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Abstract

Background. Leptomeningeal metastases (LM) are associated with limited survival and treatment options. While
involved-field radiotherapy is effective for local palliation, it lacks durability. We evaluated the toxicities of proton
craniospinal irradiation (CSl), a treatment encompassing the entire central nervous system (CNS) compartment, for
patients with LM from solid tumors.

Methods. We enrolled patients with LM to receive hypofractionated proton CSI in this phase | prospective trial.
The primary endpoint was to describe treatment-related toxicity, with dose-limiting toxicity (DLT) defined as any
radiation-related grade 3 non-hematologic toxicity or grade 4 hematologic toxicity according to the Common
Terminology Criteria for Adverse Events that occurred during or within 4 weeks of completion of proton CSI.
Secondary endpoints included CNS progression-free survival (PFS) and overall survival (OS).

Results. We enrolled 24 patients between June 2018 and April 2019. Their median follow-up was 11 months. Twenty
patients were evaluable for protocol treatment-related toxicities and 21 for CNS PFS and OS.Two patients in the dose
expansion cohort experienced DLTs consisted of grade 4 lymphopenia, grade 4 thrombocytopenia, and/or grade 3 fa-
tigue. All DLTs resolved without medical intervention. The median CNS PFS was 7 months (95% Cl: 5-13) and the me-
dian OS was 8 months (95% ClI: 6 to not reached). Four patients (19%) were progression-free in the CNS for more than
12 months.

Conclusion. Hypofractionated proton CSI using proton therapy is a safe treatment for patients with LM from solid
tumors. We saw durable disease control in some patients.

Key Points
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Importance of the Study

Thisisthe first prospective trial evaluating hypofractionated
proton CSl for patients with LM from solid tumors. We found
that hypofractionated proton CSI is well tolerated with

Leptomeningeal metastasis (LM), the spread of a ma-
lignancy into the cerebrospinal fluid (CSF), is a dreaded
complication of solid tumors. Although approximately
20% of patients with cancer with neurologic symptoms
harbor LM at autopsy,'? it is clinically detected in only
5-8% of patients with solid tumors.3The incidence of LM
is rising, likely due to improved MRI* and better systemic
treatments.>7 The current incidence of LM varies widely
depending on primary site, with lung cancer and breast
cancers most commonly associated with LM (5-25%), fol-
lowed by melanoma (6-18%) and gastrointestinal malig-
nancies (4-14%).2489

Within the subarachnoid space, tumor cells dissem-
inate throughout the central nervous system (CNS).
As a result, patients with LM develop headache, pain,
and multifocal neurologic deficits, including cranial
neuropathies, cerebellar dysfunction, radiculopathy,
and cauda equina syndrome. Treatments for LM are
palliative, with the goals of stabilizing or improving
neurologic symptoms. The prognosis for patients with
LM is poor. Untreated, LM can lead to death within
4-6 weeks."” Therapy prolongs overall survival (0OS) to
3-11 months.®'"-'% Responses to therapies and outcomes
vary widely, impacted by performance status, tumor his-
tology, and disease outside the CNS.

Radiation therapy (RT) effectively relieves local symp-
toms due to LM and, in the form of involved-field RT, is
commonly used to treat symptomatic or bulky disease
sites.’™ 7 Because LM disseminates throughout the en-
tire CSF compartment, involved-field RT cannot halt the
progression of LM along the entire neuroaxis. Given RT’s
effectiveness in treating symptomatic LM, craniospinal ir-
radiation (CSl), treatment of the entire leptomeningeal
compartment, may be advantageous for symptom and dis-
ease control.

