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CLINICAL ARTICLE

J Neurosurg 138:1561-1569, 2023

Predicting leptomeningeal disease spread after resection
of brain metastases using machine learning
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OBJECTIVE The incidence of leptomeningeal disease (LMD) has increased as treatments for brain metastases (BMs)
have improved and patients with metastatic disease are living longer. Sample sizes of individual studies investigating
LMD after surgery for BMs and its risk factors have been limited, ranging from 200 to 400 patients at risk for LMD, which
only allows the use of conventional biostatistics. Here, the authors used machine learning techniques to enhance LMD
prediction in a cohort of surgically treated BMs.

METHODS A conditional survival forest, a Cox proportional hazards model, an extreme gradient boosting (XGBoost)
classifier, an extra trees classifier, and logistic regression were trained. A synthetic minority oversampling technique
(SMOTE) was used to train the models and handle the inherent class imbalance. Patients were divided into an 80:20
training and test set. Fivefold cross-validation was used on the training set for hyperparameter optimization. Patients
eligible for study inclusion were adults who had consecutively undergone neurosurgical BM treatment, had been admit-
ted to Brigham and Women'’s Hospital from January 2007 through December 2019, and had a minimum of 1 month of
follow-up after neurosurgical treatment.

RESULTS A total of 1054 surgically treated BM patients were included in this analysis. LMD occurred in 168 patients
(15.9%) at a median of 7.05 months after BM diagnosis. The discrimination of LMD occurrence was optimal using an
XGboost algorithm (area under the curve = 0.83), and the time to LMD was prognosticated evenly by the random forest
algorithm and the Cox proportional hazards model (C-index = 0.76). The most important feature for both LMD clas-
sification and regression was the BM proximity to the CSF space, followed by a cerebellar BM location. Lymph node
metastasis of the primary tumor at BM diagnosis and a cerebellar BM location were the strongest risk factors for both
LMD occurrence and time to LMD.

CONCLUSIONS The outcomes of LMD patients in the BM population are predictable using SMOTE and machine learn-
ing. Lymph node metastasis of the primary tumor at BM diagnosis and a cerebellar BM location were the strongest LMD
risk factors.

https://thejns.org/doi/abs/10.3171/2022.8.JNS22744
KEYWORDS brain metastases; leptomeningeal disease; prediction models; risk factors; machine learning; oncology

increased as treatments for both primary malignan-
cies and brain metastases (BMs) have improved.
Despite the improvements in response and overall survival
in many metastatic cancers, LMD remains relatively in-

T HE incidence of leptomeningeal disease (LMD) has

tractable to therapies and almost universally fatal.! LMD
is thought to spread via the cerebrospinal fluid (CSF). Me-
chanical disruption of BMs during resection may lead to
the extension of new metastases into the leptomeninges,
causing LMD.? The intractability is partly due to the dif-

ABBREVIATIONS AUC = area under the curve; BM = brain metastasis; cLMD = classical/diffuse LMD; CSF = cerebrospinal fluid; CUSA = cavitron ultrasonic surgical
aspirator; GTR = gross-total resection; HER2 = human epidermal growth factor receptor 2; LMD = leptomeningeal disease; LN = lymph node; ML = machine learning; nLMD
= nodular LMD; PPI = proton pump inhibitor; SMOTE = synthetic minority oversampling technique; SRS = stereotactic radiosurgery; WBRT = whole-brain radiotherapy;

XGBoost = extreme gradient boosting.
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ficulty of achieving high chemotherapy concentrations
because of the blood-brain barrier or in safely treating
the entire CSF space with tumoricidal doses. LMD is con-
sidered fatal even with optimal treatment, with a median
survival of 2—4 months.3-> The current literature suggests
that surgery can increase the incidence of LMD by tumor
spillage into the CSF.*® However, the sample sizes used in
individual studies of LMD occurrence and its risk factors
have been limited, ranging from 200 to 400 patients.

Machine learning (ML), a branch of artificial intel-
ligence, is increasingly used in neuro-oncology for vari-
ous applications such as predicting survival or detecting
brain tumors at diagnosis and recurrence.’~!! In the present
study, we explored LMD risk factors and the ability of ML
to enhance LMD prediction performance in a cohort of
1054 surgically treated BMs, the largest cohort reported
to date in the literature, allowing for more thorough ML
modeling.

