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Abstract

OBJECTIVE—Resection of brain metastases (BMs) may be associated with increased risk of
leptomeningeal disease (LMD). This study examined rates and predictors of LMD, including
imaging subtypes, in patients who underwent resection of a BM followed by postoperative
radiation.

METHODS—A retrospective, single-center study was conducted examining overall LMD, classic
LMD (cLMD), and nodular LMD (nLMD) risk. Logistic regression, Cox proportional hazards,
and random forest analyses were performed to identify risk factors associated with LMD.

RESULTS—Of the 217 patients in the cohort, 47 (21.7%) developed postoperative LMD, with
19 cases (8.8%) of cLMD and 28 cases (12.9%) of nLMD. Six-, 12-, and 24-month LMD-free
survival rates were 92.3%, 85.6%, and 71.4%, respectively. Patients with cLMD had worse
survival outcomes from the date of LMD diagnosis compared with nLMD (median 2.4 vs 6.9
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months, p = 0.02, log-rank test). Cox proportional hazards analysis identified cerebellar/insular/
occipital location (hazard ratio [HR] 3.25, 95% confidence interval [CI] 1.73-6.11, p = 0.0003),
absence of extracranial disease (HR 2.49, 95% CI 1.27-4.88, p = 0.008), and ventricle contact (HR
2.82, 95% CI 1.5-5.3, p = 0.001) to be associated with postoperative LMD. A predictive model
using random forest analysis with an area under the receiver operating characteristic curve of 0.87
in a test cohort identified tumor location, systemic disease status, and tumor volume as the most
important factors associated with LMD.

CONCLUSIONS—Tumor location, absence of extracranial disease at the time of surgery,
ventricle contact, and increased tumor volume were associated with LMD. Further work is
needed to determine whether escalating therapies in patients at risk of LMD prevents disease
dissemination.

Keywords
brain metastasis; leptomeningeal disease; machine learning; surgery; oncology

Brain metastases (BMs) are the most common intracranial malignancies in adult patients,
and as many as 30% of patients with solid cancers will develop BMs.! Despite recently
approved novel systemic agents that offer promising control of CNS disease,2™> control

of BMs and prevention of disseminated CNS disease remain a therapeutic challenge.

Local control may be achieved with resection of a BM via a craniotomy, and adjuvant
postoperative radiation therapy (RT) has been shown to decrease rates of local recurrence.%9

However, one concern with resection is the potential risk of developing leptomeningeal
disease (LMD) postoperatively. Some studies have demonstrated that resection of BMs

is associated with higher rates of CNS dissemination compared with treatment with
stereotactic radiosurgery (SRS).1911 Previously reported risk factors for the postoperative
development of LMD have included breast cancer histology, piecemeal resection of BMs,
posterior fossa tumor location, the presence of multiple BMs, and hemorrhagic and cystic
features.12-17 However, highlighted risk factors are mixed between studies. Furthermore, the
majority of prior studies did not differentiate between the two distinct patterns of LMD
with differing clinical impact: 1) classic LMD (cLMD), resembling “sugar coating” of the
brain surface with curvilinear or gyriform enhancement, and 2) nodular LMD (nLMD),
characterized by focal enhancing nodules adherent to dural or pial surfaces.18:19 This study
aimed to evaluate rates of LMD after resection of a BM and identify risk factors associated
with postoperative LMD as well as cLMD and nLMD subtypes using regression analyses
and a supervised machine learning algorithm.

Methods
Study Design

This was a retrospective cohort study conducted at an academic medical center. After
we obtained approval from the University of California, San Francisco (UCSF) IRB, the
UCSF tumor registry was searched for adult patients who underwent resection of an
intracranial BM between 2006 and 2021. The inclusion criteria were patients who 1)
were = 18 years of age at surgery; 2) underwent their first craniotomy for resection of
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a BM; 3) had pathology-confirmed malignant tissue present at the time of BM resection;

4) underwent postoperative whole-brain radiotherapy (WBRT), stereotactic radiosurgery
(SRS), or external beam radiotherapy (EBRT); and 5) had an electronic medical record with
available imaging and documentation of clinical outcomes for more than 1 month. Patients
were excluded if they 1) received an LMD diagnosis prior to the date of surgery, 2) did not
undergo some form of postoperative RT, 3) underwent treatment with brachytherapy at index
surgery, or 4) underwent followup less than 1 month from the date of surgery. Resection was
considered after multidisciplinary discussion between a neurosurgeon, radiation oncologist,
and oncologist. The IRB waived the requirement for written informed consent for this
retrospective observational study.

Patient, Tumor, and Treatment Variables

Patient variables included age at surgery, sex, race/ethnicity, minority status (White non-
Hispanic vs other racial/ethnic groups), and date of death. Tumor variables included primary
cancer type, tumor location, tumor side, tumor volume (estimated using the [length x width
x height]/2 method previously validated for assessing BM volume3), total number of BMs at
the time of surgery, contact with the cortical surface, contact with a ventricle, intratumoral
hemorrhage on preoperative imaging, cystic appearance on preoperative imaging, and the
presence or absence of extracranial disease at the time of surgery. Intratumoral hemorrhage
was assessed on preoperative CT or MRI; if MRI was used, overt hemorrhage was
demonstrated on T1-, T2-, and susceptibility weighted imaging and confirmed by an
attending radiologist. Extracranial malignant disease status was based on results from either
whole-body PET imaging or CT imaging of the body, with and without contrast, performed
for staging purposes and obtained within 1 month of the surgery date. Treatment variables
included extent of resection (gross-total resection [GTR]/subtotal resection [STR]), number
of BMs resected at index surgery, prior RT to the index BM, treatment with a checkpoint
inhibitor (CPI) or other targeted therapy, any postoperative systemic therapy that may have
also included traditional cytotoxic agents, type of postoperative local RT, and additional
craniotomies for BM resection after the index surgery. Prior RT referred to prior treatment
with upfront radiation for BMs and not neoadjuvant RT.

