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Abstract

Purpose: For brain metastases, surgical resection with postoperative stereotactic radiosurgery is
an emerging standard of care. Postoperative cavity stereotactic radiosurgery is associated with a
specific, underrecognized pattern of intracranial recurrence, herein termed nodular leptomeningeal
disease (NLMD), which is distinct from classical leptomeningeal disease. We hypothesized that
there is poor consensus regarding the definition of LMD, and that a formal, self-guided training
module will improve interrater reliability (IRR) and validity in diagnosing LMD.

Methods and Materials: Twenty-two physicians at 16 institutions, including 15 physicians with
central nervous system expertise, completed a 2-phase survey that included magnetic resonance
imaging and treatment information for 30 patients. In the “pretraining” phase, physicians labeled
cases using 3 patterns of recurrence commonly reported in prospective studies: local recurrence
(LR), distant parenchymal recurrence (DR), and LMD. After a self-directed training module,
participating physicians completed the “posttraining” phase and relabeled the 30 cases using the 4
following labels: LR, DR, classical leptomeningeal disease, and nLMD.

Results: IRR increased 34% after training (Fleiss’ Kappa K'=0.41 to K=0.55, P<.001).

IRR increased most among noncentral nervous system specialists (+58%, P < .001). Before
training, IRR was lowest for LMD (K = 0.33). After training, IRR increased across all recurrence
subgroups and increased most for LMD (+67%). After training, =27% of cases initially labeled LR
or DR were later recognized as nLMD.

Conclusions: This study highlights the large degree of inconsistency among clinicians

in recognizing nLMD. Our findings demonstrate that a brief self-guided training module
distinguishing nLMD can significantly improve IRR across all patterns of recurrence, and
particularly in nLMD. To optimize outcomes reporting, prospective trials in brain metastases
should incorporate central imaging review and investigator training.

Introduction

Brain metastases are the most common malignant brain tumors, with a median survival

of 1.6 to 17.1 months after diagnosis.! Historically, after surgical resection of a brain
metastases, adjuvant whole brain radiation therapy (WBRT) was the standard irradiation
technique, affording improved intracranial tumor control, although not significantly affecting
survival.22 To minimize the neurocognitive side effects of WBRT, many institutions

have reported outcomes of stereotactic radiosurgery (SRS) to only the surgical cavity in
retrospective*~% and single-arm prospective series.”8 The utilization of postoperative SRS
will undoubtedly increase given the recent positive results of the cooperative group N107C
phase 11 trial.® This trial randomized patients with up to 4 brain metastases, of which 1
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was resected, to postoperative WBRT versus SRS. Cognitive deterioration at 6 months was
significantly reduced in patients receiving postoperative SRS (52%) versus WBRT (85%),
with no difference in overall survival.

The omission of WBRT after surgical resection of brain metastases is associated with a
shift in the pattern of intracranial recurrence. Multiple studies®-12 report a higher rate of
leptomeningeal disease (LMD), synonymously termed /eptomeningeal carcinomatosis, after
postoperative SRS compared with WBRT. This increased rate is presumably related to
iatrogenic dissemination of tumor cells at the time of resection. Because these cells outside
the cavity are not treated with postoperative SRS, they later recur as LMD when WBRT is
omitted.

The true incidence of postoperative LMD is unclear, ranging from 8% to 35% across
studies.10.13 The reason for this wide range is multifactorial, with potential differences

due to tumor histology,141% location, 5.1 size,17 and pial involvement,” as well as type of
surgical resection.16 Additionally, differences in imaging follow-up and underreporting of
LMD are potential factors. For example, the single-institution postresection SRS prospective
trial from M D Anderson Cancer Center noted a 28% rate of LMD compared with 7%

on the multi-institutional N107C trial.>18.19 This discrepancy in reported LMD outcomes
weakens the development of accurate treatment recommendations and suggests underlying
discordance in physicians’ assessment (and consequent treatment) of LMD.

