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Abstract 
Background.  Postoperative pediatric cerebellar mutism syndrome (ppCMS) poses serious morbidity after poste-
rior fossa tumor surgery. Neuroimaging studies aim to understand its pathophysiology, yet these vary in method-
ology and outcome measures. Therefore, we systematically reviewed the current literature to evaluate the evidence 
for differences in neuroimaging features between children with and without ppCMS.
Methods.  Following PRISMA guidelines, a systematic review was conducted by searching for original articles on 
neuroimaging in children undergoing posterior fossa tumor surgery, comparing patients with and without ppCMS. 
Articles were selected based on predefined eligibility criteria. Data were systematically extracted, and risk of bias 
was evaluated.
Results.  From the 866 articles identified, 50 studies fulfilled the inclusion criteria. Studies were categorized into 
3 imaging domains: structural, diffusion, and functional imaging. Risk of bias assessment revealed a medium 
risk in most articles, predominantly due to unclear ppCMS definition and qualitative image analysis without 
blinding for ppCMS diagnosis. Preoperative structural imaging showed the association of ppCMS with midline 
tumor localization and involvement of the brainstem, superior cerebellar peduncle (SCP), or middle cerebellar 
peduncle. Postoperative structural and diffusion imaging highlighted SCP injury with reduced white matter integ-
rity, while functional imaging demonstrated hypoperfusion in frontal lobes. Late follow-up showed T2-weighted 
hyperintensities in the inferior olivary nuclei of ppCMS patients.
Conclusion.  Neuroimaging features suggest that ppCMS is associated with efferent cerebellar pathway injury 
and hypoperfusion in frontal lobes, with level 2 a/b evidence. Large-scale prospective longitudinal neuroimaging 
studies comparing pre- and postoperative imaging are needed to further elucidate the pathophysiological mech-
anism of ppCMS.
Keywords.  postoperative pediatric cerebellar mutism syndrome (ppCMS) | posterior fossa syndrome | neuroim-
aging | radiology | pediatric brain tumor.

Key Points:

• ppCMS is associated with efferent cerebellar pathway injury and hypoperfusion in frontal 
lobes.

• Large-scale, prospective longitudinal studies using noninvasive MR techniques are 
needed to better understand the pathophysiological mechanisms of ppCMS.

Neuroimaging of postoperative pediatric cerebellar 
mutism syndrome: a systematic review  
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Postoperative pediatric cerebellar mutism syndrome 
(ppCMS) is a devastating outcome after posterior fossa 
tumor surgery with up to 25% of children developing 
ppCMS.1–3 Key symptoms of ppCMS include mutism or re-
duced speech, emotional lability, and behavioral changes.4 
Additionally, patients may have hypotonia and oropharyn-
geal dysfunction/dysphagia. The onset of symptoms typi-
cally occurs within the first 24-48 h after surgery.4,5 Despite 
the transient nature of most symptoms, affected patients 
experience long-term sequelae such as cognitive impair-
ment that significantly impact daily life.6,7

The currently accepted hypothesis of ppCMS is an injury 
to the dentato-rubro-thalamo-cortical tract (DRTCT) leading 
to cerebello-cerebral diaschisis.8,9 This tract runs from the 
ipsilateral dentate nucleus through the superior cerebellar 
peduncle (SCP), crossing at the level of the mesencephalic 
tegmentum, and continues toward the contralateral red nu-
cleus and ventrolateral thalamus.8,10 The DRTCT has a key 
role in the connection between the cerebellar cortex and the 
cerebrum. Consequently, injury to this tract may result in 
changes in the functioning of distant cerebral cortical regions, 
known as cerebello-cerebral diaschisis.8 Hypothetically, 
tumor characteristics affect the surgical resection and there-
fore the risk of surgical damage to the DRTCT. Commonly 
recognized tumor characteristics associated with ppCMS in-
clude the histopathological diagnosis of medulloblastoma, 
midline localization, and tumor size >5 cm.11,12

Neuroimaging studies such as structural MRI, diffusion 
MRI, and perfusion imaging (eg, single-photon-emission 
computerized tomography [SPECT] and arterial spin la-
beling [ASL]) have been performed to improve the under-
standing of the pathophysiology of ppCMS. These studies 
mainly focus on structural and morphological changes to 
the cerebellum and efferent cerebellar tracts (cerebello-
thalamo-cerebral pathways) and changes in cerebral 
metabolism and/or perfusion. Various narrative reviews 
outline neuroimaging features of ppCMS.13–15 However, 
there is a large heterogeneity among neuroimaging 
studies concerning the number of included patients (ie, 
typically small sample sizes), definition of ppCMS, timing 
of imaging, imaging measurements, and statistical ana-
lyses. Consequently, findings may vary greatly, causing 
extensive discussion in the field and posing challenges in 
extrapolating the neuroimaging findings of ppCMS to clin-
ical practice.

The aim of this systematic review is to provide a struc-
tured overview of the current literature on neuroimaging 
in ppCMS and to evaluate the evidence supporting the hy-
pothesis of damage to the DRTCT and cerebello-cerebral 
diaschisis. Therefore, we systematically reviewed if neu-
roimaging findings/features (outcome) are different in 
ppCMS patients (exposure) compared with non-ppCMS 
patients (comparison) in pediatric patients after posterior 
fossa tumor surgery (population).

Methods

The systematic review was carried out in accordance with 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA) guidelines.16

Search

A literature search was conducted across 3 electronic data-
bases (Pubmed, Embase [Ovid], Cochrane) to identify rele-
vant studies. Languages were limited to English and Dutch, 
and no date restrictions were applied.

The search intended to include all available literature 
on neuroimaging in children undergoing posterior fossa 
tumor surgery, comparing patients with and without 
postoperative cerebellar mutism syndrome. The search 
strategy encompassed a combination of keywords and 
synonyms within 4 domains: (1) anatomical location (pos-
terior fossa), (2) population (children), (3) neurological and/
or neuropsychological outcome, and (4) neuroimaging (as 
per August 9, 2023, Supplementary Table S1.1). Duplicate 
articles across databases were removed in EndNote17 
according to the deduplication method described by 
Bramer et al.18 Additional articles were identified by cross-
reference search of included articles. Eligible studies were 
included in the review if they met the following criteria:

1. Original research article.
2. Population: children and adolescents (0-21 years at di-

agnosis) who underwent posterior fossa tumor surgery 
(and overall sample included at least 10 patients).

3. Reported on patients with and without ppCMS.
4. Reported on neuroimaging findings, quantitatively, 

and/or qualitatively.

The protocol was registered in the international pro-
spective register of systematic reviews (PROSPERO; 
CRD42023449276).

Study selection

All identified articles were independently screened for eli-
gibility by 2 reviewers (I.V.O. and K.M.v.B.), initially based 
on title and abstract. Discrepancies between reviewers 
were resolved by reading full-text and discussion. The web-
based software program Rayyan19 was used to screen the 
literature. A final review of the eligible records was carried 
out by 2 reviewers (I.V.O. and M.P.) by reading the full text.

Data extraction

Data were systematically extracted from included studies, 
including variables such as year of publication, number 
of ppCMS patients and non-ppCMS patients, age at diag-
nosis, tumor pathology (grade and type), performed im-
aging (eg, imaging modality and in case of MRI, sequences, 
and field strength), and time interval between imaging and 
surgery. Details regarding neuroimaging findings were ex-
tracted, either qualitatively or quantitatively, depending 
upon the level of detail available within the studies.

