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Background:  Delivering  Stereotactic  Body  Radiotherapy  (SBRT)  for Hepatocellular  Carcinoma  (HCC)  is
challenging  mainly  for  two  reasons:  first,  motion  of  the  liver  occurs  in six degrees  of  freedom  and,  second,
delineation  of  the  tumor  is difficult  owing  to  a similar  density  of HCC  to that  of  the  adjoining  healthy
liver  tissue  in  a non-contrast  CT scan.  To  overcome  both  these  challenges  simultaneously,  we performed
a  feasibility  study  to  synchronize  intravenous  contrast  to obtain  an arterial  and  a  delayed  phase  4D  CT.
Materials  and  Methods:  We  included  seven  HCC  patients  of  planned  for SBRT.  4D  CT  simulation  was
performed  with  synchronized  intravenous  contrast  based  on  the  formula  TSCANDELAY =  Tpeak – (L0/Detector
Coverage × Cine  Duration  in Seconds).  This  was  followed  by  a delayed  4D CT scan.
Results:  We  found  that,  with  our  protocol,  it  is  feasible  to  obtain  a 4DCT  with  an arterial  and  a delayed  phase

making  it  comparable  to a diagnostic  multi-phase  CT. The  peak  HU of  the  4D scan  and  diagnostic  CT were
similar  (mean  peak  HU 134.2  vs  143.1,  p value  = 0.58  N.S).  Whereas  in  comparison  with  a  non-contrast
CT  a  significant  rise  in the  peak  HU was  seen  (mean  peak  134.2  vs  61.4  p value  =  .00003).
Conclusion:  A  synchronized  contrast  4D  CT simulation  for HCC  is  safe  and  feasible.  It results  in good
contrast  enhancement  comparable  to  a  diagnostic  3D  contrast  CT scan.

©  2019  Greater  Poland  Cancer  Centre.  Published  by Elsevier  B.V.  All  rights  reserved.
. Introduction

Hepatocellular carcinoma (HCC) is the sixth most commonly
ccurring cancer, and the fourth most common cause of death
orldwide.1 At present, liver transplant and resection are the only

urative options available.2 Unfortunately, only 10–20 % of the
atients are surgical candidates, as the majority have impaired liver
unction, portal hypertension, or advanced tumor stage.3,4 Stereo-
actic Body Radiotherapy (SBRT) has demonstrated high rates of
ocal control, (defined as no progression of the disease as per RECIST
riteria) ranging from 87% to 100% at 1–3 years in unresectable
nd non-surgical HCC patients.5–7 Delivering SBRT for HCC is chal-

enging, mainly for two reasons. First, due to the motion of the
iver in six degrees of freedom.8 This has been resolved by tak-
ng 4D CT scans, which capture the position of the liver in different
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phases of respiration, or by taking breath-hold scans. Second, due to
HCC’s CT density, which is similar to the surrounding normal liver
tissue in non-contrast CT scans, making delineation of the tumor
difficult. HCC has a characteristic appearance on contrast imag-
ing with arterial phase enhancement and washout in Porto-venous
and delayed phases which results in a positive predictive value of
nearly 100%.9–11 To take advantage of this characteristic appear-
ance, oncologists have used breath-hold 3D scans with contrast,12

but the breath-hold 3D scan is not feasible in all HCC patients.13

Some have also tried to fuse diagnostic scans with non-contrast
4D scans, but there is an inherent fusion error.14 Oncologists pop-
ularly take a triphasic planning 3DCT and use the 4DCT only to
gauge the motion, but a breathing fast spiral CT may not accurately
represent the mean target position since each slice localizes the tar-
get positions at a different respiratory phase away from the actual
mean position.15 Multislice scanners could take a snapshot of the

entire tumor at a position that may  not represent the mean and,
in fact, could be at an extreme position away from the mean. To
tackle all the above mentioned challenges simultaneously; we  need

erved.

https://doi.org/10.1016/j.rpor.2019.12.006
http://www.sciencedirect.com/science/journal/15071367
http://www.elsevier.com/locate/rpor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rpor.2019.12.006&domain=pdf
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https://doi.org/10.1016/j.rpor.2019.12.006
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 synchronized contrast-enhancing 4D CT. The time of acquisition
f a 4D CT is 1−4 min  (depending on the type of scanner) which
esults in a mismatch of contrast timing if we follow 3D CT proto-
ols. Very few studies have been published to address these issues.
n one study, no HCC patients were taken,16 and in the other, only

 delayed phase was taken.17 We  aim to solve these issues by con-
ucting a feasibility study in HCC patients where we  would acquire

 contrast-enhanced and a delayed phase 4D CT for SBRT planning
nd compare its quality with the diagnostic counterparts.

