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Abstract
This study used the visualization of hypo- intense regions on liver- specific MRI to 
directly quantify stereotactic body radiation therapy (SBRT) spatial delivery ac-
curacy. Additionally, the interfractional motion of the liver region was determined 
and compared with the MRI- based evaluation of liver SBRT spatial treatment 
delivery accuracy. Primovist®- enhanced MRI scans were acquired from 17 pa-
tients, 8– 12 weeks following the completion of liver SBRT treatment. Direct visu-
alization of radiation- induced focal liver reaction in the form of hypo- intensity was 
determined. The auto- delineation approach was used to localize these regions, 
and center- of- mass (COM) discrepancy was quantified between the MRI hypo- 
intensity and the CT- based treatment plan. To assess the interfractional motion 
of the liver region, a planning CT was registered to a Cone Beam CT obtained 
before each treatment fraction. The interfractional motion assessed from this 
approach was then compared against the localized hypo- intense MRI regions. 
The mean ± SD COM discrepancy was 1.4 ± 1.3 mm in the left- right direction, 
2.6 ± 1.8 mm in an anteroposterior direction, and 1.9 ± 2.6 mm in the craniocau-
dal direction. A high correlation was observed between interfractional motion of 
visualized hypo- intensity and interfractional motion of planning treatment volume 
(PTV); the quantified Pearson correlation coefficient was 0.96. The lack of corre-
lation was observed between Primovist® MRI- based spatial accuracy and inter-
fractional motion of the liver, where Pearson correlation coefficients ranged from 
−0.01 to −0.26. The highest random and systematic errors quantified from inter-
fractional motion were in the craniocaudal direction. This work demonstrates a 
novel framework for the direct evaluation of liver SBRT spatial delivery accuracy.
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1 |  INTRODUCTION

Stereotactic body radiation therapy (SBRT) is a treat-
ment technique characterized by high radiation doses 
delivered over a shorter period with a steep dose gra-
dient.1 SBRT has high local control rates for liver ma-
lignancies,1- 7 leading to an effective and non- invasive 
treatment alternative for patients with liver lesions. 
High spatial delivery accuracy is essential in SBRT 
treatment.8 The presence of intra-  and interfractional 
motion due to liver deformation and liver motion may 
lead to the dose delivered to differ from the intended 
treatment plan.9

Gadolinium- ethoxybenzyl- diethylenetriamine pen-
taacetic acid (Gd- EOB- DTPA, Primovist®) is a mag-
netic resonance imaging (MRI) contrast agent, which 
is taken up by hepatocyte cells within the liver paren-
chyma. This results in a hepatobiliary contrast phase 
along with dynamic imaging capabilities.10 Primovist®- 
enhanced MRI can be utilized to characterize liver le-
sions, and the hepatobiliary contrast phase can help 
to visualize and assess hepatic function.11 Because of 
this property, the Primovist® contrast is used to assess 
post- SBRT liver intensity changes. The hepatocyte- 
specific property of the contrast agent results in a well- 
demarcated hypo- intensity observed on a hepatobiliary 
imaging phase 1– 6 months post- treatment.12 Past stud-
ies were able to correlate the intensity signal of liver 
parenchyma post- Primovist® administration to liver 
function.11 The study by Okamoto et al. observed signal 
intensity decrease with the increase of EQD and BED of 
the irradiated area.13 The study by Jung et al. obtained 
pre- treatment and post- treatment Primovist®- based 
MRI and observed an increase in intensity change, de-
fined as the difference between a pre- treatment and 
post- treatment MRI intensity, with the increase in radi-
ation dose.14 The hypo- intense regions depicted on an 
MRI are typically referred to as a Focal Liver Reaction 
(FLR).10 A combination of Primovist®- enhanced MRI, 
along with the dose distribution from the planning CT 
(pCT) can be used to estimate radiation dose levels 
associated with the development of the FLR. This is 
referred to as the threshold dose.15 Furthermore, the 
hypo- intense regions allow for the assessment of the 
planned delivery compared with the spatial end- result 
of delivery. This quantitative assessment framework 
based on Primovist®- MRI allows for a direct estimation 
of spatial radiation dose- delivery accuracy.

Past studies that used Primovist®- based enhanced 
MRIs to either determine FLR threshold dose or spa-
tial delivery accuracy used manual contouring of the 
hypo- intense regions.10- 13,16- 20 Manual contouring in-
troduces intra-  and interobserver variability, especially 
around the edges of the region with reduced intensity. 
Furthermore, past studies have used pCT dose distri-
butions to assess the threshold dose associated with 
the FLR. However, that does not take into account 

interfractional motion (i.e., day- to- day variations in the 
treatment setup). These studies assume that the dose 
distribution generated by a treatment planning software 
stays consistent throughout fractionated treatment de-
livery. However, studies assessing interfractional vari-
ability for liver SBRT have found the mean liver shape 
changes to be 4.6 mm21 and significant differences in 
the planned and delivered dose distributions.22

The three major objectives of this study were as 
follows:

1. Compute and compare FLR threshold dose with 
and without interfractional motion.

2. Quantify the spatial delivery accuracy of liver SBRT 
using Primovist® MRI.

3. Quantify interfractional motion of liver, FLR, and PTV 
regions and assess the correlation with Primovist® 
MRI determined spatial delivery accuracy.