Quality assessment

The quality of evidence was assessed by considering the 
risk of bias, study limitations, and consistency across dif-
ferent studies (generalizability).

The risk of bias in the included studies was assessed by 
2 reviewers (I.V.O. and M.P.) using Cochrane’s collaboration 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae212#supplementary-data
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tool (Quality in Prognosis Studies tool; QUIPS).20 This tool 
evaluates risk across several key domains, including partici-
pation, prognostic factor measurement, confounding meas-
urement and account, outcome measurement and analysis, 
and reporting. The QUIPS tool was modified to align with the 
diagnostic research design of studies included. Important 
study characteristics considered in assessing the risk of 
bias included: consecutive patient inclusion, description of 
ppCMS diagnosis criteria, inclusion of ≥10 ppCMS patients 
and ≥10 non-ppCMS patients, quantitative versus qualita-
tive measures of neuroimaging features, and blinding of the 
image assessor for diagnosis of ppCMS. A detailed descrip-
tion of the adjusted QUIPS tool for the different key domains 
is given in Supplementary Table S2.1.

The overall risk of bias for each article was judged as 
low, moderate, or high based on the following criteria: (1) 
low if all key domains were classified as low risk of bias or 
only one key domain was rated as moderate risk of bias 
(green), (2) moderate if a maximum of 2 key domains were 
classified with moderate risk of bias (orange), and (3) high 
if ≥3 key domains were classified as moderate risk of bias 
or ≥1 key domain was rated as high risk of bias (red).21

Results

The search identified 866 articles in combined PubMed, 
Embase (Ovid), and Cochrane databases, of which 64 arti-
cles fulfilled the inclusion criteria based on title and abstract 
screening. Three articles were identified via conferences and/
or meetings and 2 articles were identified via cross-reference 
checking. In total, 50 articles were included after full-text 
screening. Articles were split into 3 domains: structural im-
aging (n = 37), diffusion imaging (n = 10), and functional 
imaging (n = 7). Four articles in the diffusion imaging or func-
tional imaging domain also reported structural imaging re-
sults. The PRISMA flow diagram is shown in Figure 1.

Baseline characteristics of all 50 included articles are pre-
sented in Supplementary 3. All studies were performed 
between 1995 and 2023. Most studies had a retrospective 
cohort design (n = 31), whereas others had a retrospective 
case-control design (n = 9) or a prospective cohort design 
(n = 10). Eight articles reported both preoperative and post-
operative imaging, while most of the articles only reported 
either preoperative (n = 19) or postoperative (n = 23) im-
aging. The number of included patients ranged between 
8 and 182 without ppCMS and between 3 and 71 with 
ppCMS. The age of participants ranged between 2 months 
and 22 years. In all studies, tumors were located in the pos-
terior fossa, with a midline localization (ie, fourth ventricle 
and/or vermis) or more lateral localization (ie, cerebellar 
hemisphere). The main tumor types reported were pilocytic 
astrocytoma, ependymoma, and medulloblastoma. 
Fourteen articles included only medulloblastoma patients.

Risk of bias assessment

Risk of bias assessment showed a medium (n = 21) to 
high risk (n = 17) in most studies, while some studies had 
a low risk (n = 12). An overview of the overall risk of bias 
as well as the risk of bias per imaging domain for each 

key domain of the QUIPS tool are presented in Figure 2. 
Assessment of the risk of bias for each individual study is 
provided in Supplementary 4.

Across the 3 imaging domains, the outcome measure-
ment domain presented the greatest risk of bias. This was 
primarily due to many studies relying on qualitative image 
analysis or quantitative assessment based on manually 
drawn regions of interest; therefore, these analyses were 
subject to investigator interpretation bias. Additionally, 
in many of these studies, investigators were not blinded 
to ppCMS diagnosis. Moreover, confounders specific to 
functional imaging studies, such as sedation, hemoglobin, 
and hematocrit levels, were often not accounted for in 
analyses, potentially affecting study results. Furthermore, 
many articles lacked a clear definition of ppCMS, failed 
to specify who diagnosed the patient with ppCMS, or in-
cluded a limited number of patients with ppCMS. The key 
domains “study design” and “statistical analysis and re-
porting” generally exhibit a low risk of bias.

Imaging findings

A visual overview of imaging findings that were signifi-
cantly different between patients with and without ppCMS 
and were consistent across the majority of the studies is 
highlighted in Figure 3. Detailed imaging findings specific 
to each imaging domain are presented below.

Structural imaging.—Thirty-seven studies investi-
gated structural imaging. Most of the studies acquired 
T1-weighted, T2-weighted, and fluid-attenuation inversion 
recovery (FLAIR) MR images to investigate imaging fea-
tures associated with ppCMS. In all studies, regions of in-
terest were located in the posterior fossa and focused on 
lesion location and/or involvement, invasion, compression, 
or injury to anatomical structures, such as cerebellar nuclei 
or cerebellar peduncles (Table 1).

Preoperative imaging findings indicated that midline 
localization24,26,27,29,30,33,35,37,40 of the tumor was associated 
with ppCMS, while tumor lateralization24,27,29,30,35 within the 
cerebellar hemisphere was protective and less likely asso-
ciated with ppCMS (Table 2). Furthermore, structural im-
aging features showed a significant increased involvement 
or compression of brainstem,24,26,29,32,34–36,38,44 SCP,24,26,28,29 
and middle cerebellar peduncle (MCP)24,28,29 in children 
with ppCMS versus without ppCMS. Early postoperative 
imaging (<9 months after diagnosis) demonstrated signifi-
cant injury to bilateral SCP25,33,52–57 in children with ppCMS 
(Supplementary Table S5.1). Furthermore, mapping of early 
postoperative lesions showed that patients with ppCMS 
frequently exhibited lesions in the inferior vermis,53,57,58 a 
region connected to cerebellothalamocortical tracts.53,58 
T2-weighted imaging of the inferior olivary nuclei (ION) 
showed increased bilateral hypertrophic olivary degener-
ation (HOD)22,54,59,60 during late follow-up (>9 months after 
diagnosis) in patients with ppCMS.

Diffusion imaging.—Ten studies performed diffusion 
tensor imaging (DTI) to explore damage to white matter 
tracts. Metrics mostly examined in these studies were frac-
tional anisotropy (FA) and mean diffusivity (MD), serving 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae212#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae212#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae212#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae212#supplementary-data
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as indicators of white matter integrity. Most studies exam-
ined white matter tracts connecting the cerebellum with 
the cerebrum, that is, SCP, MCP, and inferior cerebellar pe-
duncle (ICP) on postoperative imaging (Table 2).

