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Abstract

Purpose For step-and-shoot robotic stereotactic radiosurgery (SRS) the dose delivered over time, called local tumor-
dose-rate (TDR), may strongly vary during treatment of multiple lesions. The authors sought to evaluate technical param-
eters influencing TDR and correlate TDR to clinical outcome.

Material and methods A total of 23 patients with 162 oligo (1-3) and multiple (>3) brain metastases (OBM/MBM) treated
in 33 SRS sessions were retrospectively analyzed. Median PTV were 0.11cc (0.01-6.36¢cc) and 0.50cc (0.12-3.68 cc) for
OBM and MBM, respectively. Prescription dose ranged from 16 to 20 Gy prescribed to the median 70% isodose line. The
maximum dose-rate for planning target volume (PTV) percentage p in time span s during treatment (TDR; ;) was calculated
for various p and s based on treatment log files and in-house software.

Results TDReominoss% was 0.30 Gy/min (0.23-0.87 Gy/min) for OBM and 0.22 Gy/min (0.12-0.63 Gy/min) for MBM, respec-
tively, and increased by 0.03 Gy/min per prescribed Gy. TDRgominos% strongly correlated with treatment time (p=-0.717,
p<0.001), monitor units (MU) (p=-0.767, p<0.001), number of beams (p=-0.755, p<0.001) and beam directions
(p=-0.685, p<0.001) as well as lesions treated per collimator (p=-0.708, P<0.001). Median overall survival (OS) was
20 months and 1- and 2-year local control (LC) was 98.8% and 90.3%, respectively. LC did not correlate with any TDR,
but tumor response (partial response [PR] or complete response [CR]) correlated with all TDR in univariate analysis (e.g.,
TDRegominos%: hazard ration [HR]=0.974, confidence interval [CI]=0.952-0.996, p=0.019). In multivariate analysis only
concomitant targeted therapy or immunotherapy and breast cancer tumor histology remained a significant factor for tumor
response. Local grade >2 radiation-induced tissue reactions were noted in 26.3% (OBM) and 5.2% (MBM), respectively,
mainly influenced by tumor volume (p<0.001).

Conclusions Large TDR variations are noted during MBM-SRS which mainly arise from prolonged treatment times. Clin-
ically, low TDR corresponded with decreased local tumor responses, although the main influencing factor was concomitant
medication.
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Introduction

Stereotactic radiosurgery (SRS) is considered standard ther-
apy for oligo (1-3) brain metastases (OBM) [1-3]. The
treatment of multiple (>3) brain metastases (MBM) with
SRS vs. whole-brain radiotherapy (WBRT) is subject to de-
bate [4-6]. Some studies suggested that not the number of
metastases but clinical factors like performance status, his-
tology and extra-cranial manifestations are leading survival
factors [6, 7]. Furthermore, for melanoma (MLA), non-
small-cell-lung-cancer (NSCLC), breast-cancer (BC) and
renal-cell carcinoma (RCC) and concomitant with targeted
therapy or immunotherapy (TT/IT) there is now sufficient
evidence of efficacy and safety for MBM-SRS [8-11].

Nonetheless, technical challenges for MBM-SRS remain
which include dose delivery over time to all tumor cells
and simultaneous minimization of healthy brain dose. To
achieve this, precise treatment delivery with small safety
margins and numerous beam directions and/or isocenters to
create steep non-intersecting dose gradients are necessary
[12]. However, the treatment complexity will automatically
increase treatment time, which in turn will decrease the dose
delivered to certain tumor cells within certain time spans.
This phenomenon is called tumor-dose-rate (TDR) effects,
which are loco-regional effects derived from dose-accumu-
lation differences during treatment. Ultimately, the dose to
most tumor cells (e.g., 98% [13, 14]) in the gross tumor
volume (GTV) or planning target volume (PTV) will reach
the planned minimum dose (e.g., 16-20Gy). However, for
the dose delivered in, e.g., half the treatment time the situ-
ation may be different when some cells may have already
received the planned dose while other cells may have not
even reached the dose by far.

