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Abstract

Background. Leptomeningeal metastasis (LM) involves cerebrospinal fluid (CSF) seeding of tumor cells. Proton
craniospinal irradiation (pCSl) is potentially effective for solid tumor LM. We evaluated whether circulating tumor
cells (CTCs) in the CSF (CTCg;), blood (CTC, _,), and neuroimaging correlate with outcomes after pCSI for LM.
Methods. We describe a single-institution consecutive case series of 58 patients treated with pCSI for LM. Pre-
pCSI CTCs, the change in CTC post-pCSl (A.;.), and MRIs were examined. Central nervous system progression-
free survival (CNS-PFS) and overall survival (OS) from pCSI| were determined using Kaplan Meier analysis, Cox
proportional-hazards regression, time-dependent ROC analysis, and joint modeling of time-varying effects and
survival outcomes.

Results. The median CNS-PFS and OS were 6 months (IQR: 4-9) and 8 months (IQR: 5-13), respectively. Pre-pCSI
CTC. < 53/3mL was associated with improved CNS-PFS (12.0 vs 6.0 months, P < .01). Parenchymal brain metas-
tases (n = 34, 569%) on pre-pCSI MRI showed worse OS (7.0 vs 13 months, P=.01). Through joint modeling, CTC ¢,
was significantly prognostic of CNS-PFS (P <.01) and OS (P <.01). A A 5237 cells/3mL, the median A ¢ o at
nadir, showed improved CNS-PFS (8.0 vs 5.0 months, P=.02) and further stratified patients into favorable and un-
favorable subgroups (CNS-PFS 8.0 vs 4.0 months, P <.01). No associations with CTC, _, were found.

Conclusion. We found the best survival observed in patients with low pre-pCSI CTC ¢, and intermediate outcomes
for patients with high pre-pCSI CTC. but large A . .- These results favor additional studies incorporating pCSI
and CTC_... measurement earlier in the LM treatment paradigm.

Key Points
e Some patients with LM have prolonged survival after proton CSI.

e CTCs in the CSF have potential utility in understanding which patients will benefit most
from proton CSI.
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Importance of Study

This study describes the clinical outcomes of
the largest cohort of leptomeningeal patients
receiving proton craniospinal irradiation (pCSlI)
to date. We observe the best survival in patients
with low pre-pCSl circulating tumor cells in the
cerebrospinal fluid (CTC.g.) and intermediate

Leptomeningeal metastasis (LM), or seeding of tumor cells
to the pia and arachnoid mater, or leptomeninges, is a dev-
astating complication of solid tumor malignancies, and
it is associated with a poor prognosis. While it is clinically
detected in 5-8% of patients with solid tumors,' 2 it is fre-
quently underdiagnosed. Without treatment, survival is
roughly 4-6 weeks with death usually resulting from neuro-
logic deterioration.* With treatment, patients tend to have a
median survival of 3-4 months, depending on the histology,
functional status, and response to systemic therapy.®

Though there are no universally accepted guidelines for
diagnosis or treatment response of LM, it is recognized
that neurological physical examination, cerebrospinal fluid
(CSF) analysis, and central nervous system (CNS) imaging
should be used in combination.® Though CSF cytology aids
in LM diagnosis, up to 50% of LM patients will have a neg-
ative cytology.” Therefore, CSF cytology has a low sensi-
tivity alone, and it is not useful as a biomarker since it is not
quantitative. In metastatic patients, circulating tumor cells
(CTCs) in the peripheral blood (CTC,, ) correlate with in-
creased burden of metastasis® and can predict disease pro-
gression and survival,®" though the utility of CTC in
LM is unclear.

Recently, CSF CTCs (CTC,q) have been shown to have
improved diagnostic performance for LM compared to
magnetic resonance imaging (MRI) and CSF cytology.'>"®
The presence of at least one CTC.g. per Tml of CSF was
shown to improve diagnosis of LM and should be con-
sidered to be added to CSF cytology and MRI evalua-
tion.™ In a large retrospective cohort of patients with CNS
metastases, including patients with LM, high CTC .. was
associated with worse overall survival.’ CTC... was as-
sayed prospectively in a clinical trial evaluating intrathecal
Trastuzumab in patients with HER2+ epithelial cancer
LM, and dynamic changes in CTC_o. were noted, with an
increase in CTC.g. seen prior to MRI changes in patients
with disease progression.” It is still unknown whether
CTCse can be used to determine treatment response to
LM-targeted therapies.