Clinical Outcomes of Interest

The main outcome of the study was the occurrence of postoperative LMD. Because not

all patients underwent CSF sampling at the time of suspected LMD occurrence, previously
published imaging criteria were used for defining LMD.18 An LMD diagnosis required
three criteria: 1) documentation by an attending neuroradiologist, 2) agreement by the
treating oncologist or neuro-oncologist, and 3) review by the authors (R.A.M., J.E.V.M.)
using previously published criteria.1820 Briefly, LMD was defined as new, abnormal
leptomeningeal enhancement consistent with malignant leptomeningeal involvement =5 mm
away from the surgical corridor and = 5 mm away from the SRS-treated prescription isodose
line, if applicable. LMD was further differentiated into cLMD or nLMD.18:20 Nodular LMD
was defined as new focal extra-axial nodular enhancing lesions located on the meninges

or ependyma. Classic LMD was defined as new linear or curvilinear enhancement of the
leptomeninges involving the sulci of the cerebral hemispheres, cranial nerves, brainstem,
cerebellar folia, or ependyma. Prior studies have previously assessed the interrater reliability

J Neurosurg. Author manuscript; available in PMC 2024 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morshed et al.

Page 4

of using this imaging criteria for LMD categorization.20 Examples of cLMD and nLMD are
provided in Fig. 1.

Other outcomes of interest included overall survival, defined as the time from surgery

until death, and time from LMD diagnosis until death. If an event was not documented,

the last clinical follow-up was used for censoring. Follow-up imaging consisted of MRI
obtained at intervals at the discretion of the treating oncologist, radiation oncologist, and/or
neurosurgeon; the intervals were largely in the range of every 3—-6 months.

Statistical Analysis

Statistical analyses were performed in JMP Pro (version 16.0, SAS Institute Inc.).
Demographic data and baseline characteristics were assembled and analyzed in the standard
fashion. The Kaplan-Meier method was used to visualize time to LMD diagnosis from
surgery, time from LMD diagnosis to death, and survival from surgery. Uni- and multivariate
nominal logistic regression and Cox proportional hazards analyses were performed to
identify variables associated with LMD. Odds ratios (ORs; nominal regression) and hazard
ratios (HRs; Cox proportional hazards model) were computed using a 95% confidence
interval (CI). Partition analyses were performed to identify primary cancer types and tumor
locations associated with the highest risk of postoperative LMD. The JMP partition analysis
platform recursively partitions data according to a relationship between the predictors and
response values, creating a decision tree after searching all possible splits of predictors

to best predict the response.21:22 Partitioned binary groups, i.e., 1) breast/gynecological/
urothelial cancers versus others, and 2) cerebellum/insular/occipital location versus others,
were then used for further regression analyses. Multivariate regression analyses were
performed with variables with p values < 0.10 on univariate analysis. Random forest
analysis (bootstrap forest platform in JMP), a supervised machine learning algorithm based
on decision trees using bootstrapping,23 was employed to create a model predicting LMD

(n = 217 patients). This algorithm builds a collection of recursive partitioning trees by
repeatedly bootstrapping the training data. In-bag subsets are used to build a partitioning tree
and predictions are made using out-of-bag subsets of patients. The final predictive model

is based on a majority input from more than 100 trees. The entire cohort was split into a
training cohort (70%) and testing cohort (30%) for the model. Training and testing cohorts
were balanced by the rates of LMD. Missing data were imputed for the random forest
analysis only. Missing categorical values within the database were imputed as a separate
level of the variable and missing continuous values within the database were assigned values
via an optimal split algorithm. A list of the 25 variables used to build the model and missing
data points that were imputed is displayed in Supplemental Table 1. Overall accuracy and
the area under the receiver operating characteristic curve (AUROC) were calculated. An
importance measure was generated for all variables with the three most important variables
noted. The level of significance was set at < 0.05 for all analyses.

J Neurosurg. Author manuscript; available in PMC 2024 June 26.
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The cohort consisted of 217 patients who underwent resection of 225 BMs with
postoperative adjuvant RT at a single center. Two hundred nine patients and 8 patients
underwent resection of 1 or 2 BMs during the index surgery, respectively. Details for the
cohort are displayed in Table 1. The median age at surgery was 60.6 years, and the cohort
included 80 males (36.9%) and 137 females (63.1%). The most common primary cancer
types were non-small cell lung cancer (n = 61, 28.1%), breast adenocarcinoma (n = 53,
24.4%), and melanoma (n = 50, 23.0%). The most common tumor locations were within the
frontal lobe (n = 63, 28%), parietal lobe (n = 49, 21.8%), and cerebellum (n = 47, 20.9%).
Intratumoral hemorrhage and cystic features were present within the resected BM in 95
(42.2%) and 49 (21.8%) cases, respectively, and tumors were in contact with the cortical
surface and a ventricle in 139 (64.1%) and 44 (20.3%) cases, respectively. The median
number of BMs at the time of index surgery was 1 (range 1-19), and extracranial disease
was present at the time of index surgery in 127 cases (58.5%). The median tumor volume of
the resected BM was 16.8 cm3 and ranged from 0.3 to 149.9 cm3.