LMD diagnosis is often made using a combination of neuroimaging and clinical suspicion,
without obtaining CSF. The radiographic signs typically associated with LMD, for which we
propose the term classical leptomeningeal disease (cLMD), include (1) enhancement of the
cranial nerves, cisterns, cerebellar folia, and sulci2®; and (2) Zuckerguss or diffuse “sugar-
coating” enhancement across the surface of the brain.21-25 Cagney et al?5 recently reported
an 11% incidence of pachymeningeal seeding of the dural or outer arachnoid after surgical
resection of a brain metastasis compared with 0% without resection. In this report, the
authors chose the anatomic term pachymeningeal seeding to contrast it from /eptomeningeal
disease of the subarachnoid to distinguish the types of CSF spread of tumor. With a

similar thought to recent reports?? on postradiosurgery toxicity preferring the term adverse
radiation effect as the imaging correlate of histologically defined radiation necrosis, we have
chosen the terms classical LMD (cLMD) versus nodular LMD (nLMD),28 because these
outcomes are defined by imaging rather than histology. We hypothesize that intracranial
nLMD, which occurs predominantly in the postresection setting with postoperative SRS28
as opposed to the nLMD seen in the spine (“drop metastases™) as noted in the EANO
guidelines,2® is morphologically distinct, underrecognized, and commonly misreported as
distal intraparenchymal recurrence (DR).

We propose a formal description of nLMD (Table 1). We have created a brief, self-guided
training module to distinguish nLMD from cLMD and DR. To assess the baseline level of
agreement in LMD diagnosis, we tasked a set of physicians (including many with expertise
in central nervous system [CNS] oncology) with reviewing follow-up neurcimaging from
patients who received postoperative SRS and labeling each case based on their assessment of
the patient’s pattern of intracranial recurrence. To assess the benefit of our nLMD training
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module, each physician subsequently followed the self-guided training module before
repeating a similar task in labeling patterns of recurrence represented in patients’ follow-

up neuroimaging. We hypothesize that a training module that standardized the definition

of LMD would improve interobserver variability in reporting of intracranial patterns of
recurrence. Additionally, we explore how outcomes differ between physicians self-identified
to be specialists in CNS tumors compared with non-CNS physicians.

Methods and Materials

Patients and imaging

With Stanford University institutional review board approval, we retrospectively identified
30 patients with brain metastases treated with SRS to a postresection cavity who developed
intracranial recurrence on follow-up imaging. Patients had both gadolinium-enhanced T1-
weighted 2D spin echo and 3D inversion recovery-spoiled gradient recalled echo images for
assessment. In addition to extracting representative magnetic resonance imaging (MRI), we
obtained a screen capture of patients’ SRS plan targeting the resection cavity. We selected
cases that displayed a single pattern of intracranial recurrence, excluding those with multiple
patterns of intracranial recurrence (eg, both local cavity recurrence and distal parenchymal
recurrence were excluded). We also excluded patients with adverse radiation effect (ie, the
radiographic correlate of radiation necrosis) or with MRI studies of poor technical quality.
Images were anonymized and exported with MIM 6.7.11 (MIM Software Inc, Cleveland,
OH). We provided survey respondents with an electronic package of MRl DICOM files for
each patient and MIMviewer 3.4.14 (MIM Software Inc.), a lightweight viewing software
for medical imaging.

Training module creation

We identified patients with imaging features typical of LMD per prior classification?4:25
and the authors’ previous experience treating patients with multiple forms of LMD.

These features were organized into a 12-page training document along with representative
images to illustrate key features that we propose distinguish nLMD from cLMD

and DR (see document overview in Table 1 and a sample image in Fig. 1). The

complete training document is available online (File A, available at https://doi.org/10.1016/
J-ijrobp.2019.10.002).