Biologically, the TDR phenomenon translates into the
possibility of tumor cells receiving dose over longer peri-
ods of time to repair radiation-induced DNA damage dur-
ing prolonged treatment. This has been reported for healthy
cell lines [15, 16]; however, for tumor cells the reports
are somewhat inconclusive. One in-vitro analysis found
no differences in tumor cell responses for long-pulsed vs.
short-burst dose delivery [17]. Another study even found
that intermittent irradiation significantly reduced the sur-
vival of glioblastoma cells compared with continuous ir-
radiation [18]. On the other hand, TDR effects have been
reported for Gamma Knife SRS (Elekta, Stockholm, Swe-
den), where changes in treatment plan complexity can in-
fluence treatment time and hence biological equivalent dose
(BED) when including treatment time components [19, 20].

In contrast, the main problem for CyberKnife SRS (Ac-
curay, Sunnyvale, USA) arises from step-and-shoot delivery
and regional-dose-rate effects have been reported for poten-
tial treatments of atrial fibrillation where healthy cells are
targeted and dose-rate differences are expected to manifest
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clinically [21]. Regardless, there is a clear lack in clinical
data for in-vivo tumor configurations and the authors at-
tempted to overcome this shortcoming by investigating the
TDR phenomenon for CyberKnife MBM-SRS.

Material and methods
Patient and treatment characteristics

All MBM-SRS cases treated between 11/2011 and 08/2017
were retrospectively selected. This group consisted of
18 patients with 143 metastases treated in 22 SRS ses-
sions (4-20 metastases/session). After adding the OBM-
SRS treatments of the same patients (n=3), OBM-SRS
cases were randomly added from the matched tumor vol-
ume and dose range treatment database until 2:1 session
split between MBM and OBM was reached. The OBM
cohort then consisted of eight patients with 19 brain metas-
tases treated in 11 SRS sessions (1-3 metastases/session).
Overall, 23 patients with 162 brain metastases treated in
33 SRS sessions were analyzed. Primary tumor histology
was NSCLC (n=10), MLA (n=8), BC (n=4) and RCC
(n=1).

Median single and cumulative PTV/session (GTV
+ 0-1mm) were 0.10cc (0.01-4.64cc) and 1.77cc
(0.17-13.66¢cc) for MBM and 0.49cc (0.11-3.58cc) and
0.83cc (0.11-4.07cc) for OBM, respectively. PTV Dogg,
ranged from 16 to 20Gy (median, OBM=20Gy and
MBM=18Gy) prescribed to the median 70% (59-83%)
isodose line. For all cases between one and four fixed
cylindrical collimators of 5-15mm diameter were used de-
pending on size, shape, location and number of metastases.
Treatment plan optimization was performed according to
best practice guidelines [22, 23], which included GTV
mean dose optimization [24] wherever necessary and ded-
icated minimization of healthy brain volume receiving
3-12Gy [25] in a trade-off against treatment time. Ses-
sion treatment times as captured by log files were median
104 min (36-226 min) for MBM and 60min (23—-123 min)
for OBM, respectively.

Additional WBRT was given prior to nine sessions
(40.9%) for MBM and five sessions (45.4%) for OBM,
respectively, yet not within 3 months of SRS. Additional
TT/IT [8], chemotherapy and no additional therapy within
30 days of SRS was given for 11, 12 and 10 SRS sessions,
respectively (Table 1).

Tumor-dose-rate calculation
To calculate TDR, the treatment data (system calibration

files, treatment planning files including planning CT and
beam configurations, and treatment log files including spe-
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Table 1 Patient and treatment characteristics