Treatment details for the cohort are displayed in Table 1. GTR and STR were performed for
173 (76.9%) and 51 (22.7%) of BMs, respectively. Forty-four patients (20.3% of the cohort)
underwent at least one subsequent additional craniotomy for resection of additional BMs
after the index surgery date. Prior intracranial RT (including prior SRS, EBRT, or WBRT)
had been used in 29 cases (13.4%), and postoperative adjuvant RT was used in all patients,
with 186 patients (85.7%) undergoing focal RT (SRS or EBRT) and 31 (14.3%) undergoing
WBRT. CPI or other targeted systemic therapy had been used prior to surgery in 69 patients
(31.8%). Postoperative CPI or other targeted therapy was used after index surgery in 128
patients (59%) prior to any diagnosis of LMD. Any systemic therapy (including traditional
cytotoxic chemotherapy) was used in the postoperative setting prior to any LMD diagnosis
in 156 patients (71.9%). Reasons for not undergoing any postoperative systemic therapy
included no active systemic disease (n = 16), transition to hospice/rapid disease progression
leading to death (n = 15), alternative management selected by the oncologist (n = 13),
patient refusal (h = 6), or loss to follow-up without documentation of further treatment
course (n = 11).

The median censored overall survival for the cohort from the date of index surgery was

25 (95% CI 20-34.9) months and the median follow-up duration was 14.6 (range 1-169.4)
months. Local CNS progression within the resection cavity was observed in 58 patients
(26.7%), with the median censored time to local CNS progression not reached. Distant CNS
progression remote from the site of surgery was observed in 138 patients (63.6%), with a
median censored time to distant CNS progression of 9.7 months.

LMD Outcomes

Forty-seven patients (21.7%) developed LMD in the postoperative setting. Determination
of LMD diagnosis was primarily imaging-based, with 6 patients undergoing CSF sampling
for confirmation. The median time to LMD was not reached, with 6-, 12-, and 24-month

J Neurosurg. Author manuscript; available in PMC 2024 June 26.
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LMD-free survival rates of 92.3%, 85.6%, and 71.4%, respectively (Fig. 2A). Rates of LMD
did not differ across the study period (20062010 vs 2011-2016 vs 2017-2021: 17.5% vs
28.4% vs 19.1%, p = 0.27). When examining only patients who developed LMD, the median
time to LMD diagnosis from index surgery was 9.2 (range 0.9-99.5) months, and the median
time from LMD diagnosis to death was 4.5 months (Fig. 2B). LMD was significantly
associated with overall survival in the cohort (overall survival in LMD vs no LMD: median
16.1 vs 36.7 months, p < 0.0001; Fig. 3A).

There were 19 cases of cLMD (8.8% of the cohort) and 28 cases of NLMD (12.9% of
cohort). Nodular disease was noted in the majority of cases on the same side as the prior
craniotomy (88%). The median time from surgery to cLMD versus nLMD was 12.2 versus
7.8 months (p = 0.90, log-rank test; Fig. 2C). Differences in time from LMD diagnosis to
death were also assessed. Patients diagnosed with cLMD had worse survival outcomes from
the date of diagnosis compared with nLMD (median 2.4 vs 6.9 months, p = 0.02, log-rank
test; Fig. 2D). Classic LMD and nLMD were significantly associated with overall survival
in the cohort (median overall survival in cLMD vs nLMD vs no LMD: 16.1 vs 15.4 vs 36.7
months, p < 0.0001; Fig. 3B). Treatment of LMD was associated with improved survival
time after LMD diagnosis (treatment vs no treatment: median 6.5 vs 1.1 months, p = 0.0007;
Fig. 3C). This improvement was significant within the cLMD (treatment vs no treatment:
median 3.8 vs 1.1 months, p = 0.002) and nLMD (treatment vs no treatment: median 12.9 vs
1.5 months, p = 0.045) subgroups.

Risk Factors Associated With LMD

Risk factors for predicting LMD were assessed using nominal logistic regression analyses,
Cox proportional hazards analyses, and random forest, a supervised machine learning
algorithm based on bootstrapping. Partition analyses were performed to identify primary
cancer types and tumor locations associated with the highest risk of postoperative

LMD. Partitioned binary groups were then used for further regression analyses. Breast,
gynecological, and urothelial BMs were associated with a higher risk of LMD (breast/
gynecological/urothelial vs other cancer types: 35.2% vs 15.1%, p = 0.0007). Cerebellar,
insular, and occipital resected BMs were associated with a higher risk of LMD (cerebellum/
insula/occipital location vs other location: 36% vs 14.1%, p = 0.0002). A Cox proportional
hazards analysis was performed to evaluate factors associated with time to LMD diagnosis
(Table 2). Univariate analysis found that White non-Hispanic status, breast/gynecological/
urothelial cancers, cerebellar/insular/occipital location, contact with a ventricle, and absence
of extracranial disease were associated with postoperative LMD. On multivariate analysis,
cerebellar/insular/occipital location (HR 3.25, 95% CI 1.73-6.11, p = 0.0003), absence

