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INTRODUCTION

Brain metastases accounted for more than half of

ABSTRACT

Background: To explore the feasibility of three radiotherapy techniques to realize
simultaneous modulated accelerated radiation therapy for elective brain (SMART-
Brain) in patients with 1-3 brain metastases. Materials and Methods: Intensity
modulated radiation therapy (IMRT), volumetric modulated arc therapy (VMAT) and
helical tomotherapy (HT) were utilized to design radiotherapy plans for 20 patients
with 1-3 brain metastases from lung cancer who underwent SMART-Brain, and the
dosimetry parameters of the target volume and organs at risk (OARs) were compared.
Results: For planning gross tumor volume (PGTV), Dogy, (near minimum)and conformity
index (Cl) of VMAT plan were significantly better than IMRT plan. For the planning
target volume 1 (PTV1), HT plan provided better Dogy, D2% (near maximum dose), Vg,
(target volume percent of 30Gy dose covering) and Cl. In terms of the expose dose of
hippocampus, HT plan had advantages in Dmean (mean dose), and its Dmax
(maximum dose) was equivalent to VMAT plan, which was better than IMRT plan. HT
and VMAT plans had a lower Dmax of optic chiasm, and VMAT plan was better in
terms of dose limitation of scalp. In terms of lens protection, IMRT and VMAT plans
were better than HT plan. There was no statistical difference in other dosimetry
parameters. Conclusion: For most patients, all three radiotherapy techniques met
clinical requirements. VMAT and HT plans were superior to IMRT plan. It was
recommended that VMAT or HT radiotherapy techniques should be selected to
implement SMART-Brain according to the local reality of the radiotherapy facilities.

submillimeter size of brain metastases could not be
accurately diagnosed and located. So WBRT was
proverbially used in radiation therapy for brain

all brain tumors and were the most common brain
tumors in clinical practice (). Approximately 20% of
tumor patients developed brain metastasis in the
process of disease, most of which occurred in patients
with pulmonary carcinoma, mammary carcinoma,
melanoma or colorectal carcinoma (@). Especially for
pulmonary carcinoma, brain metastases were
extremely common at different stages of their
diagnosis and treatment, rising from 10% at the first
visit to 60%~80% two years later. Therefore, brain
metastasis was an important factor affecting the
quality of survival of patients 3-4.

Radiotherapy was the main treatment for brain
metastases. The current realization methods mainly

included whole brain radiotherapy (WBRT),
stereotactic radiosurgery (SRS), whole brain
radiotherapy combined with stereotactic

radiosurgery (WBRT+SRS) and whole-brain radiation
therapy with a simultaneous integrated boost
(WBRT+SIB) 5-6),

For current

image quality, millimeter or

metastases. On the other hand, it made doctors
realize that it could cause varying degrees of
cognitive impairment (7). Thus, The doctors’ concept
had also gradually changed: for 1-4 newly diagnosed
brain metastases, SRS has more advantages over
WBRT and does not increase neurocognitive toxicity
with no marked differences in overall survival
(0S) & 9. Cochrane's meta-analysis of previous
randomized controlled clinical trials showed that
WBRT+SRS improved intracranial localization,
reduced new intracranial lesions, but failed to
improve OS, and had a larger probability of declined
learning and memory ability compared with patients
receiving SRS alone (10),

It was necessary to continuously improve the
control rate of brain metastases, but also to ensure
the cognitive function and hearing of patients, so as
to improve the patient's existence quality. It was
proved that short-term and late-term memory
decline, and neurocognitive dysfunction was mainly
caused by functional impairment of the hippocampus
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caused by high-dose radiotherapy (11-13). Tinnitus,
dizziness, sensory deafness and hearing loss after
WBRT were related to the high expose dose of the
cochlea (14, Moreover, brain metastases were more
likely to occur in the cerebral cortex, subcortical area
and corticomedullary junction, while the probability
of brain metastasis in the hippocampus and cochlea
was very small (15-17), Therefore, the protection of
hippocampal function during WBRT named as
hippocampus-avoidance whole brain radiotherapy
(HA-WBRT) had become a research hotspot in recent
years (18-20),