Total %
Patients 23 100
OBM group 5 21.7
MBM group 15 65.2
Both groups 3 13.1
Lesions 162
OBM group 19 11.7
MBM group 143 88.3
SRS sessions 33 100
OBM group 11 333
MBM group 22 66.6
Lesions/session 1 6 18.2
2-3 5 15.1
4 9 27.3
5-6 7 21.2
7-9 3 9.1
>10 3 9.1
Gender Male 7 304
Female 16 69.6
Age Median (range) in years 63 (39-82)
Single PTV OBM group Median (range) in cm? 0.49 (0.11-3.58)
MBM group Median (range) in cm? 0.10 (0.01-4.64)
Cumulative PTV OBM group Median (range) in cm? 0.83 (0.11-4.07)
MBM group Median (range) in cm? 1.77 (0.17-13.66)
PTV Do OBM group Median (range) in Gy 20 (18-20)
MBM group Median (range) in Gy 18 (16-20)
PTV Dmax OBM group Median (range) in Gy 27.0 (24.1-29.0)
MBM group Median (range) in Gy 25.8 (23.1-29.0)
Prescription isodose OBM group Median (range) in % 73 (68-83)
MBM group Median (range) in % 70 (59-78)
Beams/lesion OBM group Median (range) 118 (69-254)
MBM group Median (range) 36 (8-139)
MU/lesion OBM group Median (range) 11877 (7482-22,560)
MBM group Median (range) 5569 (426-20,755)
Treatment time OBM group Median (range) in min 60 (23-123)
MBM group Median (range) in min 104 (36-226)
WBRT before SRS OBM group 5 45.5
MBM group 9 40.9
Concomitant therapy OBM group TT/IT 4 36.4
Chemotherapy 4 36.4
No therapy 3 27.2
MBM group TT/IT 7 31.8
Chemotherapy 8 36.4
No therapy 7 31.8

OBM Oligo (1-3) brain metastases, MBM multiple (=4) brain metastases, SRS stereotactic radiosurgery, PTV planning target volume, MU monitor
units, WBRT whole brain radiotherapy, 77/IT targeted therapy/immunotherapy
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cific beam-on times) was imported into an in-house plan-
ning system (eCKP, version 2.1) [21, 26]. The authors then
recalculated the accumulative dose for each PTV voxel for
every minute over the whole treatment course.

For time span s (in minutes) and voxel v and any time
point ¢ (in minutes) during treatment the TDR is defined as:

TDR (s,v,t)
_ ACCDOSE (v,1) —ACCDOSE (v, 1 - s) (D
s

(in Gy/min)where ACCDOSE(v,t) is the accumulative dose
of voxel v at time point 7. For time span s and each voxel v
the maximum TDR is defined as:

TDR(s,v) = max_ (TDR (s,v,t)) 2)
s<t=<

where T is the total treatment time (in minutes). Since it is
difficult to assess each voxel separately, the authors further
calculated the maximum TDR for a percentage of the PTV
(i-e., 50% or 98%). In other words, they calculated the TDR
for which 50% or 98% of the voxels reach at least a certain
TDR at any time span during treatment. For time span s
and PTV percentage p (range, 0—1) the TDR is defined as:

TDR (s, p) =TDR/(s,|PTV]|*(1-p)) 3)

with TDR'(s,v:)< TDR'(s,v;+ ;) and |PTVI is the amount of
PTV voxels v. If the TDR is sorted according to its values
as demanded by Eq. 3 one can also display the TDR as a tu-
mor-dose-rate histogram for any given time span s. Specific
clinical relevant time spans (s = 20, 40, 60, 80, 100, 120 min)
[15-20] and PTV percentages (p=0.50, 0.98) were then
considered for TDR analysis. For simplicity the authors
refer herein to tumor-dose-rate always as TDR;;, in combi-
nation with time span s and PTV percentage p of specific
brain metastases. For all TDR;, with time spans s> T they
specified:

TDR>T,, = TDRr,, “)

Technical and clinical treatment parameters

The authors analyzed TDR;, dependence on: (a) treatment
time and sub-parameter (treated lesions, beam directions,
beams/metastasis and monitor units [MU]), (b) prescrip-
tion dose and sub-parameter (absolute dose, prescription
isodose and maximum dose) and (c) metastasis properties
and sub-parameter (total or single metastasis volume and
average radiologic depth/beam to metastasis). Furthermore,
two parameters were introduced to describe the relation of
the selected collimators to each treated metastasis. A vol-
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ume parameter was specified according to the effective dose
sphere of each collimator based on its diameter in the center
of the metastasis treated in relation to the PTV and defined
Wblume aS:

Wvolume = %
(%)

&)

where c is the collimator targeting the PTV with diame-
ter d. (in millimeters). Furthermore, a treatment planning
parameter was specified according to the mean number of
lesions targeted per collimator for collimators ¢ targeting
the specific PTV and defined wcouimaror as:

> (IPTV)
Wcollimator = R (6)
||

where |PTV,| is the number of PTVs targeted by collima-
tor ¢ and Icl is the number of collimators used for the PTV.
In order to correlate TDR;, to clinical outcome, TDR;,
combinations were analyzed as described above in rela-
tion to the RECIST (Response Evaluation Criteria in Solid
Tumors) classifications during first (3 months) and overall
follow-up under consideration of clinical parameters poten-
tially influencing local control such as simultaneous TT/IT
or chemotherapy, prior WBRT and dose [8, 27, 28].