of extracranial disease (HR 2.49, 95% CI 1.27-4.88, p = 0.008), and contact with a
ventricle (HR 2.82, 95% CI 1.5-5.3, p = 0.001) were associated with decreased time to
LMD. Uni- and multivariate nominal logistic regression analyses were then performed,
examining predictors of LMD occurrence (Supplemental Table 2). Univariate nominal
regression analysis found that breast/gynecological/urothelial cancers, cerebellar/insular/
occipital location, White non-Hispanic status, contact with a ventricle, and absence of
extracranial disease were associated with postoperative LMD. On multivariate analysis
(Supplemental Table 2), cerebellar/insular/occipital location (OR 4.54, 95% CI 2.02-10.19,
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p = 0.0002) and absence of extracranial disease (OR 4.17, 95% CI 1.81-9.57, p = 0.0008)
were associated with increased risk of postoperative LMD. Tumor volume (OR 9.7, 95% ClI
0.94-99.66, p = 0.056) and contact with a ventricle (OR 2.21, 95% CI 0.95-5.14, p = 0.067)
showed trends toward significance for association with postoperative LMD.

A random forest analysis was then performed with 25 patient, tumor, and treatment variables
to predict postoperative LMD. The entire cohort was split into a training cohort (70%,

n = 152 patients) and a testing cohort (30%, n = 65) for the model. For the training

data set, 126 patients (82.9%) were predicted correctly, with 26 patients (17.1%) predicted
incorrectly, and an AUROC of 0.94 (Fig. 4A). The sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) for the model in the training set were
41.2%, 94.9%, 70%, and 84.8%, respectively. For the testing data set, 57 patients (87.7%)
were predicted correctly, with 8 (12.3%) incorrect, and an AUROC of 0.87. The sensitivity,
specificity, PPV, and NPV for the model in the testing set were 61.5%, 94.2%, 72.7%, and
90.7%, respectively. Tumor location, systemic disease status, and tumor volume were the top
three factors associated with predicting LMD in the model (Fig. 4B).

Risk Factors Associated With Classic Versus Nodular LMD

Further nominal regression analyses were performed to evaluate risk factors associated

with cLMD versus no LMD occurrence, and nLMD versus no LMD occurrence. On
multivariate analysis, tumor location (cerebellum/insula/occipital vs other location: OR 3.45,
95% CI 1.16-10.28, p = 0.026) was associated with increased risk of cLMD (Table 3).

On multivariate analysis, tumor location (cerebellum/insula/occipital vs other location: OR
3.63, 95% CI 1.27-10.34, p = 0.016) and absence of extracranial disease (OR 3.3, 95% ClI
1.15-9.46, p = 0.027) were associated with an increased risk of nLMD (Table 3). When
comparing cLMD to nLMD cases, exposure to postoperative systemic therapy was the only
factor associated with cLMD (cLMD vs nLMD: OR 13.5, 95% CI 1.58-115.70.42, p = 0.02;
Supplemental Table 3).

Discussion

LMD is considered an end-stage event for patients with metastatic disease due to poor
prognosis after diagnosis. Prior reports demonstrate that the median survival after LMD
diagnosis is approximately 1-4 months depending on whether additional therapy is
pursued.2425 Resection of a BM is believed to be an independent risk factor for LMD when
compared with upfront SRS and is attributed to microscopic tumor spillage into the CSF at
the time of resection.191526 This surgery-associated dissemination of disease is considered
to be distinct from the classic pathogenesis of LMD via hematogenous spread. With recent
efforts to minimize the neurocognitive impact of WBRT, postoperative SRS to the resection
cavity has become a mainstay of treatment. However, the use of postoperative SRS has led
to higher rates of LMD, given that spillage of cells outside of the resection cavity is not
targeted when WBRT is omitted.2” Although risk factors for predicting LMD after resection
of a BM have included breast cancer histology, infratentorial location, piecemeal tumor
resection, number of BMs, and intratumoral hemorrhage or cystic features, results are mixed
across studies.1213.15-17

J Neurosurg. Author manuscript; available in PMC 2024 June 26.
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The goals of this study were to evaluate rates of LMD in a population of patients with

BMs who underwent resection with postoperative RT and to identify risk factors associated
with LMD, as well as cLMD and nLMD subtypes. Overall, the rate of LMD in the cohort
was 21.7%, with 6-, 12-, and 24-month LMD-free survival rates of 92.3%, 85.6%, and
71.4%, respectively. These rates are comparable to those reported in prior studies, ranging
from 5% to 31%.8.1214-17 |n 3 prospective randomized trial of patients undergoing resection
of 1-3 BMs, for example, the 12-month estimated LMD incidence for patients receiving
postoperative SRS was 28% and did not significantly differ from patients undergoing
observation only (16%).8 Rates of nLMD (also termed “pachymeningeal seeding” in prior
studies) specifically may be lower, with a prior study noting an 8.4% rate.19

The main factors associated with LMD in the present cohort were absence of extracranial
disease at surgery, tumor location (cerebellar, insular, or occipital BM), ventricle contact,
and increased tumor volume. Prior work has demonstrated that cerebellar tumors are at
higher risk of LMD, which has been attributed to proximity of the tumor to nearby cisterns
that may act as reservoirs for intraoperative microscopic tumor spillage.28 In the current
study, in addition to cerebellar location, partitioning analysis also found that insular and
occipital locations were associated with LMD. The insula is bordered by the sylvian fissure,
which must be opened during resection and may act as a CSF reservoir for tumor spillage
during resection. It is difficult to explain why occipital location was associated with a
higher risk of postoperative LMD, although redistribution of microscopic disease within the
resection cavity postoperatively while the patient is supine may offer one explanation.