2 |  METHODS

2.1 | Patient selection and liver SBRT 
treatment

This study retrospectively analyzed a cohort of 17 
patients treated with liver SBRT for oligometastases. 
Diagnostic images were acquired using a Primovist®- 
MRI. The SBRT treatment planning protocol follows 
institutional standards, and consists of a 4DCT acqui-
sition (1.37 × 1.37 mm pixel spacing and 3 mm slice 
thickness) where patients are immobilized using a Vac- 
LokTM bag along with abdominal compression for mo-
tion management (CDR Freedom SystemTM). Patients 
must lay flat and tolerate abdominal compression. 
Gross tumor volume (GTV) and/or internal target vol-
ume (ITV) were delineated on a 4DCT using Eclipse 
software (Varian Medical Systems, Inc, Palo Alto, CA, 
USA). An isotropic margin of 5 mm was added to the 
ITV to define the planning target volume (PTV). The 
SBRT protocol prescribes a dose of 50 Gy over 5 frac-
tions (BED10 = 100 Gy) for Child- Pugh- A liver function, 
and a 95% isodose line to the PTV. For Child- Pugh- B 
grade liver, the total prescription dose was lowered to 
30– 35 Gy over 5 fractions (BED10 = 48– 59.5 Gy). If 
the average dose for a healthy liver was exceeded, 
then the total prescription dose was lowered in 5 Gy 
increments. Cone beam CTs (CBCT) were acquired 
for patients at each treatment fraction. An automatic 
match using bone and liver diaphragm were performed 
between CBCT and pCT. When adjustment to the au-
tomatic match was required, particular attention was 
given to the liver and adjacent abdomen anatomy in the 
vicinity of the PTV. If the GTV is visible on a CBCT, then 
it had to be within the PTV contour. Following the rigid 
registration, appropriate treatment couch shifts were 
applied in order to better align a patient to the treatment 



   | 131KUZNETSOVA et al.

plan position. The VMAT treatment was delivered using 
Varian TrueBeam linear accelerators with 6 or 10 MV 
flattening filter- free (FFF) co- planar beams.

2.2 | Post- SBRT Primovist®- enhanced 
MRI acquisition

The Primovist®- enhanced MRI acquisition was per-
formed 8– 12 weeks post- SBRT treatment delivery. The 
images were acquired with a 1.5T GE Medical Systems 
Optima MR360 or Siemens Aera scanner with a spoiled 
3D Gradient Echo sequence under a breath- hold con-
dition. The resulting T1- weighted images had a pixel 
spacing ranging from 0.7 to 1.2 mm with slice thick-
ness between 2.5 and 3.5 mm. Imaging at the hepa-
tobiliary phase was performed 15– 20 min after the 
intravenous injection of the Primovist® contrast agent. 
The hepatobiliary- phase MRI scans were used for FLR 
visualization and delineation.

2.3 | FLR threshold dose quantification

The FLR threshold dose was quantified using a pCT 
and post- SBRT MRI. Deformable image registration 
(DIR) in Velocity AI (Varian Medical Systems, Inc, Palo 
Alto, CA, USA) was used to register the two image 
sets. The details regarding the image registration im-
plementation and performance assessment have been 
previously described.23,24 Following image registra-
tion, in- house software was used for localization of the 
hypo- intensity. The custom program was developed 
in MatLab R2016a. This program finds appropriate 
thresholding from the correlation of intensity and dose 
information from the treatment plan.25

In order to quantify the threshold dose associated 
with the FLR, the dice similarity coefficient (DSC) con-
formality metric was used between the localized FLR 
structure (VFLR) and various isodose lines (VDose). The 
dose structure with the highest DSC was defined as 
the FLR threshold dose (Dthr). Using the DSC for-
mulism, the Dthr for the planned dose distribution was 
determined (DP_thr). It is assumed that a dose threshold 
exists below which the Primovist® contrast uptake is 
consistent.

CBCTs were used to generate delivered dose distri-
butions to assess the impact of interfractional motion on 
the FLR Dthr. The delivered dose distribution was gen-
erated using the dose accumulation approach.22 The 
dose accumulation technique is based on CBCT im-
ages obtained at each treatment delivery and pCT.26- 29 
In our study, we performed DIR between each CBCT 
(obtained for each fraction) and pCT. Using DIR, pCT 
volume was deformed to the daily CBCT, thus creat-
ing a new image volume while maintaining voxel values 
from the original pCT.30 The treatment plan was applied 

to the deformed image volume, and the radiation dose 
was re- calculated within the Eclipse treatment planning 
system. The radiation dose was recalculated for each 
fraction of the liver SBRT treatment. The re- calculated 
dose distributions from all fractions were summed to 
create total delivered dose distribution (Figure 1). The 
threshold dose associated with the delivered dose dis-
tribution (DD_thr), which considers the impact of inter-
fractional motion, was determined using DSC.

The Wilcoxon- signed rank test was performed using 
SPSS Statistics V23 software (IBM Corporation, USA) 
to assess whether interfractional motion significantly 
affects the quantification of the threshold dose asso-
ciated with the FLR. To compare our results with pre-
viously published studies, the DD_thr and DP_thr were 
converted to biologically equivalent dose (BED) using 
a linear quadric formalism with �

�
= 2,

�

�
= 3, and

�

�
= 10,  

as well as converted to an equivalent dose (EQD2) of 
2 Gy per fraction.

