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MR Imaging Evaluation of Inferior Olivary Nuclei:
Comparison of Postoperative Subjects with and without

Posterior Fossa Syndrome

Z. Patay, ). Enterkin, J.H. Harreld, Y. Yuan, U. Lébel, Z. Rumboldt, R. Khan, and F. Boop

ABSTRACT

O=

BACKGROUND AND PURPOSE: Posterior fossa syndrome is a severe postoperative complication occurring in up to 29% of children
undergoing posterior fossa tumor resection; it is most likely caused by bilateral damage to the proximal efferent cerebellar pathways,
whose fibers contribute to the Guillain-Mollaret triangle. When the triangle is disrupted, hypertrophic olivary degeneration develops. We
hypothesized that MR imaging patterns of inferior olivary nucleus changes reflect patterns of damage to the proximal efferent cerebellar
pathways and show association with clinical findings, in particular the presence or absence of posterior fossa syndrome.

MATERIALS AND METHODS: We performed blinded, randomized longitudinal MR imaging analyses of the inferior olivary nuclei of
12 children with and 12 without posterior fossa syndrome after surgery for midline intraventricular tumor in the posterior fossa. The
Fisher exact test was performed to investigate the association between posterior fossa syndrome and hypertrophic olivary degen-
eration on MR imaging. The sensitivity and specificity of MR imaging findings of bilateral hypertrophic olivary degeneration for
posterior fossa syndrome were measured.

RESULTS: Of the 12 patients with posterior fossa syndrome, 9 had bilateral inferior olivary nucleus abnormalities. The 12 patients without
posterior fossa syndrome had either unilateral or no inferior olivary nucleus abnormalities. The association of posterior fossa syndrome
and hypertrophic olivary degeneration was statistically significant (P < .0001).

CONCLUSIONS: Hypertrophic olivary degeneration may be a surrogate imaging indicator for damage to the contralateral proximal
efferent cerebellar pathway. In the appropriate clinical setting, bilateral hypertrophic olivary degeneration may be a sensitive and specific
indicator of posterior fossa syndrome.

ABBREVIATIONS: HOD = hypertrophic olivary degeneration; ION = inferior olivary nucleus; pECP = proximal efferent cerebellar pathway; PFS = posterior fossa

syndrome

P osterior fossa syndrome (PFS), a complication of posterior fossa
surgery,"? occurs in 11%—-29% of patients undergoing posterior
fossa tumor resection.” Although the definition of the “all-inclusive”
PES is broad and comprises complex neurobehavioral and motor
symptoms, cerebellar mutism is at the core of the diagnosis.*
Growing evidence suggests that PES is the result of bilateral
damage to the proximal efferent cerebellar pathways (pECPs)
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along the dentatorubrothalamocortical pathway.>** This rela-
tionship was initially observed as cerebellar mutism after stereo-
tactic ablation of the bilateral dentate nuclei.'* Reversed cerebel-
locerebral diaschisis, in which deprivation of the cerebral cortex
from cerebellar input due to bilateral pECP damage results in a
frontally predominant drop of cerebral cortical perfusion, has
been proposed to be the mechanism of PFS, and cerebellar mut-
ism is thought to be a form of speech apraxia.” During the months
following surgery, speech and the associated neurologic deficits
usually improve, but those rarely if ever completely normalize.
This outcome suggests a profound disturbance of complex neural
systems, with significant implications for the long-term quality of
life of the steadily increasing number of survivors.'”

Damage anywhere along the dentatorubrothalamocortical
pathway may lead to a speech disorder, and damage to the dentate
nuclei in particular has repeatedly been cited as a cause of cere-

5,10,16,17

bellar mutism, which can occur after injury along the su-

perior cerebellar peduncles,® brachium pontis/conjunctivum,®'®
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or the frontal lobes.'*"*! Given that the
dentate nuclei, superior cerebellar peduncles, and mesencephalic

bilateral thalamic tracts,'!

tegmental decussation often lie adjacent to and may, therefore, be
invaded by midline intraventricular posterior fossa tumors, these
structures are the ones most prone to injury during aggressive
tumor resection.

