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Purpose: To assess the visibility of radiopaque microspheres during 
transarterial embolization (TAE) in the VX2 rabbit liver tu-
mor model by using multimodality imaging, including single-
snapshot radiography, cone-beam computed tomography 
(CT), multidetector CT, and micro-CT.

Materials and 
Methods:

The study was approved by the institutional animal care and 
use committee. Fifteen VX2-tumor-bearing rabbits were as-
signed to three groups depending on the type of embolic agent 
injected: 70–150-mm radiopaque microspheres in saline (ra-
diopaque microsphere group), 70–150-mm radiopaque micro-
spheres in contrast material (radiopaque microsphere plus 
contrast material group), and 70–150-mm radiolucent micro-
spheres in contrast material (nonradiopaque microsphere plus 
contrast material group). Rabbits were imaged with single-
snapshot radiography, cone-beam CT, and multidetector CT. 
Three to 5 weeks after sacrifice, excised livers were imaged 
with micro-CT and histologic analysis was performed. The vis-
ibility of the embolic agent was assessed with all modalities 
before and after embolization by using a qualitative three-point 
scale score reading study and a quantitative assessment of the 
signal-to-noise ratio (SNR) change in various regions of inter-
est, including the tumor and its feeding arteries. The Krus-
kal-Wallis test was used to compare the rabbit characteristics 
across groups, and the Wilcoxon signed rank test was used to 
compare SNR measurements before and after embolization.

Results: Radiopaque microspheres were qualitatively visualized within 
tumor feeding arteries and targeted tissue with all imaging 
modalities (P , .05), and their presence was confirmed with 
histologic examination. SNRs of radiopaque microsphere depo-
sition increased after TAE on multidetector CT, cone-beam CT, 
and micro-CT images (P , .05). Similar results were obtained 
when contrast material was added to radiopaque microspheres, 
except for additional image attenuation due to tumor enhance-
ment. For the group with nonradiopaque microspheres and 
contrast material, retained tumoral contrast remained quali-
tatively visible with all modalities except for micro-CT, which 
demonstrated soluble contrast material washout over time.

Conclusion: Radiopaque microspheres were visible with all imaging modal-
ities and helped increase conspicuity of the tumor as well as its 
feeding arteries after TAE in a rabbit VX2 liver tumor model.

q RSNA, 2015
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Health (NIH/NCI R01 CA160771), the 
French Society of Radiology, Philips 
Research, and Biocompatibles UK. Au-
thors who were not funded by the spon-
sors (V.T., R.D., J.H.S., K.V.S., Z.W., 
J.C., C.G.J., N.B., D.L.W., B.J.W., 
J.F.G.) had full control of the data and 
their analysis during the entire study. 
The experiments were performed while 
M.R.D was at the Center for Interven-
tional Oncology at the National Insti-
tutes of Health; M.R.D. is now a paid 
employee of Biocompatibles. M.L., 
D.S., and M.G. are employees of Phil-
ips, and M.R.D., A.L., and Y.T. are 
employees of Biocompatibles. B.J.W., 
A.L., and Y.T. are coinventors on a filed 
patent related to this work (27).

Study Population
Our study was approved by the insti-
tutional animal care and use commit-
tee, and all animal care and use proce-
dures were performed under regulatory 
guidelines. A total of 18 adult New 
Zealand White male rabbits (Myrtle’s 
Rabbitry, Thompson Station, Tenn) 
weighing 3.8–4.3 kg were used for 
our study. Three rabbits were used as 
tumor carriers and 15 underwent im-
plantation of VX2 tumors into the left 

contrast material for indirect visuali-
zation and monitoring under real-time 
fluoroscopy during delivery. However, 
it is the column of contrast material 
rather than the microspheres them-
selves that is being imaged. Moreover, 
transient contrast material saturation 
of the tumor or tumor devascularization 
is the only intraprocedural indication of 
treatment success as evidenced with 
different cone-beam computed tomog-
raphy (CT) techniques (22,23). This 
may not represent the exact location of 
drug elution. Thus, the lack of direct 
intraprocedural feedback is a limita-
tion of TACE with drug-eluting beads 
and can potentially contribute to non-
target embolization and complications 
(24,25). To address the lack of direct 
radiologic visibility, radiopaque micro-
spheres loaded with ethiodized oil have 
recently been developed (13,26).

The purpose of our study was to 
assess the visibility of the radiopaque 
microspheres during transarterial em-
bolization (TAE) in the VX2 rabbit liver 
tumor model by using multimodality 
imaging, including single-snapshot radi-
ography, cone-beam CT, multidetector 
CT, and micro-CT.

Materials and Methods

The study was performed with financial 
support from the National Institutes of 

Published online before print
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Abbreviations:
ROI = region of interest
SNR = signal-to-noise ratio
TACE = transcatheter arterial chemoembolization
TAE = transarterial embolization
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Advance in Knowledge

nn Ethiodized oil–loaded radiopaque 
microspheres (70–150 µm) were 
visible with multiple radiologic 
imaging modalities during trans-
arterial embolization in a VX2 
tumor liver model, even after 
soluble iodinated contrast mate-
rial washout.

