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Abstract

Background. Pediatric postoperative cerebellar mutism syndrome (CMS) is a rare but well-known complication of
medulloblastoma (Mb) resection with devastating effects on expressive language, mobility, cognition, and emo-
tional regulation that diminishes quality of life for many Mb survivors. The specific anatomical and neuronal basis
of CMS remains obscure. We address this issue by identifying patterns of surgical damage and secondary axonal
degeneration in Mb survivors with CMS.

Methods. Children with Mb deemed high risk for CMS based on intraventricular location of the tumor had T1
images analyzed for location(s) of surgical damage using a specially developed algorithm. We used three comple-
mentary methods of spatial analysis to identify surgical damage linked to CMS diagnosis. Magnetization transfer
ratio (MTR) images were analyzed for evidence of demyelination in anatomic regions downstream of the cere-
bellum, indicating neuronal dysfunction.

Results. Spatial analyses highlighted damage to the fastigial nuclei and their associated cerebellar cortices as the
strongest predictors of CMS. CMS-related MTR decrease was greatest in the ventral periaqueductal gray (PAG)
area and highly consistent in the left red nucleus.

Conclusion. Our evidence points to disruption of output from the fastigial nuclei as a likely causal trigger for CMS.
We propose that core CMS symptoms result from a disruption in the triggering of survival behaviors regulated
by the PAG, including the gating of vocalization and volitional movement. The fastigial nuclei provide the densest
output to the PAG from the cerebellum, thus sparing these structures may provide a greater likelihood of CMS
prevention.

Key Points

© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com


https://doi.org/10.1093/neuonc/noac168
https://orcid.org/0000-0003-4121-0592
mailto:stuart.mcafee@stjude.org?subject=

376

McAfee et al. Surgical lesion patterns in cerebellar mutism syndrome

Importance of the Study

Rates of postoperative mutism in  high-risk
medulloblastoma patients have hit a floor of about
25%-35% and failed to improve over the past decade.
Systematic study of CMS pathogenesis has proven chal-
lenging due to the rarity of the disorder, the variability of
symptoms accompanying mutism, and the lack of an-
imal models for comprehensive study. Here, we examine
patient data acquired over 10 years in a high-volume
pediatric cancer center for what is, to the best of our

Postoperative pediatric cerebellar mutism syndrome (CMS),
also known as posterior fossa syndrome (PFS), is a disorder
seen in some patients after surgical resection of posterior
fossa tumors, most commonly for midline, intraventricular
medulloblastoma (Mb). While not typically evident imme-
diately after surgery, CMS patients experience disruption
in expressive language, emotional lability, loss of volitional
movement, and a number of other symptoms during the
early, acute phase of the disorder.” Speech function is re-
gained in some capacity after a period of days to months, but
some dysfunction of language, motor, and neurocognitive
capabilities are commonly permanent.?3

Reported rates in high-risk patients are currently 25%-
35%."4The current understanding of CMS etiology is that
surgical damage to the efferent cerebellar pathways is
the principal cause,®® as these structures constitute the
primary neuronal output from the cerebellum toward the
supratentorial brain. However, language impairment can
result from damage to tissues “upstream” of the supe-
rior cerebellar peduncles as well, including the cerebellar
nuclei and cortex. Furthermore, a recent study indicated
that some areas of damage to the cerebellar outflow path-
ways cause mutism while others do not,® making it clear
that specific cerebellar subsystems are responsible for
CMS pathogenesis. Identification of these critical subsys-
tems could help alter surgical strategies to reduce the risk
of CMS. Furthermore, identification of the extracerebellar
targets involved in this disorder would bolster our under-
standing of CMS and reveal new research opportunities
and strategies for symptom mitigation.

Mb is the most prevalent and highest-risk cerebellar
tumor leading to postoperative CMS. This embryonal
tumor of the cerebellum is the most common childhood
brain tumor, accounting for about 15% of brain tumors
in children. Currently, approximately 20%-40% of all Mb
resections result in complete mutism, while a greater
percentage of patients experience at least a partial disrup-
tion of speech or an impairment of cognitive function.’*
Intraventricular Mb are overwhelmingly more likely to
lead to postoperative CMS, apparently due to their prox-
imity to the superior cerebellar peduncles and other crit-
ical neuronal structures that are at risk during extirpation
of the tumor.

