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Abstract
Background  To investigate the impact of using contrast-enhanced computed tomography (CHCT) in the dosimetry 
of stereotactic body radiation therapy (SBRT) for liver metastases treated with MR-Linac.

Methods  A retrospective study was conducted on 21 liver cancer patients treated with SBRT (50 Gy in 5 fractions) 
using a 1.5 Tesla Unity MR-Linac. The clinical treatment plans optimised on plain computed tomography (pCT) were 
used as reference. The electronic density (ED) of regions of interest (ROIs) including the liver, duodenum, esophagus, 
spinal cord, heart, ribs, and lungs, from pCT and CHCT, was analysed. The average ED of each ROI from CHCT was used 
to generate synthetic CT (sCT) images by assigning the average ED value from the CHCT to the pCT. Clinical plans 
were recalculated on sCT images. Dosimetric comparisons between the original treatment plan (TPpCT) and the sCT 
plan (TPsCT) were performed using dose-volume histogram (DVH) parameters, and gamma analysis.

Results  Significant ED differences (p < 0.05) were observed in the liver, great vessels, heart, lungs, and spinal cord 
between CHCT and pCT, with the lungs showing the largest differences (average deviation of 11.73% and 12.15% for 
the left and right lung, respectively). The target volume covered by the prescribed dose (VDpre), and the dose received 
by 2% and 98% of the volume (D2%, and D98%, respectively) showed statistical differences (p < 0.05), while the gradient 
index (GI) and the conformity index (CI) did not. Average deviations in target volume dosimetric parameters were 
below 1.02%, with a maximum deviation of 5.57% for. For the organs at risk (OARs), significant differences (p < 0.05) 
were observed for D0.35cc and D1.2cc of the spinal cord, D10cc for the stomach, D0.5cc for the heart, and D30% for the liver-
GTV, with mean deviations lower than 1.83% for all the above OARs. Gamma analysis using 2%-2 mm criteria yielded a 
median value of 95.64% (range 82.22–99.65%) for the target volume and 99.40% (range 58–100%) for the OARs.

Conclusion  The findings suggest that the use of CHCT in the SBRT workflow for liver metastases may result in minor 
target volume overdosage, indicating its potential for adoption in clinical settings. However, its use should be further 
explored in a broader context and tied to personalized treatment approaches.
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Background
Contrast media (CM) improve the contrast resolution of 
imaging modalities by differentiating soft-tissue densities 
and are widely used in radiology, cardiology, gastrointes-
tinal and vascular surgery, and urology procedures. In 
radiotherapy, CM may be used during the acquisition of 
computed tomography (CT) or magnetic resonance (MR) 
images to assist physicians in identification and delinea-
tion of targets and organs at risk (OARs) [1, 2]. Never-
theless, a significant concern with its use in the planning 
CT is related to the increased attenuation due to the CM, 
which may affect dose calculations. Whether the use of 
CM can affect the dose calculation of radiation therapy 
has been reported in the literature for several treatment 
sites. Yuta Shibamoto et al. showed that in whole brain, 
mediastinum, and whole pelvic irradiation, the increase 
in monitor units (MU) caused by CT CM was less than 
1% and the effect was negligible. But for upper abdominal 
tumors, MU increased by more than 2% [3]. Jianghong 
Xiao et al. demonstrated that in lung cancer radiotherapy, 
the use of CM affects Hounsfield Units (HU) but has a 
minimal and clinically permissible impact on the radio-
therapy dose, regardless of the technology used [4]. Hee 
Jung Kim et al. investigated the effect of CM on dose 
calculations in CyberKnife radiotherapy for different 
tumor sites; they found that while the average dose devia-
tion caused by the CM is less than 2%, this deviation can 
increase significantly to 7.8% depending on the target 
location. In Jianping Zhang et al.‘s study, patients treated 
with CyberKnife brain stereotactic radiosurgery (SRS) 
were categorized based on the target area’s tissue homo-
geneity. Dose deviation and gamma non-pass rates were 
higher in heterogeneous tissue areas compared to homo-
geneous ones. Thus they recommend to use plain CT 
(pCT) for planning target areas sensitive to CM and near 
heterogeneous tissues [5]. This highlights the importance 
of considering the impact of CM in treatment planning to 
ensure accurate dose delivery [6].

