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ABSTRACT

Background/purpose: In-vivo-accuracy analysis (IVA) of dose-delivery with active motion-management
(gating/tracking) was performed based on registration of post-radiotherapeutic MRI-morphologic-
alterations (MMA) to the corresponding dose-distributions of gantry-based/robotic SBRT-plans.
Methods: Forty targets in two patient cohorts were evaluated: (1) gantry-based SBRT (deep-inspiratory
breath-hold-gating; GS) and (2) robotic SBRT (online fiducial-tracking; RS). The planning-CT was deform-
ably registered to the first post-treatment contrast-enhanced T1-weighted MRI. An isodose-structure
cropped to the liver (ISL) and corresponding to the contoured MMA was created. Structure and statistical
analysis regarding volumes, surface-distance, conformity metrics and center-of-mass-differences (CoMD)
was performed.
Results: Liver volume-reduction was —43.1 + 148.2 cc post-RS and —55.8 + 174.3 cc post-GS. The mean
surface-distance between MMA and ISL was 2.3 + 0.8 mm (RS) and 2.8 + 1.1 mm (GS). ISL and MMA vol-
umes diverged by 5.1 +23.3 cc (RS) and 16.5 £ 34.1 cc (GS); the median conformity index of both struc-
tures was 0.83 (RS) and 0.80 (GS). The average relative directional errors were <0.7 mm (RS) and
<0.3 mm (GS); the median absolute 3D-CoMD was 3.8 mm (RS) and 4.2 mm (GS) without statistically
significant differences between the two techniques. Factors influencing the IVA included GTV and PTV
(p=0.041 and p = 0.020). Four local relapses occurred without correlation to IVA.
Conclusions: For the first time a method for IVA was presented, which can serve as a benchmarking-tool
for other treatment techniques. Both techniques have shown median deviations <5 mm of planned dose
and MMA. However, IVA also revealed treatments with errors >5 mm, suggesting a necessity for patient-
specific safety-margins. Nevertheless, the treatment accuracy of well-performed active motion-
compensated liver SBRT seems not to be a driving factor for local treatment failure.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 134 (2019) 158-165

Advanced motion-management techniques have the potential
to increase local control and decrease toxicity of liver SBRT (stereo-

Abbreviations: IVA, in-vivo-accuracy analysis; MMA, MRI-morphologic-
alterations; ISL, isodose-structure cropped to the liver; CoMD, center-of-mass-
differences; GS, gantry-based SBRT; RS, robotic SBRT.
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tactic body radiotherapy [1-6]). Characteristic morphologic alter-
ations in healthy liver tissue histologically corresponding to a
veno-occlusive disease [7] have been observed in post-SBRT imag-
ing [8,9,10-14]. If these alterations directly correspond to a clinical
toxicity (transient liver enzyme-elevation/albumin-reduction
[15,16]) is so far unknown. Symptomatic toxicity of SBRT for liver
metastases is extremely low [2], however, plays a role for SBRT of
primary liver tumors arising the basis of chronic liver damage
[17,18]. Child-Pugh-B/C stage cirrhosis requires the adaption of
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the dose constraints [19], possibly compromising tumor control.
Further examination of partial liver radiation tolerance based on
imaging information is therefore of essential interest to define
dose-constraints for each radiation application technique.

After gantry-based SBRT (GS) in DIBH (deep inspiration breath-
hold) with additional ultrasound-based surveillance [20,21],
threshold doses of nominally 20-21 Gy (equivalent dose in 2 Gy-
fractions [EQD2] with o/f =3 Gy of 38-42 Gys) induced beam-
path-like liver tissue changes that are clearly related to treatment
technique characteristics [22]. For robotic SBRT (RS) with fiducial-
based real-time target tracking [1,23], median nominal doses of
10.1-11.3 Gy per fraction (EQD2 79-97 Gysz) induced centroid
morphologic alterations surrounding the treated lesions [10]. The
localizations of the sharply marked-off post-treatment morpho-
logic alterations were found for both methods in the region sur-
rounding the necrotic gross tumor volume (GTV). This fact
indicates a reliable accuracy of SBRT with active motion-
management. However, it was based on a descriptive presentation
of the phenomenon of post-SBRT MRI alterations and their respec-
tive patient/treatment parameter impact and a registration to the
treatment plan and quantification of the accuracy has never been
performed.

