stasts from the
posttreatment native CT was subtracted from the arterial phase to show potential residual tumor arterial enhancement. ¢ First follow-up computed
tomography Imaging after DEB-TACE was used to predict the treatment response accosdingly to mRECIST, confirming complete response in this
case. CTHA, Computed tomography hepatic arteriography; CTHA-EM CTHA, enhancement mapping DES-TACE, Drug-eluting beads transartertal
chemoembollzation; mRECIST, Modified Response Evaluation Criterla In Solid Tumors

The date of Procedure first follow-sp cross-sectionsl maging
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ROk, s HU value of whole tumor or partial
suspected tumor (HU)

|

ROl,;,.: HU value of normal liver parenchyma
in a different lobe (HU)

Calculate
Tyoet: ROlee/RON,,,

|

Tporie > 1.0
On post-treatment CTHA
enhancement mapping?

|

Yes No

Residual tumor No-residual tumor
a b

¥ | Tumor

1

Normal liver

% i ’)

Dupli€ate RO!
Post-DEB-TACE CTHA EM

Place ROI
Pre-DEB-TACE CTHA EM

N/ 4

Tumor |

Place ROI Duplicate ROI

Pre-DEB-TACE CTHA EM
Ty > 1.0 - residual tumor

Post-DEB-TACE CTHA EM

Ag. 3 Flowchart and two examples Bustrating the proposad CTHA-EM RO-based quantitative analysis a Flowchart of quantitative assessment
of residual tumaor enhancement using CTHA-EM. b Two cases exemplifying ROI-based quantitative analysts. Top row: ROV, (solid red crde)
and AN, . (dotted red arde) were placed on pee-treatment CTHA-EM Images and transfesred to the cormesponding anatomical location on
posttreatrment CTHA-EM Images. Bottom row: For cases with suspected residual enhancemnent, voxels with higher attenuation (orange dotted

awcle) were used for Tp, 5 t0 avold normalization bias from zero voxels due to subtraction ¢

contrast stasis. T, g, Relative enhancement of

t on posttreatment Imagas; CTHA-EM, Computed tomography hepatic arteriography enhancement mapping; 801, Ragion of Interest

size, 0.6 mm°) without any smoothing to retain full vas-
cular contrast.

CTHA-EM analysis and interpretation

CTHA-EM analysis was conducted by a computer sci-
entist (G.C.) and an imaging physicist (EK.), independ-
ent of any interventional radiologists. Furthermore, such
analysis was subsequently verified by an interventional
radiologist board-certified in diagnostic and interven-
tional radiology (B.C.O.) prior to the first follow-up
imaging. Quantitative assessment was made by meas-
uring the mean HU values in regions of interest (ROls)
on CTHA-EM images (Fig. 3). ROls were drawn on pre-
treatment CTHA-EM images (ROI,. . — largest tumor
cross-sectional area as seen on either axial or coronal
plane; ROl ..., — normal liver parenchyma in the con-
tralateral hepatic lobe, excluding blood vessels) and
transferred to posttreatment CTHA-EM image. Tumor
relative enhancement on pre-(Tp, pe) and post-(Ty,,
pe) DEB-TACE CTHA-EM images was calculated as the
ratio of HU values of tumor enhancement to the normal
non-embolized liver parenchyma (RO[y /RO ).

Tumor response to DEB-TACE was defined as no resid-
ual (T ppe = 1) versus residual tumor enhancement
(Tpoepe > 1)

CTHA-EM-imaging-based response prediction was
interpreted and recorded blinded to the first follow-up
imaging (FUI). Finally, for tumors with residual enhance-
ment on posttreatment CTHA-EM images, maximum
intensity projection (5—10 mm thin) images were used
to identify the potential feeding arteries supplying the
residual tumor enhancement areas, which was defined by
the presence of an artery leading to the area of residual
tumor enhancement. In addition, pre-treatment CTHA
imaging was evaluated to identify if such feeding arteries
were present or if they were new collaterals that devel-

oped following DEB-TACE delivery.

Follow-up imaging and the treatment response

The first follow-up imaging after DEB-TACE was per-
formed either with magnetic resonance imaging (MRI)
or CT quadriphasic protocol according to the American
Association for the Study of Liver Diseases guidelines [2].
Two interventional radiologists (E.Y.L. and SY.H.), with
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8 and 9 years of experience, the later one being a board-
certified in diagnostic and interventional radiology,
blinded to CTHA-EM, assessed the per-tumor treatment
response according to mRECIST criteria.