2.4 | Spatial treatment delivery 
accuracy quantification

The geometric center- of- mass (COM) was calculated 
on a localized FLR region, as well as on the correspond-
ing threshold dose (DP_thr) structure. Subsequently, the 
magnitudes of COM discrepancy between the FLR and 
the threshold dose structure (Dp_thr) was calculated in 
three spatial directions: left- right, anteroposterior, and 
craniocaudal. This study also calculated the magnitude 
of the 3D vector between COMs. One of the outputs 
of the framework, besides the localization of hypo- 
intensity, includes an estimation of the COM discrep-
ancy error associated with the localization.31

2.5 | Interfractional motion 
quantification

The patient setup variations for each treatment frac-
tion were determined by registering CBCT to pCT 
(Figure 1). The image registration was conducted 
within Velocity AI software, which uses a B- spline 
algorithm. The subsequent image registration was 
assessed qualitatively, with an emphasis on the liver 
boundary. The synthetic CT was generated follow-
ing the image registration with propagated structures 
from the original CT. The propagated liver contour 
was qualitatively assessed on the synthetic CT and 
its conformity to the liver structure. The magnitude 
of the displacement of each voxel of the pCT image 
volume in three directions (left- right, anteroposterior, 
and craniocaudal) was then quantified. The voxel dis-
placement information was exported for each fraction 
as an absolute displacement vector field (DVF). The 
displacement histograms were built for the liver, FLR, 
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and PTV structures with a custom program written 
in MatLab R2016a. Quantifying interfractional motion 
based on an entire liver organ motion and on the mo-
tion of FLR and PTV regions was motivated by the 
presence of motion variability throughout the liver.32 
Furthermore, immobilization is typically conducted 
with attentiveness to reducing motion of the treated 
region, which can further result in the motion variabil-
ity throughout the liver. The mean displacement was 
calculated for each structure from the DVF informa-
tion. The extracted information was used to quantify 
random and systematic errors.33

The interfractional motion was quantified for each 
patient and visualized in a 3D space using relative an-
atomical coordinates. The 2D plane was generated to 
fit the data using SigmaPlot 14.0 software (©Systat 
Software Inc., Germany) to help better visualize the 
data trends. The visualization of interfractional motion 
was compared against the spatial treatment delivery 
accuracy as determined using Primovist® MRI. Pearson 
correlation coefficients were quantified for Primovist® 
MRI- based spatial accuracy and interfractional mo-
tion. Additionally, Pearson correlation coefficients were 

quantified for the interfractional motion of PTV and FLR 
regions.

3 |  RESULTS

3.1 | Patient characteristics and clinical 
outcomes

Seventeen patients (20 lesions) underwent liver SBRT 
with a follow- up Primovist®- enhanced MRI scan ac-
quisition (Fall 2017 to Summer 2019). Patient charac-
teristics and primary disease sites are summarized in 
Table 1. The median time between MRI acquisition and 
the last treatment fraction was 8 weeks. Most patients 
(12/17) received a total prescription dose of 45– 50 Gy.

All the follow- up (FU) times were measured from 
pCT acquisition to last follow- up or death. The me-
dian FU was 14.2 months. Local control was achieved 
in 16/20 (80%) lesions at median FU, and the median 
time to local recurrence was 317 days. There were 12 
/17 (71%) cases with outfield progression: six within the 
liver (but outside RT field), three lung, one brain, one 

F I G U R E  1  Workflow describing the creation of the delineated region of observed hypo- intensity on Primovist®- enhanced MRI, as 
well as creation of planned and delivered threshold dose structures, and quantification of interfractional motion for liver, FLR, and PTV 
structures. The region of hypo- intensity (i.e., end- result of radiation delivery) was visualized on post- SBRT MRI, which was registered 
to pCT. The radiation delivery accuracy was quantified by calculating the COM discrepancy between the hypo- intensity and the DP_thr 
structure. CBCTs were used to quantify interfractional motion for the purposes of generating delivered dose distribution. CBCTs were also 
used to quantify interfractional motion in terms of voxel displacement, where displacement histograms for the liver, FLR, and PTV structures 
were built from 0th to 95th percentile
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bone, and one para- aortic node. The median time to 
outfield progression was 195 days.

3.2 | FLR threshold dose

Dose accumulation was performed on 15 patients. 
Two patients were excluded due to either the absence 
of CBCTs or the presence of prominent artifacts. The 
quantified median (range) DSC for the determination 
of the threshold dose was 0.88 (0.61– 0.92) and 0.86 
(0.59– 0.91) for the planned and delivered dose distri-
butions, respectively. The threshold dose results for the 
planned and delivered dose distribution are summa-
rized in Table 2 under the row titled “Presented Study.” 
There was no significant difference observed between 
DP_thr and DD_thr (p = 0.2). The FLR threshold dose in-
clined to fall closer to the 50% normalized dose range 
(median DD_thr =52% and DP_thr =56%). The median 
(range) deviation between DP_thr and DD_thr was 0.5 
(0– 5) Gy; 11/17 patients had dose deviations of 2 Gy 
or less between two dose distributions. The calculated 
medians for DP_thr and DD_thr were the same.