Methods

Study Design and Participants

All patients eligible for study inclusion were adults who
had consecutively undergone neurosurgical BM treatment,
had been admitted to Brigham and Women’s Hospital in
Boston, Massachusetts, from January 2007 through De-
cember 2019, and had a minimum of 1 month of follow-
up after neurosurgical treatment. Data in the Brigham and
Women’s Hospital were collected under Partners Health-
care institutional review board approval. Variables were
retrospectively collected from the BM diagnosis onward,
with the occurrence of and time to LMD as the primary
outcomes. The cohort was first split into a training and
testing set using a stratified 80/20 split so that each split
contained the same proportion of LMD patients.

Outcome Variables

The primary outcome was the binary occurrence of
LMD (yes/no) for classification models and the time from
BM diagnosis to LMD for regression models. Where pos-
sible, LMD was ascertained on the basis of the cytologi-
cal analysis of CSF combined with complete diagnostic
workup. Cytological analysis was not always performed
because of patient prognosis and quality-of-life concerns.
Therefore, patients with the persistent presence of LMD
on cerebrospinal MRI combined with clinical evaluations,
as described in the LMD clinical practice guidelines,
were also included. LMD was further classified as either
nodular (nLLMD) or classical/diffuse (cLMD), defined as
nodular enhancing lesions on leptomeninges and the clas-
sic sugarcoating pattern, respectively, based on MRI stud-
ies and radiology reports for further subanalyses.'*!* The
presence of LMD and the further subclassification thereof
were independently assessed by three authors (AT.Z.,
L.R.,and J.M.) and subsequently assessed by either of two
authors (I.LA.T. or C.A.C.].). The interobserver correlation
between the first assessment and the subsequent assess-
ment was measured using Cohen’s kappa.

Descriptive Variables
The following independent variables were collected:
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patient characteristics (age at BM diagnosis, sex, Karnof-
sky Performance Status at BM diagnosis, and neurologi-
cal deficits), tumor characteristics (type of primary tumor,
primary tumor spread at BM diagnosis, systemic disease
status, BM location, hemorrhagic and cystic features of
the resected BM, BM size defined as the largest dimen-
sion, number of BMs, and proximity to CSF space), and
treatment characteristics (time from BM diagnosis to BM
surgery, extent of resection, method of resection [piece-
meal or en bloc], use of cavitron ultrasonic surgical aspi-
rator [CUSA], ventricular violation during surgery, time
from BM diagnosis to stereotactic radiosurgery [SRS],
time to whole-brain radiotherapy [WBRT], prior WBRT
or SRS, total dose of steroids at BM diagnosis, steroid ta-
pering, and use of proton pump inhibitors [PPIs] at BM
diagnosis). The primary tumor spread at BM diagnosis
was noted using oncology codes, clinical reports, and ac-
companied imaging reports, including thorax-abdomen
CT and PET-CT imaging. The use of CUSA was docu-
mented from billing records. Binary classification of BM
location was used for the exploratory analyses and predic-
tion models (i.e., supratentorial vs infratentorial location)
since the current neurosurgical literature has demonstrat-
ed that lobar location is often biased, as tumors occur in a
multilobed manner.'® Extent of resection was defined ac-
cording to the Response Assessment in Neuro-Oncology
Brain Metastases criteria and assessed using volumetric
analyses on pre- and postoperative MRI studies.!” The
method of BM resection was classified as either piecemeal
or en bloc (defined as the circumferential removal of BMs
with an intact tumor capsule), as described in the opera-
tive report. Ventricular violation during surgery was also
extracted from operative reports and postoperative radio-
logical reports. The resected BMs were classified with a
cystic or hemorrhagic component based on the presence
of such clinically relevant components, as indicated in the
radiology reports. The primary malignancy status was
defined as controlled if the primary malignancy did not
demonstrate growth in the follow-up leading up to the
BM diagnosis. Proximity to the CSF space, information
collected from radiology reports, was classified as fol-
lows, according to the literature definition: 1) completely
separated from the ventricles and pia mater and entirely
surrounded by brain parenchyma, 2) metastasis adjacent
to the ventricle walls or pia mater, and 3) involvement of
metastasis with the CSF space with pial or ependymal en-
hancement.?

Sample Size

Our data set will have an inherent class imbalance;
the minority class (i.e., the patients who developed LMD)
will be underrepresented compared to BM patients with
no LMD. Because of this imbalance, untuned ML models
can have an erroneous tendency to predict the majority
class, negatively impacting true predictive performance.'®
To address the imbalance, we utilized the synthetic mi-
nority oversampling technique (SMOTE), which uses a
k-nearest neighbors algorithm to impute new patients in
the minority and majority classes. The SMOTE ratio de-
scribes the final ratio of underrepresented/overrepresented
classes after oversampling.”
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Censoring

Patients were censored at the date of death if LMD did
not occur. Patients who did not die or did not experience
intracranial progression were censored at the date of the
last follow-up known in the electronic health record. Data
extraction of the outcome and dependent variables for
LMD concluded in March 2021.