Statistical analysis

The study primary outcome measure was to evaluate the
ability of CTHA-EM in predicting the per-tumor treat-
ment response at the first follow-up imaging. Second-
ary outcome was to correlate the exact anatomical areas
of residual tumor on CTHA-EM with the first follow-
up imaging and to explore the capability of CTHA-EM
in identifying the feeding arteries to residual tumors.
Quantitative evaluation of tumor relative enhancement
pre- and post-DEB-TACE (HU and percentage change)
between treatment response cohorts was performed
using the Wilcoxon rank-sum test. To calculate specifi-
cities, sensitivities, positive predictive values (PPV), and
negative predictive values (NPV) with 95% confidence
intervals (CI), we used cross-tabulation. Values of p lower
than 0.05 were considered statistically significant. Statis-
tical analysis was performed by using commercially avail-
able statistical software (SPSS, v.24; IBM, Armonk, USA).

Results

A total of 29 patients (24 men, mean age 68 years, range
50—87) with 46 HCCs (mean diameter 2.7 cm, range 0.6—
6.3) submitted to twenty-nine DEB-TACE sessions met
the inclusion criteria. Demographic and clinical charac-
teristics of all the patients are shown in Table 1.

Quantitative evaluation of tumor relative enhance-
ment (Tp..pr and Tpyg pr) showed significant differences
between residual and no-residual enhancement groups
after DEB-TACE (mean =+ standard deviation 3.05 £+ 2.4
versus 048 £ 0.23, respectively, p < 0.001). No signifi-
cant differences in HU were observed in HCCs between
no-residual and residual enhancement before treatment
(mean + standard deviation 3.66 £ 2.7 versus 3.68 £ 2.0,
p = 0.671), indicating that the posttreatment CT attenu-
ation values of the residual enhancement were similar
to the pre-treatment values. Per-tumor response analy-
sis based on CTHA-EM (Ty, pr) showed 18/46 (39.1%)
HCCs that had residual enhancement, while 28/46
(60.9%) had no residual arterial enhancement.

The median interval from DEB-TACE to the follow-up
imaging was 6.7 weeks (interquartile range 3.7—9.7). The
first follow-up imaging showed complete response in 27
(58.7%), partial response in 17 (37.0%), and stable disease
in 2 (4.3%) of the 46 HCCs. Table 2 shows the correla-
tion between CTHA-EM imaging and the first follow-up
imaging tumor response assessment. Treatment response
prediction by CTHA-EM images yielded a sensitivity of
94.7% (95% Cl, 74.0-99.9), specificity of 100.0% (95%
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Table 1 Baseline demographics and clinical characteristics of 29

patients who underwent DEB-TACE
Characteristics Value
Sex
Mala 24(83)
Female 507)
AQe, maan =+ SD (range), years 68 & B0 (50-87)
Tumaor stze, median 1QR), cm 24(14-35)
Number of tumors treated with DEB-TACE, per patient
One 16 (55)
wo 531
Three 4014
AST, madian OCR), UL 42 (26-58)
ALT, median OQR), UL 342140
Total blirubin, median KQR), mg/dL 03 (05-1.1)
Albumin, mean £ SD, g/dL 39+05
INR, madian (QR) 1.1(05-13)
Child-Pugh grade, per patient
A 26 (90)
B 300
Catheter tip location during CTHA, per patient
Cellac trunk 9(31)
Common hepatic artery 17 (59)
Propes hapatic artery 163
Othess 2N
Interval between DEB-TACE session and first follow-up 67 37—-9)
Imaging, madian 0QR), weeks
Modality of imaging follow-up
T 19 (66)
MR 961
CT and MAU 136
Conti data are axp d 2s maan + dard deviation (SD) or
dian (1QR), categorical data as numbar of patients (percantaga). ALT
Nani i = AST i f CTHA Competted
tom during hepatic arteriography, DEB-TACE Drug-cluting beads
il ch baolization, INR International lizod ratio, QR

Interguartile ranga, MR Magnatic resonance imaging

Table 2 Diagnostic accuracy of intra-procedural CTHA-EM

First follow-up Imaging, mRECIST
Non-complete Complete
response, L.e, response (n
partial response or - 27)
stable disease (n
-19)
CTHA-EM  Residual tumor 18 0

(n=18)

Non-residual tumor 1 27

(n = 28)

CTHA-EM Computad tomography hepatic arteriography enhancament mapping,
mRECIST Modified response evaluation critena in solid tumors
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(a) Pre-treatment CTHA
arterial phase

| rE
(b) Post-treatment CTHA
artenial phase

(c) Pre-treatment CTHA
enhanced mapping

(d) Pre-treatment CTHA
enhanced mapping

42

Page7of 11

(e) First Follow-up imaging
CT (arterial phase)