Absence of extracranial disease was another main risk factor for postoperative LMD.

We hypothesize that this increased risk of LMD reflects a form of survival bias, with

more follow-up time for developing this form of end-stage disease. This has not, to our
knowledge, been previously reported in the literature. However, many studies have examined
the presence of extracranial disease from the time point of initial BM diagnosis, and not
from the reference point of an index surgery.

Lastly, increased tumor volume and contact with a ventricle were identified as risk factors
for LMD. Prior work has also identified ventricle contact as having an increased risk of
LMD.29 Larger tumors are often more likely to interface with the pial surface or ventricle,
and there may be some crossover between these variables when examining risk factors for
LMD.

It is also important to note factors that were not associated with LMD. Although prior
reports demonstrated an association of LMD with resection of BMs, neither additional
craniotomies nor resection of multiple metastases at once increased the risk of LMD in
this study. Additionally, prior work has suggested that SRS may be associated with higher
rates of LMD compared with treatment with postoperative WBRT. However, in the current
cohort, we did not observe a difference in LMD outcomes for patients receiving immediate
postoperative WBRT versus focal RT, or in patients who received postoperative WBRT at
any point prior to the LMD diagnosis.

J Neurosurg. Author manuscript; available in PMC 2024 June 26.
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In the era of novel CPI treatment and other targeted therapies, there remains a question

as to whether these agents may limit the risk of LMD postoperatively. Minniti et al.
evaluated 129 patients with non—small cell lung cancer and melanoma BMs who received
either postoperative SRS alone or postoperative SRS and immunotherapy, and found that
immunotherapy was associated with decreased rates of LMD on follow-up.3° However, the
present data found no association of LMD rates with postoperative immunotherapy or other
specific targeted therapies.

Recent work by other groups has suggested that NLMD may have a distinct biological
behavior from cLMD. In a study by Prabhu et al. examining LMD in patients undergoing
BM resection, patients with cLMD were more likely to be symptomatic at presentation, and
nLMD was associated with longer survival after diagnosis (median overall survival from
diagnosis in nLMD vs cLMD: 8.2 vs 3.3 months).18 Given this new categorization of LMD,
our group was interested in determining whether similar clinical outcome differences would
be observed between cLMD and nLMD and identifying factors that may be associated with
one category versus the other. Similar to the Prabhu et al. study, we observed different
survival rates after LMD diagnosis between the cLMD and nLMD subgroups (2.4 vs

6.9 months, respectively).18 Although the analysis was limited by the number of events,
exposure to postoperative systemic therapy appeared to increase the risk of cLMD. Again,
we hypothesize that improved control of extracranial disease may predispose patients to the
development of more advanced CNS progression in the future.

Moving forward, it is important to identify patients who are at increased risk of LMD to
evaluate treatment measures that may mitigate this risk. Recent work has demonstrated that
preoperative SRS prior to resection may help decrease the risk of local recurrence and,
potentially, LMD.3! Additionally, if postoperative RT is selected, larger RT fields may be
implemented to possibly decrease the risk of LMD on follow-up. Finally, a question remains
as to whether adjuvant intrathecal chemotherapy may help mitigate this risk. Additional
work is thus needed to examine whether escalated therapy in high-risk patients, such as
those identified in this study, may help lower postoperative LMD rates.

Limitations of the Study

There are a number of limitations with the current study. This study is retrospective and

was limited by recall bias and heterogeneity in management during a patient’s oncological
course. We could only evaluate patients who had adequate documentation of clinical details
with available imaging. Although en bloc resection has been previously identified as being
protective against LMD formation, the retrospective analysis did not allow for reliable
documentation of whether this was performed intraoperatively. The LMD diagnosis was
based on imaging, with a minority of patients undergoing confirmatory CSF sampling.
Although separate training and test sets were used for the random forest analysis, the study
does lack an external validation data set. Finally, the number of variables evaluated exceeded
the number of LMD events, limiting the stability of the model.

J Neurosurg. Author manuscript; available in PMC 2024 June 26.
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Conclusions

In this retrospective study involving patients undergoing resection of a BM with
postoperative RT, 21.7% developed LMD in the postoperative setting. Six-, 12-, and 24-
month LMD-free survival rates were 92.3%, 85.6%, and 71.4%, respectively. Although
there were no differences in time to cLMD or nLMD, patients diagnosed with cLMD

had worse survival outcomes from the date of diagnosis compared with nLMD (2.4 vs
6.9 months). Yet, both cLMD and nLMD patients had improved survival when treatment
was initiated for LMD. A prediction model using a random forest bootstrapping method
identified 87.7% of LMD cases correctly with an AUROC of 0.87. The three main factors
predicting postoperative LMD in this model were tumor location, systemic disease status,
and tumor volume, with ventricle contact also identified as a risk factor on Cox proportional
hazards analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS
AUROC area under the receiver operating characteristic curve
BM brain metastasis
Cl confidence interval
cLMD classic LMD
CPI checkpoint inhibitor
EBRT external beam radiotherapy
GTR gross-total resection
HR hazard ratio
LMD leptomeningeal disease
nLMD nodular LMD
NPV negative predictive value
OR odds ratio
PPV positive predictive value
RT radiation therapy
SRS stereotactic radiosurgery
STR subtotal resection
WBRT whole-brain radiotherapy
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FIG. 1.
Imaging features of LMD subtypes. A-C: Axial and coronal T1-weighted postcontrast MR