MR-guided adaptive radiotherapy (MRgART) has 
seen a significant surge with the availability of the MR-
Linac [7, 8]. MR-Linac systems are distinguished by 
their capacity to acquire MR imaging during each treat-
ment session, offering superior soft tissue differentia-
tion compared to conventional imaging modalities such 
as cone-beam CT (CBCT) and CT scans [9, 10] used for 
image guided radiotherapy (IGRT). This enhanced imag-
ing capability, combined with the ability to reoptimize 
treatments online, positions MR-Linac at the forefront of 
radiotherapy innovation [11]. These advancements facili-
tate highly precise and adaptive radiotherapy, leading to 
significant improvements of the related clinical research 
[11–13].

The Unity MR-Linac combine a 1.5T MR scanner and 
a 7MV linear accelerator and has been increasingly used 

for stereotactic body radiation therapy (SBRT) in liver 
cancer to better tumor targeting and sparing of healthy 
tissues. William A. HalI et al. were the first to use Unity 
to perform SBRT on liver metastases, primary liver can-
cer, and pancreatic cancers; their study demonstrated 
that patients tolerated the entire treatment process well, 
with no significant radiotoxicity observed post treatment 
[14]. Michael Mayinger et al. ‘s study showed that online 
adaptive planning of SBRT for liver cancer patients based 
on MR-Linac can effectively improve the dose coverage 
of tumors [15]. van de Lindt T N et al. successfully per-
formed 4D- magnetic resonance imaging (MRI)-guided 
SBRT therapy for liver cancer in a MR-Linac [16].

Adapted plans based on the daily MRI require the 
assignment of a relative electron density (ED) map to 
allow for accurate dose calculation. At Unity MR-Linac 
when calculating MR-based synthetic CT (sCT) plans, 
the strategy is to use bulk density assignment based on 
the contours drawn on the original patient simulation 
CT; sCT images are generated using the average relative 
ED from the CT reference plan, allowing for dose calcu-
lations on the MR images [17]. ED is derived from the CT 
Hounsfield Units (HU), making HU a crucial parameter 
in radiotherapy treatment planning. HU values are influ-
enced by factors such as CT acquisition settings, scan-
ner model, and material density. Moreover, variation in 
respiratory states during image acquisition – such as free 
breathing, breath hold, etc..- can affect tissue density, 
thereby impacting HU, ED and ultimately the dose accu-
racy [18, 19]. The presence of CM in the reference CT 
can affect HU, which are related to relative ED [5]. As for 
other treatment sites, the impact of CM on dose distri-
bution in liver cancer patients remains uncertain. Xiao et 
al. have determined that the use of CM introduces dose 
deviations in SBRT for hepatocellular carcinoma [20]. 
Kamal R et al. suggested that dose calculation can be per-
formed on contrast-enhanced CT (CHCT) images when 
overriding heart electron densities for liver cancer SBRT 
[21]. Contradictions exist between studies, and even 
minor dose changes during SBRT may risk surround-
ing organs. Although several studies highlight that CM 
improve liver lesions visibility and aid treatment plan-
ning [22], the impact on dose calculation using CHCT 
remains to be deeply explored.

This study investigates for a cohort of patients treated 
with MRgART at Unity the potential differences in plan 
dosimetry that can arise if CHCT is used as a reference 
for the treatment plan, providing valuable insights for 
clinical practice.

Methods
Patients
This retrospective study included 21 patients admitted to 
Sichuan Cancer Hospital between August and December 
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2023 to undergo SBRT for liver metastases at MR-Linac. 
Patient characteristics and treatment details are sum-
marized in Table  1. Figure  1 provides a representative 
3D image showing the location of the liver metastases 
analysed and surrounding OARs. Written informed con-
sent was obtained from all patients, and the study was 
approved by the hospital Institutional Ethics Committee 
(SCCHEC-02-2024-078).