Chemotherapy agents for treatment of LM are limited in
therapeutic efficacy, but craniospinal irradiation (CSI) can
be used to treat the entire CSF compartment. Nevertheless,
X-ray-base photon CSI can cause significant toxicity com-
pared to proton-based CSI.'® We have therefore evaluated
and demonstrated that proton craniospinal irradiation
(pCSl) can achieve therapeutic radiation doses with rela-
tively few side effects.' Currently, there are no established
biomarkers of response of LM-directed therapies. We
aimed to understand whether neuroimaging, CTCs in the

blood

outcomes for patients with high pre-pCSI
CTCge but large change CTC_o. between pre-
and post-pCSI measurements. Therefore, we
establish that CTC_o. may have potential utility
as a biomarker to prognosticate response to
pCSlin LM patients.

blood, or CTCs in the CSF correlate with clinical outcomes
in patients with LM treated with pCSI.

Methods

We evaluated a prospectively collected consecutive case
series of 58 patients who were treated with pCSI between
January 2018 and December 2020; 21 of the patients were
enrolled in a phase | trial evaluating the safety of pCSI
(NCT03520504)." Patients were diagnosed with LM using
radiographic criteria on MRI and/or positive CSF cytology
(45 patients).® For each patient, we collected the patient
demographics, treatment history, radiation dose and frac-
tionation, and pre- and post-pCSI MRI studies. Patient age
and Karnofsky performance status (KPS) at the time of
pCSI were recorded. Median values with range were re-
ported unless otherwise specified.

CTC.s and CTC,, 4 Were analyzed by the CellSearch®
platform, an immunomagnetic isolation technique using
antibodies to EpCAM conjugated to magnetic beads for the
capture of EpCAM-expressing epithelial cells that are CD45
negative and cytokeratin positive, prior to and after pCSI
with a standard cutoff of 200/3 mL when higher numbers
of CTCs were seen. CTC was analyzed within 48 h from
CSF or blood collection (7.5 mL of whole blood was used
for analysis). CTC.g and CTC,, , were measured within
8 weeks prior to pCSI and/or at multiple points after com-
pleting pCSlI, approximately every 2-3 months. For patients
with pre- and post-pCSI CTC.. measurement, the change
in CTC.gr (Agqccse) Was calculated and dichotomized by
median A.;. s @nd for patients with multiple post-pCSI
CTC.s measurements, the nadir was used for analysis. An
identical procedure was performed to obtain the change
in CTC,, .4 pre- and post-pCSI (A.rcy00q)- We assessed
correlation between CTC.g and CTC, . pre-pCSl using a
non-parametric Spearman’s rank correlation rho.

MRIs of the brain and spine were examined within
60 days prior to pCSI. All patients had pre-pCSI MRI assess-
ment of LM and were examined for the presence of brain
and/or spine LM, parenchymal brain metastases, and hy-
drocephalus. Post-pCSI MRI assessment was examined for
LM that either improved from prior scans, remained stable,
or showed disease progression using RANO-LM criteria®
by an experienced neuroradiologist blinded to the CTC re-
sults and clinical status. The association between MRI find-
ings and survival outcomes was landmarked at 60 days
post-pCSl.
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We report median follow-up separately for those who died
and those who were lost to follow-up or had not died by
December 31, 2020. We examined central nervous system
progression-free survival (CNS-PFS), defined as the time
from start of pCSI to either CNS progression or death, and
overall survival (OS), defined as the time from start of pCSI
to death from any cause. Survival times are reported with in-
terquartile range (IQR). Univariate associations with CNS-PFS
and OS were visualized using Kaplan Meier plots and signifi-
cance was determined using a log-rank test. Multivariate Cox
proportional-hazards regression modeling was used to test
independence of univariate associations. Time-dependent re-
ceiver operating characteristic (ROC) curve analysis was per-
formed to report 6-month and 1-year sensitivity and specificity
accounting for data censoring.?® The association between
survival outcomes and pre-pCSI CTC count was tested using
Cox proportional-hazards regression after verifying the as-
sumption of proportional hazards. The CTC count over time,
a continuous time-varying covariate, was simultaneously ana-
lyzed in a joint model of longitudinal and survival outcomes
with shared random effects and an unspecified baseline risk
function. Results from models treating CTC count as a contin-
uous covariate are reported per 10 cells.To aid in clinical inter-
pretability, we determined optimal cutoffs through maximally
selected rank statistics using CNS-PFS as the associated out-
come of interest and requiring no fewer than 10% of patients
with non-zero CTC to be separated by a chosen cutoff, with
the goal of partitioning CTC measurements into high and low
groups. We defined statistical significance at alpha = 0.05.

