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Introduction: Postoperative cerebellar mutism syndrome (pCMS) consists of three types of symptoms (motoric, linguistic, and
neurobehavioral) in patients with posterior fossa pathologies. The evolutional mechanism of this high cognitive syndromic complex
from cerebellar origin remains unconfirmed. Previous studies analyzing CMS patients mostly focused on the association between
structural abnormalities that occur during CMS, of which proximal efferent cerebellar pathway (pECP) injury appears to be the most
common pathogenesis. However, structural imaging may not be sensitive enough to determine the dynamic course of CMS, since
the symptomatology is primarily an output of cerebral operation. Method: We took a network approach in a child during her course
of development and recovery of the pCMS. On the other hand, a network neuroscience approach using a mathematical model to
extract information from functional imaging to generate interregional connectivity provides abundant evidence that the cerebellum
is influential in modulating cerebral functions. Result: This study applied a network approach to children with pCMS. An individual
cerebrocerebellar functional network analysis using graph theory was then performed to determine the network dynamics during
CMS. Cross-validation of clinical neurophysiology and functional neuroscience suggested the critical role of the pECP within CMS
from the network analysis. Conclusion: The employed approach was therefore useful in determining the complex clinical symptoms
using individual functional network analysis, which bridges the gap between structural neuroimaging and clinical neurophysiology.
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Introduction Although the syndrome has been discovered for
decades, the pathophysiology is not fully understood.
Researchers have applied various methodologies to
approach different aspects of CMS or PFS, such as
neuropsychological examination to measure clinical
psycho-behavioral domains (Marién et al. 2013), signal
change on anatomical specific regions in magnetic
cerebral images (magnetic resonance imaging [MRI])
(Sergeant et al. 2017), diffusion tensor imaging (DTI)
to quantify structural integrity of responsible fiber
tracts (Morris et al. 2009; Palesi et al. 2015; Avula 2020),
and single photon emission computed tomography or
positron emission tomography (PET) to detect perfusion
or metabolic change of specific cerebral regions (Ergahin
et al. 1996; Sagiuchi et al. 2001; Miller et al. 2010).
Collectively, proximal efferent cerebellar pathway (pECP)
appeared to play a critical role in the pathophysiology to
a broad clinical symptomatology from CMS to PFS (Koh
et al. 1997; Morris et al. 2009). The cerebellar function
beyond motor learning and control has long been

Cerebellar mutism (CM) refers to muteness following
lesions to the cerebellum as opposed to the cerebrum or
lower cranial nerves (Gudrunardottir et al. 2011). A broad
aspect of clinical presentations including cognitive,
affective, and neurological symptoms has been described
in addition to speech disorder since the first description
of akinetic mutism after resecting a cerebellar tumor
in a child (Daly and Love 1958; Riva 1998; Riva and
Giorgi 2000). Thereafter, cerebellar mutism syndrome
(CMS) and, later, posterior fossa syndrome (PFS; Kirk
et al. 1995) have been used to describe patients of
such complex set of clinical signs and symptoms. Three
categories of symptomatology have been proposed,
which include linguistic, motoric, and neurobehavioral
(Gudrunardottir et al. 2011), of which mutism, hypotonia,
and emotional irritability being the triad of CMS, while
the PFS is recognized as a broader term to encompass
CMS (Gudrunardottir et al. 2011; Catsman-Berrevoets
and Patay 2018).
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recognized (Leiner et al. 1987). Primarily, cerebellum
serves as a modulator to optimize cerebral cortical
output signals through intensive reciprocal cerebel-
locerebral connection, mainly the pECPs (Leiner et al.
1987). The pECP arises from dentate nuclei, which give
fibers to superior cerebellar peduncle (SCP), decussate
in the mesencephalic tegmentum, and synapse in
the ventral lateral and ventral anterior nuclei of the
thalamus (Trobe 2010). The corresponding postsynaptic
neurons project to widespread cortical areas, including
prefrontal, premotor, primary motor, primary sensory,
parietal association, temporal, and limbic cortices
(Catsman-Berrevoets and Aarsen 2010; Miller et al. 2010;
Trobe 2010; Marién et al. 2013). Such pan-cerebral cortical
connections suggesting global function depletion to
varies extent once pECP projection fibers are violated.
The theory is further supported by the cerebellar
cognitive affective syndrome proposed by Schmahmann
et al. in adult population following cerebellar stroke,
infection, or atrophy (Schmahmann 2019).