Imaging acquisition at simulation CT
Patients were set up in the supine position using indexed 
positioning aids and were immobilized with a vacuum 
pillow (BlueBAG, Elekta AB, Stockholm, Sweden). A few 
days before the start of the treatment, patients underwent 
a 4-dimensional computed tomography (4DCT) scan 
with Brilliance big bore scanner (Philips Medical System, 
Cleveland, OH, USA); a first non-contrast CT scan used 
for the treatment planning was acquired, followed by one 
with the CM, used to support the physician in tumor 
delineation. For the CHCT scan, patients were injected 
intravenously on the right arm with iodixanol with an 
iodine concentration of 37  g/100  ml or 32  g/100  ml, if 
over or under the age of 63, respectively; the injection 
rate was 2.0  ml/s, and the total injection amount was 
1.5 times of the patient’s body weight in kg. The CHCT 
was acquired 60  s after the injection of the CM dur-
ing the portal venous phase, following internal protocol 
guidelines, to allow for optimal visualization of the liver’s 

vasculature and parenchyma [23, 24]. The 4DCT was 
acquired to obtain the CT images of the patient at differ-
ent breathing phases.

CT and CHCT imaging were exported into a segmen-
tation commercial software (PVmed Contouring Soft-
ware, Guangzhou, China) for the automatic segmentation 
of all the regions of interest (ROIs) [25]; the delineated 
ROIs and images were exported into a commercial soft-
ware (MIM Software Inc, Cleveland Ohio, USA) where 
experienced radiation oncologists delineated the target 
and validate/modify the OARs automatically segmented.

Reference treatment plan
Target and OARs contouring was performed follow-
ing the Stereotactic Ablative Radiation Therapy (SABR) 
UK consortium guidelines [26]. Patients were treated 
in an SBRT regimen at Unity 1.5 Tesla MR-linac (Elekta 
Unity, Elekta AB, Stockholm, Sweden) and were sched-
uled to receive a prescription dose of 50 Gy in 5 fractions. 
Monaco Version 5.4 (Elekta AB, Stockholm, Sweden) 
treatment planning system (TPS) was used for the plan 
optimization to achieve the clinical goals, particularly 
to cover at least 95% of the target volume with the dose 
prescribed, the maximum dose falling within the range 
of 110–140% of the dose prescribed while keeping the 
OARs doses as low as possible following the international 
guidelines and consensus [27]; OARs constraints and tar-
get goals used for plan optimization and validation are 
shown in Table 2, with the added indication that in case 
of a conflict between the target coverage and the OAR 
limits, the target will be compromised. The CT reference 
plans were optimised on the pCT using 9 to 11 individual 
beam angles, excluding angles between 110° and 135° and 
230° to 255° to avoid the high-density areas of the couch, 
and 0° to 30° to avoid the magnetic coil [28]; a 2 mm dose 
grid and a 1% uncertainty per calculation were used. The 
reference CT plan contains all the density bulk assign-
ment information i.e., the contours, their corresponding 
average ED and the priority of each contour concerning 
density assignment in case of contour overlaps. These 
information are crucial during the online adaptive step, 
where MRI-based sCT images are used for recalculating 
the adaptive plan [29].

Online adaptive radiotherapy
Each treatment fraction starts with the acquisition of a 
first online MRI to use for the plan adaptation. The refer-
ence CT (or the MRI scan of a previous session), contours 
and plan, together with the daily online MRI are used as 
input to adapt the plan for that specific session. The MRI 
or CT scan used as reference is matched with the online 
MRI through rigid registration, and the isocenter posi-
tion in the reference data is updated; then the workflow 
may proceed with an adapt to shape (ATS) or adapt to 

Table 1  Patients and treatment characteristics
Patients
Number 21
Years, median (range) 52.5 (29–73)
Weight (kg), median (range) 61.0 (36–84)
Female - no. (%) 12 (57.1%)
Male - no. (%) 9 (42.9%)
aPTV – no. (%)
4 cc < Volume < 14 cc 7 (33.3%)
14 cc < Volume < 24 cc 5 (23.8%)
24 cc < Volume < 34 cc 3 (14.3%)
34 cc < Volume < 54 cc 6 (28.6%)
Volume(cc), median (range) 27.9 (9.8–71.4)
ClosestbOARs – no. (%)
Duodenum 0(0%)
Esophagus 2 (9.5%)
Great Vessels 1 (4.8%)
Heart 4 (19.0%)
Liver -cGTV 2 (9.5%)
Spinal cord 2 (9.5%)
Rib 8 (38.1%)
Stomach 3(14.3%)
Small Bowel 4(19.0%)
Lung 5(23.8%)
Kidney 1(4.8%)
aPTV: planning target volume; bOARs: organ at risk;cGTV: gross target volume
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position (ATP) approach; the ATS is needed when the 
OARs and/or the targets do not match with the daily 
patient anatomy; in this case the adapted plan is reopti-
mized on the daily MR-based sCT [17, 30]. The strategy 
of sCT applied in Monaco TPS is to assigning average ED 
based on the contours drawn on patient simulation CT. 
More specifically, the daily acquired MRI will be deform-
ably registered to simulation CT, then all contours infor-
mation including average ED and the priority of density 
assignment on CT are propagated to MRI to generate the 
sCT. In the ATP approach after the rigid registration of 
the online MRI and the reference CT images, the plan 
is reoptimised directly on the reference CT without any 
change on the ROIs contouring. In both workflows, a sec-
ond MRI is acquired in real time during the delivery [31]. 
Figure 2 shows the flowchart of the online procedure for 
MR-based adaptive radiotherapy at Unity MR-Linac.