Results
Patient Characteristics

The sample characteristics are shown in Table 1. Most
patients had lung cancer (n = 27, 47%) or breast cancer
(n = 22, 38%). Most patients were female (n = 46, 79%).
The median age at pCSl was 57 years (range: 30-77 years)

Table 1.

and the median KPS at pCSI was 80 (range: 60-90). The
majority of patients received a median number of 3 lines
of systemic therapy prior to pCSI| (range = 1-10 lines,
Supplementary Table 1). The median time between LM di-
agnosis and pCSl was 1 month (range = 0-24 months). All
patients were treated to the entire CSF compartment, with
most patients (n = 49, 84%) receiving 30Gy in 10 fractions
(Supplementary Figure 1, Supplementary Table 2). Most
patients (n =41, 71%) received pCSl followed by a planned
systemic therapy agent, with Osimertinib as the most
common agent (n =13, 32%) (SupplementaryTable 2).

CNS Progression-Free Survival and Overall
Survival

The survival outcome summaries for CNS-PFS and OS are
shown in Table 2. The median follow-up time for patients
who were censored or still alive by the end of the study
period (n = 15, 26%) was 15 months (IQR: 9-18 months).
The median CNS-PFS was 6 months (IQR: 4-9 months)
(Figure 1A). The median overall survival was 8 months
(IQR: 5-13 months) (Figure 1B). Tumor histology, cytology
positivity, patient age, and KPS were not found to be asso-
ciated with OS or CNS-PFS.

Circulating Tumor Cells as a Biomarker of
Response

Cerebrospinal fluid circulating tumor cells (CTC_g).—
Of the patients who underwent CTC.y, analysis pre-CSI
(n = 48), 43 (90%) had detectable CTCs >1 cell/3mL. Pre-
pCSI CTC.4 was significantly associated with CNS-PFS
(HR: 1.05 per 10 cells (95%CI: 1.01-1.10, P = .01) but not as-
sociated with OS (HR: 1.03 per 10 cells (95%Cl: 0.98-1.07,
P =.21). An optimal cutoff in CNS-PFS survival analysis of
pre-pCSI CTC4, was determined to be 53 cells/3 mL, and
having pre-pCSI CTC ¢ <53 cells/mL (24%, n = 12) was as-
sociated with improved CNS-PFS (median 12 vs. 6 months
for patients with >53 cells/3mL, P < .01) (Figure 2A) and a

Patient Characteristics Prior to Proton Craniospinal Irradiation (pCSI)

Overall (n=58) Lung (n=27) Breast (n = 22) Other* (n =9)
Age Median (range) 57 (30-77) 59 (30-72) 52 (30-77) 60 (45-71)
Sex Female n (%) 46 (79%) 19 (70%) 22 (100%) 5 (56%)
Male n (%) 12 (21%) 8 (30%) = 4 (44%)
KPS <80 n (%) 16 (28%) 10 (37%) 2 (9%) 4 (44%)
>80 n (%) 42 (72%) 17 (63%) 20 (91%) 5 (56%)
Race White n (%) 46 (79%) 21 (78%) 17 (77%) 8(89%)
Other n (%) 12 (21%) 6 (22%) 5 (23%) 1(11%)
Pre pCSICTC., 0-52 n (%) 12 (25%) 7 (29%) 3(17%) 2 (33%)
53->200 n (%) 36 (75%) 17 (71%) 15 (83%) 4 (67%)
Time from LM dx to pCSI Median months (range) 1(0-24) 3 (1-24) 1 (0-5) 1(0-9)
Prior chemotherapy lines Median lines (range) 3(1-10) 2 (1-9) 5(1-10) 2(1-7)

KPS, Karnofksy performance status; CTCCSF' circulating tumor cells in the cerebrospinal fluid; dx, diagnosis; LM, leptomeningeal metastases.
*ACC (1); Esophageal (1); Melanoma (1); Ovarian (1); Rectal (1); Rhabdomyosarcoma (1); Uterine (1); SCC (1); Adenocarcinoma NOS (1).
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Table 2. Survival Outcomes Shown for the Overall Cohort and Stratified by Histology

Overall (n=58) Lung (n=27) Breast (n = 22) Other (n=9)
CNS Progression n (%) 33 (57%) 15 (56%) 12 (55%) 6 (67%)
Died n (%) 43 (74%) 20 (74%) 17 (77%) 6 (67%)
Follow-up Median months (IQR) 15 (9-18) 15 (12-20) 9 (8-10) 15 (9-18)
CNS-PFS Median months (IQR) 6 (4-9) 7 (4-9) 6 (4-9) 5(3-11)
oS Median months (IQR) 8 (5-13) 9 (6-15) 8 (5-9) 5 (4-15)
A B
100% 100%
E E
2 50% 2 50%
> >
%) %)
0% 0%
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Figure 1. A) Central nervous system progression-free survival (CNS-PFS) for the overall cohort is shown. The median CNS-PFS was 6 months

(1QR: 4-9 months). B) Overall survival (0S) for the entire cohort is shown. The median 0S was 8 months (IQR:5-13 months).

