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Rationale and Objectives: Intra-procedural measurement of hepatic perfusion following liver embolization continues to be a chal-
lenge. Blood volume imaging before and after interventional procedures would allow identifying the treatment end point or even allow
predicting treatment outcome. Recent liver oncology studies showed the feasibility of parenchymal blood volume (PBV) imaging using
an angiographic C-arm system. This study was done to evaluate the reproducibility of PBV measurements using cone beam com-
puted tomography (CBCT) before and after embolization of the liver in a swine model.

Materials and Methods: CBCT imaging was performed before and after partial bland embolization of the left lobe of the liver in five
adult pigs. Intra-arterial injection of iodinated contrast with a 6-second x-ray delay was used with a two-sweep 8-second rotation imaging
protocol. Three acquisitions, each separated by 10 minutes to allow for contrast clearance, were obtained before and after emboliza-
tion in each animal. Post-processing was carried out using dedicated software to generate three-dimensional (3D) PBV maps. Two region-
of-interest measurements were placed on two views within the right and left lobe on each CBCT 3D PBV map. Variation in PBV for
scans acquired within each animal was determined by the coefficient of variation and intraclass correlation. A Wilcoxon signed-rank
test was used to test post-procedure reduction in PBV.

Results: The CBCT PBV maps showed mean coefficients of variation of 7% (range: 2%-16%) and 25% (range: 13%-34%) for base-
line and embolized PBV maps, respectively. The intraclass correlation for PBV measurements was 0.89, demonstrating high reproducibility,
with measurable reduction in PBV displayed after embolization (P = 0.007).

Conclusions: Intra-procedural acquisition of 3D PBV maps before and after liver embolization using CBCT is highly reproducible and
shows promising application for obtaining intra-procedural PBV maps during locoregional therapy.
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INTRODUCTION in HCC leads to the domination of arterial supply to the tumor
(1-3). For patients with underlying cirrhosis, the degree of
arterialization reflects the stage (4), with dysplastic nodules and
early HCC demonstrating some portal flow, but as HCC pro-

gresses the supply to the tumor rapidly morphs into exclusively
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ic changes during neoangiogenesis, the evolution from dysplasia
to poorly differentiated HCC, and changes following
transarterial chemoembolization have been studied by dynamic
contrast-enhanced CT (5-8). Assessment of tumor charac-
teristics during locoregional treatments, vis-a-vis quantitative
hemodynamic characteristics, may offer a valuable diagnos-
tic or treatment end point biomarker (8). Intra-procedural
dynamic contrast-enhanced CT at the present time is infea-
sible. In contrast, the use of cone beam CT (CBCT) or C-arm
CT as a complementary modality to digital subtraction an-
giography (DSA) during therapy is widely accepted and
continues to become a routine part of the procedure (9,10).
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Moreover, within the past few years, a modified injection and
reconstruction protocol designed for CBCT imaging has dem-
onstrated the feasibility of calculating cerebral perfusion in
canines and humans (11-14). Using a similar approach, it was
shown that a modified injection and reconstruction proto-
col enables the calculation of parenchymal blood volume (PBV)
within the liver using CBCT (15-18). These first clinical studies
show the feasibility of PBV measurements before and after
hepatic arterial treatment with its correlation to CT perfu-
sion studies. However, up to now, no study has carefully
evaluated the reproducibility of PBV measurements in the liver
for one subject. Therefore, the objective of this study was to
investigate the reproducibility of obtaining PBV measure-
ments in a swine model using CBCT, before and after partial
transarterial (bland) embolization of the liver.