Use of CHCT for sCT generation and plan recalculation
For each patient the consistency of the respiratory phase 
between the CT and the corresponding CHCT scan [18] 
was assessed by the radiation oncologist to avoid varia-
tions in ED not strictly related to the use of CM. CHCT 
images and the corresponding ROIs delineated by Pvmed 

software were imported into the Monaco TPS to assess 
the average ED of each structure, including the OARs. 
For each patient, a sCT was generated assigning for each 
of the ROI delineated on pCT the average ED assessed 
on the CHCT. In Fig.  3, CT, CHCT and corresponding 
generated sCT transversal images of a representative 
patient are shown. The sCT treatment plan (TPsCT) was 
obtained recalculating the reference treatment plan on 
using the corresponding sCT image without altering any 
of the plan parameters.

sCT and pCT plan comparison
Target and OARs dose volume histogram (DVH) dosi-
metric differences between TPpCTandTPsCT  were 
assessed. The target volume receiving 100% of the pre-
scribed dose (VDpre), the dose received by 2% and 98% 
of the volume (D2% , D98%, respectively), the max and 
minimum points dose (Dmax , Dmin, respectively) were 
used; additionally, the conformity index (CI), and the 
gradient index (GI) were evaluated. The CI is defined as 
the ratio of the volume encompassed by the prescription 
dose to the planning target volume (PTV) [32]. The GI 
is described as the ratio of the volume receiving 50% of 
the prescription dose (V50%) to the PTV volume [33]. 

Fig. 1  3D representative image showing the location of the liver metastases included in the study
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For the OARs the dose received by x cube centimeters 
or x% of the volume (Dxcc, Dx%), and Dmaxwere used. For 
VDpre the comparison was performed by the percentage 
point subtracting the value of the dosimetric parameter 
of TPsCT  from the corresponding values of TPpCT , whilst 
for the dosimetric parameter expressed in Gy, the per-
centage dose difference was considered.

Target and OARs dose distributions were assessed 
using gamma analysis with 2%-2 mm criteria and lower 
dose threshold of 5% of the prescription dose, using 
CERR v4.4 (https://github.com/cerr/CERR).

Following internal guidelines that strive to keep the 
overall dosimetric discrepancy of the treatment as low as 
possible, the sCT treatment plan recalculated from the 
reference CT plan is considered in agreement when γ  < 
1 is higher than 99% with the criteria and the target dose 
difference at any point of the DVH is lower than 1.5% or 
1 Gy, as also reported in a previous study from our group 
[17].

Statistical analysis of the data was performed by using 
SPSS software (IBM, Armont, USA) version 25.0, used 
to test the results of the dosimetric parameters of the 
TPsCT  and TPpCT  by paired t-test or Wilcoxon rank-sum 
depending on the result of the normality test; a p value 
p < 0.05 was considered statistically significant.