trend toward improved OS (median 17 vs. 8 months for
patients with >53 cells/3mL, P = .08) (Figure 2B) (Table 3).
The time-dependent sensitivity and specificity for CNS-PFS
using pre-pCSI CTC o, measurement with a cutoff of 53
cells/3 mL were 85% and 34% at 6 months and 85% and
54% at 12 months, respectively. The time-dependent sen-
sitivities and specificities for OS using pre-pCSI CTCq.
measurement were 88% and 31% at 6 months and 88% and
44% at 12 months, respectively (SupplementaryTable 3).
Most patients (71%, n = 41) started or resumed a planned
systemic therapy after pCSl, and 34 patients (59%) had at
least one CTC . measurement before initiating a new sys-
temic therapy, though 3 of these patients did not have a pre-
pCSI CTC.g measured. Joint modeling of CTC_g. over time
and survival outcomes showed that CTC ¢, was significantly
associated with both CNS-PFS (HR: 1.11 per 10 cells (95%Cl:
1.08-1.14), P< .01) and OS (HR: 1.07 per 10 cells (95%CI: 1.05—
1.10), P<.01). As a sensitivity analysis, only CTC.,. measure-
ments taken before starting a new systemic therapy were
included and were still found to be significantly associated
with CNS-PFS (HR: 1.08 per 10 cell (95%Cl: 1.04-1.11), P <
.01) and OS (HR: 1.04 per 10 cells (95%Cl: 1.01-1.07), P = .01).

Thirty-one patients had both a pre- and post-pCSI CTC,
measurement. CTC.,. nadir was measured at a median of
1.5 months (range: 0.5-5.3 months) after pCSl before initiating
a new systemic therapy. No patients had an increase in
CTC_ge immediately post-pCSI and for patients with a detect-
able pre-pCSI CTCqg, and a post-pCSI CTC o, measurement
(n = 27, 87%), the median A ;. . at nadir was 37 cells/3mL
(range: 0-200+).The median time from nadir measurement to
cancer-directed therapy was 3 months (range: 0-15 months).
The median A ;.. for breast cancer, NSCLC, and other
cancer patients was not significantly different (Kruskal-Wallis
test P =.32). A Agqe s 237 cells/3 mL was associated with
improved CNS-PFS compared to a Aqccqr <37 cells/3mL
(8 vs. 5 months, P = .02, Figure 2C). No association with OS
was observed for a A ;. s (13 vs. 8 months for those with
Acrccse <37 cells/3 mL, P = .20, Figure 2D). As a sensitivity
analysis, the results were consistent when limiting the anal-
ysis only to those with pre-pCSI CTC_q, =53 cells/3mL and >
200 cells/3 mL (Supplementary Figure 2).The time-dependent
sensitivities and specificities for CNS-PFS using A1 o Were
73% and 60% at 6 months and 53% and 53% at 12 months,
respectively.
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Figure 2. A) Central nervous system progression-free survival (CNS-PFS) by circulating tumor cells in the CSF (CTC.) before proton
craniospinal irradiation (pCSI) is shown. Having a pre-pCSI CTC, <53 cells/3mL was associated with improved CNS-PFS (P < .01). B) Overall
survival (0S) stratified by CTC,. pre-pCSI showing borderline significance (P = .08). C) CNS-PFS stratified by the change in CTC,, after pCSI

(Acre.cse) showing that A o o > 37 cells/3mL compared to A . oo <37 cells/3mL is associated with improved outcome (P=.02). D) A

crc-cse = 37

cells/3mL compared to A 1. .- <37 cells/3mL did not have significantly different 0S (P=.20).

From our analysis, we hypothesize that using CTC g,
as a biomarker of response to pCSl in LM can identify 3
risk groups showing a significant association with CNS
PFS (P < 0.01) and OS (P < .01) (Figure 3): the most favor-
able group with pre-pCSI CTCg, <53 cells/3 mL (median
CNS-PFS = 12 months, OS = 17 months); the favorable
group with pre-pCSI CTC.g =53 cells/3mL and A ;. cor =
37 cells/3mL post-pCSI (median CNS-PFS = 8 months,
OS = 13 months); and the unfavorable group with pre-pCSI
CTC.gr 253 cells/3mL and A 1 cgr <37 cells/3mL post-pCSl,
including patients with no post-pCSI measurement (me-
dian CNS-PFS =4 months, OS =5 months).