As the cerebral cortex and cranial nerves were
late-response tissues with slow cell proliferation and
insensitivity to radiotherapy, they can safely tolerate
a certain amount of expose dose, while visible
metastatic tumors required higher dose to be
effectively controlled. Hippocampus-avoidance whole
brain radiotherapy with a simultaneous integrated
boost (HA-WBRT+SIB) could achieve better
hippocampal  protection as  compared to
hippocampus-avoidance whole brain radiotherapy
combined with stereotactic radiosurgery
(HA-WBRT+SRS) (@D, Simultaneous modulated
accelerated radiation therapy for elective brain
(SMART-Brain) was a WBRT method containing
HA-WBRT+SIB, which could be chosen to protect not
only the hippocampus, but also other organs selected
as needed, such as the cochlea in the hearing area,
hair follicles of the scalp, etc. The specific steps were
as follows (22:23); patients were treated with
functional protective WBRT (limited in important
functional areas such as hippocampus, cochlea and
lens) once a day, with 3.0Gy each time and a total
dose of 30Gy, 4.0~5.0Gy each time for visible brain
metastases and the total dose was 40~50Gy; The
whole radiotherapy process was completed within 2
weeks, which was shorter than the time of WBRT
combined with SRS. The difficulties of this method
was about the fusion of Computed Tomography (CT)
and Magnetic Resonance Imaging (MRI) images, the
accurate delineation of the hippocampus, the plan
design of simultaneous integrated boost and
protection of functional organs of metastatic tumors.

At present, three radiotherapy techniques,
intensity modulated radiation therapy (IMRT),
volumetric modulated arc therapy (VMAT) and
helical tomotherapy (HT) had been widely utilized in
clinical treatment. Could all three radiotherapy
techniques achieve SMART-Brain radiotherapy? In
this study, using SMART-Brain brain radiotherapy
method, three types of radiation therapy were
designed in RayStation v4.5 radiotherapy planning
system (RaySearch Laboratories AB, Stockholm,
Sweden) and helical tomography radiotherapy
planning system (TomoTherapy Inc., Madison, WI,
USA), for IMRT, VMAT and HT. The best treatment
was chosen considering parameters such as the size
and location of brain metastases. The promotion of

SMRAT-Brain radiotherapy may benefit people with
brain metastases. This study provides a reference
for SMRAT-Brain radiotherapy using different
radiotherapy techniques.

MATERIALS AND METHODS

Information of patients

A total of 20 patients with 1-3 brain metastases
who required SMRAT-Brain radiotherapy in the
Department of Radiotherapy, Cancer Hospital
Affiliated to the University of Chinese Academy of
Sciences from 2018 to 2019 were selected. There
were 11 males and 9 females aged 31~76 years old
(median age 60). According to the eighth edition
AJCC/UICC stage classification for lung cancer (2017),
12 patients were in [Va disease and 8 in stage [Vb. All
patients were immobilized in the supine position
with a head, neck and shoulder thermoplastic mask.
Philips Brilliance Big Bore 16-slice CT simulator
(Philips Health Care GmbH, Hamburg, and Germany)
was used to collect images with a layer thickness of
2.5mm, and the image collection range was more than
5cm beyond the target volume in the head-to-foot
direction. All the patients underwent the same
protocol of T1-weighted 3D structural MRI scan using
a 3.0T scanner (MAGNETOM Verio; Siemens,
Erlangen, Germany). Acquisition parameters were as
follows: TR/TE =1440 ms/11 ms, flip angle =150°,
field of view =230x230 mm?, matrix size =320x320,
and the size for each voxel was 1.0x0.7x1.5 mma3.

Delineation of target volume and organs at risk

CT and MRI images were fused in the RayStation
v4.5 (RaySearch Laboratories AB, Stockholm,
Sweden) , and the contour of the gross tumor volume
(GTV) of the brain metastases, the whole brain
clinical target volume (CTV) and the organs at risk
(OARs) were delineated on the fusion map according
to the report of Radiation Therapy Oncology Group
(RTOG) 0933. Planning gross tumor volume (PGTV):
average outward expansion of GTV of brain
metastases by 0.3cm. Planning target volume (PTV):
average outward expansion of whole brain CTV by
0.3cm. Planning target volume 1 (PTV1): area of PTV
minus the average outward expansion of
hippocampus by 1.0cm. OARs included the
hippocampus, brainstem, optic nerve, optic chiasm,
cochlea, lens and scalp.