Preoperative imaging features indicated no significant 
difference in white matter integrity of SCP, MCP, and ICP 

between children with ppCMS and without ppCMS31,45,50 
(Supplementary Table S5.2). Meoded et al. highlighted 
preoperative alterations in white matter connectivity 
of bilateral corpus callosum and right corticothalamic 
pathway and corticostriatal pathway in patients with 
ppCMS.61 Early postoperative imaging (<9 months after 
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Embase (n = 755) Cochrane (n = 7)

Records identified through
database searching

(n = 1214)

Records screened
(n = 866)

Duplicate records removed (n = 348)

Records excluded (n = 802)
–    Population: animal studies,
      adult studies
–    Methodology: reviews or
      case report or conference
      abstracts
–    Exposure: no post-operative
      cerebellar mutism
      syndrome, no posterior
      fossa tumor

Records excluded (n = 16):
–    Only conference abstract
      (n = 14)
–    No English language (n = 2)

Articles excluded:
–    Exposure: no comparison
      ppCMS and non ppCMS
      (n = 3)

Records after title and abstract
screening
(n = 64)

Full text articles assessed for
eligibility
(n = 48)

Studies included in review
(n = 50)

Structural imaging
(n = 37)*

Diffusion imaging
(n = 10)*

Functional imaging
(n = 7)*

Conferences/meetings (n = 3)

Cross reference check
(n = 2)

Figure 1. PRISMA Flow diagram, and *4 studies were categorized in multiple imaging domains.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae212#supplementary-data
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Study participation

Structural imagingA

CMS definition/measurement

Outcome measurement

Study confounding

Statistical analysis and reporting

0% 25% 50% 75% 100%

Overall

Study participation

Diffusion imagingB

CMS definition/measurement

Outcome measurement

Study confounding

Statistical analysis and reporting

0% 25% 50% 75% 100%

Overall

Study participation

Functional imagingC

CMS definition/measurement

Outcome measurement

Study confounding

Statistical analysis and reporting

0% 25% 50% 75% 100%

Overall

Study participation

Overall risk of biasD

CMS definition/ measurement

Outcome measurement

Study confounding

Statistical analysis and reporting

0% 25% 50%

High Moderate Low

High Moderate Low

High Moderate Low

High Moderate Low

75% 100%

Overall

Figure 2. Risk of bias according to the QUIPS tool; (A) structural imaging studies; (B) diffusion imaging studies; (C) functional imaging studies; 
and (D) overall risk of bias including all studies.
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diagnosis) consistently revealed injury to bilateral SCP in 
all studies.31,33,45,48,50,51 Conversely, white matter metrics in 
MCP showed no significant differences between children 
with and without ppCMS,31,33,45,50,51 while ICP was rarely 
considered in the analyses. Three articles investigated 
several supratentorial white matter tracts and found sig-
nificantly reduced white matter integrity in children with 
ppCMS.33,46,49

Functional imaging.—Seven studies performed func-
tional imaging, including single-photon emission com-
puted tomography (SPECT) (n = 2), arterial spin labeling 
(ASL) (n = 3), dynamic susceptibility contrast (n = 1), or 
blood-oxygen-level-dependent imaging (BOLD) (n = 1). 
Primarily, these studies examined the postoperative perfu-
sion pattern of the frontal lobes, temporal lobes, parietal 
lobes, occipital lobes, and deep cerebral nuclei (including 
basal ganglia) (Table 3). One study investigated functional 
connectivity using BOLD imaging and is therefore not in-
cluded in Table 3 but summarized below.65

Preoperatively, no perfusion differences were observed 
between children with ppCMS and without ppCMS23,62 
(Supplementary Table S5.3). On the other hand, there 
was a consistent significant association between ppCMS 
and hypoperfusion in the frontal lobes at postoperative 
scans.6,23,56,63,64 Parietal, temporal, and occipital lobes did 

not show any significant perfusion differences between pa-
tients with and without ppCMS.6,23,56,62,64 In contrast, there 
was one study that reported a significantly higher mean 
cortical cerebral blood flow (CBF) in children who devel-
oped ppCMS compared with non-ppCMS patients 1-year 
postsurgery.62 McAfee et al. investigated supratentorial 
connectivity using BOLD imaging and showed altered 
functional connectivity between the periaqueductal grey 
and the medial frontal cortex, Broca’s area, and left amyg-
dala in patients with ppCMS.65

Discussion

This systematic review revealed significant differences 
in neuroimaging features between ppCMS patients and 
non-ppCMS patients. Preoperative structural imaging 
studies demonstrated the association between ppCMS 
and midline tumor localization as well as the involvement 
of brainstem, SCP, or MCP. Postoperatively, both struc-
tural and diffusion imaging studies highlighted SCP injury 
in ppCMS. Functional imaging studies indicated an asso-
ciation between ppCMS and frontal lobe hypoperfusion 
postoperatively. During late follow-up (>9 months after 
diagnosis), hyperintensities of the ION were noticed on 
T2-weighted images in ppCMS patients.

A PRE-OPERATIVE IMAGING B POST-OPERATIVE IMAGING

Structural
imaging

Increased involvement/
compression or injury

in ppCMS

Reduced WM integrity
in ppCMS

Functional
imaging

Hypoperfusion
in ppCMS

Diffusion imaging

Figure 3. Overview of significant differences in imaging findings between ppCMS and non-ppCMS patients at pre-operative imaging (A) and 
post-operative imaging (B). Imaging domains are indicated by color: structural imaging, diffusion imaging, functional imaging. The arrows indi-
cate white matter tracts, at pre-operative imaging (A) the solid arrows indicate the cerebellar peduncles (ie, superior (SCP) and middle (MCP)); 
and at post-operative imaging (B) the solid arrows indicate the DRTCT and the dashed arrow indicates the dentato-rubro-olivary pathway. 
Acronyms: SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; ICP, inferior cerebellar peduncle, DN, dentate nucleus; RN, red 
nucleus; ION, inferior olivary nucleus. Image used under license from Kenhub GmbH. Illustrator: Paul Kim (Figure 3A) and adapted from Avula et 
al.22 with permission from AME publishing Company (Figure 3B).

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae212#supplementary-data
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The observed structural, morphological, and functional 
alterations evident in neuroimaging studies provide sup-
porting evidence for the hypothesis of injury to the DRTCT 

and cerebello-cerebral diaschisis in patients with ppCMS. 
Additionally, alongside diminished white matter integrity 
within the DRTCT and decreased perfusion in the frontal 

Table 1. Overview of Preoperative Structural Imaging Features in ppCMS Compared With Non-ppCMS Patients

Preoperative structural imaging—ppCMS compared with non-ppCMS patients

Author Year Modality Lesion localization Involvement/ invasion/ compression/ injury QUIPS Overall 
Risk of BiasCH 4V and/

or V
Brain-
stem

SCP MCP Cerebellar 
nuclei

ION

Boisgontier et 
al.23

2021 MRI (ASL/ T2W) ns V ns - ns ns DN ns - Low Risk

Liu et al.24 2018 MRI (NM) ↓* ↑ 4V* ↑ns ↑L ↑R 
ns

↑BI* DN ↑L* 
↑R*

- Low Risk

Toescu et al.25 2018 MRI (T1W/T2W/
FLAIR/DWI)

- - - ns - DN & RN 
ns

- Low Risk

Yang et al.26 2023 MRI (T1w/T2W/
FLAIR)

↑L*
↑R* supe-
rior

↑V* ↑* ↑R* > 
↑L*

- - - Low Risk

Catsman-
Berrevoets et al.27

1999 CT & MRI (NM) ↓* ↑4V/V* - - - - - Moderate Risk

de Laurentis et 
al.28

2022 MRI (NM) ↑4V* ↑V 
ns

↑ ns ↑R* ↑R* - - Moderate Risk

Dhaenens et al.29 2020 MRI (NM) ↓* ↑4V* ↑* ↑R* > 
↑L*

↑R* > 
↑L*

- - Moderate Risk

Kotil et al.30 2008 CT & MRI (NM) ↓* ↑4V/V* - - - - - Moderate Risk

McEvoy et al.31 2016 MRI (DTI/ 
MPRAGE (T1W))

- - ns - - - - Moderate Risk

McMillan et al.32 2009 MRI (T1W/T2W) - - ↑* - - - - Moderate Risk

Morris et al.33 2009 MRI (DTI/T2W) ↑4V 
(rostal)*

ns ns ns DN ns - Moderate Risk

Pols et al.34 2017 MRI (T1W/T1W-
C/ T2W/FLAIR)