Here, we used a specially developed algorithm to map
the surgical void in individual Mb patients to a standard
space to investigate which surgical damage in high-risk

knowledge, the largest lesion-mapping study conducted
in Mb patients deemed high risk for CMS. Importantly, the
evidence presented here lends validity to the use of an-
imal models to study vocal gating induced by the fastigial
nuclei and PAG as a driver of mutism. Future research
in animals will create a better understanding of how
surgery leads to mutism for the purpose of prevention
and could provide possible avenues for intervention in
children already impacted by CMS.

resection procedures contributes to mutism and speech
impairment. We took three complementary approaches to
analyze these maps: a voxel-wise approach that considers
the contribution of each voxel to CMS outcome, a multi-
variate approach that considers the contribution of overall
lesion pattern to CMS outcome, and a novel graph-pattern
spatial analysis that identifies sets of voxels that uniquely
correspond to CMS outcome when damage is contingent
between them. Lastly, we used magnetization transfer im-
aging to measure focal histoarchitectural changes related
to deafferentation (eg, Wallerian degeneration, demyeli-
nation) in cerebellar targets of the midbrain to investigate
which cerebellar targets were selectively affected in CMS.

Methods
Patient Demographics and Diagnosis

Sequential postoperative MR imaging was acquired from
229 children and adolescents enrolled in a prospective
study of patients undergoing treatment for Mb (SUJMB12;
NCT 01878617). All patients underwent a standardized
postoperative neurological examination described in
detail recently." Based on the data from these examin-
ations, diagnostic groups were defined to best represent
the spectrum and clustering of symptoms within the co-
hort. This included two diagnostic groups which fall under
the consensus definition of CMS,’8 differing primarily in
the degree of speech disruption: “PFS1” characterized by
complete mutism, and “PFS2” which was characterized
by an abnormal paucity of speech (specifically, the ina-
bility to complete a 3-word sentence) (We preserve these
group labels [PFS1 and PFS2] derived from the diagnostic
term “Posterior Fossa Syndrome” to remain consistent
with Khan et al." Throughout the rest of this study, we use
the terms “Cerebellar Mutism Syndrome” or CMS per
the consensus definition put forth by the Posterior Fossa
Society’8). Further details regarding the patient cohort, ex-
amination schedule, clinical measures, and diagnostic cri-
teria may be found in the precedent article by Khan et al.’
Patients were excluded from further analysis if diagnosed
with severe ataxia without CMS symptoms, or if diag-
nosed as asymptomatic following the resection of a non-
intraventricular tumor, as these cases are known to be low
risk for CMS* (Table 1). Imaging data at two timepoints



McAfee et al. Surgical lesion patterns in cerebellar mutism syndrome

PFS1 (Complete Mutism)

PFS2 (Partial Mutism)

Table1. Demographics of Mb Patients Used in Lesion Analyses and MTR Study
Diagnosis Asymptomatic

Lesion analysis, n 85

MTR subset analysis, n 61

Age range (years) 3-22

Mean age (years) 8.98

Percent male 70.59

47 20
27 N/A
3-20 3-18
762 745
60.42 65.11

All listed subjects presented with midline intraventricular Mb considered high risk for CMS.

were evaluated for surgical damage: the initial postop-
erative imaging that occurred within 2 weeks of surgery,
and the first follow-up, which was approximately 3 months
of post-surgery after the completion of radiation therapy.
Ultimately, image data from 84 asymptomatic, 34 PFS1,
and 18 PFS2 patients were analyzed for the first timepoint
in the current study, while 85 asymptomatic, 47 PFS1, and
20 PFS2 patients were analyzed for the second timepoint.