images demonstrating cLMD (arrows) involving abnormal “sugarcoating” along cerebellar
folia (A), along cranial nerves and within the internal acoustic canal (B), and along

the brainstem (C), in addition to other regions. D—F: Axial and coronal T1-weighted
postcontrast MR images demonstrating nLMD (arrows) involving nodular, dural-based (D
and F), or ependymal (E) lesions.
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FIG. 2.
Graphs of time to LMD and time from LMD to death analyses. A: There were 43 cases

of postoperative LMD with median censored time from surgery to LMD not reached. B:
The median time from LMD diagnosis to death for patients who developed LMD was 4.5
months. C: When examining the time from surgery to LMD between the cLMD and nLMD
groups, there was no significant difference (median 12.2 vs 7.8 months, p = 0.90). D:
Patients with nLMD experienced longer survival compared with those with cLMD (median
6.9 vs 2.4 months, p = 0.02). Pts = patients.
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Graphs showing the impact of LMD on survival and the impact of treatment on LMD
outcomes. A: Patients who developed LMD in the postoperative setting had shorter survival
from the date of first surgery (median 16.1 vs 36.7 months, p < 0.0001). B: LMD subtype
was also associated with survival duration (cLMD vs nLMD vs no LMD: median 16.1

vs 15.4 vs 36.7 months, p < 0.0001). C: Treatment (Tx) after LMD diagnosis resulted in
improved survival time (treatment vs none: median 6.5 vs 1.1 months, p = 0.0007).
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FIG. 4.

Random forest analysis identifying factors associated with postoperative LMD. A: A
random forest model using bootstrapping to predict postoperative LMD was created using a
training cohort (n = 152 patients), and a separate testing cohort (n = 65 patients) was used
to validate the model. AUROC:S for the training and testing cohorts were 0.94 and 0.87,
respectively. B: The top three factors associated with LMD occurrence were tumor location,
systemic disease status, and surgically resected tumor volume.

J Neurosurg. Author manuscript; available in PMC 2024 June 26.



Page 17

Morshed et al.

Author Manuscript

(91) 82 (em)9 (Ts1) vE [esodwa)
(T1) 08 (¥e) LT (6'02) L win|jagaIa)
(9v2) ev (em) 9 (8'12) 6 [elaLied
(e0g) €5 (02) 01 (82) €9 [eluol

(%) u ‘uoneso NG

(62) s (7o) e (L¢)8 (JIEM ]

(5€)9 (58) ¥ (ov) 0T 2160j028UAD
(59) 1T (0o (T9) 11 BLIOUIDIED [[89 [eusy
(8'TT) 02 (58) ¥ (TTD) 2 [BUNSBIUI0NSED)
(e'52) ev (6'v1) L (0€2) 05 euwIoueBN
(902) g€ (ege) 81 (r've) €5 isealg
(7'62) 05 (reg) 1T (T'82) 19 139uea Bunj 1192 |[ewWs-UON

(%) u ‘adAy Ja0uRd Arewiid

(90T (0o (S0T panodal 10N

(81 ¢ (ev)e (€2 s BYOo

Nz 0o (602 AAIIEN ©XSE|V//URIPU| UeSLIaWY

(81 € (9 v (ze) L UedLIBWY UBIL//Xoe|d
(8'1T) 02 TarT (2'6) T2 oune/a1uedsiH
(z8) vT (ss2) et (1) 92 lapue|s] d1oed/UBISY

(L'vL) LeT (9'65) 8¢ (r'12) GST UeISEINED/BHYM
(%) u ‘Andruyrsyeoey

(9°09) €01 (e'2L) ve (T'e9) L¢eT alewsad

(r'6¢€) L9 (Lr2)et (6'9¢) 08 aleN
(%) u 'xes

(6v8-122) ¥'09 (5€8-6'92) ¥'19

(6'78-6'92) 9'09

sIA ‘(abBuel) A1ebins 1e abe uelpa|n

S.T 05 (144 A18bins xapul Je pajoasal SING JO 'ON
0T Ly JAXA sjuaned Jo ‘ON
dNTTON ann sjusired ||V eleq Jownl 7@ jusied
1J0Y092 3y} J0} elep luawieal) pue ‘Jown) ‘ualied
‘T 31gvlL

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2024 June 26.



Page 18

Morshed et al.

(%) u ‘1Y dojsod ajerpaww]

(621) 22 (6'v1) L (r'eT) 62 (%) u *A1abans xapur 03 Joud 1y
(901 Tt (60)¢ v
(81 ¢ (ene (€ds €

(9°21) 08 (eT2) o1 (v'81) OF z

(08) 9T (e'2L) ve (e'82) 0L1 T

(9%) u ‘salwiololuRI JO 'ON

(8'8T) 2 (§sz) et (e'02) v (%) U ‘uonasal NG 104 salLIOIOILRID [euORIpPE Juanbasgns

(rv7-0) €0 (5ez-0) €0 (r'v7-0) €0 (abue.) Awoolueld 03 sisoubelp NG WOIS SOW URIPIA