Follow-up and statistical analysis

All patients received magnetic resonance imaging (MRI)
identical to treatment planning according to best practice
at 68 weeks and 3/6/9/12 months after treatment and ev-
ery 6 months thereafter [1]. For this work, the final fol-
low-up was performed 04/2019 to capture long-term TDR
effects. Local response assessment was performed using
RECIST, classified into complete response (CR), partial re-
sponse (PR), local stable disease (SD) and local progressive
disease (PD). Local response assessment included the dif-
ferentiation of PD and radiation necrosis (RN) according to
standard practice [27].

Local control (LC) and overall survival (OS) were esti-
mated using the Kaplan-Meier method with SPSS (v20.0,
IBM, Armonk, USA). For modeling dependencies between
TDR and plan parameters, Spearman’s rank correlation co-
efficients (p) using SPSS and coefficients of determination
(R?) from linear and power regression using Excel (v2007,
Microsoft, Seattle, USA) were calculated. Univariate anal-
yses using Cox proportional hazard regression models were
performed to investigate the patient disease characteristics
and dosimetric parameters as predictors of OS, LC (CR
or PR or SD), local tumor response (CR or PR) and RN.
For Cox regression censoring was done at last follow-up
and for LC, local tumor response and RN also at time of
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death. Stepwise forward conditional methods were further
performed in multivariate analysis incorporating variables
that were found to be significant (p<0.05) in univariate
analyses.

Results
Tumor-dose-rate results

The TDR,, was mainly dependent on time span s rather than
on PTV percentage p (Fig. 1) and varied strongly between
patients and metastases within the same patient. The median
TDR;, decreased from 0.34Gy/min (0.19-0.91 Gy/min)
for TDRoomings% to 0.17Gy/min (0.11-0.86 Gy/min) for
TDR 120min 9s%, While the difference between median TDR; 504
and TDR; 034 was reduced from 0.09 Gy/min for TDRomin,p t0
0.03 Gy/min for TDR 120minp. The overall median TDReomin08%
was 0.23Gy/min (0.12-0.87 Gy/min) while the median
TDR 6omin 8% Was 0.22 Gy/min (0.12-0.63 Gy/min) for MBM
and 0.30Gy/min (0.23-0.87 Gy/min) for OBM, respec-
tively.

Treatment parameter correlation

TDRs0% correlated slightly better with all parameters than
TDR; 9% (mean p=0.422 vs. p=0.380) and the mean corre-
lation increased between s = 20-80min. For data compres-
sion the authors present TDRgominos% as an example, which
showed the highest correlation over all parameters. They
noticed slight linear mean increases of 0.03 Gy/min per
prescribed Gray (Fig. 2a, R2=0.95), although TDReomin,es%
was not affected by maximum dose (Fig. 2b, R?=0.02
and p=-0.037 with p=0.636). Furthermore, they found
strong correlations between TDRgominogs and treatment
time (Fig. 2c, R?=0.84 and p=-0.717 with p<0.001)
with a plateau of 0.22 Gy/min with s=80min. The sub-
parameter also correlated well with MU (Fig. 2g, R>=0.82
and p=-0.767 with p<0.001), number of beams (Fig. 2f,
R?=0.80 and p=-0.755, p<0.001) and beam directions
(Fig. 2e, R*=0.93 and p=-0.685, p<0.001). For the num-
ber of beam directions the authors saw strong differences
for the TDR between <95 and 95-110 and >110 beam
directions. Furthermore, they noticed strong correlations
between TDRegominos and the number of treated lesions
with notable mean TDRgominos% decrease for OBM and for
MBM between <4 and >4 metastases (Fig. 2d, R?=0.85).
Otherwise, the cumulative and single PTV, number of
beams and MU per lesion did not correlate with TDR eomin 98%
(Fig. 2f-h, R?<0.05 and p=10.022-0.263, p=0.001-0.782),
while the ratio of the values per lesion to the cumulative val-
ues correlated weakly (Fig. 2i and p=0.358/0.546/0.492,
p<0.001). Furthermore, neither the averaged radiologi-
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Fig. 1 Overlay plot of tumor-dose-rates (TDR) with variable time
span s for planning target volume percentages 50% (a) and 98% (b).
Large differences can be seen for TDR20minx%, With highly variable
and unpredictable TDR reductions for longer time spans