In this work, we developed a new method for assessing the dose
delivery accuracy based on registration of the dose-distribution to
post-therapeutic MRI-morphologic alterations (MMA) and quan-
tification of the geometrical and spatial properties of the dose
cloud and the MMA.

Post-therapeutic MMA were contoured and registered to the
corresponding isodose structure cropped to the liver (ISL) of
gantry-based or robotic SBRT plans. Based on this registration,
in-vivo-accuracy analysis (IVA) of dose delivery with active
motion-management (gating/tracking) was performed by
structure-analysis regarding volumes, surface distance and confor-
mity metrics and center-of-mass differences (CoMD) for ISL and
MMA. With that, we aimed at the systematic comparison of the
accuracy of two delivery methods with advanced motion manage-
ment (free-breathing treatment with fiducial tracking by
CyberKnife versus linac-based breath-hold gating with additional
ultrasound monitoring) with each other. All parameters were

Table 1

compared for both methods (GS and RS) and factors potentially
influencing IVA were analyzed statistically.

Patients and methods

Patient characteristics

Two patient cohorts were evaluated retrospectively after
approval by the local ethics committees of the medical faculty of
the universities of Kiel (D458/17) and Mannheim (2014-413M-
MA, amendment 2017, 2018-869R-MA).

1. Patients with gantry-based SBRT (GS) using the Versa-HD linear
accelerator (Elekta AB, Stockholm, Sweden) with DIBH-based
gating and ultrasound-surveillance of the gating [20,21] and

2. Patients with robotic SBRT (RS) using the CyberKnife (Accuray
Inc, Sunnyvale, CA, USA) with real-time fiducial tracking during
free breathing [1,23].

From each cohort, 20 planning target volumes (altogether 30
patients, 47 lesions and 37 plans) were analyzed. 3 plans included
2 PTVs due to geographic vicinity of the metastases. Patient char-
acteristics (age, gender, Karnofsky-performance, primary tumor
histology, prior treatment-schedules, chemotherapies and liver
damage as well as GTV and planning target volume (PTV)-
dimensions and applied doses) are summarized in Table 1.

Treatment planning and delivery

For all GS patients, the treatment planning CT was acquired in
ABC®-based moderately deep inspiratory breath-hold (DIBH,
Active Breathing Coordinator, Elekta AB) and contrast enhance-
ment. GTV was defined based on a fusion with a liver-specific con-
trast enhanced planning MRI (VIBE sequence in voluntary DIBH).
GTV-to-PTV-margins of radially 5 mm and craniocaudally 10 mm
were applied. Flattening-filter-free VMAT-plans (Monaco vers.
5.11; Elekta AB) were created with 60 Gy in 5 fractions (12 Gy
per fraction) prescribed to encompass 95% of the PTV. Daily
inter-fractional imaging with breath-hold-only cone-beam-CT
(Elekta AB; KkV projections exclusively acquired during

Patient and treatment characteristics. DIBH = deep inspiratory breath hold, HCC = hepatocellular carcinoma, CCC = cholangiocellular carcinoma, GTV = gross tumor volume,
PTV = planning target volume, BED = biological equivalent dose, EQD2 = equivalent dose in 2 Gy fractions.

Robotic SBRT (RS) with fiducial tracking

Gantry-based SBRT (GS) in DIBH

Patients (n)

Liver lesions (n)
Treatment plans (n)
Gender (n)

Age at treatment (years)
Karnofsky-Index (%)
Primary tumor (n)
based on patients

Treatments prior SBRT (n)
based on series

GTV (cc)

Max GTV dimension (cm)
PTV (cc)

Max PTV dimension (cm)
PTV prescription BED (Gy1o)
GTV mean BED;qcy (Gy10)
Total liver volume (cc)
Healthy liver volume (cc)
Mean total liver EQD2 (Gys)
Mean healthy liver EQD2 (Gys)
Time to MRI (weeks)

Male/Female
Median (range)

Colorectal

HCcC/ccC

Breast cancer

Other

Liver surgery

Liver SBRT or Radiotherapy
Chemotherapy

based on lesions Median (range)

based on series
Median (range)

14 16
24 23

17 20

8/6 11/5

62 (34-83) 59 (45-83)

90 (70-100) 95 (70-100)

7 5

1 3

2 2

4 6

13 7

5 5

17 15

18.9 (1.2-205.0) 9.5 (0.8-882)
3(1.3-7.3) 2 (1.3-36.5)