Implications for Patient Care

nn Ethiodized oil–loaded radiopaque 
microspheres may enable direct 
image feedback to intraprocedur-
ally guide embolization and po-
tentially mitigate nontarget 
embolization.

nn Visibility of the ethiodized oil–
loaded radiopaque microspheres 
is maintained after the proce-
dure, which enables postproce-
dure verification of bead deposi-
tion; patient care may be 
optimized accordingly (eg, identi-
fication of nontarget emboliza-
tion), and the location of the ra-
diopaque microsphere may 
provide information for planning 
the next treatment cycle.

Hepatocellular carcinoma is the fifth 
most common cancer worldwide 
and the second most common 

cause of cancer-related death (1,2). Be-
cause of the often advanced stage of the 
disease at diagnosis, less than 25% of pa-
tients are candidates for tumor resection 
or orthotopic liver transplantation (3,4). 
Thus, local-regional treatments are the 
mainstay of therapy for many patients 
with unresectable disease (5–8). The 
most widely used type of transcatheter 
arterial chemoembolization (TACE) is 
conventional TACE. This procedure in-
volves the injection of an emulsion of 
various chemotherapeutic drugs such as 
doxorubicin, mitomycin, and/or cisplatin 
mixed with ethiodized oil. This ethiodized 
oil (Lipiodol Ultra-Fluide; Guerbet, Vil-
lapinte, France [480 mg of iodine per mil-
liliter]) functions as an imaging contrast 
material owing to its radiopacity and is 
mainly used as a drug carrier to locally 
deliver chemotherapeutic agents directly 
to the tumor (9–12).

Less than a decade ago, a new drug 
delivery system, drug-eluting beads, 
was introduced with the goal of improv-
ing local drug delivery and limiting or 
further minimizing systemic exposure 
of chemotherapeutic agents (13–17). 
TACE with drug-eluting beads uses cali-
brated spherical microspheres loaded 
with chemotherapeutic drugs, which 
are injected directly into tumor-feeding 
arteries. This form of treatment brings 
about the dual benefit of cytotoxic and 
embolic effects and, compared with 
conventional TACE, has demonstrated 
a better tumor response, a delay in 
tumor progression, and fewer side ef-
fects (18–21). However, a substantial 
drawback of these microspheres is that 
they are radiolucent, and so they are 
routinely mixed with soluble radiologic 
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fashion. Anesthesia was induced with 
5% isoflurane (Hospira, Warwickshire, 
England) and 95% oxygen (Air Gas, 
Salem, NH) and then sustained with 
2.5% isoflurane and 97.5% oxygen at a 
rate of 3.5 L/min, with intravenous bo-
lus injections of 0.25 mL propofol (10 
mg/mL) (APP Pharmaceuticals, Scha-
umburg, Ill) via a marginal ear vein. 
Chunks of VX2 tumor were excised 
from the hind legs of the carriers, 
minced, and surgically implanted into 
the left lobe of the liver as previously 
described (28). The liver tumors were 
monitored with ultrasonography (So-
noSite 180 PLUS; SonoSite, Bothell, 
Wash) and allowed to grow for 12–15 
days after tumor implantation to reach 
dimensions of 2–3 cm.

TAE and Intraprocedural Imaging
All TAE procedures were performed by 
two of the authors who performed the 
surgical procedures (V.T. and R.D.) and 
an interventional radiologist with expe-
rience with the rabbit model (K.V.S., 

carefully removed by using a needle 
and syringe. (c) Five additional wash-
ing steps were repeated by using 10 
mL of sterile water and gently passing 
the ethiodized oil–loaded microspheres 
back and forth through a metal three-
way stopcock connected to two glass 
syringes. During each washing step, the 
microspheres were allowed to settle in 
one syringe and the excess solution con-
taining ethiodized oil was removed from 
the second syringe. The ethiodized oil–
loaded microspheres were then ready 
for use for embolization (13,26).

Tumor Implantation
All surgical procedures were per-
formed by a resident in radiology 
(V.T.), an interventional radiologist 
(R.D., with 8 years of experience) who 
specialized in abdominal imaging with 
experience with the rabbit model, and 
an author with PhD with 2 years of 
experience with rabbits (C.G.J). Each 
rabbit was placed in the supine posi-
tion, prepared, and draped in a sterile 

liver lobe before embolization. These 
rabbits were then randomly assigned to 
one of three groups (five rabbits in each 
group). The first group underwent TAE 
with radiopaque microspheres (0.2 mL) 
suspended in saline (4 mL) (radiopaque 
microsphere group), the second group 
underwent TAE with radiopaque mi-
crospheres (0.2 mL) diluted in soluble 
contrast material (2 mL of saline and 
2 mL of iohexol [300 mg of iodine per 
milliliter]) (radiopaque microsphere 
plus contrast material group), and the 
third group underwent TAE with non-
radiopaque microspheres (0.2 mL of 
70–150-mm LC-BeadM1 [Biocompati-
bles, Farnham, England]) diluted in sol-
uble contrast material (2 mL of saline 
and 2 mL of iohexol [300 mg of iodine 
per milliliter]) (nonradiopaque micro-
sphere plus contrast material group). A 
summary of the group characteristics is 
given in Table 1.

