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ARTICLE INFO ABSTRACT

Background and purpose: Intensity modulated proton therapy (IMPT) allows for modulation parameterized for
individual beamlets by position, intensity, and depth. This modulation capability is ideally suited for sparing
organs at risk intermediate of the radiation target, such as hippocampal volumes within the whole brain. This
work compared IMPT relative to volumetric modulated arc therapy (VMAT) during hippocampal avoidance
whole brain radiation therapy (HA WBRT).

Materials and methods: Ten adult and ten pediatric patients previously treated for central nervous system ma-
lignancies were identified. IMPT and VMAT treatment plans employing HA WBRT were generated for each
patient, delivering 30 GyE (Gray Equivalent) in 10 fractions for adults and 36 GyE in 20 fractions for pediatrics.
Dose indices, including dose volume histogram metrics and homogeneity index HI = [D5% — D95%]/
[Dmean] X 100, were used to assess plan quality and describe target coverage and normal-tissue sparing.
Results: IMPT offered significant benefits relative to VMAT for hippocampal sparing. Hippocampal mean dose
was reduced from 13.7 + 0.8 Gy with VMAT to 5.4 + 0.3 GyE using IMPT for pediatrics, and was reduced from
11.7 £ 0.9 Gy with VMAT to 4.4 + 0.2 GyE using IMPT for adults. IMPT similarly lowered left hippocampal
mean dose. Dose to 95% of the clinical target volume was statistically equivalent for both groups; however IMPT
reduced the homogeneity index by roughly half.

Conclusion: This manuscript demonstrates that HA IMPT can match or exceed dosimetric benefits offered with
modulated X-rays. Inclusion of IMPT in future prospective studies is warranted.
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1. Introduction deficits, building on the Radiation Therapy Oncology Group (RTOG)

study number 0933.

The role of whole brain radiation therapy (WBRT) in the treatment
of brain metastasis has evolved over the past decade. While there has
been growing interest in the use of radiosurgery to treat metastasis,
there are still indications for whole brain radiation therapy due to
multiple metastatic sites, failed prior radiosurgery, leptomeningeal
disease, and in patients with poor performance status. Much of the
concern over WBRT relates to associated toxicities which include cog-
nitive deficits, fatigue and diminished quality of life [1,2]. This paper
presents the dosimetric advantages of using Intensity Modulated Proton
Therapy (IMPT) during WBRT to reduce radiation-induced cognitive

Radiation-induced brain injury can present as both anatomic and
functional deficits, clinically expressed in terms of acute, early delayed,
and late delayed injury [3]. Neurocognitive impairment remains a
prominent side effect of cranial irradiation, impacting attention, ex-
ecutive function, information processing and memory [4-6]. Several
hypotheses exist attempting to explain the pathophysiology of these
injuries, including vascular damage, demyelination, deficits in neuro-
genesis etc.; however many questions remain [7]. Specific to cognitive
decline, the hippocampus has emerged in recent years as a region po-
tentially more sensitive to radiation therapy compared to other regions
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of the brain [8]. Human and animal studies have previously indicated a
dependence of cognitive function on neurogenesis; Olsson et al., ad-
ministered unilateral radiation to juvenile rat brains which demon-
strated a radiation-induced reduction to hippocampal volume and
neurogenesis [9]. Interference of adult neurogenesis within the hippo-
campus and stem cell recesses in the periventricular region is believed
to be associated with radiation-related cognitive deficits and regulation
of various neurocognitive functions: the subventricular zone laterally
along the lateral ventricle and the subgranular zone within the dentate
gyrus (DG) [1,10-14].

Radiotherapeutic dose to the hippocampi can be reduced using in-
tensity modulated radiation therapy. RTOG study number 0933 de-
monstrated hippocampal avoidance within the radiation treatment
plans with the goal of maintaining 100% of each hippocampus to less
than 9 Gy and maximal dose below 16 Gy, without significantly com-
promising treatment efficacy [15,16]. Utilizing these constraints, they
found that patients treated had an improvement in neurologic function
with mean relative decline in the Hopkins Verbal Learning Test-Delayed
Recall of 7% at 4 months compared to historical controls of 30% over
the same time period. Most recently, Tsai and colleagues demonstrated
stability neurocognitive outcomes in patients receiving hippocampal
sparing during WBRT following volumetric modulated arc therapy
(VMAT). At 4months, functional preservation was significantly ob-
served in Wechsler Memory Scale-III Word List immediate recall with
the EQD2 ranging from a maximal dose of 12.6 Gy, to a minimal dose of
5.8 Gy delivered to both hippocampi [17]. Extension of hippocampal
avoidance to pediatric populations may yield matching or improved
results compared to previous adult studies.