Results
The ED assessed for a total of 42 imaging datasets (CT 
and corresponding CHCT) of 21 patients who under-
went liver metastases SBRT treatment at Unity MR-Linac 
were compared. The mean ED for each structure (body, 
liver, heart, lungs, spinal cord, duodenum, great vessels, 
ribs, esophagus, small bowel, etc.) calculated on CT and 
CHCT based on the average ED values obtained from 
the patient cohort are reported in Table  3 along with 
their comparison. The ED for various tissues, as reported 
in the international standards for radiation therapy and 
radiological protection ICRU Report 46 [34] and ICRP 
110 [35], are also listed as reference; these ED are relative 
values, determined by the ratio of the tissue’s absolute 
ED to that of water. For the lungs, imaging datasets from 
three patients were excluded because the scans did not 
cover the entire lung volume due to the target’s location 

Table 2  OARs constraints and target goals in SBRT for liver 
metastasis receiving 50 gy in 5 fractions
Region of interest Criteria Region of 

interest
Criteria

aPTV Stomach
bV100%(50Gy) ≥ 95% cDmax (0.5cc) < 32 Gy

bV95% (47.5Gy) ≥ 99% cD10cc < 18 Gy

cDmax (0.5cc) (110%∼140%)Dpre; 
(55 Gy ∼ 70 Gy)

Rib

dDmin ≥ 90%Dpre(45 Gy) cDmax < 43 Gy

Liver minus GTV cD1cc < 35 Gy
eD700cc

<18 Gy Kidney
fD30% < 18 Gy gV10Gy < 10%

Spinal cord hDmean < 10 Gy
cDmax < 30 Gy Small 

bowel
eD0.35cc < 23 Gy cDmax (0.5cc) < 30 Gy

eD1.2cc < 14 Gy eD15cc < 19.5 Gy

Heart Duodenum
cD0.5cc < 27 Gy cD5cc < 18 Gy

Lung right and left cD10cc < 12 Gy
eD1000cc < 13.5 Gy Esophagus
eD1500cc < 12.5 Gy cD5cc < 19.5 Gy
aPTV: planning target volume; Vx% : volume covered by x% of the prescription 
dose; cDmax : maximum dose dDmin: minimum dose; eDy cc : dose received 
y cube centimetres; fDz % : dose received z% of the volume; gVu: volume 
covered by U dose; hDmean : mean dose

Fig. 2  Flowchart of the online adaptive radiotherapy process at Unity MR-Linac
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near the lower lobe of the liver, and because of significant 
differences in the acquisition phases between the pCT 
and CHCT scans [36]. The average ED obtained on the 
pCT and CHCT for each of the structure shows signifi-
cant differences (p < 0.05) with the larger deviations reg-
istered for the lungs (11.73% and 12.15% for the left and 
right lung respectively), great vessels (8.35%), and heart 
(6.18%). The ED values suggested by ICRU 46 correspond 
to those obtained from pCT; a discrepancy exists in the 
value for the ribs and the lumbar region from the differ-
ent way of delineation used [37].

Of the 21 TPpCT delivered plans, 16 met the clini-
cal requirements for both target coverage and OARs 
constraints, while for 5 patients, due to the proxim-
ity of the target with the ribs (4 patients) and stomach 
(1 patients), a lower target coverage (81%<VDpre<91%) 
was accepted in order to meet the OARs constraints; 

for the corresponding TPsCT  the results show a varia-
tion of VDpre with an median value of 0.83% (range 0.15 
-2.03%), reducing the patients achieving the target goal 
(VDpre> 95%) to 2 patients; moreover significant differ-
ences (p < 0.05) were found for the target VDpre, CI, D2% , 
D98% of TPpCT  and TPsCT . Nevertheless, the deviation of 
VDpre between TPsCT  and TPpCT  is higher than 1.5% for 
only 2 out of 21 patients (9.5%).

With regard to OARs, their position respect to the tar-
get, with the exception of the 5 patients where the target 
was close to the rib/stomach, was far enough away not to 
affect their dosimetry, resulting in doses well below the 
limits indicated by international guideline. Therefore, 
even though significant differences (p < 0.05) were found 
between TPsCT  and TPpCT  for the liver-GT D30%, spinal 
cord D0.35ccand D1.2cc, heart D0.5cc, and stomach D10cc, the 

Table 3  Electrons density (ED) values for regions of interest (ROIs) assessed on plain CT and contrast-enhanced CT (CHCT) and their 
comparison
ROIs No. of patients Ref** pCT