Plasma circulating tumor cells (CTC,, .).—CTC, .4
were measured in 17 patients pre-pCSl, and in all 17 pa-
tients they were also measured post-pCSI| up to a median

of 1.6 months (range: 0.6-6.1 months) before initiating a
new systemic therapy. There was no correlation between
pre-pCSl levels of CTC.g. and CTC,, , (rho = 0.10, P=.72)
(Supplementary Figure 3). An optimal cutoff in CNS-PFS
survival analysis of pre-pCSI CTC, , was determined to
be 1 cell/3mL, and 8 (47%) patients had CTCs >1 cell/3mL.
No association was seen between pre-pCSI CTC, , =
1 cell/3mL and CNS-PFS (P = .20) or OS (P = .80). After
pCSl, 22 patients had CTC,,  , measured, including all 17
with pre-pCSI measurements. Joint modeling of CTC
over time and survival outcomes showed that CTC,_,
was not significantly associated with CNS-PFS (HR: 1.04
per 10 cells (95%Cl: 0.97-1.12), P=.22) or OS (HR: 1.07 per
10 cells (95%Cl: 0.97-1.18), P = .16). Considering the nadir
of CTC,,,,4 POst-pCSI, only 3 patients had @ Ay 100q > 0/

blood
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Table 3. Median Survival Estimates for CTC_¢. and MRI Findings

CNS-PFS (median months [IQR])  P*

OS (median months [IQR]) P*

Pre-pCSI CTCoq CTCeqr <53 12 12 (5-NE) <01 17 (7-NE) .08
CTC,ge =53 36 6(4-7) 8 (6-9)

CTC_qe change Acrecse <37 cells/3mL 14 4 (4-NE) .02 8(5-NE) .20
Acrecse 237 cells/3mL 14 8 (7-NE) 13 (8-NE)

Parenchymal brain metas- Absent 24 8 (6-NE) .02 13 (8-NE) .01

tases
Present 34 5(5-7) 7 (6-13)

LM Site None 3 (1-NE) .60 3 (1-NE) .04
Brain only 7 (4-NE) 8 (6-NE)
Spine only 11 9(5-NE) 22 (8-NE)
Brain and spine 34 6(5-8) 8 (6-13)

Pre-pCSI hydrocephalus Absent 45 6 (5-8) .60 8(6-13) .70
Present 13 5(4-NE) 8 (5-NE)

NE, not estimated; LM, leptomeningeal metastases; CTC, circulating tumor cells in the cerebrospinal fluid; pCSI, proton craniospinal irradiation; Cl,
confidence interval; CNS-PFS, central nervous system progression-free survival; 0S, overall survival.

*Log-rank test.

100%

50% 50% -

Survival
Survival

0% | 0%

B Pre-pCS| CTCcsF >53 (n = 12)
W Pre-pCS| CTCcsr 253 AND post-pCS| ACTCcs 237 (n = 13)
B Pre-pCS| CTCcs 53 AND post-pCSI ACTCGsr <37 (n = 23)

Months

Months

Figure 3. Kaplan Meier curves for (A) central nervous system progression-free survival (CNS-PFS) and (B) overall survival (0S) demonstrating
that there are 3 risk groups: most favorable, favorable, and unfavorable. The most favorable group has pre-pCSI CTC. <53 cells/3mL (median
CNS-PFS = 12 months, 0S = 17 months). The favorable group has a pre-pCSI CTC . =53 cells/3mL and A 1. s =37 cells/3mL post-pCSI (median
CNS-PFS =7 months, 0S =11 months). The unfavorable group has pre-pCSI CTC,. =53 cells/3mL and A ;. s <37 cells/3mL post-pCS|, including
patients with no post-pCSI measurement (median CNS-PFS =4 months, 0S = 5 months).

and using the median A ,,,4 Of 0 as a cutoff neither 0s
(P=.70) or CNS-PFS (P =.90) were significantly associated
using a log-rank test.

MRI features as a biomarker of response.—LM abnor-
malities were visible in the majority (n = 54, 93%) of pre-
pCSI MRs.The presence of hydrocephalus (n =13, 22%) on
MRI prior to CSI was not associated with CNS-PFS or OS
(Table 3). Parenchymal brain metastases (n= 34, 59%) were
associated with a worse CNS-PFS (median 5 vs. 8 months
for those without parenchymal brain metastases, P = .04)
and worse OS (median 7 vs. 13 months for those without
parenchymal brain metastases, P=.01) (Table 3).The time-
dependent sensitivity and specificity for CNS-PFS and OS