Radiopaque Microspheres
Acrylamido-polyvinyl alcohol–co–
acrylamido-2-methylpropane sulfonate 
microspheres were provided for this 
study in sterile, vacuum-sealed vials by 
Biocompatibles UK. We used 70–150-
mm microspheres because this size is 
appropriate for the rabbit model. LC-
BeadM1 microspheres (70–150 mm) 
were lyophilized in the presence of 
mannitol. Mannitol served as a matrix-
forming additive, creating an amor-
phous phase in the spaces vacated by 
the water during lyophilization. Upon 
hydration, the excipient rapidly dis-
solves as the hydrogel reforms the 
swollen, compressible embolization 
microspheres (approximately 2 mL of 
microspheres per vial). Ethiodized oil 
was loaded into the lyophilized micro-
spheres as follows: (a) A total of 4 mL 
of a 15:1 mixture of ethiodized oil to 
ethanol was added to a vial of 70–150-
µm dry microspheres while maintaining 
vacuum in the vial and allowed to incu-
bate for 30 minutes at room temper-
ature. (b) After ethiodized oil incuba-
tion, 10 mL of sterile water was added 
to the vial, the vial was gently agitated, 
and the unloaded ethiodized oil was 
allowed to settle to the bottom of the 
vial. Unloaded ethiodized oil was then 

Table 1

Summary of Group Characteristics

Group and Rabbit No.
Tumor  
Size (cm)

Total Volume  
Injected (mL)

Total Packed Bead  
Volume Injected (mL)

Catheter  
Position

Radiopaque microsphere
  1A 3.5 1 0.05 CHA
  1B 2 4.5 0.225 PHA
  1C 3.4 6 0.3 PHA
  1D 3 6 0.3 CHA
  1E 2.5 6 0.3 PHA
Radiopaque microsphere  

  plus contrast material
  2A 2.7 1 0.05 LHA
  2B 4.4 1 0.05 LHA
  2C 1.9 1 0.05 PHA
  2D 1.3 2.5 0.125 LHA
  2E 4.1 4 0.2 PHA
Nonradiopaque microsphere  

  plus contrast material
  3A 4.9 6 0.3 PHA
  3B 1.6 20 1 CHA
  3C 3.8 4.5 0.225 PHA
  3D 3.5 3 0.15 PHA
  3E 2.7 6 0.3 PHA

Note.—CHA = common hepatic artery, LHA = left hepatic artery, PHA = proper hepatic artery. P values from comparison of the 
three groups were as follows: tumor size: .76, total volume injected: .03, total packed beads: .03.
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single-snapshot radiographs were ac-
quired after each saline flush. The end 
point of the embolization procedure 
was the advent of left lobar arterial 
inflow reduction with the identifica-
tion of reflux of the embolic agent (ie, 
nontarget embolization). These angio-
graphic findings were thought to reflect 
saturation of the tumor and its feed-
ing arteries with microspheres. Unen-
hanced cone-beam CT was performed 
immediately after completion of the in-
fusion. At the end of the embolization, 
the catheter was removed and the 
common femoral artery was ligated by 
using suture material to obtain hemo-
stasis. One hour after TAE and while 
still sedated, all rabbits underwent 
unenhanced multidetector CT (Aquil-
ion One; Toshiba, Tokyo, Japan) with 
the following parameters: 120 kVp; 80 
mA; rotation time, 0.5 second; scan-
ning time, 60.5 seconds; matrix, 512 3 
512 3 200 mm; and reconstructed field 
of view, 492 3 492 3 192 mm.

Ex Vivo Imaging
After postprocedural multidetector 
CT, the rabbits were immediately eu-
thanatized under deep anesthesia with 

(30 frames per second; 324 images; 80 
kVp; 50 mA; duration of x-ray expo-
sure, 3 msec; resolution, 0.98 3 0.98 
3 0.98 mm3; field of view, 25 3 25 3 
19 cm; matrix size, 256 3 256 3 198 
mm), and navigation. Digital subtrac-
tion angiography was performed dur-
ing injection of soluble contrast mate-
rial to identify the tumor blush before 
embolization. After having ensured 
adequate positioning of the catheter as 
close as possible to the tumor while 
maintaining adequate flow in the se-
lected feeding artery (common, proper, 
or left hepatic artery), a minimum of 
20 minutes was allowed to elapse, dur-
ing which saline was intermittently 
flushed through the catheter to en-
sure adequate washout of the contrast 
material used during catheterization. 
Once the washout was confirmed with 
all intraprocedural imaging modalities, 
baseline pre-embolization fluoroscopy, 
single-snapshot radiography, and cone-
beam CT were performed.

The tumor was embolized under 
real-time fluoroscopy with alternating 
injections of 0.05-mL aliquots of em-
bolic agent (approximately 0.01 mL 
per 5 seconds) and saline. Intermittent 

with 10 years of experience). Each rab-
bit was anesthetized in the same way 
as for tumor implantation. Surgical cut-
down was performed to gain access to 
the common femoral artery, into which 
a 3-F sheath (Cook, Bloomington, Ind) 
was placed. A specially manufactured 
2-F catheter with a tip in the shape of a 
hockey stick (JB1 catheter, Cook) and 
a 0.014-inch guide wire (Transcend; 
Boston Scientific, Natick, Mass) were 
used to catheterize the celiac axis, after 
which celiac and common hepatic arte-
riograms were obtained with contrast 
material (iohexol, 300 mg of iodine per 
milliliter) to delineate the blood supply 
to the liver and to confirm the location 
of the tumor and its tumor-feeding 
arteries.