Since this impetus was established, several other studies have in-
vestigated the optimal approaches for hippocampal sparing for various
diagnoses and treatment modalities [6,18-22]. To date, Tomotherapy
arguably has presented as the most compelling modality for hippo-
campal sparing [23] however, the capability of IMPT to spare the
hippocampal region during either whole or partial brain irradiation has
received only limited reporting [24]. With its capability to modulate
proximal and intermediate doses, in addition to distal target con-
formity, we hypothesized that IMPT is ideally suited to spare organs at
risk (OARs), such as hippocampi without compromising target volume
coverage.

2. Materials and methods
2.1. Study design

VMAT and IMPT plans were generated for ten adult and ten pe-
diatric patients consecutively identified from patients previously
treated at Mayo Clinic Arizona. All patients underwent computed to-
mography (CT)-based simulation in the supine position. The head and
upper neck were immobilized with a thermoplastic mask and contoured
headrest. The selected headrest ensured that posterior beams incident
upon the cranium were not subjected to sharp changes in radiological
path length. For pediatric patients requiring anesthesia, thermoplastic
masks were modified to allow for placement of nasal cannula. All pa-
tient data sets were anonymized prior to institutional review board
study approval.

Target structures as well as OARs were delineated by a staff radia-
tion oncologist, with the exception of hippocampi, which was deli-
neated by staff radiologist in accordance with RTOG/NRG guidelines
[25]. Contouring of the hippocampus was performed around the gray
matter (T1 hypo-intense) signal in the medial temporal lobe on thin
coronal and axial images. Although there are other sequences that allow
better differentiation between gray and white matter, the ubiquity of T1
weighted sequences on treatment planning scans makes them desirable.
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2.2. Hippocampal anatomy

The hippocampus is a comma shaped structure along the medial
border of the temporal lobe consisting of the Cornu Ammonis
(Hippocampus Proper) and DG in an interlocking “u” configuration.
The lateral border was defined by the medial ependymal surface of the
temporal horn. The inferior border was delineated by the adjacent
gyrus as it borders the subiculum and CA1l. The superior border was
defined by the choroidal fissure and fimbria. Posteriorly, it was
bounded by the splenium of the corpus callosum adjacent to the
quadrigeminal plate cistern. More anteroinferiorly, the medial border
was defined by the ambient cistern. The uncal recess of the temporal
horn helped differentiate the hippocampus from the amygdala.

The clinical target volume (CTV) consisted of the brain, including
meninges. The hippocampi, including a modality-specific planning
organ at risk volume (PRV) expansion, were excluded from the CTV. For
IMPT planning, pre-optimization spot placement was permitted within
a 0.8-cm expansion of the CTV, which allowed for 1 proton beam spot
outside the CTV. A dose-limiting annulus surrounding the CTV fa-
cilitated shaping the dose gradient outside the target. All adult plans
were normalized so that 95% of CTV received a 30 radiobiological Gray
Equivalent (GyE) dose, based on a 10-fraction course. Pediatric plans
were similarly normalized, except using 36 GyE delivered using a 20-
fraction course.

2.3. Field arrangement and beam parameters

VMAT plans consisted of two full arcs oriented coplanar to axial
patient plane, and two half arcs with their axes of rotation tilted an
equal but opposite 30 degrees along the coronal plane, such that the
half arcs are mirrored in the sagittal plane. VMAT plan constraints were
matched to RTOG 0933 planning requirements, and benchmarked
against Ref. [20]. RTOG 0933 planning constraints were scaled by
120% for pediatric cases to match the change in prescribed dose from
30 to 36 GyE. IMPT plans were generated using multi-field optimization
to meld dose distributions of a posterior-anterior field and a cranio-
caudal field angled 25 degrees anteriorly from patient vertex. IMPT
coverage of the CTV was subject to a 3% range and 2 mm setup un-
certainty robustness evaluation, requiring a worst-case 95% dose cov-
erage to 95%. The CTV was kept identical across both modalities to
validate dosimetric comparison. Each field used an acrylonitrile buta-
diene styrene range shifter with a water-equivalent thickness (WET) of
4.5 cm. The range shifter (ERS45) was mounted on a frame extended
from the proton nozzle. For a 117.1-MeV beam (10.0-cm WET range to
distal 80%) this extended position of the ERS45 results in an approxi-
mately 20% smaller beam sigma (8.0 mm vs. 10.2mm) at isocenter
relative to a non-extended range shifter. Fluence and dose were de-
termined using the Eclipse treatment planning system (Varian Medical
Systems, Palo Alto, CA), with spot spacing based on an energy-depen-
dent lookup table.