. Material and methods

Our department review board cleared the study, and we took
nformed consent from all the patients. We  performed a 4DCT sim-
lation for seven patients who were not suitable for breath hold
BRT using our protocol. After ensuring normal renal function, an
8 G three-way IV cannula was inserted in the antecubital vein to
nsure an adequate flow of contrast. All patients underwent res-
iratory coaching to ensure good quality 4DCT. We  used the Anzai
espiratory gating system AZ-733 V (Anzai Medical Co. Ltd., Tokyo,
apan), composed of a respiratory sensor, sensor port, wave deck,
nd a laptop for obtaining 4DCT scans. The patients were made to
ie in a supine position and positioned with BlueBAGTM on our GE
iscovery PET/CT 710 with time-of-flight (TOF PET-CT) technology
aving 128 slices GE optima CT equipment (GE Medical Systems,
SA) and we took a 4D CT from carina to 6 cm below the inferior
ost point of the liver. An automatic contrast injector Ulrich CT
otion contrast injector (Ulrich medical® interface, Ulrich GmbH

 Co. KG, Germany) was connected to the 18 or 20 G IV line, and
25 ml  of VisipaqueTM (iodixanol) containing 270 mg  of iodine per
l was injected at a rate of 3 ml/s. The CT scan parameters used for

he synchronized intravenous contrast 4D CT scan were: 140 kVp,
40–160 mA  depending on patient body weight, the rotation speed
aried from 0.5 to 1 s/rotation with a constant detector coverage of

 cm (detector coverage is the length scanned by the CT scanner
or a duration equal to the patients’ cine time). The CT scans were
cquired with 2.5 mm slice thickness and eight images/rotation.

We calculated the scan delay for all our patients using the for-
ula,

SCANDELAY = Tpeak–(L0/DetectorCoverage × CineDurationinSecond

here,
Time of Scan Delay (TSCANDELAY ) is the time between the start

f the contrast injection and the start of the CT acquisition from
ts initial level. With an appropriately calculated delay, the 4D CT
cquisition and contrast enhancement synchronize in a way that
enerates a peak contrast enhancement at the level of interest (see
igs. 1–6).

Level of Interest(LOI) is the desired level of the Tpeak. We  kept it
n the middle of the liver span so that we can have an enhancement
f at least 150 HU for 50 s across 20 cm (assuming a max  liver span
f 20 cm with the contrast flow rate of 3 ml/s).18

For diagnostic triple phase, scans the scan delay to obtain a late
rterial phase is around 25–30 seconds with a contrast flow rate of
–5 ml/s.

Time to Peak (Tpeak) is the time elapsed from the start of the
ontrast injection to the peak enhancement of the aorta [quantified
y Hounsfield Units (HU)]. TID is the injection duration and CTT is

he transit time for the contrast from the antecubital vein to the
orta. In our study, we followed a fixed contrast volume method
nd gave 125 ml  of contrast at 3 ml/sec giving us a TID of 41.6 s.
e assumed a transit time of 10 s and, hence, the general Tpeak for
 and Radiotherapy 25 (2020) 293–298

all our cases was  calculated to be 50 s. Multiple studies have also
reported a similar Tpeak for aortic enhancement.18,19

Tpeak = TID+CTT
2018

Length above the level of interest (L0); is the length between the
scan start position and the level at which we  desire to have the
Tpeak. i.e. the LOI.

Cine Duration is the time required to image one respiratory cycle.
It was calculated based on the formula given by the vendor that
provides the hardware for the 4DCT acquisition. In our case, it was
1 respiratory cycle + 1. Cine duration for our cases varied from 4 to
6 s.

2.1. 4D CT Delayed

After the completion of the arterial enhancing phase of the 4D
CT, we  took another 4D CT after a delay of 5 min.

3. Results

We  obtained diagnostic quality contrast-enhanced 4DCTs in all
patients safely, except one (patient 3). Patient three had a hypoen-
hancing HCC on diagnostic as well as 4DCT and was  visualized
well on a delayed scan. No major complications were encountered
using our protocol. except that patient two experienced multiple
episodes of vomiting after the scan which we managed with routine
antiemetics.

The mean peak HU for diagnostic 3DCT, 4DCT, and Non-Contrast
3DCT was  143.1, 134.2 and 61.4HU, respectively. No statistically
significant difference was  found between the mean peak HUs of
diagnostic contrast 3DCT and contrast 4DCT scans (143.1 HU vs.
134.2 HU p-value = 0.58). There was  a significant statistical differ-
ence in the mean peak HU between 4DCT and non-contrast 3D CT
scans (134.2 vs. 61.4 HU p-value = .0003)

We also noted the presence of Transient Hepatic Attenuation
Difference (THAD) for two  patients, (patient 6 and 7) which is a
common occurrence in patients with portal vein thrombosis. The
delayed scans enabled us to differentiate the tumor from THAD.