Statistical Analysis

The analysis was conducted using R version 4.0.3%° (R
Foundation for Statistical Computing) and Python version
3.6°' (Python Software Foundation) using the PySurvival
package and scikit-learn library.?> Missing data were im-
puted for prediction modeling only, using the scikit-learn??
library’s Iterativelmputer class, which implements a ver-
sion of multivariate imputation. Complete patient cases
were used to assess the predictability of LMD using tra-
ditional regression and classification models. Two regres-
sion models were trained—a conditional survival forest al-
gorithm and a Cox proportional hazards algorithm—with
time to LMD as the outcome. Three classification mod-
els—logistic regression, extra trees classifier, and extreme
gradient boosting (XGBoost) algorithm—were explored
with the binary occurrence of LMD as the outcome. Fea-
ture selection for prognostication was performed using a
minimum redundancy—-maximum relevance approach,?
with a set number of input variables with respect to de-
grees of freedom, to discover potential new independent
variables and explore what set of input variables would
deliver the best LMD prognostication. Hyperparameter
tuning was done via fivefold cross-validation on the train-
ing set. Performance was assessed using an area under the
receiver operating characteristic curve for the classifica-
tion task. The performance of the regression models was
measured using the C-index. Calibration was assessed via
reliability plots, which graphically express the difference
between observed and predicted outcomes of LMD mod-
els on the hold-out test.>*

Risk Factors for LMD: An Exploratory Analysis

Logistic regression and a Cox proportional hazards
model were used to determine the statistical relationship
between the strongest risk factors and (time to) LMD.
The selected independent variables were based on expert
knowledge and the current literature. The explored risk fac-
tors were as follows: extracranial metastases at BM diag-
nosis® categorized as intracranial BM, lymph node (LN)
metastasis, solid organ metastasis, or LN and solid organ
metastasis; BM location;?¢ BM histology;>?%*-*! num-
ber of BMs;?"32:3 cystic or hemorrhagic BMs;* proximity
to CSF space;?® extent of resection;?**° method of resec-
tion;>26:2831.33 and time to adjuvant radiation.??’ Addition-
ally, the era of treatment, divided into three periods (2007—
2011, 2012-2016, and 2017-2019) was included in the final
models to explore whether earlier eras of treatment were
associated with an increased risk or hazard for LMD to ac-
count for the improvement in (adjuvant) BM treatment mo-
dalities in the inclusion period. Relative risk ratios (logistic
regression) and hazard ratios (Cox proportional hazards
model) were computed with the 95% confidence intervals.
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Kaplan-Meier survival curves were computed to visualize
survival curves for the risk factors significantly associated
with LMD. Subgroup analyses based on primary tumor
histology were additionally performed. In these analyses,
molecular features for breast and lung BMs (i.e., human
epidermal growth factor receptor 2 [HER?2], progesterone,
estrogen, ALK, KRAS, EGFR, and PDLI status) were in-
cluded. Adjustment for multiple testing was performed us-
ing the Holm-Bonferroni method.