CSl is standard of care treatment in pediatric patients
with leptomeningeal spread of some CNS primary tumors
such as medulloblastoma'®'® and germinomas,?%?! and for
select patients with leukemia and lymphoma.??2 In solid
tumors, the role of CSl is less clearly defined. Small studies
have demonstrated its effectiveness in alleviating neuro-
logic symptoms caused by LM but have also revealed sig-
nificant side effects associated with photon CSI.2+2’ These
are the result of the gradual dose fall-off of the exit dose of
photon radiation.?-30 When delivering photon radiation to
the entire neuroaxis, photons exit the body anteriorly, ex-
posing the entire spinal column and anterior organs to ra-
diation. In contrast, protons deposit the bulk of their energy
at the last few millimeters of their range. This results in di-
minished delivery of RT beyond the neuroaxis with proton
CSI. The vertebral column and the anterior structures are
largely spared. This unique property of proton radiation
plans translates into dosimetric superiority compared with

limited bone marrow effects, which is critical in this often
heavily pretreated population. We also found promising du-
rable CNS control and survival in a subset of patients.

photon radiation for CSI, resulting in significantly less gas-
trointestinal and hematologic toxicity.?'

In this phase Ib study, we evaluated the safety of proton
CSI for patients with LM due to solid tumors. In addition,
we explored efficacy, survival, and patient-reported symp-
toms of this approach.

Materials and Methods
Patient Eligibility

Patients aged 10 or above with pathologically proven
solid tumor malignancies with LM established radio-
graphically and/or through CSF cytology were eligible
for this study. Additional eligibility criteria included a
Karnofsky or Lansky performance score of 60; no serious
major neurologic deficits including encephalopathy; no
previous RT that precluded developing a treatment plan
respective of normal tissue tolerance (Supplement 1);
available systemic treatment options; and adequate bone
marrow function (hemoglobin 9 g/dL, absolute neutro-
phil count 1500/mm?3, and platelet count 100000/mm3).
Systemic therapy was held 7 days prior to initiation and
during proton CSI treatment, with the exception of en-
docrine therapy and trastuzumab for breast cancer pa-
tients. Patients resumed their previous systemic therapy
after the completion of proton CSI. Patients were not al-
lowed to initiate a new systemic therapy until the end of
the dose-limiting toxicity (DLT) evaluation period, 4 weeks
after completion of proton CSI. Patients with parenchymal
brain metastases and with radiographically/CSF estab-
lished LM were eligible. No restriction on steroid use was
required for the study.

The protocol was reviewed and approved by the institu-
tional review board and registered with ClinicalTrials.gov
(NCT03520504). The study was conducted in accord-
ance with the principles of the World Medical Association
Declaration of Helsinki. Informed consent was obtained
from all participants.

Study Design and Protocol Therapy

This was a phase |Ib study with a dose expansion co-
hort evaluating hypofractionated proton CSI for patients
with LM from solid tumors. The primary endpoint was to
determine the frequency of treatment-related toxicity.
Secondary endpoints included duration of CNS disease
control, CNS progression-free survival (PFS), OS, and
patient-reported symptoms.

DLT was defined as any radiation-related grade
3 non-hematologic toxicity or grade 4 hematologic
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toxicity according to the National Cancer Institute
Common Terminology Criteria for Adverse Events
(CTCAE) version 4 that occurred during or within 4
weeks of completion of proton CSI. We employed a
3 + 3 design with de-escalation. The first 3 patients re-
ceived a dose of 30 Gy (relative biological effective-
ness [RBE]) in 3 Gygge fractions. If 1 or no patients
experienced a DLT, 3 additional patients would be en-
rolled at this dose of proton CSI. If 1 or none of the 6
patients experienced a DLT, the trial would proceed to
the dose expansion cohort at 30 Gypge in 3 Gygg, frac-
tions. In contrast, if 2 or more patients experienced a
DLT, 3 patients would then be enrolled at a dose level
of 25 Gypge in 2.6 Gygg, fractions. If 1 or no patients
experienced a DLT, an additional 3 patients would be
enrolled at 25 Gygg,. If 2 or more patients experienced
a DLT at 25 Gygg,, the study would stop and treatment
would be declared too toxic. If 1 or no patients de-
veloped a DLT among the 6 patients who received 25
GYgges the trial would proceed to the dose expansion
cohort at 25 Gygg in 2.5 Gy, fractions.