3.3 | Spatial treatment delivery accuracy

Table 3 shows COM discrepancy between the delin-
eated hypo- intensity and threshold isodose structures 
(DP_thr). The overall median (range) total COM shift was 
4.3 mm (0– 9.5), 1.4 mm (0– 4.1) in the left- right direc-
tion, and 0 mm (0– 9) in the craniocaudal direction. The 

highest observed discrepancy was 2.7 mm (0– 5.5) in 
the anteroposterior direction. The median (range) total 
COM error associated with the localization of hypo- 
intensity was 0.6 mm (0– 3.2).

3.4 | Interfractional motion 
quantification

The interfractional motion was quantified for the en-
tire liver organ, as well as for the FLR and PTV struc-
tures. The mean ± SD of averaged absolute mean 
displacement magnitudes over all treatment fractions 
for the liver was 2.2 ± 1.4 mm in the left- right direc-
tion, 2.4 ± 0.9 mm in the anteroposterior direction, 
and 3.3 ± 2 mm in the craniocaudal direction. The 
mean ± SD of the average displacement magnitude 
for the FLR region was 2.3 ± 0.9 mm in the left- right 
direction, 2.1 ± 0.9 mm in the anteroposterior direc-
tion, and 2.7 ± 1.3 in the craniocaudal direction. The 
mean ± SD of the averaged absolute mean displace-
ment magnitudes for the PTV structure in the same re-
spective directions was 2.2 ± 0.9 mm, 2.1 ± 1 mm, and 
2.7 ± 1.1 mm. The summary of random and systematic 
errors for the three structures is given in Table 4.

The interfractional motion data were visualized in 
a 3D space using relative anatomical coordinates for 
Liver, FLR, and PTV regions, along with spatial delivery 
accuracy as determined by Primovist® MRI (Figure 2).

The Pearson correlation coefficients were quanti-
fied between interfractional motion of the three regions 
(Liver, FLR, and PTV) and Primovist® MRI spatial de-
livery accuracy for three anatomical directions. Overall, 
the correlation coefficients were low (0.06– 0.26). The 
highest correlation was observed for anteroposterior 
direction between Primovist® MRI spatial accuracy and 
FLR interfractional motion. The lowest correlation was 
observed in the left- right direction between FLR and 
Primovist® MRI.

The correlation was also assessed for the inter-
fractional motion between FLR and PTV regions. The 
Pearson correlation coefficients were 0.92, 0.98, 0.94, 
and 0.96 for craniocaudal, anteroposterior, left- right, 
and 3D vector magnitude, respectively.

4 |  DISCUSSION

The first objective of this study was to quantify the 
median threshold dose. This was found to be 25 Gy 
(BEDα/β = 3 = 67 Gy, EQD2,α/β = 2 = 44 Gy) for both 
planned and delivered dose distributions. Past studies 
reported a vast range of threshold dose values associ-
ated with the observed hypo- intensity (Table 2) from 
the Gd- EOB- DTPA- based MRI. The variation in these 
findings is likely due to different methodologies for ra-
diation delivery, different threshold dose quantification 

TA B L E  1  Patient characteristics

Age (y)

Median (range) 62(41– 86)

Sex

Male/Female 9/8

ITV Diameter (cm)

Median (range) 4.6 (1.9– 8.8)

Child- Pugh Score n(%)

No cirrhosis 11(65)

Child- Pugh A 5(29)

Child- Pugh B 1(6)

Primary Disease Site n(%)

Liver (HCC) 5(29.4)

Colon 3(17.6)

Lung 2(11.8)

Breast 2(11.8)

Sigmoid 2(11.8)

Other 3(17.6)

Abbreviations: HCC, Hepatocellular Carcinoma; ITV, Internal Target Volume.
Age recorded at the time of planning CT acquisition. ITV size was measured 
in terms of equivalent sphere diameter for 20 treated lesions.
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methods, and variability in the timing of the MRI post- 
SBRT delivery. The median threshold dose produced 
by the linear- quadratic model formulation for BEDα/β = 2 
was 77 to 123 Gy10- 12,34; using a BEDα/β = 3 formulism, 
the threshold dose range was reported to be 63– 
71 Gy.10,17,34 Using EQD2, α/β = 2 formulism, the thresh-
old dose was reported to be 42 Gy, and 71 Gy using 
BEDα/β = 3 formulism for Linac- based delivery.16,17 Our 
results closely agree with the hypo- intensity threshold 
dose reported by past studies that utilized a Linac- 
based delivery. Direct comparison with past studies 
can be challenging due to the differences in fractiona-
tion schemes, radiation delivery modalities, and differ-
ences in the approaches for determining the threshold 
dose. In addition, although some studies relied on man-
ual contouring of hypo- intensity, others used qualitative 

isodose matching, and few of the studies used either 
a region- of- interest based approach or dose- intensity 
histograms. The automated framework presented can 
help in the unbiased and systematic determination of 
the threshold dose associated with the FLR, which 
can be readily adopted into routine clinical practice. 
This study employed a dose accumulation approach 
for the assessment of the impact of interfractional mo-
tion on the quantified threshold dose. We showed that 
interfractional motion does not significantly impact the 
threshold dose associated with the FLR. It was ob-
served that interfractional motion primarily impacts the 
PTV region of the liver by producing hot- spot blurring. 
Due to the median FLR threshold dose falling closer to 
the 50% normalized dose range, the effects of hot- spot 
blurring are negligible in this region. It is important to 
acknowledge that the effects of interfractional motion 
on the FLR threshold dose does not translate to the 
effects that it may have on the PTV coverage. The as-
sessment of the target coverage due to interfractional 
motion is outside the scope of this study.

