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Simple Summary: Posterior fossa tumor surgery is challenging due to the proximity and exposure of
cerebellar structures. A favorable operative approach is unknown. Following lesions to the dentato–
rubro–olivary-pathway, a neurodegenerative disease called hypertrophic olivary degeneration (HOD)
can occur. This study for the first time demonstrates that paravermal trans-cerebellar approaches are
associated with a significantly higher likelihood of HOD on MRI when compared to other approaches.
This finding can well be attributed to dentate nucleus (DN) injury. Furthermore, cerebellar mutism
syndrome (CMS) was discussed in the literature to be correlated with HOD due to a functional
overlap of pathways involved. We found no such correlation in this study, but HOD was shown
to be a reliable indicator for surgical disruption of efferent cerebellar pathways involving the DN.
Henceforth, neurosurgeons should consider more midline or lateral approaches in posterior fossa
surgery to spare the DN whenever feasible, and focus on cerebellar functional anatomy in their
preoperative planning.

Abstract: Background: In brain tumor surgery, injury to cerebellar connectivity pathways can induce
a neurodegenerative disease called hypertrophic olivary degeneration (HOD), along with a disabling
clinical syndrome. In children, cerebellar mutism syndrome (CMS) is another consequence of damage
to cerebello–thalamo–cortical networks. The goal of this study was to compare paravermal trans-
cerebellar to other more midline or lateral operative approaches in their risk of causing HOD on
MR-imaging and CMS. Methods: We scanned our neurosurgical database for patients with surgical
removal of pilocytic astrocytoma, ependymoma and medulloblastoma in the posterior fossa. Fifty
patients with a mean age of 22.7 (±16.9) years were identified and analyzed. Results: HOD occurred
in n = 10/50 (20%) patients within four months (median), always associated with contralateral dentate
nucleus (DN)-lesions (p < 0.001). Patients with paravermal trans-cerebellar approach significantly
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more often developed HOD (7/11; 63.6%) when compared to other approaches (3/39; 7.7%; p < 0.001).
Injury to the DN occurred more frequently after a paravermal approach (8/11 vs. 13/39 patients;
p < 0.05). CMS was described for n = 12/50 patients (24%). Data indicated no correlation of radiologi-
cal HOD and CMS development. Conclusions: A paravermal trans-cerebellar approach more likely
causes HOD due to DN-injury when compared to more midline or lateral approaches. HOD is a radi-
ological indicator for surgical disruption of cerebellar pathways involving the DN. Neurosurgeons
should consider trajectories and approaches in the planning of posterior fossa surgery that spare the
DN, whenever feasible.

Keywords: cerebellum; cerebellar mutism; neurosurgery; HOD; CMS; medulloblastoma

1. Introduction

In posterior fossa tumor surgery, a lesion in the cerebellar dentate nucleus (DN) can trig-
ger a series of trans-synaptic neurodegenerative events that ultimately lead to a hypertrophic
olivary degeneration (HOD) of the inferior olivary nucleus in the medulla [1–4]. Previous
clinical case series have indicated that surgical injury to the DN may be more closely associ-
ated with HOD occurrence than an invasive tumor growth [5,6]. However, which specific
operative approaches constituted a risk factor remained unclear.

The HOD occurs after lesions to a functional loop called the Guillain–Mollaret triangle
(GMT), which is composed of three anatomic structures: the red nucleus (RN) in the
mesencephalon, the ipsilateral inferior olivary nucleus (ION) in the medulla and the
contralateral dentate nucleus (DN) in the cerebellum (Figure 1) [5,7–9]. It is also referred to
as the dentato–rubro–olivary pathway (DROP).
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Figure 1. Disease model with lesion sites: The Guillain–Mollaret-triangle (yellow) and its unidirectional course of inhibitory
fibers that ascent from the dentate nucleus (DN) to the contralateral red nucleus (RN) and then descend ipsilateral to the
inferior olivary nucleus (ION). The bilateral overlapping Guillain–Mollaret triangles (yellow and grey) together form a
“tilted star of David configuration” [5]. The numbers in octagons indicate the position of the operative lesions in Patients
1–10 of this study, who ultimately developed a HOD appearance on MRI. In bilateral lesions, octagons are shown on
both sides. Fibers of the GMT, which is also called the dentato–rubro–olivary-pathway, overlap with dentato–thalamo–
cortical pathways proceeding into both hemispheres (black arrows) [10]. Abbreviations: GMT = Guillain–Mollaret-triangle;
HOD = hypertrophic olivary degeneration; SCP = superior cerebellar peduncle; ICP = inferior cerebellar peduncle; RN = red
nucleus; CTT = central tegmental tract; DN = dentate nucleus; ION = inferior olivary nucleus.
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The HOD itself is a secondary neurodegenerative disease: over the course of months,
it leads to a characteristic clinical syndrome of rhythmic palatal tremor, (dentato–rubral)
Holmes-tremor and vertical pendular nystagmus [11–13]. Patients may be severely im-
paired by the progressing neurological symptoms and are at risk of developing dyspha-
gia [14,15]. The HOD is a radiological diagnosis based on the finding of a circumscribed
hyperintensity of the ION on MRI T2-weighted or fluid attenuated inversion recovery
(FLAIR) sequences—an additional olivary hypertrophy is optional [7]. Epidemiological
aspects of HOD are still unknown and therapeutic strategies are merely palliative, which is
why primary prevention is of particular importance [5]. Moreover, visibility of HOD on
MRI has been discussed to be a radiological indicator and surrogate parameter for damage
to contralateral cerebellar structures [16].

Furthermore, operative lesions to the cerebellar outflow pathway, consisting of the
cerebellar deep nuclei (including dentate, fastigial and interpositus nuclei) and superior
cerebellar peduncle (SCP), have been identified to have harmful effects on complex func-
tional cerebrocerebellar connectivity [17,18]. In this area, strategic lesions to the “anatomic
cerebellar bottleneck” can disrupt large functional cerebello-thalamo-cortical networks,
which expand via the contralateral thalamic mediodorsal nucleus to the cerebral cor-
tex [17,19,20]. In children, brain tumors commonly arise in the posterior fossa in close
topographic proximity of these cerebellar structures [16,21]. Frequently, damage to the
inferior vermis, fastigial nucleus and the cerebellar outflow pathway results in the trouble-
some complication of cerebellar mutism syndrome (CMS) and cerebellar cognitive-affective
syndrome (CCAS), formerly known as posterior fossa syndrome [22–25]. After cerebellar
tumor resection, about 25 percent of children experience symptoms such as emotional
lability, executive dysfunction, language impairment and severely diminished speech or
mutism [21,25–27]. While the mutism is transient, CMS is widely considered a clinical risk
factor for poorer long-term cognitive outcomes, though not without controversy [28–32].