using the presence of brain parenchymal metastases are
shown in Table 3. Patients with spine only LM in pre-pCSI
MRI (n = 11, 19%) were found to have improved OS com-
pared to patients with no visible LM (n =4, 7%), brain only
LM (n =9, 15%), or both brain and spine LM (n = 34, 59%)
(22 vs. 3 vs. 8 vs. 8 months, respectively) (Table 3). Because
the relationship between site of LM and OS involved over-
stratification and did not correlate with bulk of disease (i.e.,
no visible LM had a worse OS compared to spine only LM),
we did not estimate sensitivities or specificities for LM
site, and we did not include it in further combined models.
There was no association between site of LM on MRI and
CNS-PFS post-pCSI (P =.40).
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The time-dependent sensitivity and specificity for CNS-
PFS and OS combining pre-pCSI CTC4, and parenchymal
brain metastases are shown inTable 3, resulting in a lower
sensitivity of CNS-PFS and OS at 6 and 12 months. In a
multivariate model, pre-pCSI CTC.4. was significantly as-
sociated with CNS-PFS (P = .02) independently of CNS
parenchymal brain metastases on MRI (P = .05). In a mul-
tivariate model of OS, only the presence of CNS paren-
chymal brain metastases on MRI was associated with OS
(P=.05) independently of pre-pCSI CTC g, (P=.21).

Most patients (90%, n=52) had at least one post-pCSI MRl
assessment within 60 days of completing pCSl. In post-pCSI
MRI assessment 44 of 52 patients (76%) showed stable or
improved disease. Using a landmark of 60 days post-pCSlI,
patients with a worse MRI after pCSI (n = 8) did not have
significantly different overall survival compared to those
with an improved or stable MRI (n = 44) (12 vs 10 months,
P=.40).The dynamic changes in CTC¢. over time are shown
by post-pCSI MRI in Supplementary Figure 4.

Discussion

Our recent phase 1 clinical study of pCSI for solid tumor
LM had shown a median CNS-PFS of 7 months (95% ClI:
5-13) and a median OS of 8 months (95% CI: 6 to not
reached) with 20% of patients living more than a year
without CNS disease progression.’ In our current study
of the largest patient cohort to date, we found that pCSI
is associated with similar median CNS-PFS of 6 months
and OS of 8 months for patients with solid tumor LM de-
spite many patients having been heavily pre-treated.
Compared to the survival of other therapies such as sys-
temic therapy alone (2.2 months),2' systemic therapy with
intrathecal cytarabine (3.8 months),?" triple intrathecal che-
motherapy (2 months),?2 and immune checkpoint inhibi-
tors (2 months)?3 pCSI patients had favorable outcomes. In
addition, 10% of patients were alive without CNS disease
progression and 26% of patients were still alive and cen-
sored at the end of the study period, indicating that pCSI
may prolong survival in select patients.

Our study also demonstrated that CTC.,. quantita-
tive assessment in the CNS compartment has potential
as a prognostic biomarker of response. Using maximally
selected rank statistics, we determined that patients with
pre-pCSI CTC g <53 cells/3 mL at baseline and/or A ;¢ cqr
>37 cells/3mL post-pCSI had the most favorable CNS-PFS
survival outcomes; however, there were a limited number
of patients with both pre- and post-pCSI CTC_,. measure-
ments. Nevertheless, for patients with pre-CSI CTCg =53
cells/3mL at baseline, the quantitative post-CSI A ¢ o al-
lowed for further stratification into 3 groups using CTC ¢,
as a biomarker of response: the most favorable group, the
favorable group and the unfavorable group. Our results
showed that pCSI may be most effective in improving sur-
vival outcomes in patients with lower CSF disease burden
(the most favorable group), arguing for clinical trial eval-
uation of early integration of pCSl into the LM treatment
paradigm and routine CTC.y. measurement. For patients
with higher disease burden at baseline and suboptimal re-
sponse to pCSI (the unfavorable group), more aggressive

therapeutic strategies can be considered if consistent
with patient’s goals of care, including concurrent systemic
therapy with pCSl, or early LM-directed therapy following
pCSlincluding additional radiotherapy.

We did not find that CTC,, _, to be prognostic of CNS-
PFS or OS. We also did not find a significant correlation
between CTC.q and CTC, .. Our results indicate that in
this patient cohort with LM, survival outcomes are likely
driven by CSF disease burden and response to treatment.
As all of our patients received pCSlI, they were less likely
to have known poor risk factors including KPS <60, mul-
tiple and major neurologic deficits, encephalopathy, or
extensive systemic disease with few treatment options,?
but because LM patients with favorable prognostic factors
still have a median OS of roughly 4 months,?® our findings
demonstrated that LM-directed treatments for patients
with limited poor-prognostic factors may lead to beneficial
outcomes.