2.4. Dosimetric evaluation

Patients were divided into adult and pediatric groupings. Plan
quality was evaluated by an homogeneity index derived from the
equation HI = [D5% — D95%]/[Dmean] X 100, where D95% is the
dose-volume histogram (DVH) curve dose representing 95% of target
volume, and D5% is the DVH curve dose representing 5% of target
volume. The ideal value for HI is 0, with increasing values for the
metric indicative of declining homogeneity throughout the volume.
Volumes of total CTV, as well as volumes of brain and cribriform plate
portions of the CTV receiving at least 95% of prescribed dose were also
recorded. Mean, along with maximum and/or minimum dose for hip-
pocampi, cochlea and lenses were also evaluated.
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Table 1
Target volume coverage and dose heterogeneity.

Physics and Imaging in Radiation Oncology 8 (2018) 28-32

Pediatric patients

Mean IMPT + SD

Mean VMAT * SD

Adult patients

Mean IMPT =+ SD

Mean VMAT * SD

D5 (Gy or GyE) whole brain 38.6 = 0.4 42.2
D5 (Gy or GyE) CTV 38.6 = 0.4 42.2
D5 (Gy or GyE) brainstem 38.6 = 0.7 41.3
D95 (Gy or GyE) whole brain 28.2 = 3.0 32.8
D95 (Gy or GyE) CTV 36.1 + 0.3 36.1
D95 (Gy or GyE) brainstem 27.7 + 6.0 32.6
HI - whole brain 289 + 7.6 24.0
HI - CTV 6.8 = 0.8 15.1
Mean (Gy or GyE) CTV 37.3 = 0.3 39.6
Mean (Gy or GyE) brainstem 358 = 1.0 38.0
V95% cribriform plate 97.8 = 2.3 94.0

[ S S

31" 32.0 = 0.2 36.6 + 2.5
317 32.1 = 0.2 36.3 = 2.4
2.6 32.0 = 0.3 35.8 + 2.2
1.8 23.9 = 25 26.4 + 1.6
0.8 30.0 = 0.2 30.1 * 1.3
2.6 24.0 = 6.5 25.6 + 6.1
7.2 27.1 = 8.0 30.5 + 9.7
6.3" 6.8 * 0.4 18.3 = 85"
20" 31.0 = 0.2 33.6 = 1.37
1.2° 29.9 + 1.0 319 + 1.2°
13.2 98.1 + 25 98.3 + 3.0

Abbreviations: DX% = Dose (GyE or Gy) received by at least X% of volume; CTV = clinical target volume; HI homogeneity index (D5%-D95%)/(mean dose) x 100;
V95% = percentage of volume receiving at least 95% of prescribed dose. Data compared using Wilcoxon matched-pairs signed ranks test.

* Differences were significant (P < 0.05).
** Differences were highly significant (P <« 0.01).

2.5. Statistical evaluation

Statistical analysis was performed using SAS version 9.4 (SAS
Institute Inc.). Significance was determined by Wilcoxon matched-pairs
signed ranks test. The Wilcoxon matched-pairs signed ranks test is a
nonparametric test which tests the equality of matched pairs of ob-
servations with the null hypothesis that both distributions are the same.

3. Results

The CTV D95% was statistically equivalent for both modalities for
pediatrics and adults. However, VMAT delivery significantly increased
the mean and maximum brain dose (see Table 1), resulting in a
homogeneity indices that were roughly double when compared to IMPT
for pediatrics and adults. Cross sectional anatomic views highlighting
the relative homogeneities and proximity of the 50% isodose line to
hippocampal structures are shown in Fig. 1 (pediatric) and Fig. 2
(adult).