Clearly, the idea that cerebellar injury is negligible is outdated: operative disruption of
cerebellar projections to the thalamo-cortical networks can lead to HOD and a wide range of
cognitive, memory and affective impairments [33,34]. The fact that the cerebello–thalamo–
cortical (also termed dentato–thalamo–cortical) pathway involved in CMS development
shares its proximal structures with the GMT (or DROP) responsible for HOD, a connection
between the occurrences of the two entities is well conceivable and frequently discussed in
the literature [10,35]. However, the risk reduction of operative injury to the efferent
cerebellar pathways is undisputable paramount in the prevention of both, CMS and
HOD [36,37]. Preventing such surgical injury in posterior fossa surgery is very complex
due to the close proximity and exposure of cerebellar structures. It poses a formidable
challenge to the neurosurgeon, who needs to be familiar with cerebellar topography and
tractography [10,38,39].

In review of the literature and consideration of the cerebellar topography, we hypoth-
esized that a trans-cerebellar and paravermal surgical approach is most likely to injure the
DN and consequently affect the GMT [5,6]. The goal of this study is to compare the paraver-
mal trans-cerebellar operative approach to other operative approaches in posterior fossa
tumor surgery and to analyze the associated risk of developing HOD on post-operative
MRI as well as CMS in the aftermath.

2. Results
2.1. Patient Characteristics

The identification of our patient cohort as well as the criteria for inclusion and ex-
clusion are shown in Figure 2. Overall, 50 patients were included in our analysis. Neuro-
surgeons chose a paravermal trans-cerebellar approach in 11 patients. Other approaches
comprised of midline approaches in 33 patients (n = 23 telovelar, n = 10 transvermian),
lateral approaches (n = 3), supra-cerebellar approaches (n = 2) and one stereotaxic. Mean
age was 22.7 (±16.9) years, 58.8% (n = 30) of patients were male. Histologically, 19 posterior
fossa masses were identified as pilocytic astrocytoma WHO grade I, nine as (sub-) ependy-
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moma WHO grade I–III, and 22 as medulloblastomas WHO grade IV. Characteristics of
the cohort are outlined in Table 1.
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Figure 2. Study protocol: Flowchart diagram showing the enrollment protocol of the study, inclusion and exclusion criteria.
Abbreviations: HOD = hypertrophic olivary degeneration; cMRI = cranial MRI.

Table 1. Patient matrix. The table shows a patient matrix of paravermal trans-cerebellar approach vs. other operative
approaches with absolute numbers and percentages within the given vertical column provided in brackets for clarity. Other
operative approaches (*) comprise of midline (n = 33), supra-cerebellar (n = 2), lateral approach (n = 3) and stereotaxy (n = 1).
Odds ratio is provided where applicable. 1 Tumor size volumes were calculated using the ABC/2 estimation formula
based on MRI-data [40]. 2 Two patients excluded due to missing information. 3 The other operational positionings include
Fukushima, oblique body position, lateral position. 4 Defined as radiological evidence of HOD on MRI; Abbreviations:
HOD = hypertrophic olivary degeneration; CMS = cerebellar mutism syndrome; n/a = not applicable.

n = 50 All Patients n = 50
Paravermal

Trans-Cerebellar Approach
n = 11

Other Operative
Approaches *

n = 39
p-Value Odds Ratio

Age (mean ± SD) 22.7 ± 16.9 20.1 ± 17.5 23.5 ± 17.0 0.57

Male sex (n) 30 6 (54.5%) 24 (61.5%) 0.74 0.75

Tumor size 1 (cm3 ±
SD)

27.6 ± 20.6 40.8 ± 26.4 23.6 ± 16.9 0.05

Histology:

- astrocytoma 19 7 (63.6%) 12 (30.7%) 0.08 3.94

- ependymoma 9 1 (9.1%) 8 (20.5%) 0.66 0.39

- medulloblastoma 21 3 (27.2%) 18 (46.1%) 0.32 0.44
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Table 1. Cont.

n = 50 All Patients n = 50
Paravermal

Trans-Cerebellar Approach
n = 11

Other Operative
Approaches *

n = 39
p-Value Odds Ratio

Chemotherapy 24 4 (36.3%) 20 (51.2%) 0.50 0.54

Radiotherapy 2 27 4 (36.3%) 23 (58.9%) 0.17 0.35

Associated cyst 13 6 (54.5%) 7 (17.9%) 0.02 5.49

Location 4th
ventricle 33 8 (72.7%) 25 (64.1%) 0.73 1.49

Operative
positioning:

- Semi-sitting 30 6 (54.5%) 24 (61.5%) 0.09 0.29

- Prone 15 4 (36.3%) 11 (28.2%) 0.71 1.45

- other 3
4 3 (27.2%) 1 (2.6%) 0.03 14.25

Dentate nucleus
injury 21 8 (72.7%) 13 (33.3%) 0.04 5.33

HOD development 4 10 7 (63.6%) 3 (7.7%) 0.0003 21

Cerebellar mutism

- all 12 2 (18.2%) 10 (25.6%) 1.0 0.64

- <18 years 12 2 (18.2%) 10 (25.6%) 0.41 0.40

2.2. Surgical Approach and HOD Development

Seven out of the eleven patients (63.6%) with a paravermal operative approach developed
HOD on MRI, compared to only three of 39 patients (7.7%) with other approaches. This
difference in HOD occurrence depending on the operative approach was significant (p < 0.001).
Consistently, a paravermal approach induced major injury to the DN in 8 out of 11 patients
(72.7%), while other approaches mostly spared the DN with an injury occurring only in 13
out of 39 patients (33.3%; p = 0.04). Mean tumor volume as assessed on MRI was larger in
cases with a paravermal approach (40.8 cm3) when compared to other operative approaches
(23.6 cm3; p = 0.05). An associated cyst was more often found in patients with paravermal
approach (p = 0.02). A posterior fossa tumor localization at the 4th ventricle was found in
33 patients (66%), without a difference between chosen approaches (p = 0.73). The association
of the paravermal operative approach and HOD development was not confounded by 4th
ventricle localization, age, sex, tumor size, chemotherapy or radiotherapy, according to results
of the multivariate logistic regression (see Tables A1 and A2). In head-to-head comparison of
midline telovelar and transvermian approaches, no significant differences concerning HOD
development (p = 1.0, OR 0.86) nor DN injury (p = 0.43; OR 0.44) or CMS occurrence (p = 1.0;
OR 1.0) were found. Figure 3 illustrates the different operative approaches in relation to the
dentate nuclei visualized on axial MRI.
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that frequently led to hypertrophic olivary degeneration in our cohort by injury to the dentate nucleus (Arrows).