Patients were simulated supine using standard CSI
immobilization including a customized rigid mask. The
clinical target volume (CTV) of the proton CSI treatment
fields consisted of the entire brain, thecal sac, and prox-
imal sacral nerve roots. The planning target volume
(PTV) was the CTV plus margin to ensure that the pre-
scribed dose was delivered to the CTV, accounting for
variation in treatment delivery and range uncertainties in
the proton beam direction. The PTV was a 4 mm margin
from the brain CTV and 5 mm margin from the spine CTV.
The radiation planning time for all patients was 2 weeks
or less as mandated by the protocol. Dose volume con-
straint guidelines for organs at risk (Supplement 1) were
used in the optimization process during treatment plan-
ning. Patients were treated with pencil beam scanning
proton therapy.3?

Pretreatment evaluations included a history and phys-
ical exam, including standardized neurological exam-
ination per Response Assessment in Neuro-Oncology
Leptomeningeal Metastases (RANO-LM) neurological as-
sessment33; complete blood count (CBC), electrolytes, renal
and liver function tests; lumbar puncture for CSF assess-
ment; MRI of brain and MRI of total spine with and without
contrast; patient-reported symptoms using MD Anderson
Symptom Inventory-Brain (MDASI-BT) and MDASI-Spine
(MDASI-SP); and baseline adverse event evaluation using
CTCAE. During proton CSI, patients underwent history and
physical examination including standardized neurological
examination, weekly CBC, and adverse event evaluation.
At 1 month, 3 months, 6 months, and/or at time of disease
progression after the completion of protocol treatment,
patients underwent history and physical examination in-
cluding standardized neurological examination, CBC,
lumbar puncture for CSF assessment, MRI brain and MRI
total spine, MDASI-BT, MDASI-SP, and adverse event evalu-
ation. CNS disease progression was defined by a combina-
tion of clinical, radiographic, and cytologic examinations.
Patients with new neurologic deficit(s) and/or progressive
radiographic change not related to therapeutic interven-
tion, and/or new positive cytology, were considered to
have progressive LM.

Statistical Considerations

Treatment-related toxicities were evaluated during and
after proton CSI by CTCAE value and grade. CNS re-
sponses at 1 month, 3 months, and 6 months were esti-
mated along with 95% confidence intervals. Patients with
improved or stable disease were considered as having a
response. Patients who progressed earlier were counted in
the denominator; patients who died without progression
were excluded from the denominator. CNS PFS was evalu-
ated from the first day of proton CSI until CNS progression
or death. Patients who were alive and progression-free
at the end of study were censored. OS was evaluated
from the first day of proton CSI until death. Patients alive
at the end of study were censored. Survival outcomes
were estimated with Kaplan-Meier methods and plots.
Median follow-up time was calculated using the reverse
Kaplan—-Meier method.

Overall MDASI-BT and MDASI-SP symptom scores were
described with medians and ranges and visualized with
box plots. One-month, 3-month, and 6-month scores were
compared with baseline scores with the Wilcoxon signed
rank test. Changes from baseline for individual symptoms
were visualized with bar charts of median and interquartile
range. In these bar charts, a score difference of 0 corres-
ponded to symptom stability, a negative score difference
corresponded to symptom improvement, and a positive
score difference corresponded to symptom worsening.
Due to the exploratory nature of this study, no adjustment
for multiple comparisons was performed.

Two-sided P-values less than 0.05 were considered sta-
tistically significant. All analyses were performed with SAS
9.4TS1 M6.