Survey creation

We collected survey data using REDCap electronic data capture tools hosted at our
institutional center.30 We created 2 survey arms within REDCap: “pretraining” and
“posttraining” arms. Each arm featured the same cases but with order (and anonymized
patient labels) randomized. In each survey arm for each case we provided respondents with:
(1) a single slice from the patient’s preresection MRI that demonstrated the position of

the original brain metastasis; (2) a 3-plane extract from the patient’s SRS treatment plan
that displayed the surgical cavity and radiation isodose curves; and (3) up to 3 (axial,
coronal, sagittal) MRI images, viewable in MIMviewer, demonstrating the study pattern

of intracranial recurrence (see representative example in Fig. E1, available at https://doi.org/
10.1016/j.ijrobp.2019.10.002).
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In the “pretraining” arm, we asked respondents to review the information and imaging for
each case and then label which type of intracranial recurrence was present using the 3
patterns of recurrence commonly reported in prospective trials: (1) local cavity recurrence
(LR); (2) DR; and (3) leptomeningeal disease (Fig. 2). After assigning a label, raters were
also asked to rate their confidence that the label was accurate on a 5-point Likert scale from
0 (least confidence) to 4 (greatest confidence).

In the “posttraining” arm, respondents repeated this procedure but with the order and
anonymized patient IDs randomized again. In the posttraining arm, raters used one of the
following 4 labels: (1) local recurrence; (2) distal parenchymal recurrence; (3) cLMD;
and (4) nLMD. Rater confidence was assessed again in the same manner. In both

the “pretraining” and “posttraining” sessions, respondents were instructed that no cases
represented adverse radiation effect.

Survey respondents

In March 2018, 22 physicians participated in the study and all completed both parts of the
survey. Respondents consisted of radiation oncologists (n = 16; 73%), neuro-oncologists (n
= 2; 9%), neurosurgeons (n = 2; 9%), and neuroradiologists (n = 2; 9%) from 16 different
institutions. Physicians included those described as CNS specialists (n = 15; 68%) and
radiation oncologists without a CNS-specific clinical practice (n = 7; 32%). Physicians with
CNS expertise were identified based on (1) a record of publications on CNS oncology

in academic medical journals and (2) a clinical appointment with predominantly CNS or
patients with cancer.

Statistical analysis

We assessed percentage agreement for each arm by measuring the proportion of cases

for which all raters assigned a case the same label. We calculated Fleiss’ Kappa statistic
(K), which has a 0 to 1 scale, to assess the degree of agreement above the agreement

one could attribute to random chance across multiple raters and multiple cases.3! Subgroup
analysis was also performed using Fleiss’ Kappa to determine the degree of agreement
within specific patterns of intracranial recurrence. Although there is no universally
accepted interpretation of Kappa statistics, the study by Landis and Koch32 is the most
commonly cited. However, we avoided an absolute interpretation of the Kappa statistic
using such benchmarks given their widespread criticism for being inherently arbitrary,
difficult to translate across domains, and unresponsive to differences in the implications of
disagreement.33:34

We tested the effect of assigned labels on confidence levels using 1-way between-subjects
ANOVA. Posthoc comparisons were performed using the Tukey HSD test for multiple
comparisons.3®

We assessed for differences between subgroups of raters using Wilcoxon’s test (see
supplemental methods, available at https://doi.org/10.1016/j.ijrobp.2019.10.002, for details
of subgroup comparisons). We used Cramer’s V (V) to calculate the association between
categorical data and Pearson’s correlation (/) for numeric data.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 October 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 6

All analyses were performed using the R statistical programming language, version 3.5.0
(accessed at r-project.org).

Interrater agreement and reassignment of case labels

Interrater reliability improved with the training module, with the most improvement seen
among non-CNS specialists. We compared rater agreement before and after taking the
self-guided training module. Overall, raters were more likely to agree on a case’s assigned
label after the training, with overall interrater reliability (IRR) improving by +34% (K= 0.41
to K=0.55, P<.001), and with an even greater improvement among non-CNS specialists
(IRR +58%, P<.001).

At the group-wide consensus level, for each case, the most frequently assigned label

across all CNS raters (the “collective label”) seldom differed before and after training. The
pretraining LMD label was considered equivalent to either nLMD or cLMD posttraining.
For CNS-specialized physicians, the consensus label was equivalent for 29 out of 30 cases.
In contrast, non-CNS specialists’ labels were more influenced by the training. Non-CNS
specialists’ consensus labels changed more frequently and were equivalent for only 21 out of
30 cases.