On MRI, the presence of parenchymal brain metastases
is thought to be associated with increased disease bulk
and worse prognosis,® and we found that the presence of
parenchymal brain metastases was associated with shorter
CNS-PFS and 0S.% Nevertheless, we did not see that a
higher visible burden of LM on MRI was associated with
significantly worse outcomes, and the patients with no
visible LM although a small group (n = 4) actually had the
worst overall survival. It is possible that this is driven by
the biological differences between LM cells suspended in
the CSF compared to those that form radiographically evi-
dent disease.?’” Furthermore, of the patients with no visible
LM, 3 had parenchymal brain metastases, which we dem-
onstrated to be associated with poor prognosis. While the
parenchymal brain metastases on MRI pre-pCSl is prog-
nostic of OS, the MRI post-pCSl is not prognostic, likely
because of patients receiving additional therapies with
varied efficacy and the limited number of patients with
worse MRI after pCSI. Additionally, we did not detect a re-
lationship between prior hydrocephalus, a poor prognostic
factor, and survival after pCSI. All in all, when compared to
CTCcg we concluded that MRI features provide excellent
anatomic detail, but MRl may be less reliable in associating
with treatment outcomes for LM patients undergoing pCSI.

This study has important limitations. First, given that all
patients were selected to receive pCSI and a subset of pa-
tients had pre-pCSI and/or post-pCSI CTC measurements,
there is selection bias, and we were not able to account
for all potential clinical confounding factors. Furthermore,
the actual pre-pCSI CTC measurements could be higher
than reported due to the time lapse between CTC meas-
urements and initiation of pCSl. Second, the biomarkers
derived by the CellSearch® assay can only be applied
in patients with solid tumor of epithelial origin (CD45-,
EpCAM4+). Third, this study was not designed to define
nominal cutoffs for CTCs given its heterogeneity in patient
clinical history and timing of measurements. Because the
CTC assay data is truncated at 200 cells/3 mL and the op-
timal cutoffs were chosen to maximize the discrimination
of CNS PFS, this study cut offs should serve as heuristics
corresponding to large and small CTC values. Though we
chose to minimize the number of analyses performed, and
there is biologic plausibility to support the use of CTC g,
these results should be interpreted carefully and with the
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understanding that more validation is needed. With this in
mind, a prospective randomized clinical trial is currently
underway to address these concerns (NCT04343573).

In conclusion, this is the largest study to date
demonstrating CTC.g. could be a biomarker prognostic
of survival outcomes in patients with LM who received
pCSl, a potentially effective treatment for patients with
solid tumor LM. We identified 3 groups of patients based
on CTC.g., with significant, long-term survival observed
in patients with pre-CSI CTC_g, <53 cells/3mL, arguing for
evaluation of the utility of early pCSl intervention in the LM
treatment paradigm. Early treatment escalation after pCSI
may be considered for patients with high pre-pCSI CTC ¢
and a smaller nadir post-pCSl in order to prolong survival.

Supplementary material

Supplemental material is available at Neuro-Oncology
Advances online.

Keywords

central nervous system |circulating tumor cells |
craniospinal irradiation | leptomeningeal metastases |
proton therapy

Funding

This work was supported by grants from Cycle for Survival
Equinox Innovation Initiative Award and the National Institutes
of Health/National Cancer Institute (P30-CA008748).

Conflict of interest: The authors declare no potential conflicts
of interest.

Authorship statement. Experimental design of the study: T.J.Y.,
A.B., and E.P. Data analysis and interpretation: T.J.Y., N.AW.,
AR., AB., and E.P. Manuscript preparation: J.T.Y., N.AW., AB.,
RJ.Y., Y.Y, SW., HY, MK, A.S., AB., M.D., R.M., and E.P.

References

1. Beauchesne P Intrathecal chemotherapy for treatment of lepto-
meningeal dissemination of metastatic tumours. Lancet Oncol.
2010;11(9):871-879.

2. Kesari S, Batchelor TT. Leptomeningeal metastases. Neurol Clin.
2003;21(1):25-66.

3. Patchell RA, Posner JB. Neurologic complications of systemic cancer.
Neurol Clin. 1985;3(4):729-750.

20.

21.

22.

23.

Grossman SA, Krabak MJ. Leptomeningeal carcinomatosis. Cancer
Treat Rev. 1999;25(2):103-119.

Chowdhary S, Chamberlain M. Leptomeningeal metastases: cur-
rent concepts and management guidelines. J Nat/ Compr Canc Netw.
2005;3(5):693-703.

Chamberlain M, Junck L, Brandsma D, et al. Leptomeningeal me-
tastases: a RANO proposal for response criteria. Neuro Oncol.
2017;19(4):484-492.

Le Rhun E, Weller M, Brandsma D, et al. EANO-ESMQO Clinical
Practice Guidelines for diagnosis, treatment and follow-up of pa-
tients with leptomeningeal metastasis from solid tumours. Ann Oncol.
2017;28(suppl_4):iv84—iv99.

Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis.
Science. 2011;331(6024):1559-1564.