IMPT offered significant benefit relative to VMAT for hippocampal,
lens, and cochlear sparing. Table 2 highlights these significant im-
provements. These data are shown for a representative patient in Fig. 3.
For Pediatric right hippocampal mean dose was reduced from
13.7 = 0.8 Gy with VMAT to 5.4 = 0.3 GyE for IMPT, with the left

mean dose similarly reduced. IMPT also lowered adult right hippo-
campal mean dose from 11.7 *= 0.9 Gy with VMAT to 4.4 + 0.2 GyE.
Minimum and maximum hippocampal dose advantages observed for
IMPT were of similar magnitude across both age groups. Lens dose was
reduced by roughly 50% with IMPT, while maintaining cribriform plate
coverage (see Tables 1 and 2). Dose sparing for the cochlea was sta-
tistically significant though less pronounced, dropping about 15-18%
with IMPT.

4. Discussion

This manuscript represents the first published work to date high-
lighting the significant dosimetric impact IMPT can have on HA WBRT.
Also of merit is the demonstrated capability of IMPT to maintain target
coverage while substantially improving dose homogeneity within the
whole brain target, as well as reducing dose to critical structures in-
cluding cochlea and lenses. Somewhat deceptively, HI values for whole
brain appear improved for VMAT; this is a product of the substantially
lower hippocampal doses achieved with IMPT. The HI values reported
for the CTV, which consists of the whole brain volume absent of the
hippocampi, are a better indicator of the improved dose homogeneity
achieved using IMPT.

Hippocampal sparing has

demonstrated clinical benefit in

Fig. 1. Comparison of the dose distributions
between an intensity modulated proton therapy
(IMPT) plan on the left and a volumetric
modulated arc therapy (VMAT) plan on the right
for a pediatric patient receiving hippocampal-
avoidance whole brain irradiation. The dose
delivered is 36 Gy delivered in twenty 1.8 Gy
fractions. Axial slice A depicts the cochlea con-
toured in dark blue, while axial, sagittal, and
coronal slices B, C, and D depict the hippocampi
contoured in orange. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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Table 2
Selected dose metrics (GyE or Gy) for principal organs at risk.

Pediatric patients Adult patients

Mean Mean VMAT + SD Mean Mean

IMPT = SD IMPT += SD VMAT =+ SD
Brain
Minimum 3.8 =04 11.1 = 0.5 3.2 =03 9.0 £ 0.9
Maximum 40.4 = 0.7 44.1 = 3.6 334 = 03 38.0 + 2.8
Mean 36.3 = 0.5 38.9 = 199 30.2 = 0.2 33.0 £ 1.3~
Left Cochlea
Minimum 28.5 = 5.0 35.1 = 2.2 22.8 = 2.1 28.6 = 3.2
Maximum 32.9 = 45 39.3 = 2.3 26.7 = 1.6 326 = 1.5
Mean 30.6 = 4.7 37.2 = 1.9 247 = 1.8 30.7 = 2.1
Right Cochlea
Minimum 28.3 = 4.5 351 = 2.0 22.7 = 2.4 29.7 = 2.7
Maximum 33.1 £ 45 39.7 = 2.4 26.8 = 1.9 33.1 = 1.8
Mean 31.0 + 48 375 % 21 248 £ 20 314 = 227
Left Lens
Maximum 83 = 3.5 146 = 39 3.3 =28 134 = 34
Mean 6.0 = 29 13.0 + 3.6 2.0 £ 1.6 119 + 3.0
Right Lens
Maximum 8.2 + 4.0 155 £ 5.8 3.2 = 26 13.6 = 3.6
Mean 5.7 * 3.3 13.8 £ 5.2 19 =15 12.3 + 3.4
Left Hippocampus
Minimum 4.0 = 0.4 11.2 = 0.5 3.3 =03 9.4 + 0.4
Maximum 85 *+ 0.8 184 + 1.3 6.8 + 0.4 15.8 = 0.6
Mean 54 = 0.2 13.7 = 0.8 4.4 = 0.2 11.8 = 0.8
Volume (cc) 1.6 = 0.7 1.5 £ 0.7 1.8 = 0.7 1.8 £ 0.7
Right Hippocampus
Minimum 39 = 04 11.2 = 0.4 3.3 =03 9.3 + 0.5
Maximum 8.4 = 0.7 189 = 1.5 7.2 =+ 1.1 16.1 = 0.5
Mean 54 + 0.3 13.7 * 0.8 44 + 0.2 11.7 = 0.9
Volume (cc) 1.4 = 0.7 1.4 = 0.7 2.1 = 0.9 2.1 = 0.9