Results
Dose Determination

Between June 2018 and April 2019, twenty-four patients
enrolled. The majority of patients had non-small-cell lung
cancer, and patients with molecularly driven disease all
had CNS progression on small-molecule tyrosine kinase
inhibitors at the time of enrollment. The median age was
52 and the median KPS was 70. Patient characteristics
are presented in Table 1. Four patients were inevaluable
for protocol-related toxicity assessment: 1 patient did not
start protocol treatment due to systemic progression, 2 pa-
tients did not complete protocol treatment due to systemic
progression, and 1 patient completed protocol treatment
outside of the allowed treatment window (this patient was
included exclusively in efficacy and survival analyses). Of
the 3 evaluable patients enrolled at 30 Gypg. in 3 Gygg,
fractions, no patient experienced DLT and therefore 3 ad-
ditional evaluable patients were enrolled at the 30 Gypg,
dose again with no further DLTs observed. The study went
on to enroll 14 additional evaluable patients to the expan-
sion cohort at the same dose of 30 Gygg in 3 Gygg, frac-
tions, for a total of 20 patients evaluable for all analyses,
including toxicity, and 21 patients evaluable for efficacy
and survival analyses.
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Table 1 Characteristics of all evaluable patients (N = 21)
Characteristics Median Number
(range) (%)
Age, y 52 (30-67)
Sex
Female 15 (71)
Male 6(29)
KPS 70 (60-90)
Histology
Non-small-cell lung cancer 11 (52)
ALK+ 1(5)
EGFR+ 7 (33)
ROS1+ 1(5)
Breast carcinoma 7 (33)
ER + HER2- 3(14)
ER + HER2+ 1(5)
ER-HER2+ 1(5)
TN 2 (10)
Esophageal adenocarcinoma 1(5)
Rectal adenocarcinoma 1(5)
Adenoid cystic carcinoma 1(5)
of parotid
LM Diagnosis at Enrollment
Newly diagnosed LM 9 (43)
LM progression on prior therapies 12 (57)
Number of Prior Metastatic Disease
Therapies at Enrollment
SystemicTherapies %
Afatinib 2 gg) 5)
Alectinib
T 1(5)
Brigatinib
L 1(5)
Enctrectinib
L 1(5)
Erlotinib
S 4(19)
Lorlatinib
. . 1(5)
Osimertinib
! . 7 (33)
LocalTherapies (surgery, radiation
1(0-6)
therapy)
Baseline Evaluation
Positive MRI 21 (100)
Positive cytology 16 (76)
With Parenchymal Brain Metastases
at Enrollment
Yes 11 (52)
No 10 (48)

Abbreviations: EGFR = epidermal growth factor receptor;

ALK = anaplastic lymphoma kinase; ER = estrogen receptor;

HER2 = human epidermal growth factor receptor 2; KPS = Karnofsky
performance status; LM = leptomeningeal metastasis; MRI = magnetic
resonance imaging; ROS1 = ROS proto-oncogene 1; TN = triple nega-
tive breast cancer

*0One patient with metastatic adenoid cystic carcinoma of parotid did
not receive prior systemic therapy prior to enrollment

Proton CSI Toxicities

Of the 20 patients evaluable for protocol treatment-re-
lated toxicities, 2 patients in the dose expansion co-
hort experienced DLTs: 1 patient (5%) experienced grade
4 lymphopenia; another patient experienced grade 4
lymphopenia, grade 4 thrombocytopenia, and grade 3
fatigue. All DLTs resolved without medical intervention.
Protocol treatment-related toxicities that occurred within
the DLT period in the majority of patients include:

o fatigue (19 patients [95%]: 10 [50%] grade 1, 8 [40%]
grade 2, 1 [56%] grade 3),

e lymphopenia (18 patients [90%]: 1 [5%] grade 2, 15 [75%]
grade 3, 2 [10%] grade 4), and

e thrombocytopenia (10 patients [50%]: 7 [35%] grade 1, 2
[10%] grade 2, 1 [6%] grade 4).

Other protocol treatment-related grade 3 toxicities in-

cluded grade 3 leukopenia within 1 month of protocol

therapy in 3 patients (15%), grade 3 anemia within 1 month

of protocol therapy in 1 (5%), grade 3 anorexia at 6 months

after protocol therapy in 1 (5%), and grade 3 back pain at

6 months after protocol therapy in 1 patient (5%). All pro-

tocol treatment-related toxicities during the DLT period

and at 3 months and 6 months after protocol therapy are

listed inTable 2.