58 (9.0-318.0) 35 (8.5-1000.1)
5 (2.6-8.5) 4(2.7-96.1)

90 (57-112.5)

149 (88.3-170.1)
1705 (1111-2135)
1700 (1062-1991)

132 (50.7-132)
172 (46.4-218.1)
1644 (1147-2331)
1570 (1138-2330)

18 (1.7-29.2) 7 (0.4-19.5)
15 (1.5-24.7) 7 (0.4-18.6)
12 (7.3-16.9) 9 (6.1-20.3)
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Fig. 1. Patient example of a GS (Gantry-based SBRT). (a) Planning CT with corresponding isodoses, (b-e) post-treatment post-contrast, T1-weighted MRI sequence post-SBRT.
(b) Follow-up (FU) MRI with hypo-intense alterations, (c) deformable matching of planning CT with FU-MRI, (d) Displacement grid of the deformable registration, (e)
structures (green, isodose line ISL 19.8 Gy cropped to the liver; purple, hypo-intensity/MMA, contoured on non-deformed MRI). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Patient example of robotic SBRT using the CyberKnife. (a) Planning CT with corresponding isodoses, (b-e) post-treatment post-contrast, T1-weighted MRI sequence
post-SBRT. (b) FU MRI with hypo-intense alterations, (c) deformable matching of planning CT with FU MRI, (d) displacement grid of the deformable registration, (e) structures
(green, isodose line 31 Gy cropped to the liver/ISL; hypo-intensity/MMA, contoured on non-deformed MRI. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

breath-hold [24], 6-7 breath-hold phases of 15-20 s per CBCT) and
dose-delivery were performed during an ABC®-controlled DIBH
on a high-end linear accelerator (Versa-HD, Elekta AB) with
additional ultrasound-based monitoring of the DIBH-accuracy
(Clarity/Anticosti, Elekta AB [21]).

For all RS patients, treatment planning was performed on
end-expiration breath-hold CT (1.5 mm slice-thickness) after
marker/fiducial implantation in the anatomic proximity of the
treated lesions and locoregional matching with the planning MRI.
GTV was expanded of 5 mm in the liver and additionally 3 mm
isotropically to generate the PTV [1,25]. Median prescription dose

was 40 Gy (29-45 Gy) in 3-5 fractions utilizing Sequential Multi-
Objective Optimization, with the main objective of reaching GTV
mean biological equivalent doses (BED with «/f=10Gy) of
>151.2 Gyyo [1,23]. CyberKnife SBRT was delivered with real-
time motion compensation (Synchrony®, Accuray Inc.) [1,23,25].

MRT-morphologic alterations (MMA) and corresponding isodose
volumes cropped to the liver (ISL)

The treatment planning CT together with the plan dose and
contours and the MRI datasets were imported in Velocity™ 3.2.1
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(Varian Medical Systems, Palo Alto, Ca, USA) for further processing
[10,22]. Post-therapeutic MRI-morphologic alterations (MMA)
were contoured and reviewed before image registration by
experienced radiation oncologists (n = 3), radiologists (n=2) and
physicists (n=2) on the TI1-weighted, contrast-enhanced
(Gd-EOB-DTPA = 35, Gd-DTPA = 2) fast-field-echo (FFE) vibe series
of the first follow-up MRI [38] at median 11.5 weeks for RS and
8.8 weeks for GS post-SBRT. MRI acquisition at 1.5 Tesla was
performed on various platforms with homogenized post-SBRT
imaging protocols. For the DIBH-linac patient cohort, a standard-
ized MRI examination protocol was developed together with the
in-house radiology department experts both for therapy planning
and regular follow-up. This included fast liver-specific-contrast-
enhanced VIBE sequences in DIBH to be easily matched with the
planning CT dataset. For the CyberKnife cohort, a similar standard-
ized imaging protocol before and after treatment was used locally
at the center, however due to the patient home origins for this
center the patients also received imaging at various university
hospitals with a similar protocol, though with different vendor
MRI systems. For the CyberKnife cohort, all patients received con-
trast enhanced T1 sequences fully comparable to the other cohort.