All intraprocedural imaging was 
performed by using a C-arm system 
(Allura FD20; Philips Healthcare, Best, 
the Netherlands) that allows acquisi-
tion of fluoroscopy (three frames per 
second; 85 kVp; 23 mA; duration of 
x-ray exposure, 45 msec; binning, 2 
3 2), single-snapshot radiography (70 
kVp; 23 mA; duration of x-ray expo-
sure, 45 msec; binning, 1 3 1; pixel, 
0.154 3 0.154 mm), cone-beam CT 

Figure 1

Figure 1:  A, Single-snapshot image obtained at embolization end point in rabbit treated with radiopaque microspheres diluted in soluble contrast 
material (radiopaque microsphere plus contrast material group). B, Single-snapshot image shows regions of interest (ROIs) (in green) used for SNR 
calculation. 1 = tumor, 2 = tumor-feeding arteries, 3 = proximal left hepatic artery, 4 = ipsilateral liver, 5 = contralateral liver. ROI 6 was used to 
calculate noise.
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Geneva, Switzerland). The maximum 
tumor diameter was measured on ax-
ial pre-TAE unenhanced cone-beam CT 
images (by a radiology resident [V.T.]). 
Evaluation of embolic agent visibil-
ity was performed by using projection 

Data Analysis
Data analysis involved qualitative and 
quantitative image analysis and path-
ologic examination. Image analysis was 
performed by using free viewer soft-
ware (OsiriX 5.7; OsiriX Foundation, 

intravenous injection of 10 mL of pro-
pofol (10 mg/mL). The liver was care-
fully harvested and immediately imaged 
with cone-beam CT with the following 
parameters: 80 kVp; 85 mA; duration 
of x-ray exposure, 5 msec; 30 frames 
per second; 624 images; matrix, 256 3 
256 3 198 mm; and field of view, 25 3 
25 3 19 cm. The liver was then placed 
in a container with a 10% buffered 
formaldehyde solution. The liver of one 
rabbit in each group was then imaged 
again with cone-beam CT by using the 
same scanning parameters at 3 and 7 
days after TAE to investigate bead vis-
ibility and contrast material washout 
over time.

Three to 5 weeks later, the visibility 
of microspheres in the excised left liver 
lobes was evaluated by using a high-spa-
tial-resolution micro-CT 100 unit (Scan-
co Medical, Bruttisellen, Switzerland) 
with the following parameters: 90 kVp, 
400-msec integration time, 88 mA, and 
17-mm2 voxel resolution (D.L.W., with 
7 years of experience).

Histologic Analysis
Approximately 1 week after micro-
CT, careful dissection of the explanted 
liver was performed and the tumor 
(from the periphery to the opposite 
border) and nontumor tissues (right 
lobe) were taken for pathologic ex-
amination. The tissues were cut and 
prepared into five paraffin blocks that 
were each 500 mm thick. From each 
block, 5-mm-thick slices were made 
with a microtome, and each slice was 
stained with hematoxylin and eosin. 
The sections were scanned and imaged 
with an Aperio Image Scope system 
(Aperio Technologies, Vista, Calif) to 
perform histologic analysis. Histologic 
analysis enabled the determination of 
the microsphere location (tumor, tu-
mor rim, feeding arteries, and peri-
tumoral hepatic parenchyma) and was 
considered the standard of reference 
for our study. A three-point scale was 
used to qualitatively assess the amount 
of microspheres, as follows: 1 = no 
microspheres, 2 = fewer than three 
microspheres per site and per slice 
examined, and 3 = more than three 
microspheres per slice examined.

Table 2

Qualitative and Quantitative Visibility according to Anatomic Location

Anatomic Location and Group

No. of Definitely Visible Cases  
at Image Assessment SNR Measurements

Before  
Embolization*

After  
Embolization*† P Value

Median SNR  
Change (%)

No. of Cases  
with SNR  
Improvement* P Value‡

Tumor
  Radiopaque microsphere 0/60 41/60 (68) ,.001 7.3 15/20 .036
  Radiopaque microsphere  

  plus contrast material
0/60 46/60 (77) ,.001 41.1 18/20 .004

  Nonradiopaque  
 � microsphere plus  

contrast material

0/60 26/60 (43) ,.001 21.6 13/20 .287

Feeding artery
  Radiopaque microsphere 0/60 34/60 (57) ,.001 21.8 14/20 .024
  Radiopaque microsphere  

  plus contrast material
0/60 43/60 (72) ,.001 25.3 13/20 .006

  Nonradiopaque  
 � microsphere plus  

contrast material

0/60 18/60 (30) ,.001 10.3 15/20 .614

Surrounding liver
  Radiopaque microsphere 0/60 36/60 (60) ,.001 20.3 15/20 .824
  Radiopaque microsphere  

  plus contrast material
0/60 34/60 (57) ,.001 2.7 12/20 .365

  Nonradiopaque  
 � microsphere plus  

contrast material

0/60 21/60 (35) ,.001 0.3 16/20 .695

Hepatic arteries
  Radiopaque microsphere 0/60 45/60 (75) ,.001 32.4 9/20 .002
  Radiopaque microsphere  

  plus contrast material
0/60 37/60 (62) ,.001 20.7 10/20 .006

  Nonradiopaque  
 � microsphere plus  

contrast material

0/60 22/60 (37) ,.001 2.5 12/20 .888

Nontarget embolization in 
contralateral lobe§

  Radiopaque microsphere 0/45 31/45 (69) ,.001 42.6 9/15 .004
  Radiopaque microsphere  

  plus contrast material
0/45 25/45 (56) ,.001 23.5 8/15 .048

  Nonradiopaque  
 � microsphere plus  

contrast material

0/45 27/45 (60) ,.001 4.7 9/15 .477

* Numbers are raw data.
† Numbers in parentheses are percentages.
‡ Comparison of SNR measurements before and after TAE.
§ Evaluation of nontarget embolization was not performed with micro-CT owing to the limited field of view.
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a representative location on the same 
image frame (for projection images) 
or section level (for cross-sectional im-
ages) where the signal measurement 
was done. Specifically, estimated noise 
ROIs were located in the umbilical area 
of the abdomen for projection images 

deviation (SD) of the “estimated noise” 
as shown in Equation (1):