Few evidence are available to elucidate the relation-
ship between the violation of pECP and diverse symp-
tomatologies. The first reason is the wide diversity of
presentation of symptoms within each category of symp-
tomatology (Gudrunardottir et al. 2011a) and the second
one is the various degree of severity of each symptom
(Robertson et al. 2006). Such limitation makes a group-
wise analysis being confined to syndromic rather than
symptomatologic study, which further limits a closer
examination of CMS from neural functional prospects.
Besides, the dynamic in variety and severity of CMS
requires modalities to interrogate functional rather than
structural aspect of both cerebellar and cerebral regions
(Toescu et al. 2018). To analyze these complex issues for
further understanding the CMS, we took time domain as
the X axis and the severity of symptoms as Y axis to dis-
play the dynamic of symptomatology, and in the mean-
while, a serial PET studies were undertaken at the initial
and recovered stages of the CMS in a pediatric patient
who underwent surgical resection for a fourth ventricu-
lar medulloblastoma. An individual functional network
analysis was used to study the cerebrocerebellar func-
tional connectivity (FC) in an intra- and inter-staged fash-
ion. We aim to provide insights into the pathomechanism
of CMS and to introduce a novel approach as an opportu-
nity to unravel mysteries of complex and dynamic neuro-
logical symptoms/syndromes for pathologies in the CNS.

Material and methods
Categories and grading of postoperative CMS

The pre- and postoperative MRI was demonstrated
to illustrate signal change along the dentate nucleus
(DN) and the SCP (proximal pECP, Fig. 1A and B). The
PFS developed since postoperative day (POD) 2, which
became progressively prominent and recovered nearly
totally within 3 months. The symptomatology was
categorized into motoric, linguistic, and neurobehavioral

domains according to Gudrunardottir et al. (2011b). The
timeline of recovery of these 3 domains of symptoms
as well as 3 of 4 ®F-fluorodeoxyglucose (*¥FDG)-PET
studies was marked on the plot (Fig. 1C). A scoring system
was designed according to the severity of symptoms
within each category. In motoric domain: atonia, limb
hypotonia, trunk hypotonia, and able to stand and walk
belongs to score 1, 2, 3, and 4, respectively. In linguistic
domain: mutism, speak words, sentence, and fluent
speech belongs to score 1, 2, 3 and 4, respectively. In
neurobehavioral domain: minimal response, emotional
liability, liability but controllable and irritable mood
belongs to score 1, 2, 3, and 4, respectively (Fig. 1D).

Metabolic imaging studies

The Institutional Review Board has approved the project
(Chang Gung Medical Foundation Institution Review
Board No. 202101309B0), and we have a full consent that
has been acquired from her guardian before each study
and data analysis. The patient was required to fast for at
least 4 h before injection of ®F-FDG. 8F-FDG-PET scans
were acquired using a Biograph mCT PET/computed
tomography (CT) (Siemens Medical Solutions, Malvern,
PA) or Discovery MI PET/CT (GE Healthcare, Milwaukee,
WI) 30 min after injection. The 3-D OSEM (ordered subset
expectation maximization) PET reconstruction algorithm
(4 iterations, 24 subsets; Gaussian filter: 5mm) with
CT-based attenuation correction was applied to obtain
PET images of a matrix size of 400 x 400. We perform
daily quality control before any scan begins in order
to make sure that the value of ECF behavior (Emission
Calibration Factor, per Siemens terminology) between
these 2 scanners is within 3%. A total of 4 separate PET
studies was applied (Fig. 1C). We assign stages 1, 2, 3,
and 4 to represent each timepoint of PET study, and
therefore, several correlation coefficient matrices could
be generated by comparing 2 chosen stages as shown in
Supplementary Fig. S1.

Individual metabolic brain network

Image analysis

All downloaded PET data were processed using PMOD
image analysis software (version 3.3; PMOD Technolo-
gles Ltd, Zurich, Switzerland) and spatially normalized
into the Automated Anatomical Labeling (AAL) space. All
images were automatically segmented into 116 anatom-
ical structures (volumes of interest) using the AAL atlas
(He et al. 2009). For the standard quantification proce-
dure of the FDG image, the regional radioactivity concen-
tration was first converted to standardized uptake values
(SUVs) (Lucignani et al. 2004). Then, the regional SUV
ratio (SUVR) of the mean SUV between the target and
reference regions was calculated with the pons as the
reference region. Finally, each subject’s regional SUVR for
each AAL structure was extracted to construct the SUVR
data matrix.


https://academic.oup.com/cercorcomms/article-lookup/doi/10.1093/cercorcomms/tgac008#supplementary-data