Abbreviations: IMPT = intensity modulated proton therapy;

VMAT = volumetric modulated arc therapy. GyE = Gray Equivalent; Data
compared using Wilcoxon matched-pairs signed ranks test.
** Differences were highly significant (P < 0.01).

preliminary studies. Gondi et al. prospectively investigated a potential
predictive relationship between neurocognitive impairment and hip-
pocampal dosimetric parameters. Hippocampi receiving less than
7.3 Gy to 40% volume demonstrated statistically significant cognitive
benefit; this study demonstrates that IMPT achieves this important
threshold with HA WBRT [26]. Currently an ongoing randomized trial
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Fig. 2. Comparison of the dose distributions be-
tween an intensity modulated proton therapy
(IMPT) plan on the left and a volumetric modulated
arc therapy (VMAT) plan on the right for an adult
patient receiving hippocampal-avoidance whole
brain irradiation. The dose delivered is 30 Gy de-
livered in ten 3.0 Gy fractions. Axial slice A depicts
the cochlea contoured in dark blue, while axial,
sagittal, and coronal slices B, C, and D depict the
hippocampi contoured in orange. (For interpreta-
tion of the references to colour in this figure le-
gend, the reader is referred to the web version of
this article.)
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Fig. 3. Dose Volume Histogram demonstrating difference in target coverage
and normal tissue sparing for VMAT and IMPT representative patient. IMPT
results are shown as solid lines; VMAT results are shown as dashed lines.

is formally assessing the benefits of hippocampal sparing. This trial also
builds upon a RTOG prospective randomized placebo controlled trial
for patients with brain metastases receiving WBRT that found improved
cognitive outcomes with memantine [27]. In a phase III trial, run by
NRG, patients will be randomized to receive hippocampal avoidance
WBRT with memantine or standard WBRT with memantine and neu-
rocognitive function assessed at set time points. Patients eligible for this
trial include patients with metastatic disease to the brain. If HA is
shown to improve cognitive function and hence quality of life in sur-
vivors it may be expected that this would be adopted as standard of
care; IMPT would be a preferred modality in this case, based on cap-
ability to deliver homogenous target dose amidst superior HA.

In addition to ongoing work at NRG, the current study assessed HA
IMPT in patients treated for primary CNS malignancies. In general,
these patients are expected to have superior survival outcomes when
compared to patients treated for metastatic disease to the brain.
Because cognitive decline typically progresses with time, such patients
might be expected to benefit from HA IMPT to an even greater extent.
Also, unique to our study is the inclusion of pediatric patients. Pediatric
patients are especially sensitive to the radiation induced cognitive
deficits, perhaps much more so than adult patients [28]. Here again the
cognitive and quality of life benefits of HA IMPT in pediatric patients
could be substantial. A recent study recently reported a significant
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association between the hippocampus volume receiving 20 GyE How-
ever, it is important to note that HA either with photon or IMPT would
carry the risk of increased rates of disease recurrence within the ex-
cluded volumes [28]. Hence such studies would have to be done as part
of prospective clinical trials with built in early stopping rules and close
attention payed to patterns of failure in order to ensure that disease
control was not significantly compromised.

On a technical note, accurate delineation of the hippocampi is ne-
cessary in order to achieve intended clinical outcomes. A recent review
reported on various deviations identified from the Quality Assurance
Results of RTOG 0933 [29]. Of 113 physicians, eight (6.8%) failed
hippocampal contouring on 1st attempt; with only three of the eight
achieving approval on the 2nd attempt. However, with the availability
of a hippocampal atlas and continuing instruction, one would hope for
quality to improve with time.

This is the first work to assess the benefits of HA using IMPT in
pediatric primary brain tumor patients requiring WBRT. This manu-
script demonstrates that HA IMPT can match or exceed dosimetric
benefits offered with modulated X-rays. This increased dosimetric
benefit to OAR may warrant inclusion of the IMPT modality as part of
any upcoming clinical investigations into hippocampal avoidance for
pediatric populations.
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