(1)

The estimated noise was calculated by 
using the same-size ROI positioned in 

( ) ( )ROISNR ROI = Mean  ("noise").SD
I I

images from single-snapshot radiogra-
phy and axial images from cone-beam 
CT, multidetector CT, and micro-CT. 
The conspicuity of the embolic agent 
was assessed at baseline, before start-
ing embolization, and at the delivery 
end point in five sites, as follows: tu-
mor, tumor-feeding arteries, ipsilateral 
liver, hepatic artery (including proper, 
right and/or left hepatic arteries), and 
contralateral (right) liver lobe (Fig 1). 
All five sites were included in the qual-
itative and quantitative image analysis 
for an exhaustive assessment (below). 
Our study design did not include pre-
TAE multidetector CT and micro-CT 
because the contralateral healthy liver 
was determined to be sufficient as a 
baseline for comparison.

Qualitative image analysis.—Qual-
itative image analysis was performed 
independently by three observers (two 
residents in radiology and an interven-
tional radiologist who specialized in 
abdominal imaging with 8 years of ex-
perience [V.T., J.C., and R.D., respec-
tively]) in a blinded fashion. The assess-
ment was made during the same reading 
session to ensure careful comparison 
of pre- and postembolization findings. 
The visibility of the embolic agent was 
graded as follows: 1 = definitely not vis-
ible, 2 = doubtful, and 3 = visible. Each 
observer recorded scores for the five an-
atomic sites with all imaging modalities.

Quantitative image analysis.—
Quantitative assessment of embolic 
agent visibility was performed by using 
mean pixel intensity measurements in 
a square ROI. To achieve consistency, 
a square ROI was used for all imaging 
modalities, and the size was adapted 
to each image type resolution to ana-
lyze a 4-mm2 portion of the rabbit liver 
(ie, a square ROI of 26 3 26 pixels for 
single-snapshot images, 4 3 4 pixels 
for cone-beam CT scans, 4 3 4 pixels 
for multidetector CT scans, and 235 3 
235 pixels for micro-CT scans). The 
ROIs were placed at the same posi-
tion on all pre- and postembolization 
images for all imaging modalities (Fig 
1). The comparison was done in terms 
of the signal-to-noise ratio (SNR), 
where the mean pixel intensity (I) of 
each ROI was divided by the standard 

Table 3

Qualitative and Quantitative Visibility Assessment according to Imaging Modality

Imaging Modality and Group

No. of Definitely Visible Cases SNR Measurements

Before 
Embolization*

After  
Embolization*† P Value

Median  
SNR  
Change (%)

Cases  
with SNR  
Improvement* P Value‡

Single-snapshot  
 � radiography 

(intraprocedural)
  Radiopaque  

  microsphere 
0/75 27/75 (36) ,.001 211.7 5/25 .251

  Radiopaque microsphere  
  plus contrast material

0/75 41/75 (55) ,.001 23.5 11/25 .349

  Nonradiopaque  
 � microsphere plus  

contrast material

0/75 53/75 (71) ,.001 21.2 10/25 .314

Cone-beam CT  
  (intraprocedural)

  Radiopaque microsphere 0/75 56/75 (75) ,.001 6.5 17/25 .004
  Radiopaque microsphere  

  plus contrast material
0/75 44/75 (59) ,.001 8.6 22/25 ,.001

  Nonradiopaque  
 � microsphere plus 

contrast material

0/75 49/75 (65) ,.001 28.9 9/25 .04

Multidetector CT (1 hour  
  after embolization)

  Radiopaque microsphere 0/75 50/75 (67) ,.001 33.6 23/25 ,.001
  Radiopaque microsphere  

  plus contrast material
0/75 52/75 (69) ,.001 16.0 18/25 .004

  Nonradiopaque  
 � microsphere plus 

contrast material

0/75 27/75 (36) ,.001 16.4 21/25 ,.001

Micro-CT (3–5 weeks  
  after sacrifice)§

  Radiopaque microsphere 0/60 39/60 (65) ,.001 78.4 17/20 ,.001
  Radiopaque microsphere  

  plus contrast material
0/60 48/60 (80) ,.001 79.7 18/20 ,.001

  Nonradiopaque  
 � microsphere plus 

contrast material

0/60 0/60 (0) .999 38.6 17/20 ,.001

Note.—Multidetector CT and micro-CT were performed only after embolization. A nonembolized contralateral liver tissue region 
was selected to represent the before embolization measurement.