DO D10 D12 D16 D19 D21 D26 D29

= @linguistic === \otoric *****Neurobehavioral

Ko-Ting Chenetal. | 3

v score Motor Languag Ni behavi
1 atonia mutism, make no or minimal
sounds response
i emotional liability
2 limb hypotonia speak words (whining, crying)
3 trunk hypotonia speak sentences  Controllable liability
stand and walk, more fluent, i
030 4 but unsteady but less speech iritable

Fig. 1. Surgical resection and postoperative course of pCMS. A) The pre- and postoperative MRI showed complete resection of medulloblastoma
located at fourth ventricle via a midline trans-lower vermian approach. B) A small high signal area (white arrowhead) noted on the postoperative
coronal T2-weighted imaging, axial T2 FLAIR, and DWI sequence, indicating an edema of SCP. C) A time scale of the dynamic improvement of 3
domains of symptoms for pCMS was recording according to a scoring system modified from Gudrunardottir et al.,! which categorized the
symptomatology of pCMS into motoric, linguistic, and neurobehavioral domains. PET studies have been arranged along this time course (black
arrowhead). A score of 1-4 is graded according to the severity of symptoms within each category (D). (High-resolution figure in Supplementary Files.)

Network SUVR differences

Figure 2 shows that the SUVR data matrix was then
applied to calculate a significant SUVR for each sub-
network in different time points. Six subnetworks were
constructed for further analysis including sensorimo-
tor network (SMN), occipital network (OCC: calcarine,
cuneus, occipital, lingual, and fusiform gyrus), fronto-
parietal network (FPN), default mode network (DMN),
cingulo-opercular network (CON), and cerebellum (26
regions) (He et al. 2009; Huang et al. 2020). We used one-
way ANOVA analysis of variance with post hoc Tukey’s
multiple comparisons as specified in the figure legend
(the differences are considered statistically significant if
P <0.05 * and P <0.01 **). We modified Huang’'s method
for this study to calculate the changes of metabolic brain
networks by ¥ FDG-PET image.

An effect size (ES) has been used to measure the
amount of association between 2 variables or differences
between 2 groups in an experiment (Becker 1988; Mor-
ris and DeShon 2002; Lucignani et al. 2004). We there-
fore used the ES method to calculate the difference of
regional SUVR between the first and other timepoints
after surgery. The individual brain network can be mod-
ified from the treatment effect measured from an inde-
pendent timepoint (1st-2nd, 1st-3rd, 1st-4th) to calculate

the regional difference between the single timepoint-
subject SUVR deviation from the mean SUVR value of
first subject in 2 regions (Huang et al. 2020).

ik,i — ilst,i >_<k,j - ilst,j
Si Sj

ESd (i,]) =

k = 27d 31 4™ time points

Here, ESd indicates the difference of ES between 2
times and its value is affected by the correlation between
regions i and j (i and j are within 120 region of interests)
(Becker 1988; Morris and DeShon 2002). Let Xi; and Xy
be mean regional SUVR for regions i and j (i #j) from
the second, third, and fourth time points; Xyst; and >_(15tJ-
the mean regional SUVR from the first time point; s;
and s; the corresponding standard deviation of SUVR.
In current study, as the approach widely used by other
researchers (Sanabria-Diaz et al. 2013; Imai et al. 2020),
we discuss concurrent metabolic increase between 2
time points. As has been raised by Chen et al. (2018),
it is difficult to deal with negative correlation at the
time of binarization. Therefore, to focus on the network
related to the clinical recovery of postoperative cerebellar



4 | Cerebral Cortex Communications, 2022, Vol. 3, No. 1

2.6
[ SMN **
24 4 r — 1

22 4
20
*%
!
16
141 %

SUVR
.

o
l_

L]
1.2
. ° L4
1.0 T T T T
Stage 1 Stage 2 Stage 3 Stage 4
24
3 CON
* %k
—\
2.2 A °
2.0
* ¥
—
o 181
>
je=]
@ 16
1.4 A L4
[
12 ° ° o
L]
1.0 T T T T
Stage 1 Stage 2 Stage 3 Stage 4
24
1 DMN %
i —
22 °
2.0 1
*k
(e |
x 181
>
=}
7 164
1.4 A °
[J
1.2 4 ° ° o
L]
1.0 T T T T
Stage 1 Stage 2 Stage 3 Stage 4

24 FF
3 —
=3 FPN °
22 A T
2.0 A
*k
I~ 1.8 A 1
N [ ]
- *%
@ 16 —
° L]
1.4 H
1:2:4
L]
1.0 T T T T
Stage 1 Stage 2 Stage 3 Stage 4
24 *k
/3 occ °
224 T
2.0 4
*k
§ 1.8 4 l—.
= *k
@ 16 L —|—
°
[ ]
1.4 4
RS
124
L]
1.0 T T T T
Stage 1 Stage 2 Stage 3 Stage 4
2.0
18 1 *k e
———
° S, 22
. 1
4 s T
g
g 12
” +
10 1 +
°
0.8 - [ ] [
0.6
L]
0.4 T T T T
Stage | Stage 2 Stage 3 Stage 4