The MR-images were registered to the planning-CT and the
corresponding dose distributions utilizing structure-based deform-
able image registration (DIR) software (Velocity 3.2.1) with special
attention on the liver ROL. If DIR did not deliver sufficient results by
visual control (e.g., due to different breathing phase, inter-current
anatomic changes due to surgery or large slice-thickness), loco-
regional manual rigid registration was used instead. Registration
quality assurance was performed by visual assessment of the
tissue/voxel intensity overlay, the deformable warp map (displace-
ment vectors/grid) and display of the difference/displacement map
between two registered images.

Based on the image registration the volumetrically and visually
best-matching isodose (cropped to the liver, further called ISL)
compared to the MMA [10,22] was assigned to the post-SBRT
MRI dataset (Figs. 1, 2). Additionally, different isodose lines were
tested for the conformity index/DICE coefficient and the one with
the highest score has been selected.

In-vivo accuracy (IVA) analysis

For the IVA, the two generated structures (MMA and ISL) were
evaluated regarding volume and different geometric parameters
in Velocity and for independent validation with Matlab (R2016a,
The MathWork Inc, Natick, USA). The difference between the

Table 2

volumes using surface distance metrics (minimum, mean, median,
standard deviation, maximum) of the points on one surface to the
nearest point on the second structure’s surface were calculated to
indicate how geometrically close the two structures are. In addi-
tion to the surface distance metrics, the conformality index
between the two structures was calculated in order to assess the
agreement of the ISL to the MMA. The conformality in Velocity is
defined as the DICE Coefficient (denoted as conformity index
[CI]; range 0-1) of similarity and with that, a measure of structure
similarity by comparing overlap and shared volume:

 2JAnB|

=GB = A

where A is the MMA-volume, B is the ISL-volume and n is the over-
lap volume of the two contours. A CI of 0 means that the structures
do not share any volume/overlap in common and a CI of 1 means
identical structured regarding volume and overlap.

The number of voxels (%) of each structure outside the other
structure was evaluated for assessment of under- and over-
coverage of dose to response in order to estimate the homogeneity
of the planned dose response in the liver and locate regions of
potential local failures. Finally, the center-of-mass difference
(CoMD) between MMA and ISL was computed and compared in
order to assess the absolute clinical in-vivo-accuracy.

Statistical analysis

Parameters influencing IVA were statistically evaluated includ-
ing influences on conformity, mean and median surface distances,
and the 3D-CoMD between MMA and ISL. One-way ANOVA and
ANCOVA was performed to investigate the treatment technique
factor (RS vs. GS) including GTV mean dose, time to MRI after SBRT,
histology (liver primary vs. metastases of colorectal cancer vs.
metastases of other primaries), and liver volume reduction as
covariates. The statistical analysis was performed with SPSS (ver-
sion 20.0, IBM, Armonk, NY, USA) and significance was considered
at p-value <0.05.

Results
Liver volume, MRT-morphologic alterations (MMA) and corresponding
isodose volumes cropped to the liver (ISL)

A liver volume reduction was observed after RS
(—43.1 £148.2 cc) and GS (—55.8 £ 174.3 cc) making the registra-

Results of IVA analysis after SBRT with advanced motion management techniques (GS and RS). MMA = MRI-morphologic alterations, ISL = MMA corresponding isodose level,
DIBH = deep inspiratory breath hold, CoMD = center-of-mass difference, A/P = anterior/posterior, L/R = left/right, S/I = superior/inferior.

Robotic SBRT (RS) with
fiducial tracking
Mean + SD (Median)

Gantry-based SBRT (GS) with
gating in DIBH
Mean + SD (Median)

Liver volume reduction (cc)
MMA corresponding ISL (BED, Gys)
MMA volume (cc)
ISL volume (cc)
Volume difference
(MMA and ISL, cc)
Volume difference
(MMA and ISL, % of ISL)

~43.1+148.6 (—68.9)
140.0 £42.1 (134.1)
113.0 £ 76.7 (106.5)
118.2 £ 86.5 (111.9)
5.1+23.3 (3.1)

1.9+144 (3.1)

5581743 (~22.2)
71.6 £26.4 (71.1)
166.8 + 187.0 (109.8)
183.2 £198.6 (124.6)
16.5 +34.1 (8.4)

9.1+15.9 (12.1)

Mean surface distance (mm) 23108 (2.2) 2.8+1.1(2.6)
Maximum Hausdorff surface distance (mm) 27.8£39.2 (15.3) 17.4+9.3 (16.5)
Conformity-Index (CI) 0.83 £0.06 (0.83) 0.8 +0.07 (0.8)
3D-CoMD (Velocity, mm) 3.92+1.97 (3.72) 4.97 +2.62 (4.19)