Image Acquisition

3D T1 images were used in the analysis of lesion location
(sagittal MPRAGE sequence, TR/TE 1980/2.26 ms, 1.0 mm
pixel space, 256 x 256 matrix, 160 slices, 1.0 mm slice thick-
ness). Patients were imaged at up to five timepoints be-
tween 1 day and 21 months following tumor resection. An
early examination of images taken at various timepoints
indicated that they may offer different information about
surgical damage, as the surgical corridor is more apparent
in early postoperative imaging while the extent of tissue
loss in periventricular parenchyma is more apparent in
later imaging after edema and other reactive postoperative
changes subside. Additionally, 13 subjects with CMS were
excluded from the analysis of the initial postoperative im-
aging due to obscuring factors that resolved in follow-up
imaging, such as the appearance of abundant blood deg-
radation product or hemostatic surgical dressing. Thus, we
chose to analyze images from two timepoints for the loca-
tion of surgical damage (see above) in order to glean the
most information from the available data.

Magnetization transfer ratio (MTR) images were exam-
ined for evidence of neuronal circuit disruption in down-
stream targets of the cerebellum in the PFS1 cohort. These
images were acquired at 1.0 and 1.5 years postoperative
time with a bSSFP-MT sequence (TR/TE 4.39/2.2 ms for
M_.;.. 3.09/1.65 ms for M_,,, a = 30° 3.5 minutes) and MTR
images were calculated as 100 x (M, -M_ VM. . These
later timepoints were chosen as they would allow suffi-
cient time for indication of neuronal disruption to occur,®'
while allowing reactive changes to subside. Region-of-
interest (ROI) MTR values were averaged between the two
timepoints for each subject.

Normalization and Lesion Detection

Full technical description of the cerebellar normaliza-
tion and lesion detection has been described in detail

elsewhere (https://doi.org/10.48550/arXiv.2203.02042). In
brief, gray and white matter segmentation was performed
on the 3D T1 image in native space, and the cerebellum
and brainstem were isolated using a combination of
custom tools and SUIT (spatially unbiased infratentorial
toolbox) cerebellum templates (Figure 1), which were
developed for normalization of cerebellar anatomy with
improved performance over whole-brain normalization
techniques.”™ Then, a non-linear transformation to SUIT
space was performed using anatomical information de-
rived from the gray and white matter segmentation.
Resected or lesioned tissue was then detected by compar-
ison to the cerebellar template. The resulting lesion map
was then verified by an expert in cerebellar anatomy and
a neuroradiologist blinded to the diagnosis before fur-
ther analysis. If lesion detection was determined to have
failed, then the lesion mask was manually edited before
repeating the verification process.

Voxel-wise Lesion Analyses

To identify regions where surgical damage shows an as-
sociation with CMS, the lesion maps for the diagnostic
groups were contrasted on a voxel-wise basis. Lesion
maps for the diagnostic groups were created by sum-
mation across their subjects. Voxels with statistically
significant incidence of damage in CMS vs the control
(asymptomatic) were identified using a Monte Carlo hy-
pothesis test; diagnoses were randomized 10 000 times
and voxels were highlighted which had higher incidence
of damage in the PFS1 or PFS2 groups than expected
(P<.001). Lesion areas were also identified as unique to
CMS if damage occurred at a given voxel exclusively in
PFS1 or PFS2 cases.

Lesion-Symptom Mapping

Multivariate lesion-symptom mapping was performed for
comparison to recent study.® Support vector machines
were used to create a beta map in Matlab (command
fitcsvm.m) modeling the relationship between lesion lo-
cation and CMS outcome. A 4-fold cross-validation was
performed to calculate the correlation between predicted
and actual diagnoses. Due to the relatively low number of
subjects with a PFS2 diagnosis, LSM was only performed
on the PFS1 subjects in contrast with the asymptomatic
group.
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Fig.1 Anatomical reference atlas for cerebellar cortical lobules and deep cerebellar nuclei (medial to lateral: fastigial, interposed, and dentate

nuclei).

Graph-Pattern Lesion Analysis

To help identify multivoxel patterns of surgical damage
unique to patients with mutism, a novel graph network
analysis was developed to determine whether specific
pairs of voxels were connected by a contiguous lesion
volume. This would determine, for example, whether
CMS symptoms were contingent upon damage span-
ning a certain white matter tract or cerebellar lobule when
partial damage to the structures may not produce CMS
symptoms.