Fig. 2. Metabolic dynamics of 6 functional networks in 4 timepoints (stages 1, 2, 3, and 4 represent POD 7, 21, 36, and 93). Among the 6 networks, the
SMN (A), CON (C), and DMN (E) were the 3 networks got earlier improvement and kept improving across all timepoints. A significant decrease of FPN
(B) and OCC (D) at stage 2 comparing to stage 1. The cerebellar network (F) was relatively stable across all timepoints except a mild yet significant
uptake increases from stage 2 to 3 (one-way analysis of variance with post hoc Tukey’s multiple comparisons; Cere, cerebellar network).

mutism syndrome (pCMS), we specifically interrogated
concurrent increased metabolism in paired ROIs (Rp; —
Xyst; > 0,and X j—Xyst; > 0). The ESA(, j) can be calculated
for all pair of region of interests (i, j) to obtain a final
ESd matrix (120 x 120) and ESd(, j) is also a bivariate
normal distribution. By viewing ESd(], j) as Z score (Kim
2015) and applying the simple Fisher transformation, the

correlation coefficient value R(j, j) between i-th and j-th
regions can be derived as:

R (1)

_exp(2%ESd (i) — 1
~ exp(2xESd(i,))) +1




where 0 <R(, j) < 1. R(j, j) is the correlation coefficient
between i-th and j-th regions of the subject. If the Xg;
and X; be extreme value of SUVR variation between
2 regions infers a smaller ESA(, j) value (mean that:
Xp; and X,; have consistent increase) and this leads to
a higher single-subject regional correlation coefficient.
However, the transformation formula will generate a
smaller value for R(ij). Thus, to adjust this, we then
applied the R'(i, j) = 1-R(i, j) as the final value for the
regional correlation coefficient between the other time
points and the stage 1. R'(i, j) is the correlation coeffi-
cient between i-th and j-th regions of the stages 2, 3,
and 4 to 1. The final individual correlation coefficient
matrix (l.e. connectivity matrix) can now be computed
as R'(i, j). For detailed information, please refer to our
previous article (Huang et al. 2020). The algorithm of
individual brain network analysis is summarized in
Supplementary Fig. S1.

Brain network

From the network theory, a network (or graph) is a math-
ematical model representing a collection of nodes (or
vertices) and edges (or connections) between pairs of
nodes. In our study, a connection in a brain network is
defined in terms of statistical associations between each
pair of brain regions among the 116 anatomical struc-
tures (He et al. 2009). In addition, we added 4 anatomical
structures (pons, left and right DN, and red nucleus [RN]).
The statistical association was obtained by synchronized
co-variations and measured by computing their correla-
tion coefficient values, across examines. Hence, an inter-
regional correlation coefficient (N x N, where N is the
number of brain regions; here, N =120) for the statistical
connections was calculated using all pairs of anatomi-
cal structures. To obtain a binary connectivity network,
a threshold is needed. Other studies used a range of
sparsity degrees from 0.5 to 0.9 as correlation coefficient
values thresholds, but this led to variable results (Huang
et al. 2020). Here, various thresholds ranging from 0 to
1, in steps of 0.01, yielding a set of 101 values, were
shown in Supplementary Fig. S2, and that illustrates the
plots for number of edges versus correlation coefficient
values ranging at each brain network (stage 2-1, stage
3-1, stage 4-1). In our research, we only choose one of the
correlation coefficient values to show our result in the
figures.

We further used the BrainNet Viewer (www.nitrc.org/
projects/bnv/) toolbox to display connections forming
the subnetwork. Then, graphs were generated comparing
different timepoints of FDG-PET in stage 2-1, stage
3-1, and stage 4-1, respectively. As is seen in Fig. 3, the
brain connectivity graphs were visualized for 3 types. The
connections were indicated by black lines and nodes by
the color dots (red for frontal lobe, green for temporal
lobe, deep blue for parietal lobe, yellow for occipital lobe,
pink for subcortical gray matter, light blue for other
regions; Fig. 3) (Tzourio-Mazoyer et al. 2002).
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Results
Clinical course of posterior fossa syndrome