A set of labels was also assigned by the senior author. Although these do not necessarily
constitute a gold standard, the senior author’s labels were made with the benefit of the
patients’ physical examination, supporting diagnostic tests, and knowledge of the patients’
ultimate clinical course. CNS raters’ consensus labels were identical to our senior author’s
labeling in 29 out of 30 cases both pre- and posttraining (Cramer’s VV=0.94 and VV=0.95
respectively). Non-CNS raters’ pre- and posttraining consensus labels were identical to the
senior author’s labeling in only 22 (V= 0.69) and 24 (V= 0.71) cases, respectively.

The greatest improvement in interrater reliability with the training module was in the
scoring of LMD. Before training, raters were least consistent when labeling LMD (K =
0.33) compared with DR (K= 0.47) and LR (K = 0.45). The training module increased
agreement for all recurrence subgroups (Table 2). However, the greatest improvement was
for diagnosis of LMD (+67%). LMD IRR more than doubled among non-CNS specialists
(+138%). Subgroup analysis suggests that much of the LMD improvement was driven by
better recognition of nLMD (K = 0.60) versus cLMD (K = 0.40), although both were
improved relative to the pretraining period. Posttraining agreement was similarly strong for
LR (K= 0.55) and DR (K = 0.58).

After the training module, distant brain relapse was more likely to be scored as nLMD. Rater
agreement increased after training as a result of raters changing a portion of their responses.
Twenty-seven percent of cases originally labeled as DR were changed to nLMD after the
training (Table 2). Similarly, 29% of LR labels were reassigned to nLMD after training. In
contrast, very few cases originally labeled as LMD were subsequently relabeled to LR (2%)
or DR (6%).
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Confidence in assigned labels

To determine which cases raters found challenging, we assessed patterns in the confidence
scores raters provided (on a 0—4 scale) for each case. There was a significant relationship
between the pretraining assigned pattern of recurrence and confidence (A2, 657] = 6.81, P=
.001). Posthoc comparisons using the Tukey HSD test indicated that the mean confidence for
LR (M= 2.5, SD = 1.3) was significantly lower than for LMD (M= 2.9, SD = 1.0, P=.001)
and DR (M=2.9, SD = 1.1, P=.008). Confidence levels between LMD and DR labels did
not differ.

There was also a significant relationship between the posttraining assigned pattern of
recurrence and confidence (F[3596] = 4.188, 2= .003). Mean confidence for cLMD (M

= 2.7, SD = 1.1) was significantly lower than mean confidence for DR (M= 3.1, SD = 0.9,
P=.007) and nLMD (M= 3.1, SD = 0.9, £=.004). All other comparisons, including those
involving LR (M= 2.8, SD = 1.0), were nonsignificant.

At the individual case-rater level, global case-level confidence significantly increased (A
4.9%, P=8.04 x 107°). Confidence significantly increased for cases originally labeled as
LR (A 7.7%, P=.039) and LMD (A7.4%, P< .001). The increases were not significant for
DR (A 1.3%, P=.223).

Discussion

As highlighted by the Response Assessment in Neuro-Oncology working group on LMD,
a lack of standardization exists in determining response to treatment.24-36 Before one

can assess response of LMD, one must be able to reliably identify LMD. Our results
demonstrate the wide range of physicians’ interpretation of neuro-imaging when evaluating
intracranial recurrence in patients who received cavity SRS. In our initial assessment,

rater agreement was weakest in cases involving LMD compared with either LR or DR.
This uncertainty likely contributes to the wide range of LMD risks reported in the
literature.%10.13.18.19 Oyr results also show that an approximately 5-minute self-guided
training module on identifying nLMD was effective both at increasing interrater agreement
across all patterns of recurrence and at increasing raters’ confidence in the accuracy of their
neuroimaging assessment.