To test this, logical matrices were generated from the le-
sion maps to represent which pairs of voxels within the 3D
space were connected by a contiguous lesion. The matrix
space was reduced to represent only the voxels that over-
lapped between the PFS1 and asymptomatic groups, as
any pair containing a uniquely damaged voxel in the PFS1
group would also be unique. Lesion maps were generated
for each subject in Matlab (n,_ ., xn ., logical matrix, le-
sion contiguity determined by 26-connected adjacency
using command bwconncomp.m), and then summed
across subjects to create group matrices. CMS-unique
voxel pairs were identified by eliminating values in the
PFS1 group matrices from positions where one or more
asymptomatic subjects had equivalent damage.

These results were projected back to the 3D space for
visualization in two ways. First, the matrices were summed
across one dimension to give the total number of CMS-
unique damage pairs associated with each voxel as an
endpoint for the given subject. Group maps were created

using weighted summation across subjects by dividing the
total number of pairs at each voxel by the number of pos-
sible pairs for each subject based on lesion size, and then
adding these values across subjects. These values were
then tested for significance using the same resampling
procedure as for the voxel-wise damage analysis to find
which voxels were frequently involved in unique damage
patterns associated with CMS. Secondly, damage patterns
associated with these statistically significant voxels were
reconstituted by finding the shortest path between pairs of
voxels through the lesion space. The resulting image rep-
resents how many times a CMS-unique lesion path passed
through each voxel, with greater emphasis on smaller le-
sion spaces associated with CMS.

MTR Analysis

MTR images from the PFS1 and asymptomatic patients
were analyzed for evidence of neuronal circuit disruption in
efferent targets of the cerebellum in subjects with mutism.
Images from PFS2 subjects were not analyzed due to insuf-
ficient data from this group, as well as a lack of a strong ra-
tionale as these subjects did not show significant cerebellar
nuclear or efferent pathway damage. Whole-brain MTR im-
ages were spatially normalized using SPM12 (University
College London, http://www.fil.ion.ucl.ac.uk/spm). MTR
values for the red nuclei, periaqueductal gray (PAG), and
reticular formation were selected a priori as potentially rel-
evant axonal targets of the cerebellar nuclei. Values were
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Fig.2 Lesion patterns observed in speech-impaired subjects at initial postoperative imaging. (A) Voxel-wise results show significant incidence
of damage in the right fastigial nucleus, proximal superior cerebellar peduncles, and inferior vermis in subjects with complete mutism (P < .001).
Subjects with paucity of speech showed damage in right vermal lobule VIIIb, in gray and white matter proximal to the fastigial nucleus (P < .001).
(B) Result of lesion-symptom mapping. Voxel color represents positive association with PFS1 diagnosis, with peak finding at the cerebellar com-
missure, where output tracts from bilateral fastigial nuclei decussate. Additional peak is present at left lobule IX. (C) Result of graph-pattern
analysis showing significant involvement of the right fastigial nucleus as a damage endpoint and left fastigial nucleus as contingent damage for
CMS-unique lesion patterns. Inferior vermis and bilateral lobule IX also showed significantincidence in CMS-unique damage.

calculated as the mean of the MTR values within the cor-
responding ROls, using a standard atlas resampled into
the MTR space.'? ROl accuracy was verified by visual in-
spection for each image prior to analysis. Voxels from the
dorsal portion of the PAG were eliminated from the PAG
ROI while the ventral and lateral portions were preserved.
This was done for two reasons: first, the ventral and lateral
portions of the PAG are thought to receive the majority of
input from the cerebellar nuclei,’®"* and second, variability
in the diameter of the cerebral aqueduct (eg, due to prior
hydrocephalus) contributed to distortion of the dorsal PAG.
Voxels in the PAG ROI which showed overlap with the ce-
rebral aqueduct were manually removed in each subject by
experimentors blinded to diagnosis to prevent anatomical
variance from affecting the MTR average.