A 9-year-old normal-developed girl presented with nau-
sea, diplopia, and headache for 2 weeks. MRI showed a
homogenous enhancing mass occupying fourth ventricle
compressing brain stem and causing obstructive hydro-
cephalus (Fig. 1A). She underwent right frontal external
ventricular drainage for emergent relieve of intracra-
nial hypertension, and subsequently, a median suboccip-
ital craniotomy trans-lower vermian approach was per-
formed for tumor totally removal (Fig. 1A). The pathology
reported medulloblastoma, classic, SHH-activated and
TP53-wild type, world health organization grade 4.
Three hours after the operation, she was extubated
and was able to obey order with her limbs moved freely
and could drink water and even asked for food. Since
postoperative 12 h, she became progressive drowsiness,
mutism, and general atonia. MRI revealed complete
tumor resection with increased signal of right DN and
SCPin T2-weighted image and diffusion-weighted image,
but no acute infarction (Fig. 1B). To rule out epileptic
discharge, an electroencephalography was arranged
but no focal abnormality was found. After implanting
ventriculoperitoneal shunt on POD 6, she was transferred
to ward with a condition of mutism, hypotonia, and
whining. We performed the first PET imaging on POD 7
(stage 1, Figs 2-4), which revealed low global uptake and
especially hypometabolism of deep cerebellar nucleus
and bilateral frontal lobes. From POD 10 to 15, her time
of arousal increased, and some involuntary eyeball or
eyelid movement was noted. She had few movements
of legs but not arms and emotional lability (e.g. crying,
whining, or even screaming). We gave her dopamine
agonist (Sinemet 25/100, Levodopa 100 mg+ Carbidopa
25 mg, 0.5 tablet twice a day) since POD 13. From POD
16 to 20, she turned into frequent laughing to stimulus
(pathological laughing) and the whining became less
and more consolable. Her left hand started to move
earlier than right hand, but there was still prominent
truncal hypotonia including her neck. Besides, her eyes
remained closed most of the time. The second PET
on POD 21 (stage 2, Figs 2-4) revealed increase global
metabolism, but a decrease in temporal-occipital and
frontal cortices was more significant. On POD 26, a
significant improvement of muscle tone and truncal
stability was noted. She opened eyes at daytime and
followed orders well. She tried to speak with different
mouth shapes but there were no sounds except “aha” and
laughing. From POD 28 to 34, she started to speak words,
counting numbers, writing her name, and practicing
standing. We removed her nasogastric tube on POD 30.
The third PET on POD 36 (stage 3, Figs 2-4) reported
improvement of global perfusion with resolving of
previous cortical hypometabolic areas. Shortly after the
third PET, she was discharged home with the ability
to walk for a short distance. Her Romberg test was
normal, and there was mild dysmetria on the finger-
nose-finger test. The timeline of symptomatology of
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Fig. 3. Metabolic correlation coefficient matrices and connectivity networks. To further analyze connectivity within each 116 anatomical structures of
AAL atlas, metabolic correlation coefficient matrices were generated comparing stage 2, 3, and 4 to stage 1, respectively. A significantly and
progressively enhanced connectivity was observed in correlation coefficient matrices (A) and connectivity networks of cerebrum (threshold: 0.95, B)
and cerebellum (threshold: 0.65, C). (High-resolution figure in Supplementary Files.)

PFS is shown in Fig. 1C and D. The fourth PET that was
done on POD 93 (stage 4, Figs 2-4) showed a further
improvement of global metabolism. During that time,
she was orientated, can walk independently but cannot
run due to trunk unsteadiness, still less willing to speak
but could communicate. Her mood was irritable, and she
had difficulties to control her temper. She could attend
class in the elementary school; however, her academic
performance was left behind significantly.

Metabolic dynamics of 6 functional networks

Among the 4 timepoints of PET studies during the
course of PFS in this individual patient, PET imaging
became an informative biomarker represented a snap-
shot of cerebrocerebellar function chronologically. The
metabolic dynamics of 6 functional networks, including
SMN, FPN, CON, OCC, DMN, and cerebellar network, of 4
timepoints (stages 1-4) are presented in Fig. 2. Among
the 6 networks, the SMN, CON, and DMN were the 3
networks got earlier improvement and kept improving

across all timepoints. A significant decrease of FPN and
OCC at stage 2 comparing to stage 1 was noted. The
cerebellar network (F) was relatively stable across all
timepoints except a mild yet significant uptake increases
from stage 2 to 3. In general, the metabolic uptake
increased significantly from stages 1 and 2 to stages 3
and 4 in all functional networks, which correlated well
with the course of neurological improvement in clinical
observations (see also Fig. 1).