Following are the parameters which we  obtained from the
scans of the seven patients along with the calculated T scan delay
(Table 1).

4. Discussion

HCC is one of the very few tumors where imaging alone is suf-
ficient for diagnosis. This is due to its characteristic appearance on
contrast imaging with arterial phase enhancement and washout
in porto-venous and delayed phases resulting in a positive pre-
dictive value of 100%. Its arterial phase enhancement is due to
neo-arterialization which is a feature of hepatocarcinogenesis and
is complemented by the fact that it derives its blood supply from
the hepatic artery. Arterial enhancement alone is not sufficient to
make the diagnosis as it can also be seen in early stages of hepatic
carcinogenesis (which includes dysplastic and cirrhotic nodules), as
well as in other benign lesions, such as small hemangiomas, benign
perfusion alterations, etc. Venous washout is defined as the tem-
poral reduction of HCC enhancement relative to the background
of liver parenchyma. The mechanism is likely to be multifacto-
rial, including reduced intratumoral portal venous blood supply,
early venous drainage, progressive enhancement of background
parenchyma, and intrinsic hypoattenuation.11,21 It is imperative for

a radiation oncologist to take advantage of this distinctive feature of
HCC and reproduce it on a CT simulation scan so that precise target
delineation is done for delivering SBRT. A good contrast-enhanced
4DCT is essential to reduce systematic errors due to erroneous tar-
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Fig. 1. Patient 1 HCC post TACE (a) Synchronized 4D CT contrast showing peak HU of 136 in average intensity projection (AIP). (b) Diagnostic 3D CT contrast of same
slice  showing peak HU of 154. (c) Synchronized 4D CT delayed showing washout. (d) Diagnostic non contrast scan showing lipiodol and poor demarcation between liver
parenchyma and HCC. (e) DRR showing Synchronized 4D CT scan length. L0, Ls(distance between scan start position and the start of the region of interest which is the liver in this case), TSCANDELAY and
corresponding aortic enhancement at 4D CT scan length and LOI.

Fig. 2. Patient 2(a) Synchronized 4D CT contrast showing peak HU of 161 in average intensity projection (AIP). (b) Diagnostic 3D CT contrast of same slide showing peak HU
0f  168. (c) Diagnostic non contrast scan.(d) DRR showing Synchronized 4D CT scan length. L0, Ls, TSCANDELAY and corresponding aortic enhancement at 4D CT scan length and
LOI.
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ig. 3. Patient 4 (a) Synchronized 4D CT contrast showing peak HU of 138 in avera
U  0f 141. (c) Synchronized 4D CT delayed showing washout. (d) Diagnostic non
orresponding aortic enhancement at 4D CT scan length and LOI.

et delineations for motion encompassing, gated and compression

reatments. Another advantage of a diagnostic quality contrast-
nhanced 4D CT scan is the ability to view any new lesions which
ould have developed during the time lag between the diagnostic
tensity projection (AIP). (b) Diagnostic 3D CT contrast of same slide showing peak
ast scan. (e) DRR showing Synchronized 4D CT scan length. L0, Ls, TSCANDELAY and

CT and the planning CT as seen in our second patient (Fig. 2), thus,

making the patient unsuitable for SBRT. Some work has been done
for synchronized intravenous contrast in HCC (Beddar et al.),17 but
that was done only in the delayed phase. Some researchers have
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Fig. 4. Patient 5. HCC post TACE (a) Synchronized 4D CT contrast showing peak HU of 122 in average intensity projection (AIP). (b) Non Contrast 3DCT of the same patient.
Arrow  points towards the peripheral contrast enhancement and a better edge contrast which helps in target delineation.

Fig. 5. Patient 6. HCC with Transient hepatic attenuation difference (THAD) (a) Synchronized 4D CT contrast showing primary lesion with tumoral thrombosis in portal vein
along  with Transient hepatic attenuation difference (THAD) in average intensity projection (AIP). (b) Synchronized 4D CT delayed showing washout.

F cemen
s out bu
a

t
t
p
s
r
t
3

d
4
a
l

ig. 6. Patient 7 Infiltrative HCC (a) Synchronized 4D CT contrast showing no enhan
howing no contrast enhancement. (c) Synchronized 4D CT delayed showing wash
ppreciate the tumor.

aken smaller scan regions of the arterial phase, containing only the
umor region (Helou J et al.),16 but this is not ideal for treatment
lanning.22 To address all these problems, we propose a protocol for
imultaneous synchronized intravenous contrast scans with arte-
ial and delayed phase 4D CT. In this feasibility study, we were able
o obtain 4DCT scans which were quite similar to diagnostic quality
D scans.