Mean ± SD
CHCT
Mean ± SD

pCT vs. CHCT
Max Diff (%)

pCT vs. CHCT
Mean (%) ± SD

p

Liver-GTV 21 1.05 1.06 ± 0.01 1.09 ± 0.01 3.93 2.42 ± 0.78 <0.001*
Spinal Cord 21 1.04 1.04 ± 0.00 1.04 ± 0.01 0.77 0.31 ± 0.2 <0.001*
Heart 21 1.04 1.03 ± 0.01 1.09 ± 0.01 9.03 6.18 ± 1.27 <0.001*
Great Vessels 21 1.06 1.05 ± 0.00 1.14 ± 0.02 11.48 8.35 ± 1.61 <0.001*
Rib 21 1.44 1.2 ± 0.04 1.21 ± 0.04 4.73 0.5 ± 1.19 0.069
Left Lung^ 18 0.26 0.31 ± 0.06 0.34 ± 0.06 21.05 11.73 ± 5.46 <0.001*
Right Lung^ 18 0.26 0.29 ± 0.06 0.33 ± 0.06 18.15 12.15 ± 5.41 <0.001*
Tissue 21 1.02 0.95 ± 0.04 0.97 ± 0.04 4.78 2.21 ± 1.41 <0.001*
Esophagus 21 1.04 1.02 ± 0.03 1.03 ± 0.03 3.41 1.52 ± 1.09 <0.001*
Duodenum 21 1.02 1.03 ± 0.02 1.06 ± 0.02 5.47 3.46 ± 1.38 <0.001*
Lumbar 21 1.44 1.17 ± 0.02 1.18 ± 0.02 0.85 0.41 ± 0.23 <0.001*
Small bowel 21 1.02 0.99 ± 0.02 1.01 ± 0.03 3.09 1.67 ± 0.91 <0.001*
KidneyL 21 1.04 1.03 ± 0.01 1.1 ± 0.01 8.40 6.57 ± 0.91 <0.001*
KidneyR 21 1.04 1.03 ± 0.01 1.1 ± 0.01 8.59 6.57 ± 1.13 <0.001*
Stomach 21 1.02 1.02 ± 0.03 1.05 ± 0.02 9.97 2.47 ± 2.06 <0.001*
Note *p < 0.05 indicating significant difference; ** values from reference standards for radiation therapy and radiological protection (ICRU 46, ICRP 110)

^ scans from 3 patients were excluded because the imaging did not cover the entire lung volume, and because of the large difference on the acquisition phases of 
the pCT and the CHCT scans

Fig. 3  Synthetic CT (c) obtained from the plain CT (a) and contrast-enhanced CT (b) in transversal images for a representative patient
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doses received remain so far from the limits that these 
discrepancies are not clinically appreciable.

The OARs and target dosimetric parameters obtained 
with TPpCT  and TPsCT  are shown in Table 4; Fig. 4; for 
each patient studied, the left lung and the right lung and 
duodenum received doses below 2.5 Gy (5%Dpre) in both 
treatment plans compared and have not been included.

The differences in dose distribution of TPsCT  vs. TPpCT  
assessed with the global gamma analysis for the heart, 
stomach, liver-GTV and target, confirm the discrepan-
cies found using the comparison of the DVH dosimet-
ric parameters and the statistical analysis. For the target 
the pass rate range between 82.22% and 99.65%, for the 
heart between 58.00% and 100.0%, and for the stomach 
between 95.0% and 100%, while the gamma analysis for 
the spinal cord and the liver minus GTV do not high-
light discrepancies. The details of the gamma analysis are 
shown in the Table 5.

Discussion
CM are widely used in radiation therapy during the sim-
ulation CT to improve the delineation of tumor volume 
and OARs. However, the use of CHCT images as a ref-
erence for treatment planning may lead to dosimetric 

discrepancies due to difference in ED values of various 
structures [3–6]. During MRgART at unity MR-linac 
the daily adaptive plans are performed on MR-based 
sCT using the ATS workflow, or on reference CT or MRI 
when using the ATP workflow. In both cases, the ED 
values from the reference CT are used in the daily plan 
calculation. It is therefore crucial to determine whether 
CHCT can be reliably used as reference CT images.