Plan design

Raystation and HT planning systems were utilized
in this study. Linear accelerators were Trilogy
(Varian Medical Systems, Palo Alto, Calif) and Helical
Tomotherapy (TomoTherapy Inc., Madison, WI, USA),
and all linear accelerators used X-rays with an energy
of 6MV and a dose rate of 600MU/min. Plan design
scheme: (9] 9-field IMRT plan
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(200°,240°,280°,320°,0°,40°,80°,120°, 160°); (2) Two
coplanar double-arc VMAT plans, with the gantry
angle range of 182°~178° (3) HT plan (a 1.05 cm
field width was selected, the Pitches equivalent to
0.287 divided, and the modulation factor was set to
2). The prescribed doses were as follows: 45 Gy to the
PGTV and 30 Gy to the PTV in 10 fractions. The plan
required the prescribed doses surround the 95% of
PGTV and the 90% of PTV, and the dose requirements
of hippocampus, scalp, cochlea and lens should refer
to RTOG 0933 report and related studies (24-25), The
dose limits of hippocampus were Dmax < 17Gy,
Dmean < 10Gy, Dmax < 8Gy for lens, Dmax < 50Gy for
brainstem, Dmax < 50Gy for optic nerve, Dmean
< 45Gy for cochlea, and Dmean < 18Gy for scalp.
Table 1 showed the other relevant parameters.

Table 1. Target volume and Hippocampus parameters.

Distance Distance
. between PGTV | between PGTV
P(i I)V PTV (cc) ':Il_l;r::lczf)n(l’z:)s and and right
Hippocampus_L | hippocampus_R
(cm) (cm)
23.15%|1512.43
19.14 | +175.88 3.51+0.78 3.51+2.10 3.14+1.70

Plan evaluation

Assessment parameters of PTV1 and PGTV: Dogy,
(near minimum), Vascy or V3ogy, D2y (near maximum
dose), conformity index (CI) and homogeneity index
(HI). Dy was the dose covering x% of the target
volume, Vicy was the target volume percent of xGy
dose covering. CI = (target volume covered by
reference isodose (VTref)/ target volume (VT)) x
(VTref/ volume of the reference isodose (Vref)) (26),
VTref was the planned target volume included in the
clinical prescription dose isodose, VT was the
planned target volume, and Vref was all the volumes
included in the clinical prescription dose. HI = (D2 -
Dosge,) /Dsog (27).

Evaluation parameters of OARs: the Dmean and
Dmax of OARs in three groups were evaluated,
including lens, scalp, cochlea, optic nerve, optic
chiasm and hippocampus.

Statistical methods

SPSS 22.0 software was utilized to conduct
statistical analysis on the dosimetry parameters of 20
patients with brain metastases. Wilcoxon signed rank
test was used. P<0.05 was considered to be
statistically significant.

RESULTS

Dose distribution
Dose parameters of three radiotherapy techniques
for 20 patients were listed in tables 2, 3 and 4,

expressed as the mean values+ standard difference
(SD). The Visgy of all PGTV was normalized to 95%.
Figure 1 showed distance-dose histogram of bilateral

hippocampus to PGTV. Figure 2 showed size-dose
histogram of bilateral hippocampus to PGTV. Figure 3
showed CT images of dose distributions of IMRT,
VMAT and HT in brain metastases from one
representative case. Figure 4 showed DVHs of IMRT,
VMAT and HT of brain metastases from the same
case.

Dosimetric volume parameters of target volume

As shown in table 2, for PGTV, the Dogy and CI of
VMAT plan were significantly better than IMRT plan;
for PTV1, the HT plan provided better Dogy (b,c), D2
(a,€), Vaoey (€), CI (ab,c). There was no statistical
difference in the dosimetry parameters of other
target volumes.

Hippocampal parameters

As shown in table 1, the average volume of PTV
was 1512.43+175.88 cc, and the average volume of
hippocampus was 3.51+0.78 cc, which accounting for
about 0.23% of the PTV. During the planning design,
if the distance of one side of the hippocampus was
less than 0.5 cm from the PGTV, the dose of this
hippocampus was not limited, because all the plans of
the three radiotherapy techniques could not meet the
clinical requirements. As shown in table 3, figure 1
and 2, in terms of exposure dose, HT plan had
advantages in terms of Dmean of hippocampus (b, c),
and IMRT plan was inferior to VMAT and HT plans in
terms of Dmax of hippocampus (a, b).

Dose of OARs

The brain stem, lens, optic nerve, optic chiasm,
and cochlea of the three types of plans met the
clinical dose limit requirements. HT plan had lower
Dmax of optic chiasma (a,b); The VMAT plan was
superior in terms of scalp dose limitation (a,c); In
terms of lens avoidance, IMRT and VMAT plans were
superior to HT plan (Lens_L Dmax (a,b,c) and Lens_R
Dmax (b,c)). There was no statistical difference in the
dosimetry parameters of other OARs.