Metabolic correlation coefficient matrices and
connectivity networks

To further analyze the connectivity within each 120
anatomical structures, metabolic correlation coefficient
matrices were generated comparing stages 2, 3, and
4 to stage 1, respectively (Fig.3A). A clear increase
of metabolic correlation with regional preference was
observed during the recovery phase of PFS. Specifically,
superior parietal lobule, occipital lobe, putamen, and
vermis were the 4 regions enhanced prominently within
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Fig. 4. Continuous recovery of dentato-rubro-thalamo-cortical pathway using individualized connectivity network. To test the hypothesis of pECP
injury as the pathophysiology of PFS, dentate nuclei, RN, and thalami were specifically selected (roots) to see the correlation between the seeds and the
whole cerebral subregions (frontal, paracentral, central core, parietal, temporal, and occipital lobes). (High-resolution figure in Supplementary Files.)

stage 2-1 (Fig. 3A, left). When comparing stage 3 to stage
1, the amygdala, hippocampus, and parahippocampus,
as well as cerebellum and vermis, were regions enhanced
prominently (Fig. 3A, middle). When comparing stage
4 to stage 1, the temporal pole, amygdala, hippocam-
pus and parahippocampus, thalamus, fusiform gyrus,
olfactory, Rolandic operculum, and cerebellum and
vermis were regions correlated strongly with nearly
every other structure (Fig. 3A, right). Illustrative graphs
demonstrated connectivity networks of cerebral (Fig. 3B)
and cerebellum (Fig. 3C) in stage 2-1, stage 3-1, and stage
4-1, respectively. Collectively, a clear improvement of FC
globally and regionally at both cerebrum and cerebellum
has been observed through time which is compatible
with findings in network analysis (Fig. 1).

Continuous recovery of
dentato-rubro-thalamo-cortical pathway

To test the hypothesis of pECP injury as a pathophysi-
ology of PFS, we selected DN, RN, and thalamus as seed
regions and analyzed their correlation with cortical areas
(Fig. 4). Three correlation matrices between each stage:
stage 2-1, stage 3-2, and stage 4-3 were generated to
demonstrate the evolution of dentato-rubro-thalamo-
cortical pathway, which is the major component of pECP,
using an individualized connectivity network. Interest-
ingly, the left DN recovered faster (stage 2-1) than right
DN (stage 4-3), which correlated with the postoperative
MRI in Fig. 1, showing a diffusion restriction region at
right SCP. At stage 2-1, the left DN-RN-thalamic correla-
tion developed. The left thalamo-cortical correlation was
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stronger than right side, and the earlier recovered thala-
mic projections were sending to 59.2% (45/76) of cortical
regions except medial frontal, paracentral lobule, medial
parietal, Rolandic operculum, lateral parietal, basal tem-
poral, and occipital regions. At stage 3-2,no DN to RN cor-
relation was detected, yet a continuous recovery of RN-
thalamo-cortical projection was found. Besides, 97.4%
(74/76) of cortical regions got connected to the thalamus.
Of whom, 39.2% (29/74) of the connected power (corre-
lation strength) were weaker in stage 3-2 than stage 2-1,
suggesting an earlier recovery of these regions. On the
contrary, 60.8% (45/74) of the correlation strength were
stronger in stage 3-2 than stage 2-1, suggesting a contin-
uous recovery of these regions. At stage 4-3, right DN-RN-
thalamic correlation developed and 100% (76/76) of corti-
cal regions correlated with thalamus of various degrees.
To this stage, we identified regions with continuously
improving of connected power to the thalamus, includ-
ing olfactory, superior-medial frontal, Rolandic opercu-
lum, putamen, superior temporal pole, and fusiform gyri,
which composed 15.8% (12/76) of cortical regions.

Discussion

Since the first description of absence of speech, named
as akinetic mutism, after removal of cerebellar tumor in
a child by Daly and Love (1958), numerous studies have
demonstrated syndromes centered on—but not limited
to—mutism after posterior fossa surgery. (Hirsch et al.
1979; Kirk et al. 1995; Miller et al. 2011). Nevertheless, the
terminology, such as using CMS, PFS, or others, to describe
a collection of various degree of severity across different
domain of neural functions remained inconsistent and
confusing. A series of informative discussion highlighted
the importance of standardizing identification and eval-
uation of the CMS/PFS (Thomale and Driever 2013). As
has been elucidated by Gudrunardottir et al. who defined
“CM,” referring to a delayed onset, limited duration and
(usually) long-term linguistic sequelae, from “PFS,” of
which CM as its main feature and encompasses motoric
and neurobehavioral components (Gudrunardottir et al.
2011, 20114, 2011b). In our work, we chose PFS instead
of CMS to highlight the broad spectral symptomatology
of our patient despite a recent consensus paper by an
international group proposed “post-operative paediatric
CMS” as a term to define pediatric patient group for the
interests of future clinical and research work (Gudrunar-
dottir et al. 2011). Furthermore, we proposed a grading
system (Fig. 1D) modified from Gudrunardottir's work
(Gudrunardottir et al. 2011), which may serve as a ref-
erence to evaluate the severity of symptoms (Gudrunar-
dottir et al. 2016). The combination of a grading on a
chronologically recorded symptomatologies and a series
of functional neural images provide a path for dissect-
ing complex clinical syndromes from a network-based
approach.