Cristofanilli M, Budd GT, Ellis MJ, et al. Circulating tumor cells, disease
progression, and survival in metastatic breast cancer. N Engl J Med.
2004;351(8):781-791.

Cohen SJ, Punt CJ, lannotti N, et al. Relationship of circulating tumor cells to
tumor response, progression-free survival, and overall survival in patients with
metastatic colorectal cancer. J Clin Oncol. 2008;26(19):3213-3221.

. de Bono JS, Scher HI, Montgomery RB, et al. Circulating tumor cells pre-

dict survival benefit from treatment in metastatic castration-resistant
prostate cancer. Clin Cancer Res. 2008;14(19):6302—6309.

Nayak L, Fleisher M, Gonzalez-Espinoza R, et al. Rare cell capture tech-
nology for the diagnosis of leptomeningeal metastasis in solid tumors.
Neurology. 2013;80(17):1598-605; discussion 1603.

Lee JS, Melisko ME, Magbanua MJ, et al. Detection of cere-
brospinal fluid tumor cells and its clinical relevance in leptome-
ningeal metastasis of breast cancer. Breast Cancer Res Treat.
2015;154(2):339-349.

Lin X, Fleisher M, Rosenblum M, et al. Cerebrospinal fluid circulating
tumor cells: a novel tool to diagnose leptomeningeal metastases from
epithelial tumors. Neuro Oncol. 2017;19(9):1248—1254.

van Bussel MTJ, Pluim D, Milojkovic Kerklaan B, et al. Circulating epi-
thelial tumor cell analysis in CSF in patients with leptomeningeal metas-
tases. Neurology. 2020;94(5).e521-€528.

Diaz M, Singh P, Kotchekov |, et al. Circulating tumor cells (CTC) in cere-
brospinal fluid (CSF) as a predictor of survival in CNS metastases. Neuro
Oncol Adv. 2020;2(ii):12.

Malani R, Fleisher M, Kumthekar P, et al. Cerebrospinal fluid circulating tumor cells
as a quantifiable measurement of leptomeningeal metastases in patients with
HER? positive cancer. J Neurooncol. 2020;148(3)5993-606.

Brown AP, Barney CL, Grosshans DR, et al. Proton beam craniospinal ir-
radiation reduces acute toxicity for adults with medulloblastoma. Int J
Radiat Oncol Biol Phys. 2013;86(2):277-284.

Yang TJ, Wijetunga NA, Yamada J, et al. Clinical trial of proton
craniospinal irradiation for leptomeningeal metastases. Neuro Oncol.
2021;23(1):134-143.

Heagerty PJ, Lumley T, Pepe MS. Time-dependent ROC curves
for censored survival data and a diagnostic marker. Biometrics.
2000;56(2):337-344.

Le Rhun E, Wallet J, Mailliez A, et al. Intrathecal liposomal cytarabine
plus systemic therapy versus systemic chemotherapy alone for newly
diagnosed leptomeningeal metastasis from breast cancer. Neuro Oncol.
2020;22(4):524-538.

Srinivasalu VK, Subramaniam N, Philip A, Jose W, Pavithran K. Triple
intrathecal chemotherapy for leptomeningeal carcinomatosis in solid tu-
mors: Treatment outcomes, response and their determinants. /ndian J
Cancer. 2021;58(1):84-90.

Hendriks LEL, Bootsma G, Mourlanette J, et al. Survival of pa-
tients with non-small cell lung cancer having leptomeningeal me-
tastases treated with immune checkpoint inhibitors. Eur J Cancer.
2019;116:182—189.



Wijetunga et al. CSF CTCs can predict response to pCSI for LM

24. National Comprehensive Cancer Network. Central Nervous System  26. Morikawa A, Jordan L, Rozner R, et al. Characteristics and Outcomes g %
Cancers (Version 5.2020). 2021. Accessed 4/26/21, 2021. https://www. of Patients With Breast Cancer With Leptomeningeal Metastasis. Clin g ﬁ
ncen.org/professionals/physician_gls/pdf/cns.pdf Breast Cancer. 2017;17(1):23-28. =] CI>

25. Lee SJ, Lee JI, Nam DH, et al. Leptomeningeal carcinomatosis in non- ~ 27. Boire A, Brandsma D, Brastianos PK, et al. Liquid biopsy in central 8 (@)
small-cell lung cancer patients: impact on survival and correlated prog- nervous system metastases: a RANO review and proposals for clinical (7] g
nostic factors. J Thorac Oncol. 2013;8(2):185—191. applications. Neuro Oncol. 2019;21(5):571-584. .9.

[}
(]
<



	Supplementary material
	Discussion
	Circulating Tumor Cells as a Biomarker of Response
	CNS Progression-Free Survival and Overall Survival
	Patient Characteristics

	Results
	Methods