3D-CoMD (Matlab, mm)
Voxel of MMA outside ISL (%)
ISL to MMA voxel decrease (%)

3.90 +1.96 (3.81)
14.8 +7.6 (14.3)
2.5+11.7 (4.5)

4.98 +2.60 (4.18)
14.8 +8.2 (13.3)
8.7 +12.9 (10.7)
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Table 3

Statistical analysis using ANOVA and ANCOVA. MMA = MRI-morphologic alterations, ISL = to MMA corresponding isodose level, CoMD = center-of-mass difference, GTV = gross
tumor volume, PTV = planning target volume, BED = biological equivalent dose, EQD2 = equivalent dose in 2 Gy fractions.

Parameter (co-variate) Conformity-Index (CI)

Mean surface distance 3D-CoMD

(MMV and ISL) (MMV and ISL, mm) (MMV and ISL, mm)
Histology 0.265 0.483 0.267
GTV 0.041 0.468 0.605
PTV 0.020° 0.557 0.753
PTV prescription BED 0.170 0.061 0.146
GTV mean BED 0.254 0.329 0.417
Prior chemotherapy 0.377 0.313 0.657
Prior radiotherapy 0.989 0.114 0.158
Whole liver volume 0.784 0.721 0.589
Whole liver EQD2 0.074 0.390 0.908
Normal liver volume 0.198 0.989 0.410
Normal liver EQD2 0.170 0.259 0.657
MRI slice thickness 0.690 0.089 0.550
Technique 0.112 0.290 0.086
Technique (histology) 0.016" (0.022) 0.038" (0.283) 0.245 (0.292)
Technique (GTV mean BED) 0.160 (0.379) 0.120 (0.489) 0.205 (0.568)
Technique (time SBRT to MRI) 0.103 (0.631) 0.088 (0.701) 0.181 (0.863)
Technique (liver volume reduction) 0.121 (0.345) 0.093 (0.211) 0.171 (0.568)

*p-values, statistically significant.

tion of the datasets (in addition to diverging breathing phases of CT
and MRI datasets) difficult for some series for the full liver volume
(Table 2). For RS the MMA of all cases was hypo-intense and for GS
the MMA was hyper-intense in eight and hypo-intense in twelve
cases on the post-contrast T1-weighted MRI, similarly to previ-
ously published observations [10,22]. The volume of the MMA
was 113.0 £ 76.8 cc (median 106.5 cc) for RS and 166.8 + 187.8 cc
(median 109.8 cc) for GS. The corresponding isodose BED (o//f = 3
for healthy liver-tissue) was 140.0 + 42.1 Gys; (median 134.1 Gys)
for RS and 71.6 + 26.4 Gy; (median 71.1 Gys) for GS, respectively.
The volume of best fitting ISL was 118.2 £86.5 cc (median
111.9cc) for RS and 183.2 £198.6 cc (median 124.6 cc) for GS.
ISL- and MMA volumes diverged by 5.1+23.3cc (RS) and
16.5 £34.1 cc (GS, Table 2).

In-vivo accuracy (IVA) analysis

The mean of the mean surface distance of MMA and ISL was
2.3+0.8 mm (RS) and 2.8 + 1.0 mm (GS). The median CI of both
structures was 0.83 (range 0.60-0.91) for RS and 0.80 (range
0.69-0.91) for GS, respectively. The Matlab-computed median
absolute 3D-CoMD was 3.8 mm (range 0.9-7.5 mm) for RS and
4.2 mm (range 1.5-9.8 mm) for GS. The mean of the relative direc-
tional errors were all well below 1 mm but for the left-right direc-
tion for RS (1.1 mm) and the standard deviation of the mean errors
were below 3 mm but for the anterior-posterior direction for GS
(4.1 mm). A median of 14.3% and 14.8% of all voxels of the MMA
were outside ISL and a median of 14.8% and 23.5% of all voxels of
the ISL were outside MMA for RS and GS, respectively. The median
voxel decrease from ISL to MMA was 4.5% for RS and 10.7% for GS
(Table 2).