Results

For ease of interpretation, the results of all analyses for
the initial postoperative imaging timepoint (Figure 2) and

the follow-up imaging timepoint (Figure 3) are presented
together.

Voxel-wise Lesion Analyses

The voxel-wise analysis demonstrated that both PFS1 and
PFS2 groups had significantly different damage profiles
than asymptomatic controls. Furthermore, the significant
surgical damage patterns in these two groups had little
overlap, suggesting that this analysis effectively highlights
a potential difference in the anatomical substrate of ob-
served symptoms in these two groups (Figure 2A). Patients
diagnosed as PFS1 had significantly higher incidence of
damage to the right proximal efferent cerebellar pathway,
putative location of the right fastigial nucleus (FN), the cer-
ebellar commissure, and vermal lobule IX. PFS2 patients
had significantly higher incidence of damage on the right
half of vermal lobule VIII. The anterior aspect of the PFS2
pattern did overlap with the posterior aspect of the PFS1
pattern in initial postoperative images, centered approxi-
mately on the right white matter efferent of vermal lobule
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Fig.3 Lesion patterns observed in speech-impaired subjects at follow-up imaging >3-month postoperative time. (A) Voxel-wise results show the
most significant incidence of damage in the right fastigial nucleus, bilateral proximal superior cerebellar peduncles, and right vermal lobule VIIlb
in subjects with complete mutism (P < .001). Subjects with paucity of speech showed damage in right vermal lobule VIIIb overlapping with that of
CMS subjects (P < .05). (B) Results of lesion-symptom mapping show clear peak findings in the bilateral fastigial nuclei and right interposed nu-
cleus. (C) Result of graph-pattern analysis showing significant involvement of fastigial nuclei bilaterally as damage endpoints. Contingent damage
for CMS-unique lesion patterns peaked in the area of the left fastigial nucleus and proximal superior cerebellar peduncle, the inferior vermis, and

bilateral lobule IX.

VIIl. This may be a transition point where damage nearing
the cerebellar nuclei and their converging inputs results
in greater impairment. Analysis of the second timepoint
showed a greater degree of overlap in the lesion space lo-
cated at the right posterior aspect of vermal lobule VIII.
Despite similar tumor locations in both CMS and asymp-
tomatic patients, surgical damage from the right poste-
rior area of vermal lobule VIl only occurred in the CMS
subjects (PFS1 and PFS2), according to the initial post-
operative imaging. This was the location with the highest
incidence of CMS-unique damage, with up to 30.8% of
patients in both CMS groups incurring surgical damage
to this slightly off-midline area in initial postoperative im-
aging (Figure 4). Damage to the superior-lateral face of the
right superior cerebellar peduncle was unique to the PFS1
group, with 11.7% of PFS1 patients showing damage here.
Destruction of the superior-lateral face represents a com-
plete transection of the tract, given that the surgical site
originates within the fourth ventricle. Additionally, 11.7% of
PFS1 patients showed damage overlapping in the area of

the right anterior dentate nucleus, where no asymptomatic
or PFS2 subject showed damage.

Lesion-Symptom Mapping

Lesion-symptom mapping was performed to determine
whether an overall lesion pattern was predictive of clin-
ical symptoms and to make a comparison to a recent study
using a similar multivariate approach.® Our model found
a significant relationship between lesion pattern and CMS
diagnosis (r=0.3556/P=.00024427 for initial postopera-
tive images, r=0.4656/P < 10 for follow-up images). In in-
itial postoperative imaging, peak findings were along the
anteromedial face of left vermal lobule IX, and the ante-
rior portion of the cerebellar commissure (Figure 2B).
Smoothing of the beta map revealed a broader peak in the
area of the right FN and proximal superior cerebellar pe-
duncle, in alignment with findings from the voxel-wise ap-
proach. In follow-up images, peak findings were in the FNs
bilaterally, and the right interposed nucleus (Figure 3B).
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Subjects

6

Fig.4 Voxels containing surgical damage in CMS subjects (PFS1 and PFS2) that did not appear in any asymptomatic subjects at the initial post-
operative image session. Damage occurred in 16 of the 52 combined CMS subjects at the listed coordinates for the right side of vermal lobule

Villa.