We originally hypothesized that diversity in the literature was driven in part by
underrecognition of NLMD in particular. Our results support this hypothesis and in Table

2 we show that 27% of all cases that were originally marked as DR were later revised to
nLMD. Altogether, 41% of the cases that would ultimately be categorized as nLMD were
originally mislabeled (Table E1, available at https://doi.org/10.1016/j.ijrobp.2019.10.002).
Although agreement improved across all patterns of recurrence, the mislabeling rates for LR
(15%) and DR (11%) were not as dramatic, suggesting that LMD uncertainty, particularly
the nodular subset, drove much of the pretraining discordance.

It is perhaps unsurprising that physicians who specialized in treating CNS-related disease
were more consistent as a group compared with non-CNS specialists. Despite the observed
label reassignments, for all but one case (LR vs nLMD) the group-wide consensus label was
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identical before and after training. Thus, although agreement was weaker before training,
the majority of CNS physicians consistently recognized nLMD as a form of LMD. The
improved IRR after training likely reflects a tightening of consensus. In contrast, non-CNS
specialists’ group-wide consensus labels changed for many cases after training, likely
reflecting an actual shift of consensus. Despite this considerable reassignment and improved
reliability, non-CNS specialists’ group-wide assessments for multiple cases differed from
both CNS physicians and the unblinded assessment of the senior author—even after training.
CNS physicians’ group-wide assessments were identical to the unblinded senior author
assessments for all but one case (cLMD vs nLMD). Overall our data suggest that when
labeling patterns of recurrence is part of a prospective trial, centralized image review by
CNS-specific physicians would be preferable to noncentralized review.

The recent LMD guidelines by the Response Assessment in Neuro-Oncology group have
described that LMD may sometimes be nodular in appearance.?* Other work has also
shown that cranial or spinal LMD may be nodular.223” However, many sources continue
to reference only the diffuse pattern of LMD, which we have accordingly called c/assical
LMD. Crucially, even those sources that acknowledge the nodular variant of LMD fail to
also provide guidance on distinguishing this morphology from parenchymal metastases—a
common source of confusion seen in the present study. This inconsistency, combined with
the results from our study, supports the view that nLMD is an underrecognized form of
LMD. The variance in reported LMD rates among studies may simply reflect clinicians’
differing levels of nLMD recognition.

The exact etiology of nLMD versus cLMD is unclear. Previous studies have found increased
LMD in patients with cavity SRS whose resection was piecemeal instead of en bloc,16:38
suggesting that during resection, malignant cells enter the CSF and settle on the meninges,
forming nodules. Preresection SRS may reduce rates of LMD by treating the tumor before
surgical perturbation.3®

Further research will improve salvage outcomes and guide management for patients with
nLMD versus DR or cLMD. A recent multi-institutional retrospective study found that 75%
of patients with LMD had a neurologic death (personal communication),2® similar to the
72% seen in Cagney et al.26 Clinical trials are needed to determine how best to minimize
this risk of postresection LMD and neurologic death. Using these and other published data
to guide clinical care rests on the assumption of consistency between studies and among
physicians in recognition of outcomes. The brief self-guided training module described here
is an effective guide for distinguishing nLMD and also improving physician agreement
across all 4 patterns of intracranial recurrence (see File A—Training Module, available

at https://doi.org/10.1016/j.ijrobp.2019.10.002). This training module will be included in
the prospective trial Alliance #A071801 “Phase Il Trial of Post-Surgical Single Fraction
Stereotactic Radiosurgery (SRS) Compared with Fractionated SRS (FSRS) for Resected
Metastatic Brain Disease,” where the patterns of failure are scored by local investigators.

Our proposed classification will benefit from further validation and refinement as new data
are reported. Given the limited data available at present, we suggest that future retrospective
and prospective analyses of brain metastases report all 4 patterns of intracranial recurrence:
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(1) LR; (2) DR; (3) nLMD; and (4) cLMD (see Table 1), with consideration to further
classify both nLMD and cLMD as localized versus diffuse. Additionally, to best learn how

Turner et al.
to
ne
Supplement

treat those with the various types of LMD, data on outcomes of salvage treatment are
eded.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Dural Tail

Fig. 1.
Sample image from the training module providing guidance on how to differentiate different

patterns of recurrence for the study. This is one of the images highlighting common features
in patients with nodular leptomeningeal disease.
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Fig. 2.