(f) DEB-TACE Session #2
CTHA arterial phase

Ag.4 A false-nagative case for no-residual enhancement on CTHA-EM analysts showing residual tumaor on first follow-up imaging 133 weeks
later. a Pretreatment CTHA arterial phase showed hyparvascular HOC (white arrow). b Posttreatment CTHA showed retention of contrast media

In the tumor (white arrow). ¢ Pre-treatment CTHA-EM Image shown in Inverted gray scale with HCC (white arrow). d Posttrestment CTHA-EM
demonstrated lack of restdual tumor enhancement at the target HCC or Its feeding artery, therefore identified as“no-residual” e First follow-up CT
Imaging (artenal phase) showed residual tumor (white arrow). f Second session of pretreatment CTHA confirmed residual tumor slong the border
of treated tumor (white arrow). Tumor progression Instead of residual untreated tumor cannot be exduded due to long follow-up period from
DEB-TACE procedure to first follow-up Imaging. CTHA, Computed tomography hepatic arterlography; CTHA-EM, CTHA enhancement mapping
DEB-TACE, Drug-aluting beads transarterial chamoemboltzation; HOC, Hepatocellular cardnoma

Cl, 87.2—100), PPV of 100% (95% CI, 79.3-100), NPV of
96.4% (95% CI, 80.0-99.5), and an accuracy of 97.8% (95%
Cl, 88.5-99.9). Based on CTHA-EM analysis, there was
only one false-negative case for residual tumor enhance-
ment, identified as PR on the follow-up imaging, of all
the 46 tumors (Fig. 4).

Among the 18 HCCs with residual arterial enhance-
ment at CTHA-EM, a total of 22 feeding arteries were
identified on the posttreatment CTHA-EM images.
These feeding arteries were not depicted on posttreat-
ment two-dimensional DSA and were obscured by the
presence of contrast agent stasis and the enhancement of
the liver parenchyma on posttreatment CTHA (Fig. 5).

Of these 22 arteries, 20 (90.9%) were the same arteries
initially identified on pre-treatment CTHA and treated
with DEB-TACE (suboptimal embolization endpoint per
CTHA-EM), whereas 2 (9.1%) arteries were not supply-
ing the tumor on pre-treatment CTHA and were there-
fore designated as newly developed collateral arteries
posttreatment.

Discussion

In this proof-of-concept study, the proposed CTHA-
EM method demonstrated a high accuracy in predicting
HCC treatment response to DEB-TACE on the ini-
tial follow-up imaging. Moreover, among HCCs where
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(a) Pre-treatment CTHA enhancement
mapping

(b) Post-treatment CTHA enhancement
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\"l

(c) Post Non-contrast CT

AR )

-
> Ry
(d) Post Contrast

mapping enhanced CTHA

Ag. 5 An example lllustrating how to Identify faeding arteries on CTHA-EM with residual tumor enhancement. a Befiore DEB-TACE, 3 small feeding

artery (orange arrow) could be barely depicted on pre-treatment Imaging. b After DEB-TACE, this feading arten

ecamea prominent (orangea arow)

with residual tumor enhancement (red arrow) on posttreatment CTHA-EM Image. A region of contrast stasis could be seen as a subtracted void
area (white arrow). € Posttreatment native CT depicts contrast deposition from the delivery of DEB-TACE (white arrow) at the region suspicious for
residual tumor enhancement. d Posttreatment CTHA Identified a feeding artery (orange arrow) to the area of contrast deposition In € However,

It Is not possible to distinguish restdual enhancement from stasts without subtraction Image. CT, Computed tomography; CTHA, CT hapatic
anteriography; CTHA-EM, CTHA enhancemeant mapping: DF5-TACE, Drug-eluting baads transartertal chemoembolization

complete response was not achieved, CTHA-EM was
able to depict the feeding arteries supplying the residual
tumor enhancement area. The deformable registration
and subtraction of unenhanced and contrast-enhanced
CTHA images allowed to differentiate true residual
tumor enhancement from contrast agent stasis or pool-
ing within the treated HCCs. Additionally, tumor relative
enhancement metric provided an objective and repro-
ducible method to determine residual tumor enhance-
ment following DEB-TACE.