* Numbers are raw data.
† Numbers in parentheses are percentages.
‡ Comparison of pre- and postembolization SNR measurements.
§ Nontarget embolization evaluation was not performed owing to the limited field of view.
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implanted tumor was 3.0 cm (range, 
1.3–4.9 cm), with no significant differ-
ence in tumor size among the groups (P 
= .76, Table 1). All 15 rabbits underwent 
successful intra-arterial catheterization 
and embolization. A median of 0.3 mL 
(range, 0.05–0.3 mL) of radiopaque 
microspheres, 0.05 mL (range, 0.05–
0.2 mL) of radiopaque microspheres, 
and 0.3 mL (range, 0.15–1 mL) of 

Statistical analysis was performed with 
software (R: Statistical Programming 
Language, version 3.8.0; R Project for 
Statistical Computing, Vienna, Austria).

Results

VX2 tumor growth within the left he-
patic lobe was successful in all rabbits. 
The median maximum diameter of the 

and in the paraspinal muscles for cone-
beam CT and multidetector CT im-
ages. For micro-CT images, because 
of the absence of a nonliver structure 
for SNR measurements, the contralat-
eral healthy liver was used to estimate 
noise. The SNR change, which was ex-
pressed as a percentage for all imaging 
modalities, was calculated on the basis 
of the SNR before and after emboliza-
tion, as shown in Equation (2) (29):

( )
( ) ( )�

SNR ROI  

[SNR ROI Post SNR ROI Pre]
0.01�

=egnahC

SNR (ROI)Pre

� (2)

Furthermore, SNRs before and after 
embolization were compared to assess 
whether SNR increased. This was re-
corded as a binary variable for each 
anatomic location and for each imaging 
modality. Because of the limited field of 
view of micro-CT, nontarget emboliza-
tion evaluation was not performed in 
the qualitative or quantitative analysis 
for this imaging modality.

Statistics
Rabbit characteristics are summarized 
as medians and ranges. The Kruskal-
Wallis test was used to compare rabbit 
characteristics across the groups. The 
Mann-Whitney U test was used to fur-
ther explore the differences among the 
groups. Visibility scores of 3 (definitely 
visible) for each image (single-snapshot 
radiography, cone-beam CT, multidetec-
tor CT, and micro-CT) were counted up 
for each rabbit group. The counts before 
and after embolization were then com-
pared with the Fisher exact test. SNRs 
obtained before and after emboliza-
tion were compared with the Wilcoxon 
signed rank test. The binary variables 
indicating whether SNR increased af-
ter bead delivery were summed and re-
ported as counts for each rabbit group. 
Two-tailed P , .05 was considered in-
dicative of a statistically significant dif-
ference. The repeated measures data 
from qualitative and quantitative image 
analysis categorized according to mi-
crosphere type and anatomic location 
(Table 2) and microsphere type and im-
aging modality (Table 3) were reported. 

Figure 2

Figure 2:   Anterior views of three-dimensional maximum intensity projection cone-beam 
CT (CBCT) scans of representative rabbit livers from the three treatment groups 3 and 7 
days after embolization. In radiopaque microsphere (RM) group, attenuation of tumor-feeding 
arteries caused by radiopaque microspheres (arrowheads) at day 3 remained unchanged 
at day 7. In radiopaque microsphere plus contrast material group, persistence over time of 
radiopaque microspheres (arrowheads) was also observed, whereas a progressive washout 
of contrast material was noticed at day 7 compared with day 3 (arrows). In nonradiopaque 
microsphere plus contrast material group, only the contrast material–enhanced tumor 
(arrows) was visualized at day 3, with almost complete washout at day 7.
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in the radiopaque microsphere group.  
Figures 2–6 illustrate three representa-
tive rabbits in each group and show typ-
ical results obtained with each imaging 
modality and at histologic analysis.

Ex Vivo Analysis
Cone-beam CT.—The radiopaque micro-
spheres remained visible and similarly 
located in the tumor-feeding arteries 

material group compared with the nonra-
diopaque microsphere plus contrast ma-
terial group (P = .016, Mann-Whitney U 
test). The rabbit characteristics reported 
according to group are detailed in Table 
1. Nontarget embolization occurred in 
one rabbit each in the radiopaque mi-
crosphere plus contrast material and 
nonradiopaque microsphere plus con-
trast material groups and in two rabbits 

nonradiopaque microspheres was suc-
cessfully injected in the radiopaque mi-
crosphere, radiopaque microsphere plus 
contrast material, and nonradiopaque 
microsphere plus contrast material 
groups, respectively (P = .03, Kruskal-
Wallis) according to the embolization 
procedure end point, with significantly 
reduced microspheres injected in the 
radiopaque microsphere plus contrast 