2.3. HOD-Patient Characteristics and Disease Pattern

Of the 50 patients eligible for analysis, ten patients (20%) developed HOD on sub-
sequent brain-MRI within 12 months post-surgery (Table 2). HOD was located six times
on the right, two times on the left and in two cases bilaterally. The presence of HOD was
always associated with a distinct contralateral DN lesion (p < 0.001, Figure 3). The latency
from tumor resection to HOD occurrence on MRI ranged from two to ten months (mean
4.6 months, median 4 months).

The image series in Figure 4 depicts representative cases of HOD development after
tumor resection through a paravermal approach with DN injury. Even though cerebellar
pilocytic astrocytoma affected the dentate nucleus preoperatively, no signs of HOD were
visible on imaging prior to surgical intervention nor on initial postoperative imaging
acquired within one week after intervention. However, radiological signs of HOD were
apparent on follow-up MRI within the expected time window three months after the index
event and HOD was still visible on follow-up MRI 14 months later.
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and after complete resection via a paravermal approach 6 days later (Figure 4F,J; white arrows), no HOD is visible (Figure 
4B; black arrow). However, after 3 months (Figure 4C, white arrow) and still after 14 months (Figure 4D; cropped image, 
arrowheads), HOD with hyperintensity on T2WI on the right side can be found. No signs of tumor recurrence but only 
discrete scarring is visible after 3 and 14 months (Figure 4K,L).  

Figure 4. Image series on patient number five from Table 2: Pre-op (1st column), post-op day 1 (2nd column), post-op month
3 (3rd column), post-op month 14 (4th column). T2WI axial slices on medullary level (A–D) and on pontine level (E–H)
with corresponding pontine axial contrast enhanced T1WI (I–L). A 17-year-old female patient presented with cerebellar
pilocytic astrocytoma affecting the left dentate nucleus (E,I; white arrows). Initially (A; black arrow) and after complete
resection via a paravermal approach 6 days later (F,J; white arrows), no HOD is visible (B; black arrow). However, after
3 months (C, white arrow) and still after 14 months (D; cropped image, arrowheads), HOD with hyperintensity on T2WI on
the right side can be found. No signs of tumor recurrence but only discrete scarring is visible after 3 and 14 months (K,L).

2.4. Surgical Approach and CMS

In 12 patients (24%), the diagnosis of postoperative CMS was made independently
based on clinical assessment notes by the treating physicians, synonymously described as
“posterior fossa syndrome” [21]. The twelve CMS patients had a median age of 9 years
(range 1–16). In patients younger than 18 years, 12 out of 27 (44.4%) developed postopera-
tive CMS. Ten CMS patients (83.3%) were operated via a midline approach (transvermian
n = 3; telovelar n = 7). One patient operated via a paravermal operative approach devel-
oped CMS. However, frequency of CMS occurrence was not different between paravermal
(18.2%) and other (25.6%) operative approaches (p = 1.0). Out of the twelve CMS patients,
six showed a major lesion to the DN on postoperative MRI, however, having a DN lesion
was not significantly associated with CMS (p = 0.74). Only one CMS patient showed signs
of HOD on MRI. In two CMS patients, additional postoperative cognitive-affective alter-
ations (CCAS) with attentive deficits were documented. However, not all patients regularly
received postoperative testing for specific signs of CCAS and a follow-up neurocognitive
testing did not take place in our center.
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Table 2. HOD patient baseline data. The characteristics of ten patients with HOD development on MRI are shown. Age is
defined as age at the time of the initial diagnosis of the brain tumor. Diagnosis is based on histopathology. The surgical
approaches are listed as taken from the OR-reports. Latency resection to HOD is defined as time in between the first surgical
operation to first radiological signs of HOD on MRI, months are rounded up for >2 weeks. HOD symptoms are defined as
palatal tremor, Holmes-tremor and pendular nystagmus. Tumor size volumes were calculated using the ABC/2 estimation
formula based on MRI-data [40]. Abbreviations: Pat. = Patient; mo. = months; CMS = cerebellar mutism syndrome;
m = male; f = female; SCP = superior cerebellar peduncle.

Pat. Age,
Sex

Diagnosis
WHO◦

HOD
Side

Tumor
Localiza-

tion

Operative
Ap-

proach

Lesion
within
GMT

Adjuvant
RCT

Tumor
Size (mm)
[Volume]

Time
Lesion

to HOD
CMS

1 20, f pilocytic
astrocytoma I◦ right 4th

ventricle

paravermal
trans-

cerebellar

both
dentate
nuclei
(left >
right)

none
63 × 42 ×

36
[48 cm3]

2 mo. no

2 60, f pilocytic
astrocytoma I◦ right

4th
ventricle

to
vermis

paravermal
trans-

cerebellar

both
dentate
nuclei
(left >
right)

none
42 × 63 ×

56
[74 cm3]

8 mo. no

3 32, m pilocytic
astrocytoma I◦ left

4th
ventricle

to
vermis

paravermal
trans-

cerebellar

right
dentate
nucleus

none
37 × 40 ×

30
[22 cm3]

6 mo. no

4 14, f pilocytic
astrocytoma I◦ right cerebellar

vermis

paravermal
trans-

cerebellar

both
dentate
nuclei

none
58 × 57 ×

57
[94 cm3]

4 mo. no

5 17, f pilocytic
astrocytoma I◦ right 4th

ventricle

paravermal
trans-

cerebellar

left
dentate
nucleus

none
33 × 34 ×

39
[22 cm3]

4 mo. no

6 35, m ependymoma
II◦ left 4th

ventricle
midline
telovelar

both
dentate
nuclei

(right >
left)

none
42 × 15 ×

20
[6 cm3]

3 mo. no

7 14, m medulloblastoma
IV◦ right 4th

ventricle

midline
transver-

mian

left
dentate
nucleus

yes
34 × 47 ×

37 [30
cm3]

3 mo. no

8 34, m medulloblastoma
IV◦ bilateral 4th

ventricle
midline
telovelar

both
dentate
nuclei

yes
46 × 35 ×

35 [28
cm3]

10 mo. no

9 9, m medulloblastoma
IV◦ bilateral

4th
ventricle
and cere-
bellum

paravermal
trans-

cerebellar

both
dentate
nuclei,

left SCP

yes
53 × 37 ×

48 [47
cm3]