According to the results of this study, the average ED of 
OARs such as liver, great vessels, heart, and lungs differ 
significantly from those obtained with pCT. This disparity 
arises because the contrast agent is administered intra-
venously and travels through the bloodstream, leading 
to higher concentrations in these organs. The liver also 
accumulates contrast due to its role in filtering blood, but 
the ribs, spinal cord, and other tissues are less affected. 
However, when comparing the dosimetry of liver SBRT 
between TPsCT  and TPsCT ,the impact on plan dosimetry 
was evident in only 2 out of 21 patients (less than 10%). 
The higher discrepancies in the target dosimetric param-
eter were 2.03% for VDpre and 5.57% for Dmin, with aver-
age differences lower than 2%, also for OARs dosimetry. 
The impact on plan dosimetry on the use CHCT as a 
reference scan, remains therefore minimal for the cohort 

Table 4  Comparison of TPpCT  and TPsCT  DVH dosimetric parameters; median values and in parenthesis minimum and maximum; 
p values in bold represent a significant difference

N° Parameter TPpCT TPsCT Difference (%) p
PTV 21 aVDpre (Gy) 93.2(81.00 ~ 95.11) 92.56(80.24 ~ 95.94) 0.83(0.15 ~ 2.03) <0.001

21 bD2% (Gy) 66.75(62.26 ~ 68.91) 66.55(61.55 ~ 68.75) 0.52(0.01 ~ 1.37) 0.035

21 bD98%(Gy) 46.32(36.46 ~ 48.79) 46.06(36.30 ~ 48.91) 0.73(0.18 ~ 1.44) <0.001

21 cDmax (Gy) 68.18(63.50 ~ 70.87) 68.01(62.38 ~ 71.23) 0.58(0.02 ~ 1.76) 0.136

21 dDmin(Gy) 39.40(27.39 ~ 45.74) 39.23(27.48 ~ 46.00) 1.02(0.07 ~ 5.57) 0.253

21 eCI 0.83(0.71 ~ 0.92) 0.82(0.71 ~ 0.91) 0.54(0.00 ~ 2.71) 0.055
21 fGI 3.97(3.27 ~ 4.95) 3.99(3.24 ~ 4.86) 0.97(0.16 ~ 2.15) 0.051

Liver-GTV 5 gD700cc (Gy) 5.81(2.90 ~ 9.38) 5.78(2.89 ~ 9.33) 0.73(0.01 ~ 3.27) *

14 bD30%(Gy) 8.04(3.94 ~ 15.09) 7.99(3.92 ~ 15.01) 0.67(0.12 ~ 1.65) <0.001

Spinal Cord 18 cDmax (Gy) 8.58(3.81 ~ 15.22) 8.59(3.89 ~ 15.62) 1.29(0.16 ~ 3.16) 0.689

15 gD0.35cc(Gy) 8.36(2.84 ~ 14.44) 8.33(2.90 ~ 14.41) 0.8(0.14 ~ 2.28) 0.044

14 gD1.2cc(Gy) 7.53(3.95 ~ 13.32) 7.47(3.89 ~ 13.36) 1.08(0.18 ~ 2.34) 0.002

Heart 13 cDmax (Gy) 13.06(3.47 ~ 35.22) 12.90(3.54 ~ 34.75) 1.32(0.28 ~ 2.69) 0.056

13 gD0.5cc(Gy) 11.28(2.98 ~ 29.82) 11.11(3.00 ~ 29.11) 1.35(0.11 ~ 5.45) 0.039

Esophagus 6 gD5cc(Gy) 6.15(2.83 ~ 12.32) 6.13(2.84 ~ 12.35) 0.63(0.07 ~ 1.43) *

Stomach 20 cDmax (Gy) 12.12(3.67 ~ 29.84) 12.04(3.49 ~ 29.42) 1.59(0.04 ~ 4.95) 0.091

16 gD10cc(Gy) 8.93(4.07 ~ 16.29) 8.87(4.01 ~ 16.37) 0.98(0.10 ~ 1.77) 0.024

Rib 21 cDmax (Gy) 28.71(15.24 ~ 40.95) 28.68(15.42 ~ 41.25) 1.23(0.05 ~ 4.82) 0.665

21 gD1cc(Gy) 23.14(12.47 ~ 34.82) 23.08(12.56 ~ 34.85) 0.66(0.08 ~ 4.04) 0.194

Small Bowel 13 cDmax (Gy) 15.07(4.01 ~ 28.06) 15.02(3.93 ~ 27.33) 1.83(0.43 ~ 4.35) 0.582