MATERIALS AND METHODS

Under approval by the Administrative Panel on Laboratory Animal
Care, five female adult Yorkshire breed pigs (53 £ 0.9 kg) un-
derwent CBCT imaging of the liver before and after partial particle
embolization of the left lobe. During the duration of the ex-
periments, animals were under the attendance of two licensed
veterinary technicians. Prior to imaging, the animals were given
intramuscular injection of Telazol (Fort Dodge Animal Health,
KS) (5-7 mg/kg) combined with atropine (0.5 mg/kg). Fol-
lowing intubation, isoflurane was maintained at 1%—2% by
mechanical ventilation. Assessment of vital signs, including heart
rate, O, saturation, and end tidal CO,, was performed every 15
minutes. Primary dosage of 300 IU/kg of heparin was given intra-
arterially and supplemented as needed. Directly prior to imaging
procedures, a 7Fr sheath (Vanguard; Medrad, Indianola, PA) was
placed within the right common femoral artery. Following an
aortogram, a standard 5Fr end-hole catheter (AngioDynamics,
Latham, NY) was placed in the common hepatic artery under
fluoroscopic guidance. All pre-embolization and post-embolization
imaging was performed following injection of iodinated contrast
into the common hepatic artery using a dual-syringe power in-
jector (MEDTRON Accutron HP-D, Saarbriicken, Germany).
CBCT acquisition details are described later. A 2.3Fr microcatheter
(Renegade HI-FLO; Boston Scientific, Natick, MA) was ad-
vanced through the 5Fr catheter, with the tip positioned in the
left hepatic artery, under fluoroscopic guidance. The emboliza-
tion to near stasis was performed by injecting 150-300 micron
diameter microspheres (Embospheres; Merit Medical Systems,
Inc, South Jordan, UT) to parts of the left lobe of the liver and
was confirmed using DSA.

CBCT Image Acquisition Protocol

A monoplane flat panel detector angiographic CBCT system
(Axiom Artis dTA; Siemens Healthcare GmbH, Forchheim,
Germany) was used to perform an 8-second rotational pro-
tocol, resulting in approximately 400 projections over 200°
during each rotation, while allowing 150-mm craniocaudal
scan length coverage. The dose to the detector was set at

1.2 uGy per projection, 81 kVp, with automatic exposure
control enabled such that x-ray dose modification occurred
on a per-projection basis. The imaging protocol consisted of
an initial 8-second rotation (mask run), followed by a second
8-second rotation (fill run) using a 6-second x-ray delay. To
achieve steady-state opacification within the liver, 21-mL con-
trast (Omnipaque 350; GE Healthcare, Pewaukee, WI) in 21-
mL saline was administered over 14 seconds at a rate of 3 mL/s
during a 6-second turnaround and during the fill run. To allow
clearance of contrast from the liver, a 10-minute washout period
was incorporated between each mask-fill acquisition. No con-
trast uptake from the baseline images have been observed
measured in HU values. A total of six acquisitions (three base-
line and three post-embolization) were performed across all
animals during suspended respiration.

Post-processing

Following each 8-second acquisition, all images were recon-
structed, and PBV maps were successfully calculated using a
dedicated workstation (Siemens Healthcare GmbH). The post-
processing method used to calculate parenchymal PBV was
based on a compartmental model used in the calculation of
cerebral blood volume in canines and humans (19,20).

Statistical Analysis

The reproducibility of CBCT three-dimensional (3D) PBV
maps was evaluated using all data from the five cases. Assess-
ment of variation within CBCT 3D PBV maps obtained before
(three baseline maps/case) and after partial embolization (three
embolized maps/case) was done on each animal (six total
maps/case). To compare the same anatomic regions within
each animal across each set of three scans, CBCT 3D PBV
maps were coregistered to the same slices using a dedicated
workstation (Siemens Healthcare GmbH). After image reg-
istration, two 2 cm? regions-of-interest (ROIs) were placed
on two views (one axial and one coronal) within the right
and left lobe on each CBCT 3D PBV map, resulting in 12
ROIs/animal (2 ROIs/lobe X 2 lobes X 3 maps/animal). Sim-
ilarly, CBCT 3D PBV maps corresponding to post-procedure
scans were coregistered to the same three slices, and two 2 cm?
ROIs were placed on two views (one axial and one coronal)
within the right and left lobe, resulting in a 12 ROIs/animal
set. To obtain relative measurements for each animal, the
left/right lobe ratio was calculated using PBV measurements
within 2 cm® ROIs in each set of baseline and embolized
CBCT 3D PBV maps. Variability in PBV within each animal
was assessed by calculating the coefficient of variation for the
relative measurements obtained from each of the five cases.
Measurement reproducibility was assessed by intraclass cor-
relation among scans, estimated by a mixed-eftects regression
of PBV on the mixed effect of time (pre-embolization vs post-
embolization), as well as the random effect of animal and
animal-by-time interaction. To evaluate the significance of
reduction in blood volume following the embolization
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