The second major objective of this study was the 
quantification of spatial SBRT treatment delivery accu-
racy. Automated framework allowed for the FLR local-
ization. The COM was quantified for the FLR structure 
and compared with the threshold isodose line (DP_thr) 
COM. The median (range) COM shift in the left- right 
direction was 1.4 (0– 4.1) mm, 2.7 (0– 5.5) mm in the 
anteroposterior direction, and 0 (0– 9) mm in the cranio-
caudal direction. If the COM coordinates were within 
the same slice, then the calculated COM discrepancy 

Left- right 
(mm)

Anteroposterior 
(mm)

Craniocaudal 
(mm)

3D direction 
(mm)

Median (range) 1.4 (0– 4.1) 2.7 (0– 5.5) 0 (0– 9) 4.3 (0– 9.5)

Mean±SD 1.4±1.3 2.6 ±1.8 1.9 ±2.6 4.2 ±2.4

Abbreviations: COM, Centre of Mass; SD, Standard Deviation.

TA B L E  3  The COM shift between an 
auto- delineated hypo- intensity (FLR) and 
threshold isodose structure (DP_thr)

TA B L E  4  Random systematic errors based on the 
interfractional motion

Left- right 
(mm)

Anteroposterior 
(mm)

Craniocaudal 
(mm)

Liver � 0.7 0.7 5.3

Σ 1.4 0.9 2

FLR � 1.2 1.0 1.3

Σ 0.9 0.9 1.3

PTV � 1.1 1.1 1.3

Σ 0.9 1 1.1

Abbreviations: �, random error;Σ, systematic error.

F I G U R E  2  Visualization of spatial delivery accuracy determined using Primovist® MRI along with (a) liver interfractional motion, (b) FLR 
interfractional motion, and (c) PTV interfractional motion. Each point corresponds to a specific patient. A 2D plane was fitted to delivery 
accuracy data and interfractional motion data to help better visualize the data trends
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in the CC direction was 0 mm. One of the patients had a 
CC shift of 9 mm; upon a closer look, the patient's PTV 
was located in the inferior section of liver segment- V 
next to the large bowel. Variations in the bowel filling 
could have contributed to the large COM shift in the 
CC direction for this patient case. To our knowledge, 
only two other studies have attempted to quantify spa-
tial treatment delivery accuracy of liver SBRT using 
Primovist®- enhanced MRI scans. However, both re-
lied on manual contouring. The median total COM shift 
error was 4.3 mm. Our results closely align with the 
results of a study by Boda- Heggemann et al., where the 
median COM difference was 4.2 mm.17 Furthermore, 
that same study calculated a median DSC between 
the hypo- intensity and the threshold isodose line struc-
tures to be 0.80 compared with the higher conformality 
of 0.86– 0.87 in our study. The study by Jung et al. ob-
served a total median COM discrepancy of 6.8 mm.19 
This study performed manual delineation of the hepa-
tocellular carcinoma and FLR (referred to as paren-
chymal changes) on MRI scans acquired 2– 4 months 
post- SBRT completion. Past studies have reported 
liver volume changes of as much as 20%, 2– 6 months 
after the completion of liver SBRT.35,36 Thus, it is im-
portant to consider contouring uncertainties and post- 
SBRT liver volume changes that may contribute to the 
COM discrepancy.

In our study, the directional component with the larg-
est median COM shift was observed to be 2.7 mm in 
the anteroposterior direction. Similarly, a study by Jung 
et al. has observed the highest median COM discrep-
ancy in the anteroposterior direction (4.1 mm), as well 
as the study by Boda- Heggemann et al. observed the 
highest standard deviation of the mean error to be in 
the anteroposterior direction. Although our results are 
consistent with past studies, the exact reason for this 
behavior remains undetermined. A potential reason for 
this observation could be the non- isotropic liver volume 
change between imaging and radiation delivery, as 
well as the effects of abdominal compression in some 
patients.19,21

This study quantified the interfractional motion of the 
liver, FLR, and PTV structures and compared it against 
Primovist® MRI- based spatial delivery accuracy. The 
interfractional motion of PTV and FLR regions was 
found to be highly correlated. This helps justify the use 
of visualized hypo- intensity on Primovist® MRI to esti-
mate the accuracy of liver SBRT spatial delivery. The 
random and systematic errors were similar between 
PTV and FLR regions, where differences were less 
than 0.2 mm. A higher disagreement was found be-
tween liver random and systematic errors versus PTV 
or FLR regions. The differences observed in interfrac-
tional motion for the PTV/FLR versus liver structures 
are expected due to the differences in respiration- 
induced motion that can vary by liver segments.32 The 
systematic and random errors for the three structures 

analyzed were highest in the craniocaudal direction. 
This contradicts the directly evaluated liver SBRT treat-
ment delivery accuracy results, where the direction of 
the highest deviation was in the anteroposterior direc-
tion. Several past studies have shown a similar influ-
ence of interfractional motion. Studies by Kawahara 
et al. and Lu et al. observed the highest random and 
systematic errors in the craniocaudal direction rang-
ing from 1.4 to 3.87 mm.37,38 A study by Case et al. 
observed the highest systematic error for patients with 
abdominal compression in the craniocaudal direction 
(1.5 mm), and a random error of 1.6 mm in both cranio-
caudal and anteroposterior directions.39 These studies 
relied on a combination of CBCT imaging and either 
fiducial markers correspondence, liver motion am-
plitude change, or whole liver volume centroid corre-
spondence. Study by Eccles et al. used biomechanical 
DIR (MORFEUS) to assess the displacement of nodes 
within the liver shape.21 This study observed the aver-
age interfractional liver shape change to be 2.5 mm in 
the left- right direction, 3.6 mm in the anteroposterior 
direction, and 2.7 mm in the craniocaudal direction.