Schematic overview of data generation workflow for each physician rater. The 30
anonymized magnetic resonance imaging (MRI) cases were randomized before each
review. Pattern of recurrence labeling was multiple choice. Pretraining recurrence
options: local recurrence, distant parenchymal recurrence, and leptomeningeal disease.
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Posttraining recurrence options: local recurrence, distant parenchymal recurrence, nodular
leptomeningeal disease, and classical leptomeningeal disease. Raters assigned a confidence

score to each answer choice on a scale of 0 to 4.
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Table 1

Proposed classification of intracranial progression after treatment for brain metastases

Intracranial disease

Supportive neuroimaging features”

Classical leptomeningeal disease (cLMD)

Nodular leptomeningeal disease (nLMD)

Distant intraparenchymal metastases

Local recurrence

Enhancement of cranial nerves

Curvilinear enhancement within:

Cerebellar folia

Cerebral sulci

Cerebral cisterns

Diffuse “sugar coating” of the surface of the brain

Focal nodule(s) adherent to surfaces with CSF contact:
Dural/pial surface

Tentorium

\entricles

Hypervascular dural tail

Focal lesion deep to the pial surface
Hematogenous spread pattern

Nodular enhancement within the resection cavity
In-field recurrence within the 80% isodose line

Note: cLMD and nLMD can be further subjectively described as “localized” or “disseminated.”

*
This column summarizes the pattern of recurrence radiographic labeling guidelines provided to raters in the training modules.
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Table 2

Rater agreement summary Statistics

All raters CNS specialists  Non-CNS specialists

Total 22 15 7

Pretraining IRR

Overall 0.41 0.46 0.35
LR 0.45 0.49 0.36
DR 0.47 0.52 0.46
LMD 0.33 0.39 0.21

Posttraining IRR

Overall 0.55 0.56 0.56
LR 0.55 0.59 0.52
DR 0.58 0.61 0.52
cLMD 0.40 0.47 0.37
nLMD 0.60 0.56 0.73

A IRR after training

Overall +34% % 2206 +60% *
LR +229% " +20% +44% ™
DR +23% * w179%" +13%

LMD +67% +aa? +138%7

Reassignment

DR —>nLMD 27% 30% 28%
LR —>nLMD 29% 27% 27%
LMD —> DR 6% 6% 6%
LMD —> LR 2% 1% 6%

Abbreviations: cLMD = classic leptomeningeal disease; CNS = central nervous system; DR = distal recurrence; IRR = interrater reliability; LMD =
leptomeningeal disease; LR = local recurrence; nLMD = nodular leptomeningeal disease.

Summary statistics for IRR and case label reassignment results. Before training, IRR was lowest for LMD, particularly among non-CNS specialists
(0.21). The training module improved IRR by 34% for all raters (£<.001), with an even greater improvement among non-CNS specialists (IRR +
60%, P<.001) compared with CNS specialists (IRR + 22%, P< .001). Subgroup change analyses (LR, DR, LMD) used a Bonferroni correction

to account for multiple comparisons. IRR increased across all subgroups, with the greatest benefit seen in LMD cases. The improved IRR was
driven largely by improved recognition and reassignment of cases with nLMD. IRR was assessed using Fleiss’ Kappa statistic. Significance of

the pairwise overall IRR percentage change pre- and posttraining was assessed using Wilcoxon’s signed rank test. Significance of subgroup IRR
change was not assessed due to lack of pairwise comparisons.

*
P<.001.

fP< .05.

’tP< .01.

Int J Radjat Oncol Biol Phys. Author manuscript; available in PMC 2022 October 02.



	Abstract
	Introduction
	Methods and Materials
	Patients and imaging
	Training module creation
	Survey creation
	Survey respondents
	Statistical analysis

	Results
	Interrater agreement and reassignment of case labels
	Confidence in assigned labels

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Table 1
	Table 2