CNS Progression-Free Survival and Overall
Survival

The median follow-up was 11 months (95% CIl: 8-15
mo). The median OS of the study cohort was 8 months
(95% CI: 6-not reached), with estimated OS of 71% (95%
Cl: 47-86%) at 6 months and 47% (95% Cl: 23-68%)
at 12 months (Figure 1A). The median CNS PFS was
7 months (95% CI: 5-13), with estimated CNS PFS of 62%
(95% Cl: 38-79%) at 6 months and 33% (95% Cl: 13-55%)
at 12 months (Figure 1B). Of the 21 patients evaluable
for treatment outcomes, 9 patients had progressed in
the CNS and 10 patients had died: 5 from concurrent sys-
temic progression and CNS progression, 2 from pneu-
monia, 1 from CNS progression, 1 from liver failure, and
1 from a pulmonary embolism. CNS response rate to
protocol therapy was 100% (95% Cl: 84-100%, N =21/21)
at 1 month, 86% (95% Cl: 64-97%, N = 18/21) at 3 months,
and 63% (95% Cl: 35-85%, N =10/16) at 6 months. At
the time of this analysis, 4 patients (19%) achieved CNS
disease control for more than 12 months after protocol
therapy (Figure 2).

Patient-Reported Symptoms

Patients completed MDASI-BT and MDASI-SP as as-
sessments for patient reported symptoms: 21 patients
completed assessments at baseline, 18 at 1 month, 16
at 3 months and 11 at 6 months. Compared with base-
line graphically, a trend toward worsening of patient
reported symptoms was found at 3 months with sta-
bilization or improvement of symptoms at 6 months
(Figure 3). Specifically, patients reported gradually
worsening spine-specific symptoms—such as weakness
and change in bowel pattern—that are statistically sig-
nificant at 1 month (median 0.9, P=0.041) and 3 months
(median 2.4, P =0.002), but such symptoms improved by
6 months (median =0.4, P=0.43) compared with base-
line (Table 3). While no significant difference was ob-
served at 1 month (median=1.0, P=0.25) or 3 months
(median = 1.0, P=0.058), patients also reported worse
brain-interference symptoms, such as mood or ability to
work, at 6 months (median=2.2, P=0.009). Changes in
individual specific symptoms compared with baseline
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Table2 Proton CSl-related toxicities (V= 20)

# Patients (%) <1 Month 3 Months 6 Months
General Disorders
Dry Skin Grade 1 1(5) 1(5) 0(0)
Fatigue Grade 1 10 (50) 2 (10) 1(5)
Grade 2 8 (40) 2(10) 1(5)
Grade 3 1% (5) 0(0) 0(0)
Pain Grade 2 1(5) 0(0) 0(0)
Radiation Dermatitis Grade 1 6 (30) 0(0) 0(0)
Grade 2 1(5) 0(0) 0(0)
Gastrointestinal Disorders
Anorexia Grade 2 1(5) 1(5) 0(0)
Grade 3 0(0) 0(0) 1(5)
Dysgeusia Grade 1 0(0) 1(5) 0(0)
Dyspepsia Grade 1 1(5) 0 (0) 0(0)
Vomiting Grade 1 2(10) 0(0) 0(0)
Neurologic Disorders
Back Pain Grade 3 0(0) 0(0) 1(5)
Gait Disturbance Grade 2 1(5) 0 (0) 0 (0)
Headache Grade 1 1(5) 1(5) 1(5)
Grade 2 0(0) 1(5) 0(0)
Memory Impairment Grade 1 0(0) 1(5) 0(0)
Nausea Grade 1 8 (40) 0 (0) 1(5)
Grade 2 0(0) 1(5) 0(0)
Sensory Impairment Grade 1 0(0) 1(5) 0(0)
Hematologic Disorders
Anemia Grade 1 2(10) 0(0) 0(0)
Grade 2 1(5) 0(0) 0(0)
Grade 3 1(5) 0(0) 0(0)
Leukopenia Grade 1 3(15) 0(0) 0(0)
Grade 2 2(10) 0(0) 0(0)
Grade 3 3(15) 0(0) 0(0)
Lymphopenia Grade 2 1(5) 0(0) 0(0)
Grade 3 15 (75) 0(0) 0(0)
Grade 4 2*(10) 0(0) 0(0)
Neutropenia Grade 2 5(25) 0(0) 0(0)
Thrombocytopenia Grade 1 7 (35) 0(0) 0(0)
Grade 2 2 (10) 0(0) 0(0)
Grade 4 1* (5) 0(0) 0(0)