Results
Descriptive Analysis of All Surgically Treated BM Patients

A total of 1054 surgically treated BM patients were
included in this analysis. The mean age was 60.8 years,
and 57.5% of the patients (n = 606) were female. The me-
dian number of BMs observed at diagnosis was 2, and the
median BM diameter was 31.57 mm. Two hundred two
patients had received some form of CNS radiation: 100
(9.5%) WBRT and 102 (9.8%) SRS. Data on whether le-
sions treated with radiation were ultimately the resected
lesion were limited. LMD occurred in 168 patients (15.9%)
at a median of 7.05 months after BM diagnosis. Interob-
server agreement was strong with a Cohen’s kappa of 0.87
between the two independent assessments. Forty-nine
patients (4.6%) had an nLMD pattern versus 119 patients
(11.3%) who developed a cLMD pattern. Interobserver
agreement for LMD type was deemed moderate with a
Cohen’s kappa of 0.74. The lower interobserver agreement
for LMD type was due to its inherent qualitative assess-
ment. The median time to surgery from first admittance in
the health records was 6 days. The BMs originated from
primary lung cancer (n = 481, 45.6%), breast cancer (n =
148, 14.0%), melanoma (n = 140, 13.3%), colorectal can-
cer (n = 21, 2.0%), gynecological cancer (n = 55, 5.2%),
renal cancer (n = 50, 4.7%), and various tumor types clas-
sified as other (n = 159, 15.1%). At BM diagnosis, 478 pa-
tients (45.4%) had no systemic tumor spread other than
the BM, 181 (17.2%) also had LN metastasis, 215 (20.4%)
had extracranial metastases, and 180 (17.1%) had both LN
metastasis and other solid organ metastases. Cystic BMs
occurred in 296 patients (28.1%), whereas 406 patients
(38.5%) had hemorrhagic BMs. The BMs occurred in a su-
pratentorial location (n = 818, 77.6%) and an infratentorial
location (n = 261, 24.8%); the lobar classification is sum-
marized in Table 1. Sixty patients had a BM involved with
CSF-carrying structures, and 213 had a BM adjacent to a
CSF-carrying structure. Gross-total resection (GTR) was
achieved in 940 patients (89.2%). Data were missing rarely
and at random, with the exact time sequence to adjuvant
WBRT reported as the most frequent missing variable,
missing data for 14 patients (1.3%) treated with adjuvant
WBRT and missing data on steroid dosage in 9 patients
(0.9%). Additional characteristics regarding tumor, treat-
ment, or the patient are summarized in Table 1.

Conventional Biostatistics: LMD Risk Factors

In the multivariate logistic regression, cerebral BM lo-
cation (risk ratio [RR] 0.53, 95% CI 0.36—0.79, p = 0.001)
was significantly associated with a decreased risk of LMD.
GTR (RR 0.58,95% CI 0.37-1.03, p = 0.048) demonstrat-
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TABLE 1. Clinical characteristics of study cohort

Variable Overall Cohort LMD Cohort Control Cohort

No. of patients (%) 1054 (100.0) 168 (15.9) 886 (84.1)
Mean age in yrs (SD) 60.8 (11.8) 5713 (12.5) 61.47 (11.5)
Female sex, no. (%) 606 (57.5) 111 (66.1) 495 (55.9)
Primary tumor, no. (%)

Lung cancer 481 (45.6) 72 (42.9) 409 (46.2)

Breast cancer 148 (14.0) 38 (22.6) 110 (12.4)

Melanoma 140 (13.3) 19 (11.3) 121 (13.7)

Colorectal cancer 21(2.0) 5(3.0) 16 (1.8)

Gynecological cancer 55(5.2) 11 (6.5) 44 (5.0

Renal cancer 50 (4.7) 3(1.8) 47 (5.3)

Other 159 (15.1) 20 (11.9) 139 (15.7)
Median time from Dx to surgery in days 6.00 7.0 6.0
Primary tumor spread at BM Dx, no. (%)

Intracranial only 478 (45.4) 58 (34.5) 420 (47.4)

LNs 181 (17.2) 47 (28.0) 134 (15.1)

Extracranial metastases 215(20.4) 31(18.5) 184 (20.8)

LNs & extracranial metastases 180 (17.1) 32 (19.0) 148 (16.7)
Systemic disease status, no. (%)

Active 688 (65.3) 119 (70.8) 569 (64.2)

Controlled 366 (34.7) 49(29.2) 317 (35.8)
Lobar classification, no. (%)

Frontal 364 (34.5) 51 (30.5) 313 (35.3)

Parietal 230 (21.8) 27 (16.2) 203 (22.9)

Temporal 125 (11.9) 12(7.2) 113 (12.8)

Occipital 99 (9.4) 16 (9.6) 83 (9.4)

Cerebellar 261 (24.8) 61(36.5) 200 (22.6)
Median no. of BMs 2 2
Cystic BMs, no. (%) 296 (28.1) 50 (29.8) 246 (27.8)
Hemorrhagic BMs, no. (%) 406 (38.5) 58 (34.5) 348 (39.3)
Dural enhancement at BM Dx, no. (%) 248 (23.5) 55(32.7) 93 (10.5)
Extent of resection, no. (%)*

GTR 940 (89.4) 142 (85.0) 798 (90.2)

STR 112 (10.6) 25 (15.0) 87 (9.8)
Method of resection, no. (%)*

Piecemeal 627 (59.6) 112 (67.1) 515 (58.2)

En bloc 425 (40.4) 55 (32.9) 370 (41.8)
Ventricular violation during surgery, no. (%) 21(2.0) 2(1.2) 19 (2.1)
Use of CUSA, no. (%) 148 (14.0) 31(18.5) 117 (13.2)
Mean time to SRS in days 17.32 21.50 41.33
Mean time to WBRT in days 21.84 28.46 20.58
Mean largest BM dimension in mm 31.57 31.65 31.56
Prior radiation, no. (%) 202 (19.2) 33(19.6) 169 (19.0)