cal beam depth nor wyum. correlated with TDReominos%
(Fig. 2k/l and p=-0.067/0.139, p=0.078/0.398). Lastly,
Weotimaror correlated well with TDRgominose (Fig. 2m and
p=-0.708, P<0.001) and notable mean TDR decrease
between <4 and >4 lesions per collimator was observed.

Clinical outcome correlation

Median OS was 20 months and OS at 1 and 2 years was
60.6% and 38.7%, respectively. NSCLC patients had the
worst OS (HR=3.152, CI=1.937-5.129, p<0.001). Five
MBM patients with 25 metastases could not be radiologi-
cally evaluated due to early demise after SRS. Otherwise,
median follow-up was 17.3 months (2.3—40.2 months) for
MBM and 38.2 months (4.3-77.5 months) for OBM, re-
spectively. Overall crude and actuarial 1-year and 2-year
LC was 94.9%, 98.8% and 90.3%, respectively (Fig. 3),
with one field-border recurrence for OBM (5.3% of 19 le-
sions) and one field-border and five in-field recurrences for
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MBM (5.1% of 118 lesions). No correlation was found be-
tween any parameter, including TDR, and LC (Table 2),
although the events are limited.

Local response as defined by CR/PR at first (6—8 weeks
after SRS) and any follow-up were 47.5% and 61.0% for
MBM and notably higher with 68.4% and 73.7% for OBM,
respectively. Local responses at any follow-up for SRS
with concomitant TT/IT, chemotherapy or no therapy was

@ Springer

81.7%, 54.2% and 35.7%, respectively. For overall follow-
up, mean TDReominose Was higher with 0.28 £0.17 Gy/min
for responding (CR/PR) vs. 0.23 +0.12 Gy/min for non-re-
sponding (SD/P) metastases, although mean TDReominosa
was not notably different in the sub-groups (CR=0.27,
PR=0.31, SD=0.22, P=0.24Gy/min). Univariate analy-
sis showed significant correlations for local response with
almost any TDR, but also with dose (Dmax and Dogs), con-
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comitant therapy and primary tumor histology (Table 2). In
multivariate analysis concomitant therapy with TT/IT and
breast cancer as primary histology remained significant.
RN (grade =2) occurred for six metastases (5.2% of 118
lesions) for MBM and for five metastases (26.3% of 19 le-
sions) for OBM, although there was no relevant difference
for TDReominos% between the RN (0.27+£0.07 Gy/min) and
non-RN (0.26 +0.12 Gy/min) group. The statistical analysis
showed only target volume as a significant factor for RN
(Table 2), albeit with small relative effects (HR=1.001,
CI=1.0005-1.0012, p<0.001). Three of the local reactions
(two in one patient simultaneously) needed to be operated,
but otherwise other grade >3 side effects were not noticed.

Discussion

For the first time, the authors demonstrated high local
TDR variations for CyberKnife stereotactic radiosurgery.
They found that maximum dose delivered over certain time
frames during treatment is notably lower for multiple (>3)
brain metastases as compared to oligo (1-3) brain metas-
tases. This may translate into the possibility for some tumor
cells to repair DNA damage during prolonged treatment
and to re-populate to form local tumor recurrences. While
DNA repair in prolonged dose delivery is well described
for normal cell types [15, 16], in-vitro studies for tumor
cell lines showed none or even opposite effects [17, 18]. On
the other hand, BED simulations which included treatment
time components have shown negative impacts of more
complex treatment plans and hence prolonged treatment on
tumor control [19, 20].