Objective response (complete or partial response)
according to mRECIST is a relevant prognostic factor
of survival in HCC patients undergoing TACE [30-32].
Furthermore, patients with complete response have
longer overall survival than those with partial response
[7]. Unfortunately, approximately only 50% of the treated
HCC tumors exhibit complete response after DEB-TACE
[30-32]. Although such low complete response rates can
be attributed to tumor biology or more advanced disease
|22, 33], technical limitations during TACE procedures
cannot be neglected as potential contributing factors. An
important technical limitation of DEB-TACE is the lack
of an objective intraprocedural method to determine the
treatment endpoint. Angiographic indicators of com-
plete embolization are difficult to reproduce, resulting in
variable survival outcomes [18]. Moreover, nondominant
communicating arterial arcades, which frequently supply
HCCs at the liver watershed areas, might become domi-
nant feeding arteries when the primary feeding arteries

are embolized [34, 35] or occluded [36, 37]. Such tumor
perfusion redistribution from interlobar collateral arter-
ies could be one of the reasons for the low complete
response rates [38, 39]. Therefore, recognizing residual
tumor enhancement and its feeding arteries intra-proce-
durally is crucial during DEB-TACE.

CTHA-EM can be a valuable intraprocedural tool to
improve the treatment response prediction during HCC
treatment with DEB-TACE. The challenges in predict-
ing intra-procedural response to DEB-TACE are well
illustrated in our present study, as 39.1% (18/46) of the
treated HCCs had residual tumor on the first follow-
up imaging, despite being deemed to have complete
response at the DEB-TACE procedure’s completion
per the interventional radiologist’s judgment based on
the DSA and CTHA (non-contrast and arterial phase)
images. This suggests that standard DSA and CTHA have
a low negative predictive value in predicting incomplete
DEB-TACE. Also, there is indication that CTHA-EM can
provide valuable information on the identification of the
residual tumor feeding artery, which could improve the
treatment strategy (e, need for further embolization),
potentially improving the overall complete response rates
following DEB-TACE.

We believe that the high accuracy of CTHA-EM in
identifying residual tumor demonstrated in the present
study is related to several factors. First, the use of CT has
many advantages as it provides reliable and reproduc-
ible imaging, allows standardized quantitative arterial
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enhancement assessment via HU quantification, offers
easy correlation with the follow-up imaging, and facili-
tates better image quality with comparable or often lower
radiation exposure compared to CBCT [24—40]. Second,
since CTHA-EM uses subtraction imaging, it removes
background noise resulting from contrast-media stasis/
pooling within the tumor and adjacent vessels and allows
reliable HU value normalization. Based on the CT value
comparison between non-residual and residual tumors,
quantitative evaluation showed significant differences,
suggesting that an incomplete embolization might have
been the culprit for not achieving complete response
on the vast majority of HCCs reported in this present
patient population.

This study has several limitations. First, the small
number of cases reported might limit the generaliz-
ability of the present findings. The use of CT during
hepatic arteriography for DEB-TACE has been part
of our institution’s practice since 2016. The require-
ment of pre- and posttreatment CTHA images limited
the case number for this proof-of-concept study. Such
repeated CTHA imaging is not performed routinely
in all cases, and it would translate into an increase on
overall patient exposure to radiation. Therefore, we
included patients from three different institutions
from 2017 to 2020 to expand the number of cases to
achieve sufficient power. Likewise, there is an inherent
sampling bias as only patients undergoing first session
DEB-TACE and who did not have extrahepatic arterial
supply were included in this study. Third, correlating
the results of CTHA-EM to treatment response on first
follow-up imaging has its limitations, as tumor progres-
sion or response may occur beyond the first follow-up
imaging. Fourth, the applicability of this method is lim-
ited to procedure rooms equipped with hybrid angio/
CT system. Although the install base of angio/CT
equipment in interventional radiology practice has seen
a recent uptick, its current availability is widely lim-
ited to major academic centers, thus presently result-
ing in limited availability of the proposed method when
implemented for intra-procedural use.

In conclusion, the proposed CTHA-EM method
can accurately and quantitively predict intraproce-
dural embolization endpoint and immediate treatment
response after DEB-TACE on first imaging follow-up.
In addition, it allows detection of the feeding arter-
ies to residual tumor enhancement areas. The role of
this method to personalize post-DEB-TACE imag-
ing follow-up and its impact on tumor progression or
response should be prospectively evaluated.
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Abbreviations

T Cone-beam comgputed tomography

(e} Computad tomography

CTHA Computad tomography hepatic aneriography
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DsA Digital subtraction angiography
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VR Magnetic resonance imaging

ROI Ragion of intarest

TACE Transarterial chemoembolization
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