Graph-Pattern Lesion Analysis

Damage leading to CMS can be variable, even within the
normalized space. Thus, to identify areas consistently in-
volved in patterns of damage associated with CMS, we
visualized the voxels linked to CMS-unique damage at a
significant frequency as endpoints in a contiguous damage
path. PFS1 patients showed unique damage originating
from the right inferior FN, right superior cerebellar pe-
duncle, right lobule I-IV, vermal lobule VlII, and both vermal
and lateral regions of lobule IX (Figure 2C). Visualization
of the shortest paths associated with these endpoints re-
vealed additional involvement of the left FN and cerebellar
commissure. Peak findings for the shortest paths were
found in the inferior vermis to the right side of lobules VIl
and IX. In follow-up imaging, endpoints encompass the
fastigial nuclei bilaterally and extend into the superior cer-
ebellar peduncle on the left. Contingent damage for these
endpoints extends predominantly into the inferior vermis
as well as lobule IX, bilaterally.

MTR Changes in CMS Subjects
Magnetization transfer imaging was used to identify long-

term parenchymal tissue matrix changes in PFS1 subjects
occurring downstream of the cerebellum. At 1.0 and

1.5 years postoperative time, MTR values in the ventral
PAG were significantly lower in PFS1 subjects compared to
controls (P=.0002), implicating this region as a likely ax-
onal target of critical cerebellar structures involved in CMS
etiology (Figure 5). Bilateral red nuclei showed significant
decrease in MTR values in CMS subjects relative to asymp-
tomatic subjects, with the left red nucleus showing more
consistent differences than the right (P<.0001 vs P=.0156,
respectively). In contrast, the reticular formation showed
no difference in MTR value between diagnostic groups
(P=.2411).

Discussion

This study, to the best of our knowledge, is the largest
lesion-mapping study examining CMS outcomes in pa-
tients with high-risk intraventricular Mb. Our findings
broadly support conclusions made in a recent study con-
trasting cerebellar cognitive-affective syndrome with
CMSS®: that the FNs, inferior vermal lobules, and cerebellar
outflow pathways are critical regions implicated in the
pathogenesis of CMS. Furthermore, we affirm that these
results reflect the involvement of a cerebellar circuit, within
which certain areas may have a more detrimental effect
on circuit function and output, resulting in the markedly
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Fig. 5 Late (>1 year) postoperative differences in magnetization transfer ratio of anatomical targets of cerebellar output. Normalized whole-
brain MTR image shows an example ventral PAG ROl in red for an individual subject with postoperative CMS. Scatterplots show MTR values
for individual subjects both asymptomatic (dark gray) and with CMS (light gray; large dot in the ventral PAG plot represents MTR value of the
example subject). Decreased MTR values in CMS suggest demyelination as a feature of CMS, likely due to surgical injury of afferent fibers in the
cerebellum, or secondary cell injury caused by excitotoxicity. Significant decrease in MTR was observed in the ventral PAG and the red nuclei
bilaterally, although group differences were more consistent within the left red nucleus. No CMS-related difference in MTR was observed in the

medial reticular formation.

different degrees of speech impairment we see in patients
with complete (PFS1) vs partial mutism (PFS2).

This study is also, to the best of our knowledge, the first
to provide a direct link between PAG disruption and CMS
pathogenesis in humans. As such, the implications of this
finding warrant robust discussion. Collectively, our re-
sults support the hypothesis that some CMS symptoms,
such as persistent linguistic/metalinguistic impairment
and disruption of normal neurocognitive development,
result from a loss of feedback from the cerebellum to
the supratentorial brain.’®'7 However, the “core” CMS