(6'70T-€°0) 99T

(6'6Y1T-1'2) 69T

(6'6¥1-€0) 89T

o ‘(abues) aWN|oA NG pa10asal UBIP3IA

(6722) o

(@) 11

(L22) 18

dl1s

(9°92) veT

(82) 6€

(6'92) €17

d19

(%) U ‘uon9asal Jo X3

S|1e19p X1

(7'69T-0'T) 67T

(L9eT-2v) ZeT

(7'69T-T) 94T

(abues) dn-moj|oy [ea1Ul]D JO SOW URIPSIA

(591) 8¢ (ove) 9T (€°02) vv (%) U *3]9LIUBA /M 19BIU0D
(¥29) 90T (zoL) e (T'v9) 6ET (%) U ‘8BNS [£211I03 /M JOBIUOD
(L12) 8€ (e 11 (812) Y (%) u ‘saunyes) aNsAD
(9vv) 82 (0g) 5T (czv) g6 (%) u ‘afeyioway [eJownyenu]
(61-T) 1 (e1-1) ¢ (61-1) 1 (abuel) A18Bins 12 SNG [2101 4O “OU URIPAIA
(e'g€) 09 (8'€9) 0g (s'Tv) 06 Wesqy
(2v9) 01T (¢oe) L1 (5'89) LeT Jussald
(%) u ‘A1abuns xapul 1e sniels aseasip [elueIdeIXg
(901 e (ene aullpPIN
(€09) 88 (vv) 2z (6'8v) OTT n
(T'6v) 98 (29) 92 (8'6v) 21T S|
(%) U ‘NG pa1oasal Ajjealbuns Jo apis
(901 @1 (60 ¢ ensuj
(¥'11) OC (02) 01 (eeT) 0 [endioo0
dINT ON aiNT sjusied ||V eleq Jowny 7 jusied

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

available in PMC 2024 June 26.

J Neurosurg. Author manuscript



Page 19

Morshed et al.

‘Juswiieal) = X1

(812 ZTT (g2 ve (6'T2) 95T (%) u *Adesayy o1waisAs dojsod Auy
(09) 2ot (e'98) 9¢ (69) 82T (%) u "Adelauyy o1wasAs [euouLioy/pelabirel Jaylo Jo 14D dolsod
(Lyv) oL (Lyp) T2 (Lvv) L6 (%) u *Adesayy o1walsAs [euounioy Jo pajabie) Jayjo dolsod
(Lv2) v (z6T) 6 (g€2) 18 (%) u *asn 14D doysod
(90¢) 25 (z9g) L1 (8'7€) 69 (%) u *Adesayy o1waisAs [euowioy/payabise Jauio 10 14D Jolid
(Lv2) v (6'1€) ST (€92) 15 (%) u Adelayy o1waisAs [euolLiioy Jo pajabie) JaLjo Jolid

(om) 2T (CF)R7 (L6) 12 (%) u ‘asn 14D Joud

(8'12) L€ (ree) 1T (T22) 8 (%) u 'sisouBelp QN Aue 0} Joud 14aM
(L97) ¢ (82n) 9 (evT) 1€ Laam

(e'98) SvT (cL8) v (2'g8) 981 1Y [ed0d
dINT ON aiNT sjusied ||V eleq Jowny 7 jusied

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2024 June 26.



Page 20

Morshed et al.

Author Manuscript

"90urdIIUBIS [RONSIE]S SaledIpul 8dA) adeyplog

v20 (62T-9£0) 890 dojsod Adesay a1waisAs Auy
Ge0  (Gez-vL0)ZET Kisbuns Jaye x| parsbiel 18yio
180 (S¥'e—2L0)2eT A1abuns a10yaq x| parabielr J8y10
Geo (9 T-v€0) TL0 £1abins Jae X1 1dD
850 (9L¢-870) vE'T K13Bns 810380 X1 1dD
180 (80°Z—¥50)90°T sisoubeip QN 01 Joud 1HgM
8.0 (L9780 ETT L9 SA 1Y [004 dojsod srerpaiw]
6.0 (67'2-050)2T'T 1Y [elUBIORAUI JOLId
v.'0  (9L'T-S70) 680 d1SsA YLD
1000 (0€'G-06T)28C 60000 (6T'G-€ST) 28T 3|9LIUSA /M J0BIU0D
60 (192-0L0) €T 30B4INS [BO10D /M 108IU0D
v8'0  (v8'T-Lt'0) €60 Jowin 913D
20 (S€T-6€0)€L0 aBeyliowsy NG
660 (26'T-2S°0) 660 SOILUO]OIUEID [RUONIPPY
120 (629-09°0)S6°'T T SA g ‘A1sBuns e pajoasal SING 4O 'ON
60 (0Lv-21°0) ¥6°0 K19Bins 1e SING [e101 JO 'ON
960 (SL°€-¥T0)96°0 A1abins 03 sisoubelp NG Wouy awi]
v20  (€6'TT-9v'0) 19'C aWINjoA Jown |
8000 (88'V-LC'T)6VC €00 (vS€-L0T)¥6'T 352aSIP [BIUBIORIIXE JO 30UaSqY
€0000 (TT'9-€LT)SZ’€ 20000 (0G5'G-2LT) L0°€ 13U10 SA [endi000/eINSUI/WIN] (803180 ‘U0ITEI0T]
650  (9T'2-99°0) 02'T 3 SA M '3pIs Jown
690 (S2'Z-09°0)LTT €000 (8T'V—EET)9E'C  J3Ul0 SA [erjdUYI0IN/[eIf0j0dBUAB ASERIq ‘3dA) JBdueD
600 (L2e-16°0)€L'T 100 (88°€-TZ'T) LTC a1uedSIH-UOU a}YA SA ‘KLIouliN
2o (9 T-0%0) L0 4SAN
690 (08v-6£0)€ET aby
aneAd  (109%56) HO  anfeAd (1D %56) YH Jo10e4

sisA[euy a1eLIeAIINIA

sisAjeuy a1eLieAlun

sisouBeIp @IAIT 01 W1 YIIM Paleloosse si019e) Buluiexa sasAjeue spiezey X00 aleLBAN|NW PuUe a)eLIBAIuN

‘¢31avl

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2024 June 26.