SRS 102 (9.7) 18 (10.7) 84 (9.5)

WBRT 100 (9.5) 15 (8.9) 85 (9.6)
Adjuvant radiation, no. (%)

SRS 509 (48.3) 99 (58.9) 410 (46.3)

WBRT 424 (40.2) 29 (17.3) 395 (44.6)
Proximity to CSF space, no. (%)

Separated from CSF space 778 (73.8) 50 (29.7) 528 (59.6)

Contact w/ CSF space 213 (20.2) 79 (47.0) 134 (15.1)

Involved w/ CSF space 60 (5.7) 39(23.2) 21 (2.4)

CONTINUED ON PAGE 1565 »
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Variable Overall Cohort LMD Cohort Control Cohort
Neurological deficits, no. (%) 137 (13.0) 24 (14.3) 113 (12.8)
Median total steroid dose at BM Dx in mg 16.0 14.12
Steroid tapering, no. (%) 927 (88.0) 151 (89.9) 776 (87.6)
Median KPS score 90 90 90

Dx = diagnosis; KPS = Karnofsky Performance Status; STR = subtotal resection.

* Data were missing for 2 patients (n = 1052).

ed a clear trend toward a decreased LMD risk. An LN
metastasis at BM diagnosis (RR 2.38, 95% CI 1.49-3.77,
p = 0.001) was associated with a significantly increased
risk of LMD (Table 2). This significant association was
not observed for extracranial metastases at BM diagnosis
(RR 1.10,95% CI1 0.64-1.85, p = 0.70) or with both LN and
solid organ metastases (RR 1.50, 95% CI 0.89-2.50, p =
0.12). Breast cancer BM (RR 1.94,95% CI 1.13-3.33,p =
0.015) was the only BM type that was significantly associ-
ated with an increased LMD risk. The receipt of adjuvant
radiation was associated with a decreased LMD risk (RR
0.69, 95% C10.48—-0.98, p = 0.04).

An increased LMD hazard was observed for patients
with LN metastases of their primary tumor (hazard ra-
tio [HR] 1.76, 95% CI 1.17-2.65, p = 0.006). Patients
with BMs involving the ventricles or pia mater also had
an increased LMD hazard (HR 2.17, 95% CI 1.22-3.84,
p = 0.008). A cerebral BM location (HR 0.53, 95% CI
0.37-0.74, p = 0.001), GTR of the BM (HR 0.60, 95% CI
0.39-0.94, p = 0.026), en bloc resection (HR 0.68, 95% CI
0.48-0.97, p = 0.033), and the receipt of adjuvant radiation
(HR 0.65,95% CI1 0.46—0.92, p = 0.015) were significantly
associated with a decreased hazard for LMD (Table 3).
Stratified Kaplan-Meier curves of the risk factors men-
tioned above are visualized in Figures S1-S5. Only LN
metastases of the primary tumor at BM diagnosis (adjust-
ed p = 0.015) and cerebellar location (adjusted p = 0.015)
were associated with an increased LMD risk after adjust-
ment for multiple testing. A cerebellar BM location was
the only independent variable associated with a decreased
hazard for LMD (adjusted p = 0.015). Notably, earlier eras
of treatment were not significantly associated with an in-
creased risk or hazard for LMD (Tables 2 and 3). Post hoc
analysis of the use of PPIs at BM diagnosis revealed no as-
sociation with an increased LMD risk or hazard. No cor-
relation was observed between steroid use and PPI use at
BM diagnosis. The receipt of adjuvant WBRT or SRS was
not significantly associated with a decreased LMD risk
in the post hoc analysis. Furthermore, no significant as-
sociations were observed for the occurrence of nLMD and
cLMD (Tables S6 and S7). Univariate subgroup analyses
for breast BMs, lung BMs, and melanoma BMs were per-
formed, and the results are presented in Tables S§8—S12.