4 mo. yes

10 40, m medulloblastoma
IV◦ right 4th

ventricle

paravermal
trans-

cerebellar
and

telovelar

left
dentate
nucleus

yes 31 × 21 ×
27 [9 cm3] 3 mo. no

3. Discussion

Our study demonstrates that paravermal trans-cerebellar operative approaches are
associated with a significantly higher likelihood of HOD occurrence on MRI than other
operative approaches in the context of posterior fossa tumor resection. This can be at-
tributed to operative injury to the DN, which is more frequently inflicted by paravermal
approach. This goes in agreement with the literature describing injuries in the GMT as the
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pathomechanism for the development of HOD [1,7]. In contrast, the midline (telovelar and
transvermian), lateral or supra-cerebellar approaches mostly spared the DN, thus seldomly
causing HOD. Priorly, case series had indicated that interventional treatment with damage
to the GMT is predominantly responsible for HOD occurrence in neuro-oncological pa-
tients, and not tumor growth [5,6]. This study supports this concept, as one in five patients
developed HOD post-op, but none of these tumor patients showed signs of HOD on MRI
prior to neurosurgery. Another finding lies in the lack of a major correlation between HOD
and CMS development—a connection that was previously indicated in the literature due
to the topographical overlap of the GMT (or DROP) and the cerebello-thalamo-cortical
pathways implicated in CMS [10,35,38].

In clinical routine, patients with posterior fossa tumors present with increased intracra-
nial pressure and focal neurological deficits secondary to compression of the brainstem,
cranial nerves or cerebellar tissue [41]. Furthermore, due to the tumor anatomy identifying
DN is often complicated. Therefore, postoperative outcome parameters comprise of the
immediate improvement of these symptoms derived mostly from the reduction of tumor
mass effect. In contrast, the symptoms of HOD begin with a delay of months, progress
slowly and are easily missed, complicating the allocation to the disease [5]. In concordance
with literature, this study found the HOD on MRI with a delay of four months (median)
after the contralateral surgical lesion [5–7]. Furthermore, most patients are usually not
examined clinically in such a depth by neurosurgeons, so that the HOD symptoms may
be missed. Some patients with HOD may thus be overlooked in clinical routine and the
novel symptoms may mistakenly be attributed to tumor growth or novel pathology [5].
Impedingly, the clinical syndrome and especially palatal tremor is seldom diagnosed.
Postoperative speech pathologist exam including fiberoptic endoscopic evaluation of swal-
lowing (FEES) is considered a gold standard for detecting palatal tremor, but regular
implementation is not yet universal amongst hospitals [14]. Furthermore, radiologists
should also be sensitized for the imaging hallmarks of HOD. For a reliable detection of
HOD, axial T2-weighted or FLAIR sequences with a slice thickness of at most 4 mm is
recommendable. On standard MR-sequences such as T1-weighted imaging, preoperative
identification of the DN can be challenging. However, in our experience the DN can be
very well localized on susceptibility weighted imaging (SWI), which we therefore recom-
mend for the neurosurgical planning (see Figure 3). In summary, since the HOD may be
associated with a disabling clinical syndrome and therapeutic options are still unavailable,
it must be primarily prevented [9,11,13]. Neurosurgeons therefore should consider spar-
ing the DN in the surgical trajectory to prevent HOD occurrence whenever feasible. In
some patients another operative trajectory is possible, whereas in other patients a fissure
dissecting approach instead of a trans-cerebellar approach should be considered.

In retrospective, different approaches would have been feasible or a different operative
strategy should have been chosen for the eleven patients operated via a paravermal trans-
cerebellar approach in this study (see Table A3). However, after data analysis of this study
we already changed our operative approach concept of posterior fossa tumors in our center.
Since mid-2020, we regularly used midline approaches like the telovelar approach or a
paramedial supracerebellar approach followed by intracerebellar approach ‘to stay above’
the dentate nucleus for tumor resection and look forward to seeing the long-term results.

Over the past decade, it has become more apparent that the cerebellum is not merely re-
sponsible for motor coordination, but that cerebrocerebellar connectivity includes cognitive-
associative, affective, executive, linguistic and limbic functions [16,19,42]. In this study,
nearly half of patients (44.4%) under 18 years of age developed CMS. This was not as-
sociated with injury to the DN nor connected to HOD development. The majority of
CMS patients was operated via a transvermian or telovelar approach (83.3%). Arguably,
transvermian approaches and cranially extended telovelar approaches caused injury to the
inferior vermis, a common cause for CMS [37]. Prior research has indicated that also injury
to the DN as part of the cerebellar outflow pathway is a common cause of CMS, which
might well explain CMS in the two patients with paravermal approach [17]. However,
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in this cohort, only half of CMS patients showed DN injury, indicating the presence of
multilocular factors in CMS development.

In the literature, presence of bilateral HOD was shown to be strongly correlated
with CMS development [10,35]. This finding was consistent with the association between
bilateral cerebellar pathway injury and CMS occurrence [36,39]. The small sample size
of this study with bilateral HOD does not allow for confirming nor disconfirming this
hypothesis: only one patient, a 9-year-old boy, with CMS in this cohort showed additionally
signs of a HOD, which was indeed bilateral. The other patient with bilateral HOD, a
34-year-old male, did not show CMS. However, postoperative mutism is rarely seen in
adults [21]. In this context it is worth mentioning that also singular lesions alone affecting
the crossroads of both GMT in the pons may induce bilateral HOD [12].

Furthermore, the presence of left sided HOD was previously associated with CMS in a
combined qualitative and quantitative imaging analysis, which was explained by an injury
to the right proximal efferent cerebellar pathway [10]. This functional laterality of CMS was
attributed to the disruption of the crossing communication between the right cerebellum
and left frontal cortex speech-language processing networks, as earlier proposed by Law
and colleagues [20]. In our cohort, the two patients with left sided HOD did not show
CMS but were already 32 and 35 years old. Again, as CMS is mostly seen in infants, little
conclusion can be drawn from this data.

In summary, a clinically apparent relationship between radiological HOD and CMS de-
velopment, as hypothesized in the literature, could not be reproduced in our study [10,16,35].
Nonetheless, radiological presence of HOD was always associated with a contralateral postoper-
ative lesion in the DN.

Drawing from these findings, this study indicates that paravermal trans-cerebellar
approach frequently equals a “trans-dentate” approach by injuring the DN, while midline,
supra-cerebellar and more lateral trans-cerebellar approaches mostly spare it. In terms of
DN injury, our study showed that a midline approach is clearly favorable, strengthening the
argument made for (fissure dissecting) telovelar and subtonsillar approaches in posterior
fossa surgery by Akakin et al. [38]. However, some patients, a telovelar approach may
not be feasible due to tumor size, location, and orientation, as demonstrated in this study,
where patients with larger tumor volume or an associated cyst significantly more often
received a paravermal approach.