Table 2. Comparison of dosimetry parameters of target
volume among VMAT, IMRT and HT plans.

ROI Evaluation
Parameters|parameters

Dosw(Gy) 143.8740.6044.1240.42|43.42+2.07| a
Vasey(%) |0.95£0.00 | 0.95+0.00 | 0.95+0.00 [>0.05
PGTV | Dy(Gy) [48.69+0.78(49.02+0.78|48.87+1.85>0.05
Cl |0.69+0.09 | 0.730.09 | 0.68+0.13 | a
HI |0.10£0.02 | 0.1040.02 | 0.12+0.08 [>0.05
Dogss(Gy) [26.83+1.28[26.99+1.68(29.03+1.53| b,c
Vaogy(%) | 0.95£0.01 | 0.95£0.01 | 0.96+0.02 | ¢
PTVL | Dyy(Gy) |43.30+2.9342.52+3.59(44.03+4.17| a,c
Cl  |0.83%0.03 | 0.85+0.04 | 0.88+0.06 |a,b,c

HI 0.49+0.09 | 0.46+0.12 | 0.46+0.13 |>0.05

a: IMRT vs VMAT, b: IMRT vs HT; c: VMAT vs HT, if the P value of group
a was less than 0.05, filled in a in the P value area, and so on.

IMRT VMAT HT P
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Table 3. Comparison of hippocampal doses in patients with brain metastases.

ROI Parameters Evaluation parameters IMRT VMAT HT P

Hippocampus_L Dmean(Gy) 9.72+0.31 9.66+0.23 9.22+0.68 b, c
- Dmax(Gy) 16.39+1.37 15.09+1.39 15.17+1.43 a, b

Hippocampus_R Dmean(Gy) 9.76+0.29 9.63+0.21 9.10+0.41 b, ¢
- Dmax(Gy) 16.23+0.93 15.13+1.23 15.23+1.21 a, b

a: IMRT vs VMAT, b: IMRT vs HT; c: VMAT vs HT, if the P value of group a was less than 0.05, filled in a in the P value area, and so on.

Table 4. Comparison of dosimetry parameters of OARs among IMRT, VMAT and HT plans.

ROl Parameters | Evaluation parameters IMRT VMAT HT P
Brain stem Dmax(Gy) 42.20+3.16 41.12+3.98 41.30+4.08 >0.05
Lens_L Dmax(Gy) 5.52+0.58 5.41+0.60 6.12+0.68 a,b,c
Lens_R Dmax(Gy) 5.49+0.48 5.45+0.51 6.10+0.70 b,c
Optic nerve_L Dmax(Gy) 32.40+£3.91 | 31.7743.25 32.52+2.82 >0.05
Optic nerve_R Dmax(Gy) 33.55+4.29 32.42+4.09 32.85+3.47 >0.05
Optic chiasm Dmax(Gy) 39.99+2.46 | 37.89+3.04 | 37.28+2.53 a,b
Cochlea_L Dmean(Gy) 31.1242.59 | 31.15+2.43 | 31.31+3.18 >0.05
Cochlea_R Dmean(Gy) 32.09+3.50 31.56+3.50 32.50+3.34 >0.05
Scalp Dmean(Gy) 16.68+3.99 16.25+3.78 17.60+4.11 a,c

a: IMRT vs VMAT, b: IMRT vs HT; c: VMAT vs HT, if the P value of group a was less than 0.05, filled in a in the P value area, and so on.
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Figure 1. Distance-dose histogram of bilateral hippocampus to PGTV ((A)Hippocampus_L (B) Hippocampus_R; The abscissa was the
distance between PGTV and hippocampus, and the ordinate was the dose to hippocampus; Cases without dose limitation in
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DISCUSSION

Brain metastases were mostly caused by blood
metastasis. In addition to the metastatic lesions
visible on imaging, there were also sub-metastatic
lesions that cannot be found by current imaging
techniques. If only the visible metastatic lesions were
irradiated, the intracranial subclinical lesions may
not be effectively controlled. One study of
intracranial tumor control in long-term survivors
found that WBRT was better than SRS but that its
negative effects on the cognitive system persist
persisted (28). With the development of high-end
equipment and technology for radiotherapy, It was
feasible to achieve SMART-Brain.