ML Analysis: Prognostication

For the classification task (i.e., the binary occurrence of
LMD), an extra trees classifier, XGBoost algorithm, and
logistic regression were explored. Discriminatory perfor-

mance was measured on the hold-out test set with an area
under the curve (AUC) between 0.82 and 0.83 for all mod-
els. The XGBoost classifier demonstrated the highest dis-
criminatory performance (AUC = 0.83). The most optimal
classification models were all trained on a SMOTE ratio
of 0.5, that is, a 1:2 ratio of LMD to non-LMD patients
after resampling (Table S13). However, the logistic regres-
sion model was the best calibrated model compared to the
XGBoost and extra trees models, implying the most confi-
dent and applicable prediction (Fig. 1). Regression models

TABLE 2. Predictors of LMD occurrence using logistic regression

Variable (ref value) RR 95% Cl  pValue

Primary tumor spread at BM Dx

(only BM) 238  1.49-3.58 0.001
LNs 110  0.64-1.85 0.70
Extracranial metastases 1.50 0.89-2.50 042

LNs & extracranial metastases
Cerebral BM location (cerebellar BM  0.53

0.37-0.79  0.001

location)

Lung BM histology 118  0.73-1.92  0.50

Breast BM histology 194  113-3.33  0.015

Melanoma BM histology 116 0.61-215  0.70

No. of BMs 1.01 0.96-1.06  0.60

Cystic BM 1.06  0.71-1.55  0.80

Hemorrhagic BM 0.93 063135 0.70

Proximity to CSF (separate from

CSF space) 118  0.75-1.80  0.50
Adjacent to CSF space 1.84  0.92-349  0.071

Involved w/ CSF space
Extent of resection (STR)

GTR 0.58 0.37-1.03  0.048
Method of resection (piecemeal
resection) 0.69 0.47-1.01 0.056
En bloc resection
Receipt of adjuvant radiation 0.69 0.48-0.98 0.04
Treatment era
2007-2011 Ref Ref Ref
2012-2016 068 046-116 0.1
2017-2019 141 071-266 03

A logistic regression was used to explore potential risk factors that influence
LMD occurrence in surgically treated BM patients. Values in boldface type are
statistically significant at a type | error of 5% after correction using the Holm-
Bonferroni method.
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TABLE 3. Cox proportional hazards model: risk factors for LMD
Variable (ref value) HR 95% Cl

p Value

Primary tumor spread at BM Dx

(only BM) 1.76 1.17-2.65 0.006
LNs 110 0.67-1.80 0.70
Extracranial metastases 1.53 0.95-2.46 0.082

LNs & extracranial metastases
Cerebral BM location (cerebellar 0.53

0.37-0.74 0.001

BM location)

Lung BM histology 1.01 0.65-1.68 0.90
Breast BM histology 1.21 0.75-1.95 0.40
Melanoma BM histology 0.90 0.51-1.61 0.70
No. of BMs 1.02 0.98-1.06 0.30
Cystic BM 0.98 0.69-1.41 0.90
Hemorrhagic BM 114 0.81-1.61 0.50
Proximity to CSF space (sepa-

rated from CSF space) 1.31 0.89-1.94 0.20

Adjacent to CSF space 217 1.22-3.84 0.008

Involved w/ CSF space
Extent of resection (STR)

GTR 0.60 0.39-0.94 0.026
Method of resection (piecemeal
resection) 0.68 0.48-0.97 0.033
En bloc resection
Receipt of adjuvant radiation 0.65 0.46-0.92 0.015
Treatment era
2007-2011 Ref Ref Ref
2012-2016 0.87 0.61-1.2 0.4
2017-2019 147 0.66-2.07 0.6

A Cox proportional hazards model was used to take time to LMD into account
to identify the risk factors that would influence the time to LMD in surgically
treated BM patients. Values in boldface type are statistically significant at a
type | error of 5% after correction using the Holm-Bonferroni method.

using either a conditional survival forest model or the Cox
proportional hazards model were explored to predict the
time to LMD. The C-indexes of the best performing mod-
els of each algorithm were both 0.76 on the hold-out test
set with a SMOTE ratio of 0.5 (Table S14). The 10 most
important features included in all the optimal perform-
ing models are summarized in Table 4. BM proximity to
the ventricles was the most important predictive feature
in all models. LN metastasis was the second most impor-
tant predictive feature for the regression models. Cerebel-
lar location was the second most important feature in two
classification models (XGBoost and extra trees classifier).
However, the active systemic disease status was the second
most important feature in the logistic regression. Interest-
ingly, the use of PPIs at BM diagnosis was included in the
10 most important features for XGBoost and the random
forest model, ranked at the ninth and eighth place, respec-
tively.