* = Dose limiting toxicity.

are depicted through a bidirectional bar graph and can be  neurologic symptoms, it is associated with significant
found in Supplement 2-3. side effects.?526 Here, we have demonstrated that proton
CSl of 30 Gy in 10 fractions can be safely delivered to pa-
tients with LM due to solid tumors with limited toxicity. It
is important to note that 30 Gy in 10 treatments or 3 Gy per
Discussion fraction of RT is a hypofractionated approach. Traditionally
CSl is given in 1.8 Gy or 2 Gy per fraction requiring 20 or
Patients with LM who receive CSI traditionally receive  more treatments. For patients with LM, hypofractionated
X-ray-based photon RT. While photon CSI alleviates RT would be preferable to long-course RT. It is more
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Figure 3. MDASI score distribution overtime. These plots are a schematic for the distribution of values. The ends of the box represent the 25th and
75th percentiles (or 1st and 3rd quartiles), while the center line and diamond represent the median and mean, respectively. The 75th minus the 25th
percentile equals the interquartile range (IQR), and the ends of the whiskers are placed at 1.5 times the IQR. Any values lying outside these hound-
aries are considered outliers. Higher values indicate worsening symptoms.

Table 3. MDASI and RANO neurologic examination differences between follow-up timepoints and baseline*

1 Month

Median (range)

P=

3 Months
N

Median (range)

6 Months

P= Median (range)

Brain Specific Score 18 0.6 (-3.2-2.9) 0.45 15 0.7 (-2.1-5.2) 0.14 1 0.7 (-1.8-4.0) 0.07
Brain Severity Score 17 -0.2 (-4.8-3.4) 0.30 16 1.0 (-2.1-5.5) 0.08 M 0.8 (-2.5-4.3) 0.13
Brain Interference Score 17 1.0 (-5.7-6.0) 0.25 16 1.0 (-4.2-6.2) 0.06 1 2.2 (-0.8-5.8) 0.009
Spine Specific Score 14 0.9 (-3.0-3.0) 0.04 13 2.4 (-0.8-4.2) 0.002 9 0.4 (-3.5-5.5) 0.43
Spine Severity Score 18 0.0 (-4.8-4.5) 0.85 16 1.5 (-3.0-5.5) 0.06 10 0.8 (-2.5-4.3) 0.19
Spine Interference Score 17 1.5 (-4.2-6.0) 0.08 16 1.0 (-4.2-7.0) 0.07 10 1.7 (-1.4-5.5) 0.08

Numbers represent difference from baseline, with a higher score signifying worsening of reported symptoms.

convenient for patients with functional decline, and it min-
imizes interruptions in systemic therapy for patients with
active systemic disease. Furthermore, it is unclear whether
long-course RT would result in superior outcomes in pa-
tients with significant CNS disease.3* As 30 Gy in 10 treat-
ments is considered the standard involved-field RT dose
for patients with LM, it was used as the starting dose for
this study.