However, all studies lacked clinical outcome data cor-
relation and the authors found that the in-vivo response
of brain metastases after SRS is notably different if the
TDR during treatment is lower. Explicitly for locally
responding metastases (complete/partial remission) they
found higher mean TDReominos% 0of 0.28+0.17 Gy/min vs.
0.23+0.12Gy/min for non-responding metastases (local
stable/progressive disease). This difference was similar
in short- and long-term response. However, while their
analysis may point to clinical influences of TDRs during
treatment, they were not able to directly correlate low TDR
with sole local progression due to low recurrence rates
in their cohort. To some extent, this might be explained
by shorter follow-up in the MBM group. The results may
also be influenced by concurrent medication where the
combination with TT/IT showed higher response rates as
compared with concurrent chemotherapy or no concurrent
medication. The synergistic effects of combined SRS and
TT/T are well described [8—11, 28, 29], although local
response is often not presented in greater detail. Addition-
ally, local control is often correlated to dose and lesion
volume, but the authors did not see any dose or lesion
and/or volume based response differences in their analysis,
which might be explained by GTV mean dose optimization
[24, 30, 31].

Technically, the TDR variations were also not correlated
with lesion volume(s), depth of the lesion or any volumetric
ratio or parameter. This may point to the possibility that the
TDR can be kept constant with various collimators regard-
less of lesion size and location, limiting this statement to
the lesion volumes presented in this work (0.01-4.64cc).
On the other hand, TDR variations were mainly driven by
treatment time and each sub-factor like number of treated

@ Springer



Strahlenther Onkol (2021) 197:581-591

588

QOUBOYTUSIS [EOTISIIRIS

[BAIIUT 90USPYUOD 7)) ‘onjer prezey yg ‘Aderspounuruar/Aderoyy
paesie) 7/ ‘Aderoyiowayd oway)) ‘190URD JseAIq DG ‘BWOUB[OW Y7y Iodued Juny [[2o-[[ews-uou )7HSN ‘Aderoyiorper ureiq ajoym ygm ‘Qunjoa 1931e) Sutuueld A4 ‘deI-osop-lowny yd.L

(suou ‘sa

£€9°0 (921°6-890°0) 065°0 #S20°0 (008°0-6£0°0) SL1°0 %€00°0 (L89°0~CST°0) €2€°0 8960 (Kmuyuy) 100°0> LI/LL) AdeIoy) 9AneAIasuo))
(ouou sA