- - ↑* - - - - Moderate Risk

Ruella et al.35 2023 MRI (NM) ↓ * ↑ 4V/ V* ↑* - - - - Moderate Risk

Wells et al.36 2010 MRI (T1W/T2W/
T1W-C)

- - ↑* - - - - Moderate Risk

Yang et al.37 2023 T1W/T2W/
FLAIR/DWI

- ↑4V/V* - - - - - Moderate Risk

Doxey et al.38 1999 MRI (NM) - - ↑* - - - - High Risk

Gora et al.39 2017 CT &MRI (NM) - - ns ns ns - High Risk

Ma et al.40 2019 MRI (NM) - ↑4V* - - - - - High Risk

Renne et al.3 2020 MRI (NM) - - ↑* - - - - High Risk

Schmidt et al.41 2023 MRI (NM) ↓ns ↑4V/V ns ns - - - - High Risk

Sergeant et al.42 2017 MRI (T1w/T1w-C/ 
T2W/DWI/ FLAIR)

- ↑4V ns - - - - - High Risk

Siffert et al.43 2000 CT & MRI (NM) ↑edema 
ns

- ↑edema 
ns

- - DN ns - High Risk

Zhang et al.44 2019 CT & MRI (NM) ↑com-
pression*

- ↑* - - - - High Risk

↑More involvement of the region in ppCMS compared with non-ppCMS patients;
↓Less involvement of the region in ppCMS compared with non-ppCMS patients.
*Significant results; ns, nonsignificant; -, not measured.
4V, 4th ventricle; ASL, arterial spin labeling; BI, bilateral; CH, cerebellar hemisphere; DN, dentate nucleus; DTI, diffusion tensor imaging; DWI, 
diffusion weighted imaging; FLAIR, fluid attenuation inversion recovery; ION, inferior olivary nucleus; MCP, middle cerebellar peduncle; NM, not 
mentioned; PD, proton density; RN, red nucleus; SCP, superior cerebellar peduncle; T1W-C, T1-weighted imaging with contrast; T1W, T1-weighted 
imaging; T2W, T2-weighted imaging; UNI, unilateral; V, vermis.
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lobes, the development of HOD in patients with ppCMS 
also suggests injury to the proximal efferent cerebellar 
pathway. The dentate nucleus is linked to the contralateral 
ION via the dentato-rubro-olivary pathway, also referred to 
as the triangle of Guillian–Mollaret.66 Given the inhibitory 
role of the dentato-rubro-olivary pathway on the ION, any 
injury or lesion impacting this pathway results in stimula-
tion of the ION, leading to hypertrophy over time.66 These 
interrelated neural circuits point toward common ana-
tomical substrates, thereby indicating injury to the white 
matter tract originating from the dentate nucleus and 

projecting toward the contralateral red nucleus and subse-
quently the cerebral lobes.

Furthermore, preoperative structural imaging studies 
highlighted the association between the tumor’s proximity 
to eloquent anatomical structures, such as the dentate nu-
clei and SCP, and an increased risk for the development of 
ppCMS. The increased involvement and compression of 
these structures by the tumor prior to surgery may help ex-
plain the higher frequency of preoperative speech impair-
ments observed in patients who later develop ppCMS.67–69 
This is supported by the meta-analysis of Petterson et al., 

Table 2. Overview of Postoperative Diffusion Imaging Features in ppCMS Compared With Non-ppCMS Patients

Postoperative fractional anisotropy (FA)—ppCMS compared with non-ppCMS patients

Year Modality Cerebellar 
white 
matter°

SCP MCP ICP ION Supratentorial brain region QUIPS
Overall Risk of 
Bias

Toescu et al.45 2022 MRI (DTI) - ↓L ns I
↓L* II,III

ns 
I,II,III

↓R 
ns II
ns I,III

- - Low Risk

Law et al.46 2012 MRI (DTI) ns III - - - - L & R thalamus/ internal capsule nsIII
L & R frontal ns III
L & R midbrain/pons ns III

Moderate Risk

McEvoy et al.31 2016 MRI (DTI/ 
MPRAGE 
(T1W))

↓L*,I,III ↓L* ↓R* 
I,III

ns 
I,III

- - - Moderate Risk

Morris et al.33 2009 MRI (DTI/
T2W)

ns I ↓L* ↓R* I ns I ns I - Fornices ↓L* ↓R* I
WM promixate to angular gyrus ↓R* I
WM region proximate to frontal gyrus 
↓L* I

Moderate Risk

Yecies et al.47 2019 MRI (DTI) - - - - ↑L 
↑R 
ns I

- Moderate Risk

Ojemann et 
al.48

2013 MRI (DTI) - ↓L ↓R? I - - - - High Risk

Soelva et al.49 2013 MRI (DTI) - - - - - volume FCF ↓L ↓R III High Risk

Vedantam et 
al.50

2019 MRI (DTI) - ↓L*,I
ns III

ns 
I,III

- - - High Risk

 Postoperative mean diffusivity (ADC/MD)—ppCMS compared with non-ppCMS patients

Author Year Modality Cerebellar 
white 
matter°

SCP MCP ICP ION Supratentorial brain region  QUIPS
Overall Risk of 
Bias

Avula et al.51 2015 MRI (DWI/
DTI)

  ↓L*  ↓R* I ↓L* ↓R* I nsI - - Moderate Risk

Law et al.46 2012 MRI (DTI)  ↑ R* III - - - - L & R thalamus/internal capsule ns III
L & R frontal ns III
L & R midbrain/pons ns III

Moderate Risk

McEvoy et al.31 2016 MRI (DTI/ 
MPRAGE 
(T1W))

- ns I,III - - - - Moderate Risk

Yecies et al.47 2019 MRI (DTI) - - - - ↑ L* I - Moderate Risk

↑Higher fractional anisotropy or mean diffusivity in ppCMS compared with non-ppCMS patients;
↓Lower fractional anisotropy or mean diffusivity in ppCMS compared with non-ppCMS patients.
*Significant results; ns, nonsignificant; ?, no statistics; -, not measured.
°Including abnormalities surrounding the surgical cavity.
I, immediate postoperative (≤72h); II, early follow-up (≤9-months after diagnosis); III, late follow-up.
ADC, apparent diffusion coefficient; DTI, diffusion tensor imaging; DWI, diffusion weighted imaging; FA, fractional anisotropy; FCF, fronto-cerebellar 
association fibers; ICP, inferior cerebellar peduncle; ION, inferior olivary nucleus; MCP, middle cerebellar peduncle; MD, mean diffusivity; SCP, supe-
rior cerebellar peduncle; T1W, T1-weighted imaging; WM, white matter.
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which focused on clinical and surgical risk factors and 
identified midline localization and tumor invasion into the 
SCP as risk factors as well.12

As per classification outlined by the Oxford Centre for 
Evidence-Based Medicine,70 this systematic review pro-
vided evidence classified as “Level 2a/b,” regarding dif-
ferences in neuroimaging features between patients with 
and without ppCMS. This level of evidence primarily draws 
from the numerous retrospective cohort studies with a 
single time point included in the review. Accordingly, the 
results of this systematic review warrant careful interpreta-
tion, given the presence of various limitations, which also 
highlight the need for further research.