The study found lack of correlation between 
Primovist® MRI- based delivery accuracy assessment 
and interfractional motion of three regions considered 
in this study (liver, FLR, and PTV). The complexity of 
liver motion which includes interplay effects between 
heterogeneous deformations and effects of breathing 
motion is likely the main reason for this lack of correla-
tion. Particularly, interfractional motion alone is not a 
predictor of liver SBRT delivery accuracy, especially 
when looking at interfractional motion of the entire liver 
organ.

An isotropic PTV margin of 5 mm was used for treat-
ment in our study. According to direct evaluations of 
liver SBRT spatial delivery accuracy, a 5 mm treatment 
margin would appropriately consider treatment errors, 
where the median 3D vector magnitude of delivery ac-
curacy was observed to be 4.3 mm. Local control was 
achieved in 80% of lesions at 14.2 months, thus sug-
gesting a high local control rate for the margins used 
in the study.

The following limitations are acknowledged. This 
study was limited by its small sample size. However, this 
is not uncommon for studies of this nature, as evidenced 
in Table 2. Although clinically useful for estimation of 
spatial dose delivery accuracy, Primovist®- enhanced 
MRI scans are yet to be adopted as a clinical standard 
for widespread use in liver SBRT treatment regimens. 
The second limitation is the assessment of liver SBRT 
delivery accuracy using only the COM shift error. We 
chose this metric to compare our results against past 
studies. Furthermore, the automated framework for 
the hypo- intensity localization allows for error quanti-
fication with respect to COM shifts. Target delineation 
was not considered since both of our approaches use 
the same set of contours. Finally, the evaluation of the 
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DIR for the registration of pCT and CBCT was limited to 
qualitative assessment. The liver region on the CBCT 
lacks any fiducials or anatomical landmarks; therefore, 
target registration error could not be quantified within 
the liver region.

This is the first study to use a novel approach of 
post- SBRT Primovist®- enhanced MRI to assess the 
suitability of treatment margins. The presented study 
used a PTV treatment margin of a 5 mm isotropic ex-
pansion from ITV, which is commonly used in prac-
tice.1,2,7,40- 42 Primarily, this study concludes that the 
treatment margins used in this study are adequate 
based on Primovist® MRI determined spatial delivery 
accuracy. The evaluated interfractional motion system-
atic and random errors were highest in the craniocau-
dal direction. The directly evaluated liver SBRT delivery 
error has shown that the anteroposterior direction 
had the highest COM discrepancy from the intended 
treatment plan compared with all other anatomical di-
rections. Finally, it was determined that the interfrac-
tional motion— particularly when evaluating entire liver 
region— is not correlated with the liver SBRT delivery 
accuracy.

5 |  CONCLUSIONS

This study used a combination of the automated seg-
mentation framework and Primovist®- enhanced post- 
SBRT MRI for the determination of liver SBRT delivery 
accuracy and threshold dose associated with the FLR. 
This is also the first study to assess the impact of inter-
fractional motion on the threshold dose, and the first 
study to compare interfractional motion trends to that 
of directly quantified liver SBRT spatial treatment de-
livery accuracy. The implementation of a post- SBRT 
Primovist®- enhanced MRI builds the framework for the 
evaluation of the appropriateness of current margins 
in clinical practice. We believe that the framework pre-
sented will further encourage a new approach to clini-
cal margin assessment.

CO N FLI CT O F I NT E R EST S
Authors have no conflict of interests to declare.

R E FE R E N C E S
 1. Chang DT, Swaminath A, Kozak M, et al. Stereotactic body ra-

diotherapy for colorectal liver metastases: a pooled analysis. 
Cancer. 2011;117:4060- 4069.

 2. Rule W, Timmerman R, Tong L, et al. Phase i dose- escalation 
study of stereotactic body radiotherapy in patients with hepatic 
metastases. Ann Surg Oncol. 2011;18:1081- 1087.

 3. van der Pool AEM, Méndez Romero A, Wunderink W, et al. 
Stereotactic body radiation therapy for colorectal liver metasta-
ses. Br J Surg. 2010;97:377- 382.

 4. Rusthoven KE, Kavanagh BD, Cardenes H, et al. Multi- 
institutional phase i/ii trial of stereotactic body radiation therapy 
for liver metastases. J Clin Oncol. 2009;27:1572- 1578.

 5. Méndez Romero A, Wunderink W, Hussain SM, et al. 
Stereotactic body radiation therapy for primary and metastatic 
liver tumors: a single institution phase i– ii study. Acta Oncol 
(Madr). 2006;45:831- 837.