L80°0 (920°01-958°0) 0£6'C - - 6160 (€9L°1-€€5°0) 0L6°0 9200 (6£°001-L¥E 1) 0€9°T1 owayd) AdeIay) AATIEAIISTIOD)
0¥T0 (8€8'1-880°0) £0+°0 «7€0°0 (6LL'OT-IEL'T) L1 #6000 (68€'8-85€'T) SLE'E 1250 (0ST'87—1+1°0) T09°C (VTN "sA Og) AS0[01sTH
060°0 (E€T'1-550°0) 09T°0 890°0 (#18°L1-€06°0) 010" #700°0 (#98'8-L0S'T) SS9°€ 601°0 (878'16-CL9"0) €06°S (VTN "sA OTTOSN) A30[0ISTH
9IS°0 (106'S-01+°0) SSS'1 - - 61€°0 (L66'1-86L°0) T9T'1 LT0 (0LE'TT-69T°0) TSP'T (ouou sa xoud) 1IGM
€L0°0 (SE0'T-691°0) 969°0 680 (LSO'T-€2+°0) 699°0 %C€0°0 (+86'0-CIL°0) LES'O 88L°0 (L09'T-S€£5°0) 8260 N AL
11€°0 (061'T-6L5°0) 0£8°0 7690 (OIL'1-S¥1°0) €L8°0 #700°0 (0£6'0-289°0) 96L°0 786°0 (66L'1-€95°0) LOO'T %860 ALd
«100°0>  (Z100°1-S000°T) 100'T - - 690°0 (000" 1-666'0) 000 SLLO (100 1-6660) 000 Ald
969°0 (8€0°1-9L6°0) 900°1 7€6°0 (188'2-91€°0) $S6°0 %€20°0 (L66'0—+96°0) 086°0 89€°0 (S¥0'1-688°0) #96°0 (os Ty,
6£8°0 (1%0'1-896°0) #00'1 995°0 (166'7—S1+°0) 0¥ %6200 (866'0—196°0) 6.6°0 79¢°0 (1S0'1-1.8°0) LS6°0 (86U 0zY ],
6190 (6£0°1-LL6°0) 8001 Se8°0 (L9'€-99€0) LTI'1 %0200 (L66'0-196°0) 6L6°0 0S€°0 (0S0'1-1.8°0) 956°0 (05 00Y ],
TLLO (€70 1-696°0) SO0 L850 (SEL'T-691°0) 089°0 %520°0 (L66'0-856°0) 8L6'0 €0 (8S0'1-¢S8°0) 6¥6°0 (%86 MM00D YT,
6£5°0 (Tr0'1-6L6'0) 0101 0160 (OLT'T-€€8°0) 066°0 #610°0 (966'0-096°0) 8L6°0 S0€°0 (TSO'1-158°0) 9¥6°0 (%050 Y,
92L'0 (SH0'T-0L6°0) LOO'T 778°0 (177 1-6£9°0) 096°0 #€20°0 (L66'0-956°0) 9L6°0 SLTO (S90'1-€08°0) +26°0 (%860,
7L9°0 (PO 1-€L6°0) 800'1 879°0 (E1T'1-92L°0) 6£6°0 #1100 (#66°0-€56°0) €L6°0 SLTO (ISO'T-18°0) 0¥6°0 (%0509,
S€8°0 (9%0'T-796°0) #00°1 008°0 SIF'1-79L°0) 1701 #610°0 (966'0-2S6°0) ¥L6°0 192°0 (650'1-608°0) ST6'0 (%8609,
€50 (870 1-9L6°0) 1101 w90 (P11 1-+08°0) 656°0 %9000 (2T66'0—€S6°0) TL6'0 L9T0 (170 1-+98°0) 6¥6°0 (e0smmon Y,
£€99°0 (0S0'1-0L6°0) 600°1 vIv°0 (1LE'1-8L8°0) L6O'T #7100 (S66'0—+56°0) ¥L6°0 S9T°0 (0S0'1-L£80) 8€6°0 (686 On Y,
LTE0 (I%0'1-L86°0) ¥10°1 €€9°0 (080°1-188°0) SL6°0 %6000 (S66'0—896°0) T86°0 01$°0 (SE0'T—€£6°0) £86°0 6050y,
89%°0 (Tr0'1-186'0) 1101 9L°0 (E1T°1-+98°0) 186°0 %6100 (L66'0—L96°0) T86°0 0rr0 (6£0°T-L16°0) 9L6°0 (686 0Ty,

onfep-d (10) ¥H onfep-d (10) ¥H onfep-d (1D) ¥H onfeA-d (12) ¥H

UOoISSaIZaI X0
sisA[eue QJeLIBATUN)
Uo1oBaI dNsST [800]

uoISsaIZaI X0 SISA[eUR 9JRIIBAINIA]

asuodsar [0

uoIssaI3ar xo)
SISATeuR QeLIeATU)
asuodsar eo0

uoISsaI3a1 X0
SISATeUR Q)eLIBATU()
[0TUO0D [e20]

aSIMLY10 P2JpoIpUl JoU Ji
upipaul > *sa Z s4a1ownivd 11y

SISA[eue QJELIBAI)[NWI PUB QJELIBAIU() T 3|qeL

pringer

AN



Radiosurgery Tumor-Dose-Rate Variations

589

lesions, beams and beam directions as well as MU. This
comes as no surprise as the CyberKnife treatment time can
be split into equal thirds between imaging, robot motion and
beam delivery time [21], which directly correlates to num-
ber of beams, directions and MU, respectively. Especially
the number of beam directions (robot motion time), even
with optimized robot path traversal, is highly correlated to
TDR with strong differences between <95 and 95-110 and
>110 directions. However, a large number of directions and
beams are needed in order to avoid hotspots between le-
sions and to ensure low exposure of healthy brain tissue [23,
32-34], and a further increase in the CyberKnife working
space [35] will only worsen this specific problem. One pos-
sible solution may be reduced imaging frequency, although
the authors already adapted the frequency to the patient
position stability during treatment and a further decrease
may significantly affect treatment accuracy [36]. Another
solution may come from increased linear accelerator dose-
rates, but a change from our 800 MU/min linear accelera-
tor to 1000 MU/min would have only resulted in a 4-min
averaged treatment time reduction and a further increase in
MU/min is currently not feasible for the small accelerator
head.