Noteworthily, in this study, midline operative approaches led to CMS in 12 out of
27 (44.4%) patients below the age of 18, indicating that vermal injury is a major factor
in CMS pathology. The neurosurgical division from the Washington Children’s National
Medical Center recently undertook a successful attempt to reduce the incidence of CMS
by adopting practices to reducing intraoperative tissue trauma, including minimizing the
degree of retraction utilized during the procedure and choosing telovelar approach over
transvermian approach to obviate the need for vermial incision [37]. A 2019 international
multicenter trial did not reveal surgical factors that predicted postoperative CMS, including
surgical hydrocephalus treatment, prone position, ultrasonic aspirator or EVD use, telovelar
approach and complete or near total resection [27]. Moreover, a study on 195 pediatric
patients using data-driven multivariate lesion symptom mapping besides inferior vermis
injury highlighted lesions in the fastigial nuclei, medial DN as well as the SCP as the
peak findings in CCAS and CMS patients [17]. Accordingly, sparing the inferior vermis
may not suffice to prevent CMS and general intraoperative measures to prevent structural
damage should be taken into consideration. In the literature, the reduction of thermal
injury (by cavitronic ultrasonic aspirators) and minimization of mechanical injury (by
surgical retraction) have been suggested to prevent cerebellar tissue injury [37,43]. Instead,
application of slower progressing ‘vascular’ tissue-sparing, fissure dissecting approaches
(e.g., telovelar or subtonsilar or supracerebellar) may be favorable [44]. Furthermore,
development of neuro-monitoring in analogy to supra-tentorial tumor resection in motor
and language systems as well as preoperative fiber tractography imaging were proposed
to localize cerebellar structures at risk [16,42].
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Limitations

Limitations of this study include the retrospective design, the limited cohort size as
well as missing systematic postoperative neurocognitive testing and inconsistent use of
postoperative FEES for definite detection of palatal tremor. Due to retrospective design
and duration until occurrence of symptoms, neurosurgeons were not specifically primed to
look for HOD-symptoms in postoperative examinations, so that subtle clinical symptoms
may have been overlooked. Noteworthily, one patient without later HOD-occurrence
was operated by stereotaxy (paramedian trajectory), not by an open corridor approach,
and remained in the cohort to comply with study protocol. Furthermore, we had a small
amount of missing data for some covariates. Confounder assessment by multivariate
logistic regression was therefore only possible with 45 of 50 cases, but we consider it
unlikely, that the missing values could profoundly have changed results.

4. Materials and Methods
4.1. Study Population

We performed a retrospective analysis of our neurosurgical database of patients
treated between 2010 and 2018. Inclusion criteria comprised of surgical removal or partial
resection of a posterior fossa tumor with either pilocytic astrocytoma, ependymoma or
medulloblastoma as subsequent diagnosis. We assessed age, gender, tumor size and
localization, histology and treatment as possible prognostic factors. Furthermore, all
operations were carefully reviewed (neurosurgical database, medical records and video
database) by two experienced neurosurgeons (J.K. and P.B.) to evaluate approach and
intra-OP situations. Ethical approval for the study was granted by the institutional Review
Board of the Ethical Committee at the University Hospital Frankfurt (project-number:
274/18: UCT-53-2020). Written informed consent of the patients was obtained.

4.2. Magnetic Resonance Imaging

Preoperative MRI was available in all patients. Postoperative MRI examinations were
conducted within one, six and twelve months after surgery. Examinations during all three
time points were available in 43 patients, at least two examinations were available in
5 patients and at least one examination was available in 2 patients. All examinations were
reviewed by experienced radiologists (M.W., E.H., E.S.), who were blinded to the clinical
outcomes. The radiological diagnosis of HOD was established in consensus if (1) postoper-
atively a new-appearing, circumscribed hyperintensity of the inferior olivary nucleus was
present on T2-weighted or FLAIR (fluid-attenuated inversion recovery) imaging, (2) that
was possibly accompanied by hypertrophy of the inferior olivary nucleus and (3) showed
no contrast enhancement or diffusion restriction [7,45,46]. The clinical symptoms were in-
dependently evaluated by an experienced neurologist (M.S.-P.). In addition, postoperative
patterns of cerebellar injury were analyzed. Because MRI scans were acquired for clinical
indications, MRI-sequences and time since operation were not homogeneous throughout
the cohort.

4.3. Statistics

For statistical analysis, the sample was divided into two subsamples based on oper-
ative approach either by paravermal trans-cerebellar or other operative approaches. We
calculated descriptive statistics on the total sample and the two subsamples. As a measure
of association between the operative approach and covariates unadjusted odds ratios (OR)
were calculated (for binary variables). p-values were calculated by Welch’s two-sample
t-test (for continuous variables) and by Fisher’s exact test (for binary variables). To exclude
potential confounding a multivariate logistic regression predicting HOD development
was calculated, which included the operative approach and the most relevant potential
confounders as covariates. R in version 3.6.1 (R Foundation for Statistical Computing, 2019,
Vienna, Austria) was used for statistical calculations.
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5. Conclusions

Paravermal trans-cerebellar approach frequently causes HOD on MRI due to injury
to the DN when compared to other more midline or lateral approaches, which normally
spare the DN. This study further underlines the need for a heightened awareness towards
cerebellar functional anatomy, minimization of intraoperative tissue injury and the necessity
of thorough and individualized preoperative planning in posterior fossa surgery. While the
HOD itself is a potentially disabling disease, it bears further value as a reliable indicator
for functional disruption of cerebellar outflow pathways and the DN in particular, with
or without resulting CMS. The ideal way to operate cerebellar tumors remains to be
determined and further studies are urgently needed. However, we clearly identify that
a trans-cerebellar approach more often leads to HOD, so that this approach, if possible,
should be avoided.
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Appendix A

Table A1. Multivariate logistic regression. The multivariate logistic regression predicting HOD
development is shown, due to partially missing information the analysis was run on n = 45.

Variable Odds Ratio p-Value

Paravermal trans-cerebellar
approach 39.26 0.0041

Age 1.06 0.1059
Sex 1.90 0.5646

Volume 1.00 0.4982
Chemotherapy 0.42 0.5743
Radiotherapy 4.83 0.3133
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Table A2. Multivariate logistic regression predicting HOD development (n = 45) based on 4th
Ventricle localization. The multivariate logistic regression predicting HOD development is shown,
due to partially missing information the analysis was run on n = 45.