 6. Wulf J, Guckenberger M, Haedinger U, et al. Stereotactic radio-
therapy of primary liver cancer and hepatic metastases. Acta 
Oncol (Madr). 2006;45:838- 847.

 7. Rosenberg SA, Henke LE, Shaverdian N, et al. A multi- 
institutional experience of MR- guided liver stereotactic body 
radiation therapy. Adv Radiat Oncol. 2019;4:142- 149.

 8. Benedict SH, Yenice KM, Followill D, et al. Stereotactic body 
radiation therapy: the report of AAPM Task Group 101. Med 
Phys. 2010;37:4078- 4101.

 9. Sahgal A, Roberge D, Schellenberg D, et al. The Canadian 
Association of Radiation Oncology Scope of practice guide-
lines for lung, liver and spine stereotactic body radiotherapy. 
Clin Oncol. 2012;24:629- 639.

 10. Fukugawa Y, Namimoto T, Toya R, et al. Radiation- induced 
liver injury after 3D- conformal radiotherapy for hepatocellular 
carcinoma: quantitative assessment using Gd- EOB- DTPA- 
enhanced MRI. Acta Med Okayama. 2017;71:25- 29.

 11. Doi H, Shiomi H, Masai N, et al. Threshold doses and predic-
tion of visually apparent liver dysfunction after stereotactic 
body radiation therapy in cirrhotic and normal livers using mag-
netic resonance imaging. J Radiat Res. 2016;57:294- 300.

 12. Sanuki N, Takeda A, Oku Y, et al. Threshold doses for focal 
liver reaction after stereotactic ablative body radiation therapy 
for small hepatocellular carcinoma depend on liver function: 
Evaluation on magnetic resonance imaging with Gd- EOB- 
DTPA. Int J Radiat Oncol Biol Phys. 2014;88:306- 311.

 13. Okamoto D, Nishie A, Asayama Y, et al. Gadolinium ethoxy-
benzyl diethylenetriamine pentaacetic acid- enhanced MR find-
ing of radiation- induced hepatic injury: relationship to absorbed 
dose and time course after irradiation. Magn Reson Imaging. 
2014;32:660- 664.

 14. Jung SH, Yu JIL, Park HC, Lim DH, Han Y. A feasibility study 
evaluating the relationship between dose and focal liver reac-
tion in stereotactic ablative radiotherapy for liver cancer based 
on intensity change of Gd- EOB- DTPA- enhanced magnetic 
resonance images. Radiat Oncol J. 2016;34:64- 75.

 15. Mastrocostas K, Jang H- J, Fischer S, et al. Imaging post- 
stereotactic body radiation therapy responses for hepatocel-
lular carcinoma: typical imaging patterns and pitfalls. Abdom 
Radiol. 2019;44:1795- 1807.

 16. Boda- Heggemann J, Attenberger U, Budjan J, et al. MR- 
morphologische Veränderungen nach Leber- SBRT: Direkte 
Dosiskorrelation mit intermodalen Matching. Strahlentherapie 
und Onkol. 2016;192:641- 648.

 17. Boda- Heggemann J, Jahnke A, Chan MKH, et al. In- vivo treat-
ment accuracy analysis of active motion- compensated liver 
SBRT through registration of plan dose to post- therapeutic MRI- 
morphologic alterations. Radiother Oncol. 2019;134:158- 165.

 18. Boda- Heggemann J, Jahnke A, Chan MKH, et al. Direct dose 
correlation of MRI morphologic alterations of healthy liver 
tissue after robotic liver SBRT. Strahlentherapie und Onkol. 
Published online. 2018;194:414- 424.

 19. Jung J, Kim H, Yoon SM, et al. Targeting Accuracy of Image- 
Guided Stereotactic Body Radiation Therapy for Hepatocellular 
Carcinoma in Real- Life Clinical Practice : In Vivo Assessment 
Using Hepatic Parenchymal Changes on Gd- EOB- DTPA e 
Enhanced Magnetic Resonance Images. Radiat Oncol Biol. 
2018:1- 8. doi:10.1016/j.ijrobp.2018.05.018

 20. Seidensticker M, Seidensticker R, Mohnike K, et al. Quantitative 
in vivo assessment of radiation injury of the liver using Gd- 
EOB- DTPA enhanced MRI: Tolerance dose of small liver vol-
umes. Radiat Oncol. 2011;6:9- 14.

 21. Eccles CL, Dawson LA, Moseley JL, Brock KK. Interfraction 
liver shape variability and impact on GTV position during liver 



138 |   KUZNETSOVA et al.

stereotactic radiotherapy using abdominal compression. Int J 
Radiat Oncol Biol Phys. 2011;80:938- 946.

 22. Velec M, Moseley JL, Craig T, Dawson LA, Brock KK. 
Accumulated dose in liver stereotactic body radiotherapy: posi-
tioning, breathing, and deformation effects. Int J Radiat Oncol 
Biol Phys. 2012;83:1132- 1140.

 23. Kuznetsova S, Grendarova P, Roy S, Sinha R, Thind K, Ploquin 
N. Structure guided deformable image registration for treat-
ment planning CT and post stereotactic body radiation therapy 
(SBRT) Primovist® (Gd- EOB- DTPA) enhanced MRI. J Appl 
Clin Med Phys. 2019;20:109- 118.