Factors influencing IVA

IVA as evaluated by CI, mean and median surface distances and
3D-CoMD between MMA and ISL had no significant dependence on
the treatment technique in the ANOVA (Table 3). Not surprisingly,
however, the GTV and PTV significantly influenced the CI (p = 0.041
and p = 0.020) as larger volumes with similar overlap have a higher
CI as a consequence of the definition of the index. Otherwise, no
parameter such as histology, prescriptions or mean dose, prior
treatment, liver volume and dose or MRI slice thickness influenced
the IVA. The non-significant dependence of the IVA based on the

technique also did not change after adjusting for post-treatment
changes of liver volume, mean GTV dose or the time from SBRT
to MRI in the ANCOVA. However, using histology as co-variate,
the CI and the mean surface distance between the MMA and ISL
were significantly associated with the treatment technique
(p=0.016 and p = 0.038). This basically translates into a high aver-
age CI for primary liver tumors (0.89), a medium average CI for col-
orectal metastases (0.80) and a low average CI for other histology
metastases (0.77) for GS, which again is not surprising when look-
ing at the tumor volumes and the ANOVA in detail.

Clinical results

During follow-up, (range 3.6-74.5 months, median
13.6 months) one local recurrence (LR) was found for GS (time to
LR = 26.7 months, CoMD = 6.0 mm) and three LR were found for
RS (time to LR=38.5/20.7/9.7 months, CoMD =1.9/2.2/5.2 mm).
Based on a geometric sub-analysis we were not able to correlate
the center-of-mass shift between ISL and MMA to the location of
the LR. To the contrary, for the third LR 9.7 months after RS
(CoMD = 5.2 mm) the MMA shift was in the direction of the LR.
Therefore, the reason for the LR was based on other factors than
treatment accuracy, likely being dose for GS (PTV overlap with
the colon) or loco-regional tumor spread for all three RS LR as this
is not uncommon for colorectal liver metastases [26].

Discussion

For liver tumors, precise stereotactic body radiotherapy (SBRT)
delivery with advanced motion management techniques can have
a impact on treatment success regarding local control and toxicity
as a large multi-center analysis has recently demonstrated [2].
Post-SBRT imaging with radiation-induced changes in the healthy
liver tissue surrounding the gross tumor volume (GTV) can already
visually prove, that high doses being used in SBRT were applied
correctly. However, to our best knowledge, in-vivo quantification
of the treatment delivery precision for liver SBRT has never been
performed before.

The method, which we introduced to our best knowledge, the
first time in the literature, is a novel approach to provide detailed
in-vivo accuracy information after SBRT treatments in the liver
using dose-to-outcome registration based on follow-up imaging.
Recently, the question of the IVA has also been investigated by Jung
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et al. [27] where the authors analyzed post-SBRT changes for 29
HCC patients. They found a 3D-accuracy of their method of
5.60 mm (diaphragm guidance) and 7.53 mm (marker guidance),
which came as a surprise as diaphragm guidance had been consid-
ered to be less accurate for liver SBRT compared to direct tumor or
surrogate guidance [28,29]. Further noteworthy, their MRI-
morphologic alterations (MMA) at follow-up were not compared
to the treatment plan and the corresponding isodoses, but only
to the center of the HCC on the same follow-up MRI. Hence, no real
accuracy information could be drawn from that work as numerous
rather inaccurate assumptions were made for the actual treatment
technique. This shortcoming was overcome by our method as we
compared the intended treatment plan and isodose distribution
with the consequent MMA linking plan and outcome with each
other based on deformable registration and structure analysis.

In fact, when comparing the corresponding ISL with the MMA
we found low median volume decreases between ISL and MMA
of 4.5% (RS) and 10.7% (GS). Surely, variations in overall liver tissue
dose-response and post-SBRT variable time-to-MRI were compen-
sated for using a best-match-concept for the ISL, but still, the over-
all geometric dose calculation accuracy of both methods appears to
be striking despite the different residual delivery inaccuracies of
both methods [21,30,31] and the likelihood of non-homogeneous
liver tissue responses. Another explanation for the MMA volume
decrease compared to the ISL may be the observed liver volume
decreases after SBRT that appear to be similar to the post-
hemihepatectomy situation. The initial liver volume decrease
may however likely be reversed during later follow-up while the
MMA may disappear completely when the liver heals [32,33].