Variable Odds Ratio p-Value

Paravermal trans-cerebellar
approach 54.72 0.008

Age 1.07 0.110
Sex 1.89 0.588

Volume 1.00 0.285
Chemotherapy 0.84 0.919
Radiotherapy 5.79 0.298

Location 4th Ventricle 5.09 0.294

Table A3. New recommended approaches in retrospective analysis of the preoperative situations of all eleven patients
with a paravermal trans-cerebellar approach in this study. Later HOD refers to the occurrence of HOD on cMRI within
12 month-follow up. Abbreviations: DN = dentate nucleus.

Age, Sex Diagnosis
WHO◦ Later HOD Tumor

Localization
Associated

Cyst
Original Operative

Approach
New Recommended

Approach

12, m pilocytic
astrocytoma I◦ no 4th ventricle to

cerebellum yes paravermal
trans-cerebellar telovelar

20, f pilocytic
astrocytoma I◦ yes 4th ventricle no paravermal

trans-cerebellar telovelar

12, f pilocytic
astrocytoma I◦ no 4th ventricle yes paravermal

trans-cerebellar
supracerebellar, then

transcerebellar

2, m ependymoma
II◦ no 4th ventricle no paravermal

trans-cerebellar
combined telovelar
and retrosigmoid

60, f pilocytic
astrocytoma I◦ yes 4th ventricle to

vermis yes paravermal
trans-cerebellar

original approach,
but without cyst

membrane removal

32, m pilocytic
astrocytoma I◦ yes 4th ventricle to

vermis yes paravermal
trans-cerebellar telovelar

14, f pilocytic
astrocytoma I◦ yes vermis yes paravermal

trans-cerebellar
supracerebellar, then

transcerebellar

17, f pilocytic
astrocytoma I◦ yes 4th ventricle no paravermal

trans-cerebellar telovelar

3, m medulloblastoma
IV◦ no cerebellum yes paravermal

trans-cerebellar

original approach,
but without cyst

membrane removal

9, m medulloblastoma
IV◦ yes vermis and

cerebellum no paravermal
trans-cerebellar

original approach,
respect DN as

feasible

40, m medulloblastoma
IV◦ yes 4th ventricle no paravermal

trans-cerebellar telovelar

References
1. Goto, N.; Kaneko, M. Olivary enlargement: Chronological and morphometric analyses. Acta Neuropathol. 1981, 54, 275–282.

[CrossRef]
2. Lapresle, J. Rhythmic palatal myoclonus and the dentato-olivary pathway. J. Neurol. 1979, 220, 223–230. [CrossRef] [PubMed]
3. Marie, P.F.C. Sur la dégénération pseudo-hypertrophique de l’olive bulbaire. Rev. Neurol. 1913, 26, 48–52.
4. Murdoch, S.; Shah, P.; Jampana, R. The Guillain-Mollaret triangle in action. Pract. Neurol. 2016, 16, 243–246. [CrossRef] [PubMed]
5. Schaller-Paule, M.A.; Foerch, C.; Kluge, S.; Baumgarten, P.; Konczalla, J.; Steinbach, J.P.; Wagner, M.; Luger, A.-L. Delayed

occurrence of hypertrophic olivary degeneration after therapy of posterior fossa tumors: A single institution retrospective
analysis. J. Clin. Med. 2019, 8, 2222. [CrossRef] [PubMed]

6. Hirano, M.; Hatzoglou, V.; Karimi, S.; Young, R.J. Hypertrophic olivary degeneration resulting from posterior fossa masses and
their treatments. Clin. Imaging 2015, 39, 787–790. [CrossRef] [PubMed]

7. Goyal, M.; Versnick, E.; Tuite, P.; Cyr, J.S.; Kucharczyk, W.; Montanera, W.; Willinsky, R.; Mikulis, D. Hypertrophic olivary
degeneration: Metaanalysis of the temporal evolution of MR findings. AJNR Am. J. Neuroradiol. 2000, 21, 1073–1077.

http://doi.org/10.1007/BF00697000
http://doi.org/10.1007/BF00314146
http://www.ncbi.nlm.nih.gov/pubmed/90131
http://doi.org/10.1136/practneurol-2015-001142
http://www.ncbi.nlm.nih.gov/pubmed/26740379
http://doi.org/10.3390/jcm8122222
http://www.ncbi.nlm.nih.gov/pubmed/31888178
http://doi.org/10.1016/j.clinimag.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26104225


Cancers 2021, 13, 258 14 of 15

8. Gautier, J.C.; Blackwood, W. Enlargement of the inferior olivary nucleus in association with lesions of the central tegmental tract
or dentate nucleus. Brain 1961, 84, 341–361. [CrossRef]

9. Onen, M.R.; Moore, K.; Cikla, U.; Ucer, M.; Schmidt, B.; Field, A.S.; Baskaya, M.K. Hypertrophic olivary degeneration: Neurosur-
gical perspective and literature review. World Neurosurg. 2018, 112, e763–e771. [CrossRef]

10. Avula, S.; Spiteri, M.; Kumar, R.; Lewis, E.; Harave, S.; Windridge, D.; Ong, C.; Pizer, B. Post-operative pediatric cerebellar mutism
syndrome and its association with hypertrophic olivary degeneration. Quant. Imaging Med. Surg. 2016, 6, 535–544. [CrossRef]

11. Wang, H.; Wang, Y.; Wang, R.; Li, Y.; Wang, P.; Li, J.; Du, J. Hypertrophic olivary degeneration: A comprehensive review focusing
on etiology. Brain Res. 2019, 1718, 53–63. [CrossRef] [PubMed]

12. Foerch, C.; Schaller, M.A.; Lapa, S.; Filipski, K.; Steinmetz, H.; Kang, J.-S.; Zöllner, J.P.; Wagner, M. Hypertrophe degeneration der
olive: Ursache neuerlicher neurologischer symptome nach schlaganfall. Nervenarzt 2019, 90, 609–615. [CrossRef] [PubMed]

13. Tilikete, C.; Desestret, V. Hypertrophic olivary degeneration and palatal or oculopalatal tremor. Front. Neurol. 2017, 8, 302.
[CrossRef] [PubMed]

14. van de Loo, S.; Somasundaram, S.; Wagner, M.; Singer, O.C.; Steinmetz, H.; Hilker, R. Dysphagia in symptomatic palatal tremor.
Mov. Disord. 2010, 25, 1304–1305. [CrossRef]

15. Deuschl, G.; Mischke, G.; Schenck, E.; Schulte-Mönting, J.; Lücking, C.H. Symptomatic and essential rhythmic palatal myoclonus.
Brain 1990, 113 Pt 6, 1645–1672. [CrossRef]