Figure 3

Figure 3:  Three-dimensional reconstructed maximum intensity projection cone-beam CT (CBCT) scans, micro-CT scans (anterior view of three-dimen-
sional maximum intensity projection), and photomicrographs (slice at maximum tumor diameter) of representative ex vivo livers from each group. For 
radiopaque microsphere (RM) group, proximal tumor-feeding arteries showed attenuation by radiopaque microspheres on cone-beam CT and micro-CT 
images (arrowheads). Radiopaque microsphere location was confirmed on photomicrograph (arrowhead). Similar results were obtained in radiopaque 
microsphere plus contrast material group, with additional tumor enhancement seen on cone-beam CT scan (arrow). Microspheres were detected in dis-
tal feeding arteries at tumor periphery and in surrounding liver (arrowheads). Nonradiopaque microsphere plus contrast material group showed contrast 
material enhancement of tumor on cone-beam CT scan (arrow). No microspheres were visualized on cone-beam CT or micro-CT scans, whereas they 
were detected on photomicrograph in tumor (arrowhead) and its tumor-feeding arteries (arrow). The lack of any attenuation on micro-CT image was due 
to contrast material washout over time. Note that center of VX2 tumor (∗) is typically necrotic, as shown on photomicrographs.
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embolization (Table 2). No embolic 
attenuation was seen by the three ob-
servers before embolization with pre-
TAE imaging modalities for all groups 
(Table 3). After TAE, the embolic so-
lutions became significantly “visible” in 
all groups with all imaging modalities, 
except on micro-CT scans in the non-
radiopaque microsphere plus contrast 
material group (Table 3, Figs 5 and 3, re-
spectively). Indeed, the nonradiopaque 
microspheres remained “not visible” on 
micro-CT scans (Table 3, Fig 3). The 
micro-CT–evidenced radiopaque micro-
sphere distribution aligned into tumor-
feeding arteries to the level of individual 
microsphere in a single file as well as 
packed by two or more across the ar-
terial diameter (Figs 3, 4). Importantly, 
radiopaque microspheres were qual-
itatively visible with all radiologic mo-
dalities without the need for additional 
soluble contrast material (Figs 3, 5, 6).

Quantitative assessment.—The ra-
diopaque microsphere and radiopaque 
microsphere plus contrast material 
groups demonstrated a significant in-
crease in SNR after embolization in 
the tumor, feeding arteries, hepatic 
arteries, and nontarget tissues (Table 
2). The analysis of SNR changes did not 
show any significant difference among 
groups on images from single-snapshot 
radiography (Table 3). However, signif-
icant SNR increases were observed on 
postembolization cone-beam CT, multi-
detector CT, and micro-CT scans com-
pared with pre-embolization images in 
all groups (Table 3).

Discussion

The main finding of our study is that 
the radiopaque microspheres were 
qualitatively visible at single-snapshot 
radiography, cone-beam CT, multide-
tector CT, and micro-CT after TAE of 
VX2 liver tumors in the rabbit model, 
with or without co-administered con-
trast medium. This is a key develop-
ment for drug-eluting bead–based in-
tra-arterial therapies and may provide 
a dual benefit: (a) The visibility of 
radiopaque microspheres could offer 
immediate intraprocedural feedback 
regarding their localization, and (b) 

among the groups. As shown in Figures 
3 and 4, the microspheres were tightly 
packed within the hepatic and tumor-
feeding arteries. In larger, more cen-
tral arteries, numerous microspheres 
were seen filling the entire diameter of 
these vessels, whereas in smaller, more 
peripheral arteries, they were seen in 
a single-file arrangement filling and oc-
cluding the vessel diameter. Droplets of 
ethiodized oil were identified in the radi-
opaque microspheres (Fig 4).

Imaging Analysis
Qualitative assessment.—Radiopaque  
microspheres were visible at all 
evaluated anatomic locations after 

at days 3 and 7 in the radiopaque mi-
crosphere and radiopaque microsphere 
plus contrast material groups. The sol-
uble contrast material was visualized at 
day 3; however, it was less visible at day 
7 owing to washout in the radiopaque 
microsphere plus contrast material and 
nonradiopaque microsphere plus con-
trast material groups (Fig 2).

Histologic examination.—The loca-
tion of microspheres in the embolized 
tumor and adjacent liver parenchyma 
was confirmed with histologic examina-
tion. The microspheres showed a similar 
distribution in the tumor rim, tumor-
feeding arteries, and surrounding liver, 
with no statistically significant difference 

Figure 4

Figure 4:  Images from same case as in Figure 3 from radiopaque microsphere plus contrast material 
group, with focus on visibility of radiopaque microspheres accumulated in tumor-feeding arteries. C and D 
are magnifications of areas circled in red on, A, and, B, respectively. Micro-CT scans demonstrate spatial 
distribution of each radiopaque microsphere within tumor-feeding arteries. Radiopaque microspheres were 
aligned in a single file as well as stacked by two or more beads across arterial diameter. In addition, infre-
quent single radiopaque microspheres were identified within more distal feeding arteries (as seen in C ).  
Photomicrographs show radiopaque microspheres accumulated in tumor-feeding arteries. Magnification at 
level of 200 mm shows ethiodized oil droplets in radiopaque microspheres (arrowhead). ∗ = Central VX2 
tumor necrosis.
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microspheres (and not individual 
microspheres) were visible to the in-
terventional radiologists, potentially 
limiting the threshold of detection of 
nontarget embolization. Multidetec-
tor CT, cone-beam CT, and micro-CT 
demonstrated significant qualitative 
and quantitative visibility differences 
after TAE, whereas single-snapshot 
images failed to show any quantita-
tive postprocedural changes. A pos-
sible explanation could be related to 
the projection nature of the single-
snapshot images, which carries less 
information compared with three-di-
mensional datasets of cross-sectional 

Intraprocedural cone-beam CT tech-
niques such as dual-phase or unen-
hanced cone-beam CT may help high-
light tumor devascularization or tumor 
margin contrast material saturation, 
respectively, during or after TACE 
with drug-eluting beads and enable in-
traprocedural assessment of treatment 
delivery (22,23,31). However, because 
of contrast material washout, these 
signs are temporary and limit postpro-
cedural evaluation over time.