Discussion

Patients may now live years after the diagnosis of
BMs given advances in systemic therapies—particularly
targeted therapies and immunotherapies.’**> The indica-
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FIG. 1. Calibration plot demonstrating the calibration of all tuned, not
fully calibrated classification models. Varying calibration was observed
for all classification models, with systematic underestimation observed
for the logistic regression (LogReg) model. Figure is available in color
online only.

tions for the resection of BMs include definitive treatment,
diagnosis, sampling for molecular testing, and symptom-
atic relief.** However, there are risks to invasive surgery,
including increasing the risk of LMD.3*¥7 While adjuvant
radiation is usually offered after the resection of BMs, it is
typically focal and does not address the entire CSF space.
The use of craniospinal radiation—radiation delivered to
the entire brain and spinal cord CSF spaces—in high-risk
scenarios has been attempted with little success.*®

Alternative management strategies such as radiation
therapy or systemic therapy may be preferred in certain
scenarios. Typically, adjuvant radiation is offered after
surgery to increase local control. Because of the known
risks for postoperative LMD, there is also growing interest
in sequencing radiation prior to surgery to decrease this
risk.* However, the logistics of coordinating radiation be-
fore surgery can be challenging with its own set of risks,
such as altered wound healing and an increase in edema
and symptoms.*

The presented ML models could predict the occurrence
of LMD with an AUC of 0.83, the highest discrimination
observed in the current literature. In particular, the great-
est risk factors or most important features for LMD prog-
nostication were BM proximity to CSF, cerebellar BM
location, and systemic LN metastasis at BM diagnosis.
Considering these risk factors at the time of surgery may
help multidisciplinary oncology teams to best weigh the
risks and benefits of resection. Accurate prediction of the
postoperative LMD risk has enormous potential to inform
clinical decision-making and benefit patients.

Implications

Optimized conventional biostatistical models and ML
models performed evenly in this study. The ML models
offer more insight into the relationships between indepen-
dent variables in a personalized nonlinear manner. ML
could also help to alleviate spurious findings due to the
nonlinearity of data and may become increasingly impor-
tant as bigger data sets are curated. The diagnosis-specific
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TABLE 4. Feature importance list for optimized performance for all ML models

Feature Extra Trees Logistic Random Cox

No. XGBoost Classifier Regression Forest Model
1 Proximity to CSF space Proximity to CSF space Proximity to CSF space Proximity to CSF space  Proximity to CSF space
2 Cerebellar BM location Cerebellar BM location Active systemic disease status Extracranial metastasis Extracranial metastasis
3 Hemorrhagic BMs Breast carcinoma Hemispheric BM location ~ Cerebellar BM location ~ Gynecological carcinoma
4 Piecemeal resection Piecemeal resection Use of steroids No. of BMs at Dx Use of steroids
5  Active systemic disease Sex Breast carcinoma Hemispheric BM Active systemic disease

status location status

6 Sex Cystic BMs Lung carcinoma Sex Colorectal carcinoma
7 Renal carcinoma Primary tumor spread Use of CUSA Piecemeal resection No. of BMs at Dx
8 Breast carcinoma Active systemic disease status Colorectal carcinoma PPl use at BM Dx Prior SRS or WBRT
9 PPl use at BM Dx STR Neurological deficits at BM Dx Lung carcinoma Time from BM Dx to SRS

10 KPS Hemispheric BM location Prior SRS or WBRT Hemorrhagic BMs Hemorrhagic BMs

Proximity to CSF spaces combined with cerebellar location, the presence of extracranial metastasis, and active systemic primary malignancies were the most important
features. The importance of features is determined by the frequency with which features appear in the learning or optimization of models on training data. The features
must be looked at holistically, that is, combined with the other features in the list, and cannot be isolated for inferences.

graded prognostic assessment* and its adaptations** are
the gold standard for survival prognostication of newly
diagnosed BM patients stratified by their primary tumor
location. The highest achieved C-index of the regression
models mentioned above was 0.604 on externally validat-
ed data. The performance metrics on the hold-out test set
of our LMD data set were optimized to 0.76 for the time
to LMD prognostication and 0.83 for LMD classification.
Therefore, one can conclude that less common phenom-
ena, such as LMD, can be feasibly prognosticated.

The most important feature in the ML analysis was BM
proximity to the CSF space, followed by a cerebellar BM
location. Expressly, features on the importance list should
not be interpreted independently in contrast to inferential
analysis; all features combined accumulate to an estimated
probability of (time to) LMD occurrence. The use of PPIs
at BM diagnosis was listed as an important feature for two
models. Nevertheless, it did not have an association with
(time to) LMD. This finding may be spurious, although it
has been observed that PPI use decreases overall survival
in lung cancer patients who have received targeted therapy
concurrently.¥

In this study, we observed LMD risk factors that were
previously suspected of having an association with LMD
risk in small data sets. An increased LMD risk has been
observed in the medical literature for cerebellar BMs,?
piecemeal resections,® or BMs that were subtotally re-
sected.’® One previous study reported that BMs that were
either adjacent to or involved with the ventricles were as-
sociated with an increased LMD risk.? An increased LMD
risk and shortened time to LMD in that study were also
observed for patients with BMs involving the ventricles.?