16. Beez, T.; Munoz-Bendix, C.; Steiger, H.-J.; Hänggi, D. Functional tracts of the cerebellum-essentials for the neurosurgeon.
Neurosurg. Rev. 2020. [CrossRef]

17. Albazron, F.M.; Bruss, J.; Jones, R.M.; Yock, T.I.; Pulsifer, M.B.; Cohen, A.L.; Nopoulos, P.C.; Abrams, A.N.; Sato, M.; Boes, A.D.
Pediatric postoperative cerebellar cognitive affective syndrome follows outflow pathway lesions. Neurology 2019, 93, e1561–e1571.
[CrossRef]

18. Schmahmann, J.D. Neuroanatomy of pediatric postoperative cerebellar cognitive affective syndrome and mutism. Neurology
2019, 93, 693–694. [CrossRef]

19. Stoodley, C.J.; Schmahmann, J.D. Functional topography of the human cerebellum. Handb. Clin. Neurol. 2018, 154, 59–70.
[CrossRef]

20. Law, N.; Greenberg, M.; Bouffet, E.; Taylor, M.D.; Laughlin, S.; Strother, D.; Fryer, C.; McConnell, D.; Hukin, J.; Kaise, C.; et al.
Clinical and neuroanatomical predictors of cerebellar mutism syndrome. Neuro-Oncology 2012, 14, 1294–1303. [CrossRef]

21. Gudrunardottir, T.; Morgan, A.T.; Lux, A.L.; Walker, D.A.; Walsh, K.S.; Wells, E.M.; Wisoff, J.H.; Juhler, M.; Schmahmann, J.D.;
Keating, R.F.; et al. Consensus paper on post-operative pediatric cerebellar mutism syndrome: The Iceland Delphi results. Childs.
Nerv. Syst. 2016, 32, 1195–1203. [CrossRef]

22. Al-Afif, S.; Krauss, J.K.; Helms, F.; Angelov, S.; John, N.; Schwabe, K.; Hermann, E.J. Long-term impairment of social behavior,
vocalizations and motor activity induced by bilateral lesions of the fastigial nucleus in juvenile rats. Brain Struct. Funct. 2019,
224, 1739–1751. [CrossRef] [PubMed]

23. Lanier, J.C.; Abrams, A.N. Posterior fossa syndrome: Review of the behavioral and emotional aspects in pediatric cancer patients.
Cancer 2017, 123, 551–559. [CrossRef] [PubMed]

24. Hoche, F.; Guell, X.; Vangel, M.G.; Sherman, J.C.; Schmahmann, J.D. The cerebellar cognitive affective/Schmahmann syndrome
scale. Brain 2018, 141, 248–270. [CrossRef] [PubMed]

25. Levisohn, L.; Cronin-Golomb, A.; Schmahmann, J.D. Neuropsychological consequences of cerebellar tumour resection in children:
Cerebellar cognitive affective syndrome in a paediatric population. Brain 2000, 123 Pt 5, 1041–1050. [CrossRef]

26. Wisoff, J.H.; Epstein, F.J. Pseudobulbar palsy after posterior fossa operation in children. Neurosurgery 1984, 15, 707–709. [CrossRef]
27. Renne, B.; Radic, J.; Agrawal, D.; Albrecht, B.; Bonfield, C.M.; Cohrs, G.; Davis, T.; Gupta, A.; Hebb, A.L.O.; Lamberti-Pasculli, M.; et al.

Cerebellar mutism after posterior fossa tumor resection in children: A multicenter international retrospective study to determine
possible modifiable factors. Childs. Nerv. Syst. 2019. [CrossRef]

28. de Smet, H.J.; Baillieux, H.; Wackenier, P.; de Praeter, M.; Engelborghs, S.; Paquier, P.F.; de Deyn, P.P.; Mariën, P. Long-term
cognitive deficits following posterior fossa tumor resection: A neuropsychological and functional neuroimaging follow-up study.
Neuropsychology 2009, 23, 694–704. [CrossRef]

29. Huber, J.F.; Bradley, K.; Spiegler, B.J.; Dennis, M. Long-term effects of transient cerebellar mutism after cerebellar astrocytoma or
medulloblastoma tumor resection in childhood. Childs. Nerv. Syst. 2006, 22, 132–138. [CrossRef]

30. Cámara, S.; Fournier, M.C.; Cordero, P.; Melero, J.; Robles, F.; Esteso, B.; Vara, M.T.; Rodríguez, S.; Lassaletta, Á.; Budke, M.
Neuropsychological profile in children with posterior fossa tumors with or without postoperative cerebellar mutism syndrome
(CMS). Cerebellum 2020, 19, 78–88. [CrossRef]

31. Steinbok, P.; Cochrane, D.D.; Perrin, R.; Price, A. Mutism after posterior fossa tumour resection in children: Incomplete recovery
on long-term follow-up. Pediatr. Neurosurg. 2003, 39, 179–183. [CrossRef] [PubMed]

32. Grieco, J.A.; Abrams, A.N.; Evans, C.L.; Yock, T.I.; Pulsifer, M.B. A comparison study assessing neuropsychological outcome of
patients with post-operative pediatric cerebellar mutism syndrome and matched controls after proton radiation therapy. Childs.
Nerv. Syst. 2020, 36, 305–313. [CrossRef] [PubMed]

33. Pelzer, E.A.; Melzer, C.; Timmermann, L.; von Cramon, D.Y.; Tittgemeyer, M. Basal ganglia and cerebellar interconnectivity within
the human thalamus. Brain Struct. Funct. 2017, 222, 381–392. [CrossRef] [PubMed]

http://doi.org/10.1093/brain/84.3.341
http://doi.org/10.1016/j.wneu.2018.01.150
http://doi.org/10.21037/qims.2016.10.11
http://doi.org/10.1016/j.brainres.2019.04.024
http://www.ncbi.nlm.nih.gov/pubmed/31026459
http://doi.org/10.1007/s00115-018-0646-6
http://www.ncbi.nlm.nih.gov/pubmed/30488087
http://doi.org/10.3389/fneur.2017.00302
http://www.ncbi.nlm.nih.gov/pubmed/28706504
http://doi.org/10.1002/mds.23076
http://doi.org/10.1093/brain/113.6.1645
http://doi.org/10.1007/s10143-020-01242-1
http://doi.org/10.1212/WNL.0000000000008326
http://doi.org/10.1212/WNL.0000000000008311
http://doi.org/10.1016/B978-0-444-63956-1.00004-7
http://doi.org/10.1093/neuonc/nos160
http://doi.org/10.1007/s00381-016-3093-3
http://doi.org/10.1007/s00429-019-01871-3
http://www.ncbi.nlm.nih.gov/pubmed/30980139
http://doi.org/10.1002/cncr.30238
http://www.ncbi.nlm.nih.gov/pubmed/27787875
http://doi.org/10.1093/brain/awx317
http://www.ncbi.nlm.nih.gov/pubmed/29206893
http://doi.org/10.1093/brain/123.5.1041
http://doi.org/10.1227/00006123-198411000-00014
http://doi.org/10.1007/s00381-019-04058-7
http://doi.org/10.1037/a0016106
http://doi.org/10.1007/s00381-005-1223-4
http://doi.org/10.1007/s12311-019-01088-4
http://doi.org/10.1159/000072468
http://www.ncbi.nlm.nih.gov/pubmed/12944697
http://doi.org/10.1007/s00381-019-04299-6
http://www.ncbi.nlm.nih.gov/pubmed/31325031
http://doi.org/10.1007/s00429-016-1223-z
http://www.ncbi.nlm.nih.gov/pubmed/27089884