 24. Kuznetsova S, Grendarova P, Ploquin N, Thind K. Multimodality 
Image Fusion of the Liver Using Structure- Guided Deformable 
Image Registration in Velocity AI— What Is the Preferred 
Approach?. In: World Congress on Medical Physics and 
Biomedical Engineering 2018. ; 2019:273- 277.

 25. Kuznetsova S, Grendarova P, Peter D, et al. Image- Guided Liver 
Stereotactic Body Radiation Therapy (SBRT): quantification of 
targeting accuracy using post- SBRT magnetic resonance imag-
ing. Med Phys. 2019;46:Scientific Session 1: YIS- 08.

 26. van Heerden LE, Houweling AC, Koedooder K, et al. Structure- 
based deformable image registration: added value for dose ac-
cumulation of external beam radiotherapy and brachytherapy 
in cervical cancer. Radiother Oncol. 2017;123:319- 324.

 27. van Heerden LE, van Wieringen N, Koedooder K, Rasch CRN, 
Pieters BR, Bel A. Dose warping uncertainties for the accu-
mulated rectal wall dose in cervical cancer brachytherapy. 
Brachytherapy. 2018;17:449- 455.

 28. Yu J, Hardcastle N, Jeong K, Bender ET, Ritter MA, Tomé WA. 
On voxel- by- voxel accumulated dose for prostate radiation 
therapy using deformable image registration. Technol Cancer 
Res Treat. 2014;14:37- 47.

 29. Janssens G, Orban de Xivry J, Fekkes S, et al. Evaluation of 
nonrigid registration models for interfraction dose accumula-
tion in radiotherapy. Med Phys. 2009;36:4268- 4276.

 30. Studenski MT, Delgadillo R, Xu Y, et al. Margin verification for hy-
pofractionated prostate radiotherapy using a novel dose accumula-
tion workflow and iterative CBCT. Phys Medica. 2020;77:154- 159.

 31. Kuznetsova S, Grendarova P, Sinha R, Ploquin N, Thind 
K. Auto- delineation of the focal liver reaction observed 
in post Stereotactic Body Radiation Therapy (SBRT) 
Primovist® MRI scans. Biomed Phys Eng Express. 2019:In 
Submission:BPEX- 101787.

 32. Tsai YL, Wu CJ, Shaw S, Yu PC, Nien HH, Lui LT. Quantitative 
analysis of respiration- induced motion of each liver segment 
with helical computed tomography and 4- dimensional com-
puted tomography. Radiat Oncol. 2018;13:1- 8.

 33. Van Herk M. Errors and margins in radiotherapy. Semin Radiat 
Oncol. 2004;14:52- 64.

 34. Jung J, Yoon SM, Cho B, et al. Hepatic reaction dose for pa-
renchymal changes on Gd- EOB- DTPA- enhanced magnetic 
resonance images after stereotactic body radiation therapy 
for hepatocellular carcinoma. J Med Imaging Radiat Oncol. 
2016;60:96- 101.

 35. Olsen CC, Welsh J, Kavanagh BD, et al. Microscopic and macro-
scopic tumor and parenchymal effects of liver stereotactic body 
radiotherapy. Int J Radiat Oncol Biol Phys. 2009;73:1414- 1424.

 36. Stinauer MA, Diot Q, Westerly DC, Schefter TE, Kavanagh BD. 
Fluorodeoxyglucose positron emission tomography response 
and normal tissue regeneration after stereotactic body ra-
diotherapy to liver metastases. Int J Radiat Oncol Biol Phys. 
2012;83:e613- e618.

 37. Kawahara D, Ozawa S, Kimura T, et al. Availability of applying 
diaphragm matching with the breath- holding technique in ste-
reotactic body radiation therapy for liver tumors. Phys Medica. 
2016;32:557- 561.

 38. Lu L, Diaconu C, Djemil T, et al. Intra-  and inter- fractional liver 
and lung tumor motions treated with SBRT under active breath-
ing control. J Appl Clin Med Phys. 2018;19:39- 45.

 39. Case R, Moseley D, Sonke JJ, et al. Case et al, 2010.pdf. Int J 
Radiat Oncol Biol Phys. 2010;77:918- 925.

 40. Goodman KA, Wiegner EA, Maturen KE, et al. Dose- escalation 
study of single- fraction stereotactic body radiotherapy for liver 
malignancies. Int J Radiat Oncol Biol Phys. 2010;78:486- 493.

 41. He Z, Chen G, Ouyang BO, et al. Conformal radiation therapy 
or stereotactic body radiation therapy: institutional experience 
in the management of colorectal liver metastases by radiation 
therapy. Technol Cancer Res Treat. 2018;17:1- 7.

 42. Kim N, Kim HJ, Won JY, et al. Retrospective analysis of ste-
reotactic body radiation therapy efficacy over radiofrequency 
ablation for hepatocellular carcinoma. Radiother Oncol. 
2019;131:81- 87.

How to cite this article: Kuznetsova S, Sinha R, 
Thind K, Ploquin N. Direct visualization and 
correlation of liver stereotactic body radiation 
therapy treatment delivery accuracy with 
interfractional motion. J Appl Clin Med Phy. 
2021;22:129– 138. https://doi.org/10.1002/
acm2.13333

https://doi.org/10.1002/acm2.13333
https://doi.org/10.1002/acm2.13333