For the IVA of our active motion compensation techniques we
found mean surface distances of the ISL and MMA of <3 mm. The
median conformity index (CI) of both structures was >0.80 for both
GS and RS and the median 3D center-of-mass difference (CoMD) of
ISL and MMA was 4.2 mm for GS and 3.7 mm for RS without any
trace of systematic errors and well in agreement with technical
accuracy studies published previously [20,25,34-38]. We can
therefore safely assume that the overall treatment accuracy of
advanced active motion management with deep inspiration
breath-hold gating including ultrasound validation and fiducial-
based real-time robotic tracking is below 5 mm and that random
error components can be compensated for by a 5mm PTV-
margin accordingly. Factors influencing the IVA were gross tumor
and planning target volume and histology, though only on the con-
formity of ISL and MMA by definition of the CI and likely due to
changing liver deformability due to cirrhosis for HCC patients. On
the other hand, the 3D-CoMD was not influenced by any treatment
factor, including treatment technique, pointing once more at the
existence of random but not systematic residual error components
for RS and GS liver SBRT. However, if no advanced motion manage-
ment methods are used (e.g. ITV concepts with 4DCT and/or
motion-compression), a likelihood of higher treatment inaccuracy
must be assumed and further research about these methods is
needed and underway.

There are, of course, potential sources of error of the presented
method, which should be considered for the final interpretation of
these results. Volume changes of the tumor and/or the liver due to
post-SBRT regeneration can influence the quality of the deformable
registration. Heterogeneity in time-to-MRI, imaging protocols and
image resolution, especially slice thickness, will influence the res-
olution of the accuracy estimation. Yet regardless of heterogeneous
(RS) or homogenous (GS) MRI image resolution/protocols, the
results in both cohorts are comparable and not statistically influ-
enced by those factors. The results can additionally be influenced
by registrations errors [39,40] and inter-user contouring
differences. However, due to involvement of several centers and

multiple independent experts, we assume that this source of error
was minimized in our presented analysis.

A further possible source of inaccuracy could be introduced dur-
ing the planning procedure (matching of planning CT with the
planning MRI). Robotic SBRT plans were created primarily on
contrast-enhanced CT imaging and implanted fiducial markers.
The exhale MRI was loco-regionally registered to the tumor region.
This uncertainty however is included in the overall accuracy of the
whole delivery chain, since we specifically compared the static
dose to the actual in-vivo response and we demonstrated quite
high agreements between the shape of the isodose and the MMA,
despite all uncertainties given during treatment. Hence, we believe
that the impact on liver deformation or residual uncertainties dur-
ing treatment with the CyberKnife appears to be low. The same is
true for residual motion during DIBH gated delivery which we
demonstrated as well. There are residual uncertainties for both
methods. Residual error of the ABC-based gating is a known phe-
nomenon (baseline shift which can be corrected by daily image-
guided repositioning and inter- and intra-breath hold uncertainties
which can/should be compensated with the PTV margins). In our
paper published in the Journal this year [21] we reported a residual
superior-inferior error of less than 5 mm in 95% of the cases based
on ultrasound-based online monitoring of the breath-holds. The
IVA analysis mirrors this situation and for some cases, where lower
IVA was observed, a delivery miss can be suspected in some
fractions.

In summary, both techniques have impressively shown median
deviations <5 mm of the planned isodoses cropped to the liver and
matched to the MRI-morphologic alterations observed during first
follow-up. Furthermore, the IVA has also shown a few patients
with larger errors than 5 mm, clearly raising again the question
for patient-specific safety margins for the dose application during
motion-compensated SBRT [21,25]. Yet the clinical outcome analy-
sis revealed no correlation between local recurrence and in-vivo
accuracy at the levels observed in this analysis. Hence, other fac-
tors (e.g. lower prescription, mean or maximum dose [4] or micro-
scopic loco-regional lesion recurrence [26] may be alternative
explanations for local treatment failure and may have a higher
influence on treatment success than the minimal inaccuracies of
motion-compensated dose application with GS/RS SBRT.

For the first time, a method for dosimetric in-vivo accuracy
assessment for motion compensated liver stereotactic body radio-
therapy with gantry-based gating and robotic-based tracking
delivery is presented. The observed data can serve as a benchmark
for other application techniques. Potential sources of error (e.g.
volume changes of the tumor and/or liver, temporal/biologic mod-
elling of in-vivo reaction of healthy tissue to the delivered dose,
image resolution, registration errors, inter-user contouring differ-
ences) have to be considered and may potentially limit the quality
of the results, but both techniques have impressively shown med-
ian deviations <5 mm from the planned isodoses to the MRI-
morphologic alterations noticed during first follow-up.
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