Like the story of the terminology in describing the PES
and the CMS, several macro-scale functional networks

have been recognized and named according to their
representative functions and anatomical locations.
Nevertheless, the lack of consistency in universal
network naming scheme, or taxonomy, may hinder the
comparison or generalization among studies. To speak
the same language, herein we refer our networks accord-
ing to several seminal studies (Coste and Kleinschmidt
2016; Doucet et al. 2019) and elucidate the association of
network dynamics (Fig. 2) with fluctuations of symptoms
(Fig. 1). The FPN (Fig. 2B) is composed of frontal opercu-
lum, inferior parietal lobe, and angular gyrus, which may
correspond to central executive network (CEN), while
the CON (Fig. 2C) is composed of midcingulate region,
hippocampus, amygdala, and basal ganglion, which may
correspond to salience network (SN). Together with the
DMN (Fig. 2E), these networks—the CEN, the DMN, and
the SN—have been recognized as fundamental pathways
for understanding higher cognitive function (Doucet
et al. 2019; Uddin et al. 2019). On the contrary, the SMN
(Fig. 2A) and the OCC (Fig. 2D) are 2 locally integrated and
globally isolated networks, with their functions highly
correlated with the anatomical morphology as well as
low interindividual variability (Menon 2011). Finally, the
cerebellar network (Fig. 2F) is composed of regions within
cerebellar hemisphere and vermis (Power et al. 2011,
Doucet et al. 2019).

We first analyzed improved clinical symptoms regard-
ing different domains—motoric, linguistic, and neurobe-
havioral (Fig. 1C and D), and correlate the collection of
symptoms to the dynamics of large-scale functional net-
works (Fig. 2). Comparing stage 2 to stage 1, she started
to move limbs and grasp (motoric) and expressed tem-
per by screaming and crying while sometimes laughing
(neurobehavioral). There was neither eye opening nor
verbal output yet (linguistic). In Fig. 2, no significant
improvement for all networks could be identified from
stage 1 to stage 2. Besides, the FC of the FPN and the
OCC significantly decreased, which correlated with no
verbal expression or eye opening. Comparing stage 3 to
stage 2, she opened and rolled eyes. A rapid and sig-
nificant improvement of linguistic and motoric symp-
toms was found. She could obey order, controlled her
trunk and limbs although not very accurate for reach-
ing and holding stuffs (motoric). She could count num-
bers and speak words although dysarthric (linguistic).
Besides, her nasogastric tube was removed smoothly
indicating a recovery of tongue and oropharyngeal func-
tions. She still presented with emotional liability but able
to control her temper. In Fig. 2, the FC of all 6 networks
significantly improved from stage 2 to stage 3, which
supported what has been observed clinically including
trunk/limbs/orofacial movement (the SMN), eye-opening
(the OCC), comprehend and speak meaningful words (the
FPN; Marek and Dosenbach 2018) and order-obedience
[the interaction of the DMN (Yakushev et al. 2013), the
CON (Coste and Kleinschmidt 2016), and the FPN (Marek
and Dosenbach 2018)]. Comparing stage 4 to stage 3, she
could behave well despite having an irritable mood. She



could walk although slightly wide-based and unsteadi-
ness (cerebellar dysfunction). She had fewer talk than
before; however, she could speak sentences and express
her thoughts. In Fig. 2, the FC of all 5 cerebral networks
improved even more significantly from stage 3 to stage
4, which supported a nearly full recovered functional
status with minimal neurological sequelae related to
cerebellar (pECP) dysfunction. Collectively, the dynamics
of large-scale networks in Fig. 2 correlated well with the
dynamics of symptomatologies of PFS in Fig. 1.