symptoms characterized by volitional impairment like
mutism and apraxia may constitute a distinct cluster of
symptoms with a separate cause: the destruction of cer-
ebellar output to nuclei in the midbrain PAG responsible
for the gating of complex behaviors like vocalization and
voluntary movement.'®20 The functions subserved by the
PAG align closely with the core deficits seen in CMS, in-
cluding mutism, apraxia, opsoclonus, irritability, and dys-
phagia."*2°The rate of apraxia is twice as high in patients
with complete mutism than partial mutism (80% in PFS1
vs 40% in PFS2), and is nonexistent in subjects without
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postoperative speech impairment, in our experience.
This strongly suggests a common underlying mechanism
for these symptoms. We believe the critical cerebellar out-
flow fibers for these PAG-mediated functions originate in
the FNs and, to a lesser extent, in the interposed nuclei
and anterior dentate as is supported by human imaging,'®
making damage to these areas particularly devastating.
Importantly, the ascending uncinate tracts emanating
from the inferior FNs decussate in the anterior portion of
the cerebellar commissure, a region that was highlighted
in all of our analyses. Damage in this area may be espe-
cially subtle but devastating, as tissue missing along the
posterior limit of the fourth ventricle would be difficult to
visually detect but could effectively destroy output from bi-
lateral inferior FNs.

Recent studies in rodents have separately established bi-
lateral FN lesions as a valid animal model for CMS?' and
revealed that projections to PAG can gate complex be-
haviors in a way that mimics CMS symptoms. Transient
excitement of specific terminals in PAG is sufficient to
halt movement and/or socially oriented vocalization en-
tirely.2224 The gating of body movement is a primitive
function essential for evading the notice of nearby pred-
ators,?® and cerebellar output to PAG is known to play a
role in triggering this “freezing” behavior.'2° The role of
the cerebellum in freezing was demonstrated recently
by optical activation of projections from the FNs to the
ventrolateral PAG, resulting in sudden and sustained im-
mobility for the duration of the stimulation.?* Gating of
vocalization appears more complicated, with both pos-
itive and negative sources of influence on PAG.%% For
example, vocalization can be elicited via activation of hy-
pothalamic projections to the lateral PAG, while projec-
tions from the amygdala suppress vocalization.?? Optical
stimulation of the lateral PAG itself can evoke vocalization,
but only during certain phases of the respiratory cycle.?®
Synaptic silencing of vocalization-related neurons in the
PAG left most of the mice completely mute, with all mice
showing a dramatic reduction in vocalization.?® Similar im-
pairment of social vocalization was observed in rats with
bilateral FN lesioning, which was recovered over a period
of weeks.?' While the functional role of specific FN projec-
tions to PAG has not been directly explored with respect
to mutism, there are two known pathways from the FNs to
the vocalization center of the PAG: the direct pathway from
FN to PAG, and an indirect pathway via the parafascicular
thalamic nucleus and amygdala.'?6These examples show
that destruction of the fastigial nuclei or a change in syn-
aptic input to specific domains of the PAG can result in the
suppression of complex behaviors that mimic the charac-
teristics of CMS. Future animal studies could clarify the ef-
fect of FN output on vocalization and determine whether
the FN influences PAG indirectly via the amygdala, or di-
rectly as our imaging data suggest.

The indirect impact that these surgeries have on PAG
function may help explain why mutism and apraxia are
transient, and why some patients experience a delayed
onset of symptoms of up to several days. Direct incidental
lesioning of the PAG is extremely rare but has been re-
ported to cause irreversible mutism in the case of stroke.?’
Specific experimental lesioning of the PAG has also been
shown to cause irreversible mutism and akinesis in cats,?®

dogs,?® and monkeys.?® In cases of CMS, destruction of
cerebellar output may result in an indirect (and poten-
tially delayed or accumulating) disruption of PAG neuronal
function lasting until sufficient function can be regained
to allow the initiation of speech once again. The compen-
satory mechanism for this restitution of function remains
unknown, but understanding which processes lead to the
restoration of PAG function could offer new avenues for
intervention and treatment. Our results also show that le-
sions further upstream of the PAG resulted in less severe
symptoms, with pre-fastigial vermal and paravermal tissue
damage leading to partial rather than complete mutism.
This suggests that disruption of input to the FNs has a no-
ticeable but less severe impact on speech function than the
loss of FN output altogether. This gradation in the severity
of speech impairment as lesions occur further upstream of
the PAG is consistent with its expected role in the gating of
speech.®