Breast cancer histology was the only primary tumor
type associated with an increased LMD risk, which is in
line with findings in the current medical literature.® The
large number of patients included in our study and the sim-
ilar associations made in previous smaller studies give us
more confidence in the associations listed above. Contrast-
ing results regarding HER?2 status in breast cancer BM
patients have been reported to date.>*!33 In the subgroup

analysis for breast cancer BM patients, HER2-positive
breast cancer BMs were not associated with a significant
effect on LMD risk—although this may be an effect of im-
proving HER2-directed systemic therapies in our cohort
from the time of prior reports.

One of the strongest LMD risk factors in our study was
a cerebellar BM location, as previously identified in the
medical literature.?” The cerebrum has distinct gyri and
sulci, which help to distinguish tumor from brain tissue
and may help to avoid CSF space violation intraopera-
tively. In contrast, the dense folia of the cerebellum make
intraoperative CSF contamination likelier.

LN metastasis as a risk factor for LMD is a novel find-
ing of our study, and to our knowledge, this association
has not been previously described in the literature. Across
statistical models, we consistently found LN metastasis to
be a highly important risk feature. Interestingly, LN me-
tastases of the primary tumor at BM diagnosis were as-
sociated with an increased LMD risk and a shorter time to
LMD regardless of the presence of solid organ metastases
at BM diagnosis. There are growing data that lymphatic
pathways may provide entry into the CSF spaces. Recent
in vivo animal studies have shown that lymphatic vessels
of the meninges drain on the deep cervical nodes, where
the systemic immune response could be initiated on pre-
sented brain parenchymal antigens.***> This pathway by-
passes the blood-brain barrier and hypothetically forms an
access point to the brain. Our results suggest an important
role for the lymphogenic spread of primary tumor in the
occurrence of LMD. While this may be a function of more
aggressive overall disease, our understanding of lymphatic
and therefore immunological interactions with the brain is
in its infancy and has enormous implications with regard
to new immunotherapies such as chimeric antigen recep-
tor (CAR) T-cell therapy.

Study Limitations

Patients in this study encompassed a wide period
(2007-2019) during which there were tremendous advanc-
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es in surgical technique as well as radiation and systemic
therapies. However, LMD risk or hazard was not signifi-
cantly associated with one specific period. Furthermore,
radiographic elements, such as cystic and hemorrhagic
BM components, were only classified as such if they were
deemed clinically relevant by radiologists. Future research
could focus on the isolated role of these radiographic com-
ponents in LMD, regardless of the clinical relevancy or
size of the radiographic component. Additionally, LN me-
tastasis as an LMD risk factor is a novel finding. Future
(prospective) studies can focus further on the presence of
LN metastases in certain locations, such as deep cervical
LN metastases, and their potential relation to LMD. The
data used in this study represent only the neurosurgically
resected BMs, as our hypothesis was that surgical treat-
ment increased LMD incidence due to surgical spillage.
Therefore, BM patients receiving only radiation therapy
were excluded from this study. Comparing these patients
could enhance our understanding of the added risk of re-
section over inherent tumor risks. The use of SMOTE to
handle the inherent class imbalance of this data set also
reduces the variability of the presented data. To date, over-
or undersampling methods are the only options to build
prediction models for less common phenomena, such as
LMD. Our study aim was to demonstrate the feasibility
of LMD prediction based on patient, tumor, and treatment
characteristics; however, LMD prognostication at BM di-
agnosis in clinical care remains a theoretical ideal for the
time being. The next step would be to externally validate
our models using independent data to assess the generaliz-
ability of the models. Furthermore, LMD risk factors re-
ported in the current literature were verified through the
presented large data set, and possible novel LMD risk fac-
tors, such as LN metastases of the primary tumor, were
explored.

Conclusions

LMD prognostication using SMOTE and ML algo-
rithms is feasible despite the disease’s low prevalence in
the BM population. LN metastasis of the primary tumor at
BM diagnosis and a cerebellar BM location were the stron-
gest risk factors for LMD. Other risk factors that influence
LMD occurrence are proximity of the BMs to CSF spaces,
method of resection, and extent of resection. Future efforts
should focus on further understanding LMD prediction in
the setting of modern systemic therapies.
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