Cancers 2021, 13, 258 15 of 15

34. Golden, E.C.; Graff-Radford, J.; Jones, D.T.; Benarroch, E.E. Mediodorsal nucleus and its multiple cognitive functions. Neurology
2016, 87, 2161–2168. [CrossRef]

35. Patay, Z.; Enterkin, J.; Harreld, J.H.; Yuan, Y.; Löbel, U.; Rumboldt, Z.; Khan, R.; Boop, F. MR imaging evaluation of inferior
olivary nuclei: Comparison of postoperative subjects with and without posterior fossa syndrome. AJNR Am. J. Neuroradiol. 2014,
35, 797–802. [CrossRef]

36. Avula, S.; Kumar, R.; Pizer, B.; Pettorini, B.; Abernethy, L.; Garlick, D.; Mallucci, C. Diffusion abnormalities on intraoperative
magnetic resonance imaging as an early predictor for the risk of posterior fossa syndrome. Neuro-Oncology 2015, 17, 614–622.
[CrossRef]

37. Cobourn, K.; Marayati, F.; Tsering, D.; Ayers, O.; Myseros, J.S.; Magge, S.N.; Oluigbo, C.O.; Keating, R.F. Cerebellar mutism
syndrome: Current approaches to minimize risk for CMS. Child’s Nerv. Syst. 2019. [CrossRef]

38. Akakin, A.; Peris-Celda, M.; Kilic, T.; Seker, A.; Gutierrez-Martin, A.; Rhoton, A. The dentate nucleus and its projection system in
the human cerebellum: The dentate nucleus microsurgical anatomical study. Neurosurgery 2014, 74, 401–424. [CrossRef]

39. Morris, E.B.; Phillips, N.S.; Laningham, F.H.; Patay, Z.; Gajjar, A.; Wallace, D.; Boop, F.; Sanford, R.; Ness, K.K.; Ogg, R.J. Proximal
dentatothalamocortical tract involvement in posterior fossa syndrome. Brain 2009, 132, 3087–3095. [CrossRef]

40. Opalak, C.F.; Parry, M.; Rock, A.K.; Sima, A.P.; Carr, M.T.; Chandra, V.; Workman, K.G.; Somasundaram, A.; Broaddus, W.C.
Comparison of ABC/2 estimation and a volumetric computerized method for measurement of meningiomas using magnetic
resonance imaging. J. Neurooncol. 2019, 144, 275–282. [CrossRef]

41. Huber, J.F.; Bradley, K.; Spiegler, B.; Dennis, M. Long-term neuromotor speech deficits in survivors of childhood posterior fossa
tumors: Effects of tumor type, radiation, age at diagnosis, and survival years. J. Child Neurol. 2007, 22, 848–854. [CrossRef]
[PubMed]

42. Wells, E.M.; Khademian, Z.P.; Walsh, K.S.; Vezina, G.; Sposto, R.; Keating, R.F.; Packer, R.J. Postoperative cerebellar mutism
syndrome following treatment of medulloblastoma: Neuroradiographic features and origin. J. Neurosurg. Pediatr. 2010, 5, 329–334.
[CrossRef] [PubMed]

43. Molinari, E.; Pizer, B.; Catsman-Berrevoets, C.; Avula, S.; Keating, R.; Paquier, P.; Wisoff, J.H.; Walsh, K.S. Posterior fossa society
consensus meeting 2018: A synopsis. Child’s Nerv. Syst. 2019. [CrossRef] [PubMed]

44. Matsushima, K.; Yagmurlu, K.; Kohno, M.; Rhoton, A.L. Anatomy and approaches along the cerebellar-brainstem fissures. J.
Neurosurg. 2016, 124, 248–263. [CrossRef] [PubMed]

45. Kitajima, M.; Korogi, Y.; Shimomura, O.; Sakamoto, Y.; Hirai, T.; Miyayama, H.; Takahashi, M. Hypertrophic olivary degeneration:
MR imaging and pathologic findings. Radiology 1994, 192, 539–543. [CrossRef] [PubMed]

46. Carr, C.M.; Hunt, C.H.; Kaufmann, T.J.; Kotsenas, A.L.; Krecke, K.N.; Wood, C.P. Frequency of bilateral hypertrophic olivary
degeneration in a large retrospective cohort. J. Neuroimaging 2015, 25, 289–295. [CrossRef]

http://doi.org/10.1212/WNL.0000000000003344
http://doi.org/10.3174/ajnr.A3762
http://doi.org/10.1093/neuonc/nou299
http://doi.org/10.1007/s00381-019-04240-x
http://doi.org/10.1227/NEU.0000000000000293
http://doi.org/10.1093/brain/awp241
http://doi.org/10.1007/s11060-019-03205-z
http://doi.org/10.1177/0883073807303995
http://www.ncbi.nlm.nih.gov/pubmed/17715277
http://doi.org/10.3171/2009.11.PEDS09131
http://www.ncbi.nlm.nih.gov/pubmed/20367335
http://doi.org/10.1007/s00381-019-04220-1
http://www.ncbi.nlm.nih.gov/pubmed/31177321
http://doi.org/10.3171/2015.2.JNS142707
http://www.ncbi.nlm.nih.gov/pubmed/26274986
http://doi.org/10.1148/radiology.192.2.8029428
http://www.ncbi.nlm.nih.gov/pubmed/8029428
http://doi.org/10.1111/jon.12118

	Introduction 
	Results 
	Patient Characteristics 
	Surgical Approach and HOD Development 
	HOD-Patient Characteristics and Disease Pattern 
	Surgical Approach and CMS 

	Discussion 
	Materials and Methods 
	Study Population 
	Magnetic Resonance Imaging 
	Statistics 

	Conclusions 
	
	References