Limitations and considerations

There are several limitations that need to be addressed to 
contextualize the interpretation and generalizability of our 
findings. First, the variability in the definition of ppCMS re-
mains a persistent challenge within the field. This system-
atic review included articles published between 1995 and 
2023, spanning a period during which the consensus def-
inition of ppCMS evolved.4 Consequently, there was sig-
nificant heterogeneity in the definition of ppCMS across 
the included studies, with terminology such as (cerebellar) 
mutism and posterior fossa syndrome 1 and 2 being used. 
In recent years, several scoring scales have been intro-
duced, aiming to standardize the severity assessment of 
ppCMS,2,71 but these are not widely adopted in clinical 
practice yet. This heterogeneity in terminology may have 

introduced ambiguity in the definition of ppCMS and hin-
dered the comparison of findings across the literature.

Second, discrepancies exist in imaging acquisition 
protocols which hindered the comparison of quantitative 
results, such as FA and CBF. This underscores the neces-
sity of harmonizing and standardizing imaging acquisi-
tion protocols, particularly in the context of multicenter 
studies, which is also stressed by the European Society 
for Paediatric Oncology-Brain Tumor Imaging group.72 
Additionally, a significant portion of included studies relied 
on qualitative assessments of neuroimaging features and 
often lacked blinding for ppCMS diagnosis. These studies 
typically focused on structures directly linked to the DRTCT, 
rather than including broader brain regions. This tendency 
is also observed in postoperative analyses, which often pri-
oritized the SCP over the MCP and ICP, despite all 3 cer-
ebellar peduncles being pivotal in connectivity between 
the cerebrum and cerebellum.73 To address these concerns 
and strengthen the evidence for the pathophysiological 
mechanisms underlying ppCMS, a transition toward stand-
ardized acquisition and analyses (eg, automated and/or 
atlas-based) is needed in both the preoperative and post-
operative setting.74

Thirdly, there are several clinical and neuroimaging 
features, such as hydrocephalus and tumor size, that we 
did not take into account, as they are nonspecific with re-
gard to the anatomical substrate of ppCMS. However, 
they may serve as important confounders in research 
analyses. For example, a correlation between hydroceph-
alus and reduced CBF has been reported.55 Additionally, 

Table 3. Overview of Postoperative Perfusion Imaging Features in ppCMS Compared With Non-ppCMS Patients

Postoperative perfusion—ppCMS compared with non-ppCMS patients

Author Year Modality Cere-
bellum

Frontal 
lobe

Pari-
etal 
lobe

Tem-
poral 
lobe

Oc-
cipital 
lobe

Deep 
cerebral 
nuclei**

Global  QUIPS
Overall 
Risk of Bias

Boisgontier et 
al.23

2021 MRI (ASL/T2W) -  ↓L* I ns I ns I ns I  ↓L* I - Low Risk

Toescu et al.62 2022 MRI (ASL) ns I,II ns I,II ns 
I,II

ns I,II ns I,II ns I,II mean cortical CBF 
nsI
↑ mean cortical 
CBF* II

Low Risk

Yecies et al.63 2019 MRI (ASL) - ↓L ↓R* I - - - - difference in global 
perfusion ns I

Low Risk

Catsman- 
Berrevoets et al.6

2010 SPECT (Tc-99m 
HMPAO)

 ↓L 
↓R? II

 ↓L 
↓R? II

? II  ↓L 
↓R? 
II

 ↓L 
↓R? II

? II - High Risk

Ersahin et al. 64 2002 SPECT (Tc-99m 
HMPAO)

? II  ↓L 
↓R? II

↓L 
↓R? 
II

? II ? II ? II differences in all 
SPECT findings ns II

High Risk

Miller et al.56 2010 MRI (DSC/T2W/
DWI)

- ↓L*↓R* 
II

↓R* 
II

↓R* II ↓L ↓R 
nsII

↓L ↓R 
nsII

- High Risk

↑Increased perfusion in ppCMS compared with non-ppCMS patients;
↓Decreased perfusion in ppCMS compared with non-ppCMS patients.
*Significant results; ns, nonsignificant; ?, no statistics; -, not measured.
**Including thalamus and basal nuclei.
I, immediate postoperative (≤72h); II, early follow-up (≤9-months after diagnosis); III, late follow-up.
ASL, arterial spin labeling; CBF, cerebral blood flow; DSC, dynamic susceptibilty contrast; DWI, diffusion-weighted imaging; SPECT, single photon 
emission computed tomography; T2W, T2-weighted imaging; Tc-99m HMPAO, 99mTc HexaMethylPropyleneAmine Oxime.
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clinical characteristics such as sedation, hemoglobin 
levels, and hematocrit were only sparsely mentioned and 
could not be included in our analyses, despite their pos-
sible confounding effects. Lower levels of hemoglobin 
and hematocrit are correlated with increased CBF in 
other populations.75,76 Notably, in neuroimaging studies 
investigating the anatomical substrate of ppCMS, both 
clinical risk factors, and confounders potentially affecting 
imaging metrics, must be considered.

Lastly, publication bias may have influenced the findings 
of this review, potentially leading to an overrepresentation 
of certain outcomes.

The scope of this review was restricted to pediatric pa-
tients diagnosed with a posterior fossa tumor, since this 
population appears particularly susceptible to the onset of 
ppCMS. Hence, the conclusions drawn from this system-
atic review might not be extrapolated to the adult popu-
lation and other medical conditions such as cerebellitis, 
arteriovenous malformation, and trauma.77 Nevertheless, 
the development of ppCMS in these populations may 
share similarities in pathophysiological mechanism, which 
can be examined in future studies.

Future perspectives

In order to thoroughly understand the anatomical sub-
strate and pathophysiology of ppCMS, a longitudinal study 
design is essential. Recent studies demonstrated the in-
volvement of the efferent cerebellar pathways in ppCMS; 
however, this only confirms an association. It is paramount 
to understand whether this involvement was already 
present before surgery (thus implying a risk factor) or was 
caused by the surgery. Only a comparison of pre- and post-
operative imaging can confirm a causal relationship be-
tween the involved anatomical structures and the origin 
of ppCMS. Similarly, this necessity also applies to the un-
derstanding of ppCMS recovery, which requires regular 
imaging from ppCMS onset until recovery. For example, 
hyperperfusion of mean CBF has been reported following 
clinical improvement 1-year postsurgery,62 which poten-
tially serves as a compensatory mechanism for previous 
hypoperfusion. The understanding of factors and mech-
anisms associated with ppCMS, alongside its onset and 
recovery, can facilitate better counseling of patients and 
families as well as establish an optimal time window for 
interventions.

Large prospective longitudinal cohort studies 
incorporating various noninvasive advanced MR tech-
niques, such as diffusion imaging and ASL, are warranted 
in future research. The combined assessment of white 
matter integrity and perfusion shows potential in unrav-
eling a causal relationship between structural and func-
tional deficits observed on MR images and the spectrum 
of deficits present in ppCMS. Moreover, a comprehensive 
approach that examines structures beyond the DRTCT will 
be crucial in understanding the underlying mechanisms 
of ppCMS. Currently, the European CMS study, the lar-
gest study on ppCMS to date, includes children with pos-
terior fossa tumors in an international prospective study 
(NCT02300766).78 Additionally, the FASTigial study is an 
add-on to the European CMS study (ISRCTN70465429), 

which aims to investigate clinical and neuroradiological 
predictors of neuropsychological outcome, including 
ppCMS, and will start patient recruitment soon.