We performed two scans, one for the arterial and one for the

elayed phase. To successfully perform a synchronized contrast
DCT, it is essential to understand the concept of Tpeak, contrast
rrival time, contrast transit time (CTT), injection duration (TID),
evel of interest (LOI) and scan duration which is explained in
t in arterial phase(hypoenhancing HCC) (b) Diagnostic 3D CT contrast of same slide
t n washout in the THAD component. (d) Diagnostic non contrast scan- difficult to

detail by Kyongtae T Bae.18 In short, in our study, we  kept the
level of interest in the middle of the liver so that we  achieve the
Tpeak at the LOI and a good enhancement of the HCC in all the
segments of the liver.23 With this approach, we obtained arteri-
ally enhancing 4D scans as seen in Figs. 1–6. Even after tailoring
most of the parameters to achieve a good contrast enhance-
ment, our study has some limitations. We  have assumed the same
Tpeak, contrast arrival and CTT for all patients. To be scientifically

precise and individualize the synchronized intravenous contrast
4D CT, patient specific timings for the above parameters need
to be calculated as done by Choi et al.20 for pancreatic 4DCT
scans.
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Table  1
Scan Parameters and delay.

Patient no. Tpeak (s) Liver Span (cm) L0 (cm) Cine
Duration
(s)

TSCAN DELAY (s) Peak HU Tumor
Non Contrast

Peak HU in Tumor-
Contrast (in AIP)

Peak HU  in
diagnostic CT

Patient 1 50 14 13 5 17.5 64 136 154
Patient 2 50 18 16 4 18 68 161 178
Patient 3 50 20 14 5 15 62 89 91
Patient 4 50 18 13.5 6 9 48 138 141
Patient 5 50 17 13.5 5 16 62 142 148
Patient 6 50 15 11.5 5 21 54 169 172
Patient 7 50 16 13 4 18 72 105 118
Mean  61.4 134.2 143.1
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pvalueunpaired t test

Nevertheless, with our protocol we were able to achieve a signif-
cantly high peak HU when compared to the non-contrast CT scan
Mean peak 134.2 vs 61.4 p-value = .00003) and a similar peak HU
hen compared with a diagnostic CT scan (mean peak HU 134.2

s 143.1, p-value N.S). With the contrast scan, we  were also able
o delineate the tumor thrombus accurately as seen in patient six
nd seven (Figs. 5 and 6). Arterially enhancing contrast 4DCT scans
llow us to delineate the tumor better in patients who  present to us
fter trans arterial chemoembolization (TACE) as seen in patients
ne and five (Figs. 1 and 4). The contrast helps us to distinguish the
umor from the necrotic component which would be difficult to do
n a non-contrast or a delayed CT. The value of a delayed phase 4D
T is seen best in our second, third, sixth and seventh patients (Sup-
lementary material, Figs. S6 and S7). Each phase of the arterial and
elayed 4DCTs were fused which allowed us to delineate the tumor
etter and more confidently. In a couple of patients, we had a tran-
ient hepatic attenuation difference (THAD) which was seen on the
D contrast scans, but as we had a delayed scan it enabled us to dif-
erentiate the THAD component from the adjacent tumor24 as seen
n patients six and seven (Fig. 5 and 6). With the delayed phase, we

ere also able to differentiate HCC from dysplastic nodules as seen
n our second patient (Fig. 2). Mancosu et al. did similar work in pan-
reatic ductal adenocarcinoma and found good contrast-enhanced
D CT images.25 A contrast 4DCT of HCC may  also enable radiation
ncologists to use a MIP  (maximum intensity projection) image for
ontouring as there are challenges in using MIP, MinIP (minimum
ntensity projection) and AIP (average intensity projection) on a
on-contrast 4D CT scan.26

With our work, we feel that we have addressed the issues raised
y Beddar et al. Our mixture of clinical scenarios represents the
ommon issues faced by the radiation oncologist in the clinic. By
oing a contrast-enhanced and a delayed scan, we were able to
olve most of these issues. A similar concept should be applied if a
ynchronized contrast 4DCT is to be performed for other sites.

. Conclusion

A synchronized contrast 4D CT simulation for HCC is safe, fea-
ible and results in good contrast enhancement and image quality
hich is quite similar to a diagnostic 3D contrast CT scan. Com-
lementing it with a delayed phase allows a radiation oncologist
o differentiate it from other lesions in the liver and also helps to
dentify HCC more accurately. With our protocol other sites that
equire a contrast 4DCT can also be targeted.
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