10 gD5cc(Gy) 10.58(3.00 ~ 18.29) 10.57(2.94 ~ 18.52) 1.04(0.16 ~ 2.15) 0.990

aVDpre , volume covered by the prescription dose; bDz % ,dose received z% of the volume; cDmax ,  point of maximum dose; dDmin, minimum dose; eCI, 
conformity index; fGI, gradient index, gDycc : dose received y cube centimeters; *statistical analysis was not performed due to the small number of patients

Note dose lower than 2.50 Gy were not considered in the analysis
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of patients studied. The treatment plans were designed 
with the radiation predominantly passing through the 
liver, and the average difference caused by the contrast 
agent to the ED of the liver is only 2.42%, resulting in 
minimal impact on the target dose coverage. Neverthe-
less, the well-known risks associated with CM must be 
considered, including potential allergic reactions and 
increased costs in the management of the procedure. In 

liver patients, there is a particular concern for contrast-
induced nephropathy, especially in those with comor-
bidities or preexisting renal issues. These risks make the 
routine use of CM in CBCT, MRI, and other modalities 
for image-guided radiotherapy challenging in vulnerable 
patient groups.

The research has several limitations. First, the rela-
tively small patient cohort limits the statistical power 
and generalizability of the findings. Variations in imaging 
protocols and CM administration can introduce inconsis-
tencies that affect data comparability; the timing between 
CM injection and CT acquisition can impact organ vis-
ibility and delineation by enhancing hypovascular lesions 
while potentially obscuring hypervascular tumors as 
they blend with the liver parenchyma. The single-insti-
tution setting further restricts the variability in patient 
demographics and tumor characteristics. Moreover, dif-
ferences in the timing of CT acquisitions relative to the 
administration of CM can lead to discrepancies in ED, 
thereby impacting dose calculations. Additionally, both 
CT and CHCT scans were acquired during free breath-
ing, which may result in different respiratory phases and 

Table 5  TPsCT  vs. TPpCT  target and OARs gamma analysis 
with 2%-2 mm criteria
ROI No. of cases γ(2%-2 mm)%
PTV 21 95.64 (82.22 ~ 99.65)
Liver-GTV 21 99.71 (98.97 ~ 99.97)
Spinal Cord 20 100.00 (100.00 ~ 100.00)
Heart 13 96.69 (58.00 ~ 100.00)
Esophagus 16 99.98 (99.96 ~ 100.00)
Stomach 20 99.61 (95.00 ~ 100.00)
Rib 21 99.87 (98.69 ~ 100.00)
Small bowel 13 99.33 (94.53 ~ 100.00)
Body 21 99.15 (95.53 ~ 99.96)
Note organs with dose lower than 2.50 Gy were excluded from the analysis

Fig. 4  Dose distribution in a pCT (a) and sCT (b) transversal image and DVH comparison for a representative patient
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non-synchronized scans, potentially causing slight image 
blurring [38] and introducing additional uncertainty in 
ED measurements [39]. However, since the study focuses 
on the liver region, where respiratory effects are less sig-
nificant, and involves a relative comparison of CT and 
CHCT dosimetry, the impact of these factors is likely 
minimal.

Nevertheless, our findings underscore several impor-
tant aspects. First, the use of CHCT leads to minimal 
dosimetric differences in the planning for liver SBRT. 
Second, the consistency in OAR dosimetry was gener-
ally maintained, with only minor dosimetric impact, 
suggesting that CHCT provides reliable information for 
OARs without compromising the accuracy of the treat-
ment plan. Importantly, the limited influence of CM on 
dosimetric calculations indicates that CHCT does not 
significantly affect overall dose distribution. Additionally, 
it is noteworthy that the significant deviations found in 
the average ED of the lungs emphasize the potential for 
substantial dose deviations that may occur in lung SBRT. 
Future studies should consider larger, multi-institutional 
cohorts and the use of standardized imaging protocols to 
mitigate these limitations and provide more comprehen-
sive insights into the role of CHCT in radiation therapy.

Conclusion
CHCT in the SBRT workflow for liver metastases may 
lead to minor overdosage of the target volume in some 
patients, suggesting it could be considered for clinical 
adoption. However, its use should be investigated within 
a broader clinical framework and tailored to a person-
alised treatment strategy.
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