Conclusion

This systematic review showed structural and functional 
neuroanatomical alterations in patients with ppCMS com-
pared with patients without ppCMS after posterior fossa 
tumor surgery. Neuroimaging studies demonstrated a sig-
nificant association between ppCMS, efferent cerebellar 
pathway injury, and hypoperfusion in the frontal lobes. 
While the level of evidence is limited to a level 2 a/b, these 
findings support the hypothesis of involvement of the 
DRTCT as well as a functional disconnection between the 
cerebellum and cerebrum in ppCMS patients. To better un-
derstand the etiology and mechanisms of ppCMS, future 
research should involve large-scale prospective longitu-
dinal cohort studies utilizing various noninvasive MR tech-
niques, such as diffusion imaging and ASL, and broaden 
analyses by including anatomical structures beyond the 
DRTCT.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).

Funding

We gratefully acknowledge the funding of the Dutch Children 
Cancer-free Foundation (KiKa). The funding source had no role 
in this study.

Acknowledgments

None.

Conflict of interest statement

The authors declare that the research was conducted in the ab-
sence of any commercial or financial relationships that could be 
construed as potential conflict of interest.

Authorship

Iris V. Obdeijn (Conceptualization, Methodology, Data curation, 
Formal analysis, Writing—original draft, Writing—review & ed-
iting, Visualization), Kirsten M. van Baarsen (Conceptualization, 
Methodology, Data Curation, Formal analysis, Writing—original 

https://academic.oup.com/noa


N
eu

ro-O
n

colog
y 

A
d

van
ces

11Obdeijn et al.: Neuroimaging of ppCMS - a systematic review

draft, Writing—review & editing, Supervision), Shivaram Avula 
(Methodology, Writing—review & editing), Sebastian Toescu 
(Methodology, Writing—review & editing), Maarten H. Lequin 
(Conceptualization, Methodology, Writing—review & editing), 
Eelco W. Hoving (Methodology, Writing—review & editing), 
and Marita Partanen (Conceptualization, Methodology, Data 
Curation, Formal analysis, Writing—original draft, Writing—re-
view & editing, Supervision)

Data Availability

All data generated or analyzed during this study are included in 
this published article, including its supplementary information 
files.

Affiliations

Research Department, Princess Máxima Center for Pediatric 
Oncology, Utrecht, The Netherlands (I.V.O., M.P.); Department 
of Neuro-Oncology, Princess Máxima Center for Pediatric 
Oncology, Utrecht, The Netherlands (K.M.v.B., M.H.L., E.W.H.); 
Department of Neurosurgery, University Medical Centre Utrecht, 
Utrecht, The Netherlands (K.M.v.B., E.W.H.); Department of 
Radiology, Alder Hey Children’s NHS Foundation Trust, East 
Prescot Road, Liverpool L14 5AB, UK (S.A.); Department of 
Neurosurgery, Great Ormond Street Hospital for Children, 
Great Ormond Street, London WC1N 3JH, UK (S.T.); Edward B 
Singleton, Department of Radiology, Texas Children’s Hospital, 
Austin, Texas, USA (M.H.L.)

References

1. Gudrunardottir T, Sehested A, Juhler M, Schmiegelow K. Cerebellar 
mutism: review of the literature. Childs Nerv Syst. 2011;27(3):355–363.

2. Robertson PL, Muraszko KM, Holmes EJ, et al; Children's  
Oncology Group. Incidence and severity of postoperative cere-
bellar mutism syndrome in children with medulloblastoma: a pro-
spective study by the Children’s oncology group. J Neurosurg.  
2006;105(6 Suppl):444–451.

3. Renne B, Radic J, Agrawal D, et al. Cerebellar mutism after posterior 
fossa tumor resection in children: a multicenter international retrospec-
tive study to determine possible modifiable factors. Child's Nerv Syst. 
2020;36(6):1159–1169.

4. Gudrunardottir T, Morgan AT, Lux AL, et al; Iceland Delphi 
Group. Consensus paper on post-operative pediatric cerebellar 
mutism syndrome: the Iceland Delphi results. Child's Nerv Syst. 
2016;32(7):1195–1203.

5. Fabozzi F, Margoni S, Andreozzi B, et al. Cerebellar mutism syn-
drome: from pathophysiology to rehabilitation. Front Cell Dev Biol. 
2022;10(December):1–11.

6. Catsman-Berrevoets CE, Aarsen FK. The spectrum of neurobehavioural 
deficits in the Posterior Fossa Syndrome in children after cerebellar tu-
mour surgery. Cortex. 2010;46(7):933–946.

7. De Smet HJ, Baillieux H, Wackenier P, et al. Long-term cognitive 
deficits following posterior fossa tumor resection: a neuropsycholog-
ical and functional neuroimaging follow-up study. Neuropsychology. 
2009;23(6):694–704.

8. van Baarsen KM, Grotenhuis JA. The anatomical substrate of cerebellar 
mutism. Med Hypotheses. 2014;82(6):774–780.

9. Catsman-Berrevoets C, Patay Z. Cerebellar mutism syndrome. Handbook 
Clin Neurol. 2018;155:273–288.

10. Palesi F, Tournier JD, Calamante F, et al. Contralateral  
cerebello-thalamo-cortical pathways with prominent involve-
ment of associative areas in humans in vivo. Brain Struct Funct. 
2015;220(6):3369–3384.

11. Ashida R, Nazar N, Edwards R, Teo M. Cerebellar mutism syndrome: 
an overview of the pathophysiology in relation to the cerebrocerebellar 
anatomy, risk factors, potential treatments, and outcomes. World 
Neurosurg. 2021;153:63–74.

12. Pettersson SD, Kitlinski M, Miekisiak G, et al. Risk factors for postop-
erative cerebellar mutism syndrome in pediatric patients: a systematic 
review and meta-analysis. J Neurosurg. 2022;29(4):467–475.

13. Avula S. Radiology of post-operative paediatric cerebellar mutism syn-
drome. Childs Nerv Syst. 2019;36(6):1187–1195.

14. Patay Z. Postoperative posterior fossa syndrome: unraveling the etiology 
and underlying pathophysiology by using magnetic resonance imaging. 
Childs Nerv Syst. 2015;31(10):1853–1858.

15. Toescu SM, Hales PW, Aquilina K, Clark CA. Quantitative MRI in 
post-operative paediatric cerebellar mutism syndrome. Eur J Radiol. 
2018;108:43–51.

16. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred 
reporting items for systematic reviews and meta-analyses: The PRISMA 
statement. Int J Surg (London, England). 2010;8(5):336–341.

17. EndNote. Version X9.3.3: clarivate analytics. 2020.
18. Bramer WM, Giustini D, de Jonge GB, Holland L, Bekhuis T. 

De-duplication of database search results for systematic reviews in 
EndNote. J Med Libr Assoc. 2016;104(3):240–243.

19. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A.  
Rayyan-a web and mobile app for systematic reviews. Syst Rev. 
2016;5(1):210.

20. Hayden JA, van der Windt DA, Cartwright JL, Cote P, Bombardier 
C. Assessing bias in studies of prognostic factors. Ann Intern Med. 
2013;158(4):280–286.

21. Grooten WJA, Tseli E, Ang BO, et al. Elaborating on the  
assessment of the risk of bias in prognostic studies in pain rehabilita-
tion using QUIPS-aspects of interrater agreement. Diagn Progn Res. 
2019;3:5.

22. Avula S, Spiteri M, Kumar R, et al. Post-operative pediatric cerebellar 
mutism syndrome and its association with hypertrophic olivary degener-
ation. Quant Imag Med Surg. 2016;6(5):535–544.