Several findings worth addressing. First, the cerebel-
lar network is the least fluctuated network. Since the
proposed pathomechanism of PES is centered on pECP,
which is the white matter bundle connecting to cere-
bral nucleus and cortices rather than a direct compro-
mise on the intra-cerebellar connections, our findings
may serve as evidence to support the influence of the
cerebellum on the cerebral function via a widely con-
nected cerebrocerebellar circuits (Buckner et al. 2011).
Second, we found a trend of sooner recovery of the DMN
and the CON comparing to the OCC, the SMN, and the
FPN. Since there was no direct FC between cerebellum
and primary visual and auditory cortices (Buckner et al.
2011), the order of recovery may represent the resilience
of cerebral networks in respond to cerebellar damage,
which may provide references to patients who suffered
cerebellar insults present with complex symptoms in
various domains clinically. Third, as is demonstrated in
Fig. 4, we intended to demonstrate the FC among crit-
ical hubs: DN of cerebellum, RN of midbrain, thalamic
nucleus, and their FC between various cortical regions
(nodes). As mentioned previously, it appears that the
dentato-rubro-thalamo-cortical pathway recovered ear-
lier than the cortico-cortical projections. Such findings
are in line with the modulating role of cerebellum on
cerebral functions and may be explained by the delay of
relay within these polysynaptic networks originated from
dentate nuclei. Consequently, this may provide func-
tional evidence to support the role pECP to the PFS iden-
tical to the structural evidence provided by DTI studies
(Morris et al. 2009; Palesi et al. 2015).

The term “chronnectome” has been proposed to
describe the dynamic connectivity of fMRI considering
the time-varying properties to better characterize and
understand brain functions (Calhoun et al. 2014). Of note,
the FC varies dramatically across individuals highlights
a group-level network analyses using static FC might
mask subtle changes at individual level (Liao et al. 2017).
Despite the utilization of chronnectomic fingerprinting
on identifying individual higher cognitive functions (Liu
et al. 2018), the fMRI could only provide a resolution of
dynamics limited to seconds to minutes. For an evolving
disease or specific collection of symptoms at the scale of
days or even years, separate but serial functional images
provide the opportunities to correlate the pathological
mechanism underlying certain diseases (Watabe and
Hatazawa 2019). Modified from the individual metabolic
networks what we have verified on patients with
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cognitive impairment (Huang et al. 2020), it is possible
that we focus on the association between dynamics
of symptomatologies and brain networks in a single
subject. The integration of network neuroscience using
functional images to clinical neurology at an individual
level offers valuable information regarding how brain
functions and dysfunctions.

There are several limitations. First, this is a single
subject analysis. The generalization of this approach
to other diseases requires modification and validation.
However, we do think this approach to longitudinally
acquiring functional imaging provides opportunities to
study the relationship of the parameters (network) to
the answer (neurophysiological presentation) within
each equation. Furthermore, the patient we present
is a suitable candidate to demonstrate individualized
network approach because she presented with full
spectrum of CMS/PFS yet recovered nearly fully. For that,
we could thoroughly discuss the relationships between
symptomatologies and network connectivity. Second, we
analyze the well-known networks of cerebral functional
connectivity and the DTI-validated pECP using a network
approach. In the pCMS, it is a cerebellar dysfunction
affecting cerebral operation. We believe there are
more complicated influences between cerebellum and
cerebrum or even brain stem and cerebrum, which is
not discussed in the current study. Third, the resolution
of PET imaging is lower than functional MRI in terms
of differentiating anatomical hubs and seeds. This may
hinder a more detail study into rich deep connectivities
such as networks involving basal ganglion and thalamus.
The advantage of PET over fMRI is its stable signal-
to-noise ratio and less bony artifact from basal skull,
with the shortage including lower temporal resolution
especially trying to detect short-term network variations.
Therefore, the pros and cons of each functional imaging
modality should be evaluated before study design.

Conclusion

The progress of network neuroscience has been proved
valuable for delineating how the CNS functions and its
application on neurodegenerative and psychiatric dis-
eases has shed light on understanding how these com-
plicated disorder dysfunction. The postoperative CMS
or PFS is a syndrome composed of various domains of
cerebral functions originates from disruption of cere-
bellar output toward cerebrum. By providing a severity
score for symptoms with a detailed clinical course and
utilizing metabolic imaging, we demonstrate a dissec-
tion of the PFS in functional perspective chronologically.
Since structural imaging such as DTI or volumetric MRI
may not be sensitive enough to reflect clinical kine-
sis, functional imaging such as fMRI or PET provides
drastic fluctuation of cerebrocerebellar functional net-
works, which serves as a perfect complement for what
has been found from the structural MRI in understand-
ing the PFS. Through a combinatorial approach with
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structural and functional imaging, knowledges devel-
oped in both fields could be template interchangeably.
We believe such approach could be a powerful tool for
researchers studying neurology and neuroscience.
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