Page 21

Morshed et al.

"90urdIIUBIS [RONSIE]S SaledIpul 8dA) adeyplog

areLIRANINIA

a1eLIeAluN

areLIRANINIA

a1elIeAIUN

€z0  (Ir'T-¥20) 650 1900  (67'65-16°0) 9€'L L00  (29'75-G8°0) €9'9 dojsod Adesayp o1waisAs Auy

110 (60'Z-L£0) 880 €0  (evv-190)59T Aiabians saye x| pajebie) JsUI0

gr'o  (0L€¥S0) Tr'T TT0  (8v'9-€8°0) 1€ AKiabins 21040 X L payabiey ;oupo

020 (95 T-2T0) 70 120 (eLre-two)vet Kiabians saye X1 1dD

680  (9v'5-€20)2T'T 080  (0€'9-60'0) 9L°0 K1aBans 21080 XL 1dD

690  (Sz'z-L20)8L0 180  (ev'e-8e0)¥T'T sisoufeip QAT 03 Joud 1HEM

1€0  (26'6-870)8T'C 660  (0L'€-L2°0) 660 14EM SA LY [e04 dolsod ayerpawiw]

160 (29€-92°0) 860 090  (8r'S-8E0) v¥'T 1Y doaud

2s0  (8Tz—2e0) v8°0 280  (TLe-SE0)vT'T d1SsA YLD

2o (€0L-T8°0) 8EC v00  (STL-€0T)TLT 0z0  (r'9-190)60C 3|9LIUSA /M J0BIU0D
080  (6T'2-9€0) 680 vT0  (69°6-v.0) L9C 39e4INS [B31110D /M 10BJU0D

680  (¥5'2-62°0) €60 650  (eTv-Sv0)9eT Jowiny onsko

6v'0  (90'2-220) L9°0 800  (2T'T-9T0) 2¥'0 680  (882-0v'0) L0'T afeyLioway NG
860 (S0%—65°0) ¥S'T 9’0 (€E97-050) 28T S3ILUOJOIUE.D [EUOIHPPY

€e0  (vLeT-ev0)€ee 690 (TE'YI-LT0)8S'T (T sn z) A1aBins ye pajoasal SING J0 'ON

860  (¥S'9-¥00) 870 680  (€9'¥T-0T°0) 02'T K1aBins e SNg [€10} JO 'ON

280  (L&L1-0T'0)GET 98'0  (25'€2-20°0) €L°0 Kiabuns 07 sisouBeIp NG WOy swI L

60  (61'5€-G2'0) 86'C 9z0  (6L°0e-0v'0) 6Y°E alNjoA JownL

1200  (9¥'6-ST'T) 0EE 200  (8L9-GT'T) 08¢ oT0  (c,'8-28°0)29C 800  (LL'9-06'0) Ltre 35e3SIP [IUBJJRIIXS JO 30UASqY
9100  (ve'0T-22'T) €9°€ v00'0  (¥9'8-6v'T) 8G'E 9200  (8Z'0T-9T'T) G¥'E €00  (TT'8-0TT)66C 1310 SA [e)d1990/8|NSUI/WIN| 90139 ‘UOIEI0"]
1€0  (€£€-99°0) /ST GL0  (cze-—gv0)LTT W SA M ‘apIS

S0 (8E'v—¢S0)IS'T G000  (T¥'8-9v'T) 15°€ Lz0  (21'9-09°0) 26'T 200  (6E'6-9Z'T)GY'E  J9Lp0 SA [eljduyron/[ealfojodsukBbyisealq ‘adAy Jeoued
820  (ST'5290)6LT 1500  (62'5-66'0) OV'C 0z0  (er's—0L0)S6'T o1uedsiH-uou iy sA ‘AiouliN
820  (25T-€2°0) 650 910  (ee'L-¢L0)62C 4SAN

o  (€6'2-L00) 9¥°0 v8'0  (€8'2-80°0) 6.0 aby

aneAd  AWTONSAQATU - anfeAd  AQNTTONSAQINTU - dnfeAd  QINTONSAQNTO  anfeAd  dINTTON SA QNI JojoeS

Author Manuscript

AINTTU SNSIBA QA9 Y PaleIoosse $1010e) Buluiwexs sasAjeue Uoissalbal [euIlou aleLIBAINW PUe -1un

‘€31avl

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2024 June 26.



	Abstract
	Methods
	Study Design
	Patient, Tumor, and Treatment Variables
	Clinical Outcomes of Interest
	Statistical Analysis

	Results
	Cohort and Treatment Details
	LMD Outcomes
	Risk Factors Associated With LMD
	Risk Factors Associated With Classic Versus Nodular LMD

	Discussion
	Limitations of the Study

	Conclusions
	References
	FIG. 1.
	FIG. 2.
	FIG. 3.
	FIG. 4.
	TABLE 1.
	TABLE 2.
	TABLE 3.