23. Boisgontier J, Fillon L, Rutten C, et al. A CBF decrease in the left 
`lementary motor areas: new insight into postoperative pediatric cer-
ebellar mutism syndrome using arterial spin labeling perfusion MRI. J 
Cerebral Blood Flow Metabol. 2021;41(12):3339–3349.

24. Liu JF, Dineen RA, Avula S, et al. Development of a pre-operative scoring 
system for predicting risk of post-operative paediatric cerebellar mutism 
syndrome. Br J Neurosurg. 2018;32(1):18–27.

25. Toescu SM, Hettige S, Phipps K, et al. Post-operative paediatric cere-
bellar mutism syndrome: time to move beyond structural MRI. Childs 
Nerv Syst. 2018;34(11):2249–2257.

26. Yang W, Li Y, Ying Z, et al. A presurgical voxel-wise predictive model 
for cerebellar mutism syndrome in children with posterior fossa tumors. 
NeuroImage: Clin. 2023;37:103291.

27. Catsman-Berrevoets CE, Van Dongen HR, Mulder PG, et al. Tumour 
type and size are high risk factors for the syndrome of “cerebellar” 



 12 Obdeijn et al.: Neuroimaging of ppCMS - a systematic review

mutism and subsequent dysarthria. J Neurol Neurosurg Psychiatry. 
1999;67(6):755–757.

28. de Laurentis C, Cristaldi PMF, Rebora P, et al. Posterior fossa syndrome 
in a population of children and young adults with medulloblastoma: a 
retrospective, multicenter Italian study on incidence and pathophys-
iology in a histologically homogeneous and consecutive series of 136 
patients. J Neurooncol. 2022;159(2):377–387.

29. Bae D, Mlc VV, Catsman-Berrevoets C. Preoperative prediction of post-
operative cerebellar mutism syndrome. Validation of existing MRI 
models and proposal of the new Rotterdam pCMS prediction model. 
Childs Nerv Syst. 2020;36(7):1471–1480.

30. Kotil K, Eras M, Akçetin M, Bilge T. Cerebellar mutism following 
posterior fossa tumor resection in children. Turk Neurosurg. 
2008;18(1):89–94.

31. McEvoy SD, Lee A, Poliakov A, et al. Longitudinal cerebellar diffusion 
tensor imaging changes in posterior fossa syndrome. NeuroImage. 
2016;12:582–590.

32. McMillan HJ, Keene DL, Matzinger MA, et al. Brainstem compression: 
a predictor of postoperative cerebellar mutism. Childs Nerv Syst. 
2009;25(6):677–681.

33. Morris EB, Phillips NS, Laningham FH, et al. Proximal 
dentatothalamocortical tract involvement in posterior fossa syndrome. 
Brain. 2009;132(11):3087–3095.

34. Pols S, van Veelen MLC, Aarsen FK, Gonzalez Candel A, Catsman-
Berrevoets CE. Risk factors for development of postoperative cere-
bellar mutism syndrome in children after medulloblastoma surgery. J 
Neurosurg Pediatr. 2017;20(1):35–41.

35. Ruella M, Giovannini S, Pirozzi Chiusa C, et al. Cerebellar pilocytic 
astrocytoma. Retrospective cohort study assessing postoperative func-
tional outcome, cerebellar mutism and hydrocephalus. World Neurosurg 
X. 2023;19:100180.

36. Wells EM, Khademian ZP, Walsh KS, et al. Postoperative cere-
bellar mutism syndrome following treatment of medulloblastoma: 
neuroradiographic features and origin. J Neurosurg Pediatr. 
2010;5(4):329–334.

37. Yang W, Yang P, Li Y, et al. Presurgical MRI-based radiomics models for 
predicting cerebellar mutism syndrome in children with posterior fossa 
tumors. J Magn Reson Imaging. 2023;58(6):1966–1976.

38. Doxey D, Bruce D, Sklar F, Swift D, Shapiro K. Posterior fossa syn-
drome: identifiable risk factors and irreversible complications. Pediatr 
Neurosurg. 1999;31(3):131–136.

39. Gora NK, Gupta A, Sinha VD. Cerebellar mutism syndrome following 
midline posterior fossa tumor resection in children: an institutional ex-
perience. J Pediatr Neurosci. 2017;12(4):313–319.

40. Ma SC, Li CD, Agazzi S, Jia W. Clinical characteristics and prognostic 
factors of treatment in pediatric posterior cranial fossa ependymoma. 
Pediatr Neurosurg. 2019;54(2):98–107.

41. Schmidt S, Kovacs E, Usta D, et al. Cerebellar mutism syndrome after 
posterior fossa tumor surgery in children—a retrospective single-center 
study. World Neurosurg. 2023;173:e622–e628.

42. Sergeant A, Kameda-Smith MM, Manoranjan B, et al. Analysis of sur-
gical and MRI factors associated with cerebellar mutism. J Neurooncol. 
2017;133(3):539–552.

43. Siffert J, Poussaint TY, Goumnerova LC, et al. Neurological dysfunc-
tion associated with postoperative cerebellar mutism. J Neurooncol. 
2000;48(1):75–81.

44. Zhang H, Liao Z, Hao X, et al. Establishing reproducible predictors of cer-
ebellar mutism syndrome based on pre-operative imaging. Childs Nerv 
Syst. 2019;35(5):795–800.

45. Toescu SM, Bruckert L, Jabarkheel R, et al. Spatiotemporal changes in 
along-tract profilometry of cerebellar peduncles in cerebellar mutism 
syndrome. NeuroImage. 2022;35(October 2021):103000–103000.

46. Law N, Greenberg M, Bouffet E, et al. Clinical and neuroanatom-
ical predictors of cerebellar mutism syndrome. Neuro-Oncology. 
2012;14(10):1294–1303.

47. Yecies D, Jabarkheel R, Han M, et al. Posterior fossa syndrome and 
increased mean diffusivity in the olivary bodies. J Neurosurg Pediatr. 
2019;24(4):376–381.

48. Ojemann JG, Partridge SC, Poliakov AV, et al. Diffusion tensor imaging of 
the superior cerebellar peduncle identifies patients with posterior fossa 
syndrome. Child's Nervous Syst. 2013;29(11):2071–2077.

49. Soelva V, Hernáiz Driever P, Abbushi A, et al. Fronto-cerebellar fiber 
tractography in pediatric patients following posterior fossa tumor sur-
gery. Child's Nervous Syst. 2013;29(4):597–607.

50. Vedantam A, Stormes KM, Gadgil N, et al. Association between postop-
erative DTI metrics and neurological deficits after posterior fossa tumor 
resection in children. J Neurosurg. 2019;24(4):364–370.

51. Avula S, Kumar R, Pizer B, et al. Diffusion abnormalities on intraoperative 
magnetic resonance imaging as an early predictor for the risk of poste-
rior fossa syndrome. Neuro-Oncology. 2015;17(4):614–622.

52. Yang W, Zhang H, Cai Y, et al. Postoperative MRI features of cere-
bellar mutism syndrome: a retrospective cohort study. J Neurosurg. 
2022;30(6):567–577.

53. Albazron FM, Bruss J, Jones RM, et al. Pediatric postoperative cere-
bellar cognitive affective syndrome follows outflow pathway lesions. 
Neurology. 2019;93(16):e1561–e1571.

54. Beez T, Munoz-Bendix C, Mijderwijk HJ, Remke M, Hänggi D. 
Structural damage burden and hypertrophic olivary degeneration in 
pediatric postoperative cerebellar mutism syndrome. Neurosurg Rev. 
2022;45(4):2757–2765.