In our study, only 2 patients developed DLTs (grade 3 fa-
tigue, grade 4 lymphopenia, grade 4 thrombocytopenia),
which did not interrupt therapy and resolved without
medical intervention. No unexpected adverse event was

observed on study.The most common protocol treatment-
related toxicity was fatigue (95% of patients), a known side
effect of CNS radiation, which persisted at 3 months (20%)
and 6 months (10%) in some patients. Another common
toxicity was lymphopenia (90% of patients), which was
resolved by 3 months. No infections were observed. No
patient experienced grade 3 gastrointestinal toxicities or
required blood product transfusions.

We found that the toxicity profile of proton CSI was
lower compared with what has been reported on X-ray—
based photon CSI. Hermann et al retrospectively exam-
ined 16 patients with solid tumor LM who received 36 Gy
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photon CSI in 18 fractions between 1995 and 2000 and
found that the majority of patients experienced signifi-
cant myelosuppression and dysphagia.?* In another study,
Harada et al evaluated 17 patients with LM from solid tu-
mors who received X-ray-based photon CSI to a median of
41.4 Gy between 2008 and 2013 and found that the majority
of patients had grade 3 or above hematologic and/or gas-
trointestinal side effects.?® Involved-field photon RT can be
associated with severe, persistent lymphopenia, which has
been shown to negatively impact survival.?® Given that LM
is a late complication in patients with solid tumors, and pa-
tients commonly have compromised bone marrow reserve
and abnormal organ function from systemic and local ther-
apies, proton CSl may potentially be a safer approach in
this patient population.

In addition, we found that CSI may be effective in
achieving durable CNS disease control in patients with LM
from solid tumors.The majority of evaluable patients (63%)
achieved CNS disease control 6 months after proton CSlI,
and at the time of this analysis, 19% of patients maintained
CNS disease control over 12 months. We also found favor-
able survival outcomes in our study cohort, with a median
CNS PFS and OS of 7 months and 8 months, respectively.
Although it is difficult to draw conclusions given the small
number of patients in our study, our survival outcomes
compared favorably with earlier reports with median
survivals of 3-5 months.26:36:37

Our study is the first to demonstrate patient-reported
neurologic symptom stability after CSI. Using MDASI-BT
and MDASI-SP, we also found that patients reported
worsening of spine symptoms at 1 and 3 months and
worsening of brain symptoms at 6 months after protocol
therapy. The change in patient-reported symptoms can
be confounded by a variety of factors, including initiation
of new systemic therapy after study DLT period, perfor-
mance status, and systemic disease progression leading
to patients coming off the study. Nevertheless, decline in
neurologic function at 2-4 months after CNS RT has been
reported; Saito et al reported worsening of Hopkins Verbal
Learning Test-Revised scores at 4 months after whole-
brain RT compared with baseline but not at 8 months,38
and Brown et al reported decline of function at 2 months
which persisted at 6 months.?®This suggests that subacute
radiation-induced toxicities can occur at 2-4 months after
completion of RT and should be taken into consideration in
patient evaluation and explored in a larger study.

There are several limitations to this study. Given the
small number of patients enrolled in the study, the array of
primary cancers included and the many systemic therapies
received, we are not able to draw robust conclusions on
efficacy, survival outcomes, or patient-reported symptoms.
Changes in patient-reported symptoms are confounded by
multiple clinical factors, including change in therapy and
change in disease status, and, given the limited number of
participants, should be interpreted with caution. We plan
to evaluate the effects of proton CSI on patient reported
symptoms in an upcoming randomized trial.

In conclusion, this is the first prospective study
evaluating proton CSI with 30 Gy in 10 fractions for pa-
tients with LM from solid tumors. We have determined
that hypofractionated proton CSI appears safe for patients
with LM from solid tumors, a population that would ben-
efit significantly from shorter courses of RT to minimize

interruptions to systemic therapy. We have seen early evi-
dence that hypofractionated proton CSl is an effective treat-
ment in many patients and observed durable disease control
on this study. We plan a phase Il randomized trial to further
determine the efficacy of hypofractionated proton CSI.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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