The PAG also provides feedback to the cerebellum which
may exacerbate the disruption of other cerebellar sub-
systems, including those which project to the cerebral
cortex via the red nuclei. Descending output from the PAG
also plays a role in the modulation of sensory responses
occurring within the cerebellum, via the olivo-cerebellar
pathway.3!' Stimulation of PAG neurons in vivo results
in suppression of neuronal responses in FN to nocicep-
tive input.3' Functionally, this pathway underlies passive
coping strategies for discomfort, and the regulation of
emotional defensive behaviors,?? including suppression
of movement and vocalization. It's evinced from these
findings that the FN and PAG form a neuronal circuit with
self-regulating properties, with PAG providing negative
feedback via the inferior olive when given excitatory input
from FN. It remains to be examined how disruption of this
circuit could affect the function of ancillary structures and
circuits, including the dentato-rubro-olivary circuitry that
shows clear signs of dysfunction and degeneration in this
and other studies.®¥34The overlapping structure and com-
plimentary function of these circuits undoubtedly make
their individual contribution to CMS difficult to discern.

Our lesion analyses additionally highlighted portions
of the posterior cerebellum, including lobules IX bilater-
ally, vermal lobule X, and a region of vermal lobule VIII.
Surgical damage to the right half of vermal lobule VIII
was the only distinguishing feature of patients with par-
tial mutism, suggesting an important role for this struc-
ture in CMS pathogenesis. This region projects heavily
to the FN and is functionally linked to limbic areas of the
cerebrum involved in speech initiation and emotional
regulation.3®36 Lobule IX and X damage in patients with
complete mutism was a notable feature in the analyses
of initial postoperative imaging but did not remain ap-
parent in later imaging. This might reflect long-term
structural changes surrounding the surgical area (eg,
atrophy) which could be common to both groups over
that duration. The initial finding may also reflect a ten-
dency for CMS-associated tumors to be large and in-
vasive,®” which could explain the highlighted volume
in the inferior cerebellum by the graph-pattern anal-
ysis (Figure 2C, red area). Still, the possibility remains
that lobule IX damage contributes to CMS symptoms.
Importantly, lobule IX is in some ways more closely
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aligned functionally with vermal regions than hemi-
spheric regions of the anterior cerebellum,3%38 with an
apparent role in language and emotional processing.383°

The focus of this study was on the impact of tissue that
is resected, leading to certain and permanent ablation of
function for the involved area. This approach is concrete
but conservative, as surgical injury may disrupt the func-
tion of various structures without their complete resection.
These surgical injuries may lead to the appearance of ne-
crosis, rarefaction, or other imaging features that could be
considered in future studies. Excessive and prolonged ma-
nipulation of the normal structures around a fourth ventric-
ular mass may contribute to unaccounted tissue damage
that may contribute to CMS.

Preoperative factors affecting risk for CMS are yet un-
addressed since we focused on patients with a high level
of preoperative risk. The predominance of different mo-
lecular subtypes of Mb in different stages of life, and how
this contributes to tumor location and surgical risk, tends
to confound the relationship between age and CMS. In
the precedent study of all Mb patients, age was a signif-
icant contributor to risk' (age-related odds ratio for PFS1
or PFS2=0.81, P=.0005). This relationship was largely
diminished within the intraventricular cases herein (odds
ratio = 0.93, P=.0568). Whether any remaining trend may
reflect changing predisposition to CMS with development
or an impact of age on the difficulty of safe surgery re-
mains to be determined.

Lastly, a key finding was that off-midline damage to the
right inferior vermis was relatively common in subjects
with speech impairment but did not occur in any asymp-
tomatic subjects (Figure 4). It remains unclear whether
damage to these tissues is a driving factor for speech im-
pairment, or whether it may serve as proxy for other fac-
tors affecting patient risk, such as surgeon handedness,
patient position, tumor grade, or surgical approach.?’
Notably, a recent study found no clear association be-
tween surgical approach and CMS for high-risk tumors
like those herein,*® although laterality of approach was
not denoted. Data relating surgical techniques to lesion
location will be needed in future studies to resolve this
question.
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