55. Pollack IF, Polinko P, Albright AL, Towbin R, Fitz C. Mutism and 
pseudobulbar symptoms after resection of posterior fossa tu-
mors in children: incidence and pathophysiology. Neurosurgery. 
1995;37(5):885–893.

56. Miller NG, Reddick WE, Kocak M, et al. Cerebellocerebral diaschisis is 
the likely mechanism of postsurgical posterior fossa syndrome in pedi-
atric patients with midline cerebellar tumors. AJNR Am J Neuroradiol. 
2010;31(2):288–294.

57. McAfee SS, Zhang S, Zou P, et al. Fastigial nuclei surgical damage and 
focal midbrain disruption implicate PAG survival circuits in cerebellar 
mutism syndrome. Neuro-Oncology. 2022;25(July):375–385.

58. Suresh H, Morgan BR, Mithani K, et al. Postoperative cerebellar mutism 
syndrome is an acquired autism-like network disturbance. Neuro Oncol. 
2024;26(5):950–964.

59. Patay Z, Enterkin J, Harreld JH, et al. MR imaging evaluation  
of inferior olivary nuclei: comparison of postoperative subjects with 
and without posterior fossa syndrome. AJNR Am J Neuroradiol. 
2014;35(4):797–802.

60. Spiteri M, Windridge D, Avula S, Kumar R, Lewis E. Identifying quantita-
tive imaging features of posterior fossa syndrome in longitudinal MRI. J 
Med Imag (Bellingham). 2015;2(4):044502.

61. Meoded A, Jacobson L, Liu A, et al. Diffusion tensor imaging 
connectomics reveals preoperative neural connectivity changes in 
children with postsurgical posterior fossa syndrome. J Neuroimaging. 
2020;30(2):192–197.

62. Toescu SM, Hales PW, Cooper J, et al. Arterial spin-labeling perfu-
sion metrics in pediatric posterior fossa tumor surgery. AJNR Am J 
Neuroradiol. 2022;43(10):1508–1515.

63. Yecies D, Shpanskaya K, Jabarkheel R, et al. Arterial spin labeling per-
fusion changes of the frontal lobes in children with posterior fossa syn-
drome. J Neurosurg. 2019;24(4):382–388.

64. Erşahin Y, Yararbas U, Duman Y, Mutluer S. Single photon emission to-
mography following posterior fossa surgery in patients with and without 
mutism. Child's Nervous Syst. 2002;18(6-7):318–325.



N
eu

ro-O
n

colog
y 

A
d

van
ces

13Obdeijn et al.: Neuroimaging of ppCMS - a systematic review

65. McAfee SS, Robinson G, Gajjar A, et al. Cerebellar mutism is linked to 
midbrain volatility and desynchronization from speech cortices. Brain. 
2023;146(11):4755–4765.

66. Ballestero MFM, Viana DC, Teixeira TL, Santos MV, de Oliveira 
RS. Hypertrophic olivary degeneration in children after posterior 
fossa surgery. An underdiagnosed condition. Child's Nervous Syst. 
2018;34(3):409–415.

67. Di Rocco C, Chieffo D, Frassanito P, et al. Heralding  
cerebellar mutism: evidence for pre-surgical language impair-
ment as primary risk factor in posterior fossa surgery. Cerebellum. 
2011;10(3):551–562.

68. Bianchi F, Chieffo DPR, Frassanito P, Di Rocco C, Tamburrini G. Cerebellar 
mutism: the predictive role of preoperative language evaluation. Childs 
Nerv Syst. 2020;36(6):1153–1157.

69. Persson K, Boeg Thomsen D, Fyrberg A, et al; CMS study group. 
Preoperative word-finding difficulties in children with posterior 
fossa tumours: a European cross-sectional study. Childs Nerv Syst. 
2024;40(1):87–97.

70. (CEBM) CfE-BM. Oxford centre for evidence-based medicine: levels 
of evidence; 2009; https://www.cebm.ox.ac.uk/resources/levels-
of-evidence/oxford-centre-for-evidence-based-medicine-levels-of-
evidence-march-2009. Accessed December 15, 2023.

71. Ricci FS, D’Alessandro R, Soma A, et al. Development and  
application of a diagnostic and severity scale to grade post- 
operative pediatric cerebellar mutism syndrome. Eur J Pediatr. 
2022;181(3):941–950.

72. Avula S, Peet A, Morana G, et al; European Society for Paediatric 
Oncology (SIOPE)-Brain Tumour Imaging Group. European Society 
for Paediatric Oncology (SIOPE) MRI guidelines for imaging pa-
tients with central nervous system tumours. Childs Nerv Syst. 
2021;37(8):2497–2508.

73. Stoodley CJ, Limperopoulos C. Structure - function relationships in 
the developing cerebellum: evidence from early-life cerebellar in-
jury and neurodevelopmental disorders. Semin Fetal Neonatal Med. 
2016;21(5):356–364.

74. Botvinik-Nezer R, Wager TD. Reproducibility in neuroimaging analysis: 
challenges and solutions. Biol Psychiatry Cogn Neurosci Neuroimag. 
2023;8(8):780–788.

75. Xu F, Li W, Liu P, et al. Accounting for the role of hematocrit in 
between-subject variations of MRI-derived baseline cerebral hemody-
namic parameters and functional BOLD responses. Hum Brain Mapp. 
2018;39(1):344–353.

76. Ibaraki M, Nakamura K, Matsubara K, Shinohara Y, Kinoshita T. Effect of 
hematocrit on cerebral blood flow measured by pseudo-continuous ar-
terial spin labeling MRI: a comparative study with (15)O-water positron 
emission tomography. Magn Reson Imaging. 2021;84:58–68.

77. Laustsen AF, Borresen ML, Hauerberg J, Juhler M. Cerebellar mutism 
syndrome of non-tumour surgical aetiology-a case report and literature 
review. Childs Nerv Syst. 2023;39(8):2201–2213.

78. Wibroe M, Cappelen J, Castor C, et al. Cerebellar mutism syndrome 
in children with brain tumours of the posterior fossa. BMC Cancer. 
2017;17(1):439.

https://www.cebm.ox.ac.uk/resources/levels-of-evidence/oxford-centre-for-evidence-based-medicine-levels-of-evidence-march-2009
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/oxford-centre-for-evidence-based-medicine-levels-of-evidence-march-2009
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/oxford-centre-for-evidence-based-medicine-levels-of-evidence-march-2009

	Neuroimaging of postoperative pediatric cerebellar mutism syndrome: a systematic review  
	Methods
	Search
	Study selection
	Data extraction
	Quality assessment

	Results
	Risk of bias assessment
	Imaging findings
	Structural imaging.—Thirty-seven studies investigated structural imaging. Most of the studies acquired T1-weighted, T2-weighted, and fluid-attenuation inversion recovery (FLAIR) MR images to investigate imaging features associated with ppCMS. In all studi
	Diffusion imaging.—Ten studies performed diffusion tensor imaging (DTI) to explore damage to white matter tracts. Metrics mostly examined in these studies were fractional anisotropy (FA) and mean diffusivity (MD), serving as indicators of white matter int
	Functional imaging.—Seven studies performed functional imaging, including single-photon emission computed tomography (SPECT) (n = 2), arterial spin labeling (ASL) (n = 3), dynamic susceptibility contrast (n = 1), or blood-oxygen-level-dependent imaging (B


	Discussion
	Limitations and considerations
	Future perspectives

	Conclusion
	Supplementary material
	Acknowledgments
	References