Surely, one may switch altogether to different platforms
with much higher dose-rates, but the in-treatment accuracy
and possible dose gradients for intracranial SRS appear to
still be inferior with c-arm based linear accelerators as com-
pared to dedicated SRS systems [12, 23, 33, 34]. On the
other hand, c-arm based systems are capable of deliver-
ing dose during gantry rotation, which decreases treatment
time tremendously. The newer CyberKnife version may
also enable this option [37], although it seems question-
able whether this technique is feasible for multiple lesions
treated simultaneously and further developments are surely
necessary. Additionally, the use of multi-leaf-collimators
for the CyberKnife (InCise, Accuray) [38] may not result
in adequate dose distributions for multiple small metas-
tases as compared to cylindrical cones despite significantly
reduced treatment times [39]. Furthermore, not even the
use of the dynamic Iris collimator (Accuray) [40] may be
able to resolve TDR variations as the necessary MU will be
higher due lower output factors for the smallest field sizes
[41], and the beam repositioning towards multiple lesions
in every direction may obliterate the benefits of reduced
robot motion time with a single collimator, pending further
investigation. Additionally, most metastases in this evalu-
ation were targeted by the 5-mm fixed collimator and for
this field size the IRIS collimator is not advisable due to
field size reproducibility concerns.

A real reduction of TDR variations may be achieved
by smart collimator selection and plan splitting based on
geometric regions of the metastases. The present results in-
dicate that the use of single collimators for >4 lesions will

notably decrease TDR. Since multiple collimators are ben-
eficial for plan quality [25], the collimator selection and
delivery sequence could be optimized. However, this has
already been performed in the present cohort to the extent
possible and since the smallest field size (Smm) is used
for most lesions this option may be limited. On the other
hand, plan splitting with only few brain metastases per plan
or even per day may be feasible [42], and the authors now
use this possibility whenever the integral brain dose does
not unreasonably increase. Other methods for increasing
TDR may come from increased prescription dose, which
is of course bound to healthy brain dose limits, and from
fractionation based on isotoxic planning [43], although this
would only reduce the actual MU per session and hence
affect only one third of the treatment time. A truly viable
solution to the problem of low TDR during treatment may
therefore only come from sequential beam delivery per ac-
tual treated target [21]. However, this will of course increase
the overall treatment time due to the higher robot travel re-
quired, which could then be countered by dose delivery
during robot motion as already discussed [37].

Limitations to the present analysis include the sample
size (23 patients with 162 brain metastases), especially in
the sub-groups, the mono-centric and mono-planner per-
spective, even though planning was based on international
best practice guidelines, and the retrospective nature of
the clinical response evaluation, even though the authors’
database was designed as a prospective register. Further
limitations are bound to the nature of the patients’ diseases
and the resulting limited life expectancy after developing
multiple brain metastases. Hence, the statistical analysis
for local control and response may be influenced by high
censoring due to patients’ early demise. In the future and
with higher sample sizes, the use of cumulative incidence
functions under considerations of competing risks may be
considered for analysis instead of the generally widely used
Cox regression. Finally, further prospective analysis within
multi-center cohorts which are based on the suggested op-
timization strategies for low TDR are necessary.

Conclusion

Large TDR variations are noted during robotic SRS of mul-
tiple brain metastases which mainly arise from prolonged
treatment times due to treatment complexity. Clinically, low
TDRs corresponded with decreased local tumor responses,
although the main influencing factor was concomitant med-
ication. Optimization of the TDR may solely come from se-
quential beams per lesion dose application, pending further
investigation in multi-center cohorts.
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