Qualitative visibility of radiopaque 
microspheres alone was limited un-
der real-time fluoroscopy during de-
livery. Only groupings of radiopaque 

because of their long-lasting reten-
tion after embolization (ie, after sol-
uble contrast material washout), the 
visibility of radiopaque microspheres 
could be exploited for follow-up imag-
ing, thus helping predict therapy re-
sponse in a similar way to ethiodized 
oil in conventional TACE (30). This is 
a clear advantage over existing radiolu-
cent microspheres. In current clinical 
practice, interventional radiologists in-
directly assume the distribution of ra-
diolucent microspheres during emboli-
zation by the visualization of retained 
soluble contrast material and/or the 
lack of tumor contrast enhancement. 

Figure 5

Figure 5:   Images from digital subtraction angiography (DSA) (anteroposterior view), fluoroscopy (anteroposterior view), and single-snapshot radiog-
raphy (anteroposterior view) in three representative rabbits from each treatment group. Digital subtraction angiography helped identify tumor location 
(arrowheads) and vascular anatomy. For radiopaque microsphere (RM) group, tumor-feeding arteries were evidenced by radiopaque microspheres—as 
seen on images from fluoroscopy and single-snapshot radiography (arrowheads). Similar results were obtained in radiopaque microsphere plus contrast 
material group, with additional tumor staining owing to soluble contrast material (arrows). Radiopaque microspheres were detected in distal tumor-
feeding arteries at tumor periphery (arrowheads). Images in nonradiopaque microsphere plus contrast material group show tumor staining by soluble 
contrast material (arrows); however, no microspheres could be identified.
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Although micro-CT cannot be im-
plemented in the clinic, this modality 
was chosen to demonstrate the precise 
imaging location of radiopaque micro-
spheres. The provided resolution was 
able to evidence the exact radiopaque 
microsphere distribution, even at a 
single microsphere level. In addition, 
and more importantly, contrast mate-
rial washout over time could be seen 
in the radiopaque microsphere plus 
contrast material group, which clearly 
demonstrates that the attenuation evi-
denced on the images could be attrib-
uted to the radiopaque microspheres.

Because radiopaque microspheres 
are denser than saline, they tended to 
settle in the injection syringe (ethiodized 
oil density: 1.3 g/cm3 vs water density: 1 
g/cm3). Although care was taken to miti-
gate microsphere sedimentation in saline 
with constant movement and rotation of 
the syringe during delivery, clumping of 
the radiopaque microspheres often re-
sulted. Thus, a more proximal emboli-
zation could have occurred in the radi-
opaque microsphere group and may be 
the reason for the higher incidence of 
nontarget embolization. Better suspen-
sion of the radiopaque microspheres was 
obtained in the radiopaque microsphere 
plus contrast material group than in the 
radiopaque microsphere group because 
of the higher density and viscosity of sol-
uble contrast medium compared with sa-
line. This may have reduced radiopaque 
microsphere aggregation. Despite a 
more proximal embolization observed 
with radiopaque microspheres, the 
quantitative analysis also demonstrated 
that SNR measurements increased sig-
nificantly in the tumor and its feeding 
arteries, which reflects the ethiodized 
oil–related attenuation of the radiopaque 
microspheres and highlights the fact that 
these microspheres were able to reach 
distal regions in the embolized tissues, as 
confirmed at pathologic examination. It 
is surprising that no significant quantita-
tive changes were observed in the tumor 
in the nonradiopaque microsphere plus 
contrast material group, which could be 
related to the “washout” of the soluble 
contrast material.

Our study has several limitations. 
First, we did not perform an extended 

acquisition time for cone-beam CT was 
10 seconds, which allowed for three to 
five breaths to enter the acquisition 
time window. Multidetector CT cap-
tured the entire scan in 0.5 second 
with minimal motion-related artifacts, 
whereas the liver at micro-CT is static. 
Taken together, decreased image qual-
ity for cone-beam CT could have led to 
less precise ROI placement and SNR 
measurement.

imaging (32). The number of cases 
of SNR increase after embolization 
was higher for multidetector CT and 
micro-CT compared with cone-beam 
CT. For cone-beam CT, the motorized 
C-arm covers a total angular range of 
240° for each scan and so produces a 
limited angle reconstruction. This ele-
vates the noise compared with multi-
detector CT and/or micro-CT, where 
the scans are 360°. Furthermore, the 

Figure 6

Figure 6:   Axial cone-beam CT (CBCT) and multidetector CT (MDCT) scans in representative 
rabbits from each treatment group. For radiopaque microsphere (RM) group, proximal tumor-
feeding arteries filled with radiopaque microspheres showed strong attenuation (arrowheads) on 
cone-beam CT and multidetector CT scans. Tumor for the radiopaque microsphere plus contrast 
material group was seen as hypoattenuating nodular structure compared with nontumoral 
hepatic parenchyma (arrows). Similar results were obtained in radiopaque microsphere plus 
contrast material group, with additional tumor enhancement owing to soluble contrast material 
(arrows). Microspheres were detected more distally in feeding arteries at tumor periphery 
(arrowheads). Images in nonradiopaque microsphere plus contrast material group show tumor 
enhancement by contrast material (arrows); however, no microspheres were detected. Note that 
VX2 tumors showed typical low attenuation centrally owing to necrosis.
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