In this study, the dosiological characteristics
of SMART-Brain using different radiotherapy
techniques (IMRT, VMAT and HT) were compared.
The results were summarized and we found that all
three radiotherapy techniques achieved target
coverage and met basic clinical standards of
dosiology, and HT provided the best conformity dose
of PTV1 (mean CI = 0.88). Jiang et al. applied four
radiotherapy techniques to study the HA-WBRT+SIB,
and found that HT technique could achieve better
target coverage, which was consistent with our study
(23). He also found that the HI of PTVbrain obtained
with HT was best, which was different from our
study. One possible reason was that the PTVbrain
defined was different from the PTV1 in this article. In
this study, all three radiotherapy techniques
provided good average PGTV target coverage and
similar D2y and HI. The Dgsgy and CI of VMAT were
superior to IMRT, and were not different from HT.

Studies had shown that the pathogenesis of
radiation-induced neurocognitive dysfunction may
be caused by radiation damage of proliferative and
migratory stem cells in the hippocampus subgranular
region (11.29), Redmond et al. studied 19 children who
received WBRT and found that the hippocampal
radiation dose was positively correlated with the
neurocognitive  decline  after  craniocerebral
radiotherapy. When the Dmean of hippocampus
reached 12Gy, it will cause cognitive dysfunction in
children 39, Gondi et al. conducted experiments on a
total of 1133 brain metastatic lesions in 371 patients,
and found that none of the lesions were located in the
hippocampus, and the probability of brain metastatic
lesions occurring in the area 5mm away from the
hippocampus was only 3.0%, proving the feasibility
of avoiding hippocampal irradiation 31, HA-WBRT to
maintain neurocognitive function was a feasible
method. Recent study had also shown that
HA-WBRT+SIB could make better hippocampal
protection compared to HA-WBRT+SRS (22, In
addition, NRG Oncology CC001 clinical trials found
that compared with WBRT alone, the combination of
memantine and hippocampal protective radiotherapy

can reduce the risk of cognitive impairment by 42%
(32),

Some researchers had used IMRT, VMAT and HT
to explore the advantages of HA-WBRT or
HA-WBRT+SIB (22-2533-35), [n this study, when the
prescription dose PTV1 was set to 30 Gy/10
fractions, HT plan could achieve a lower Dmean and
Dmax of hippocampus than the IMRT plan, which had
been already confirmed by Gondi et al (4. We
confirmed that all three radiotherapy techniques met
the dose compliance criteria of hippocampal sparing
outlined in RTOG 0933. The average hippocampus
dose of the three radiotherapy techniques was 67.5%
~69.5% lower compared to the prescription dose,
similar to the results obtained in some studies (24:26),
HT plan had advantages in Dmean, and the Dmax was
similar to VMAT plan and superior to IMRT plan.

Previous studies were mainly studied whether if
hippocampus protection was realized through
different radiotherapy techniques, but did not study
the relationship between dose of hippocampus and
characteristics of brain metastases, such as the
locations and sizes. As shown in figure 1, when the
hippocampus was more than lcm away from the
PGTV, Dmean and Dmax of hippocampus had little
correlation with the location of PGTV. As shown in
Figure 2, the volume change of PGTV (1.34cc to
63.48cc) had little effect on the dose of hippocampus.
It was because the dose limitation conditions in the
hippocampus were already very strict. During the
optimization process, after the required dose
requirements being reached, the dose would not
continue to be lowered, but the dose of target volume
would be ensured as a priority.

HT was slightly better than IMRT and VMAT in the
protection of other OARs except scalp. This study also
added a dose limitation of scalp. Previous studies had
shown that reduced dose of scalp could reduce the
hair follicle injury of scalp, improve hair regeneration
rate after radiotherapy, and reduce the occurrence of
permanent hair loss (3¢). Different from most studies,
this study not only studied the protection of the key
OARs in WBRT+SIB, but also analyzed the effects of
size and location of brain metastases on
hippocampus. SMART-Brain could also explore the
radiation protection of red bone marrow in the skull
barrier.

CONCLUSION

In summary, all three radiotherapy techniques
met clinical requirements for most patients. HT
performed better in target coverage to PTV1 and

better protection to OARs, and VMAT was superior
to IMRT. It was recommended that VMAT or HT
radiotherapy techniques should be selected to
implement SMART-Brain according to the local
reality of the radiotherapy facilities. Due to the
limited case data, only patients with oligometastasis
were selected for the study in this article. In the
future, further study and analysis will be conducted
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on patients with multiple brain metastases.
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