The efferent cerebellar tracts that pass through the superior
cerebellar peduncles® are adjacent to and involve fibers associ-
ated with the dentatorubral segment of the Guillain-Mollaret
triangle.”> The Guillain-Mollaret triangle is composed of an
ipsilateral red nucleus and inferior olivary nucleus (ION),
which are connected by the central tegmental tract, and a con-
tralateral dentate nucleus, which is connected through the su-

Thalamus

(contralateral)

Red nucleus

(contralateral)

Dentate nucleus
Inferior Ym'w \

Inferior Olivary nucleus

(contralateral)

FIG 1. The Guillain-Mollaret triangle and dentatorubrothalamocortical projections.

tral tegmen W

perior (dentatorubral) and inferior cerebellar (dentato-oli-
vary) peduncles (Fig 1).

Disrupting the Guillain-Mollaret triangle leads to degenera-
tion of the ION,**° resulting in visible changes in both the
pathologic evaluation and MR imaging findings.>”*® Specifically,
damage to the dentate nucleus, superior cerebellar peduncle, or
both leads to contralateral hypertrophic olivary degeneration
(HOD), but damage to the tegmental tracts leads to ipsilateral
HOD.

The purpose of this study was to determine whether MR im-
aging findings of children with PFS could be used to validate the
clinical diagnosis of PFS. We hypothesized that patterns of hyper-
trophic degeneration in the inferior olivary nuclei reflect patterns
of damage to the pECPs and that these
patterns would show an association with
clinical findings, in particular with the
presence or absence of PFS.

MATERIALS AND METHODS
Patients and Study Design

We retrospectively evaluated ION
changes on MR imaging of children with
and without PFS after posterior fossa
surgery for midline intraventricular tu-
mor. Patients were selected from an in-
stitutional review board—approved, pro-
spectively designed clinical trial of those
with newly diagnosed medulloblastoma,
supratentorial primitive neuroectoder-
"""" mal, or atypical teratoid/rhabdoid tu-
mors. Patient/guardian consent was ob-
tained before enrollment in the clinical
trial. Twenty-four patients were se-
lected. All were boys with a mean age of
9 * 3.2 years. Of the 24 patients, 12 had
a recorded clinical diagnosis of PFS,
which required the presence of complete
mutism in the early postoperative pe-
riod that lasted at least 24 hours and was

FIG 2. Transverse proton attenuation—weighted images illustrating the MR imaging appearance of normal IONs (A, white arrows) and unilateral
(B, black arrow) and bilateral (C, black arrows) HOD in patients approximately 4 months after surgery for midline posterior fossa tumors. Note
that with this imaging technique, normal IONs (white arrows) are barely recognizable, but in abnormal conditions, their conspicuity is markedly
increased, allowing confident identification of HOD in most cases.
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Image Analysis

Blinded, randomized analysis of MR im-
ages was performed by a senior attend-
ing neuroradiologist. Specific attention
was given to the bilateral IONs on
long-TR images. The IONs were evalu-
ated for volume and signal changes in-
dependently. An abnormality was
deemed to be HOD if it met the follow-
ing criteria: 1) Both hypertrophy and
signal changes (T2 prolongation) were
present; 2) the hypertrophic component
was modest or absent, but the signal
changes were unequivocal. The findings
within each ION for both T2- and proton
attenuation—weighted sequences were
classified as follows: 0 = no visible abnor-
mality, 1 = questionable abnormally high
signal within the hilum or entire nucleus
with or without volume changes, or 2 =
definite abnormally high signal within the
hilum or entire nucleus with or without
volume changes. A score of 2 at any point
during the postoperative follow-up quali-
fied the respective ION for HOD status.
Patients were subsequently categorized as
having definite bilateral HOD, definite
unilateral HOD, or no HOD.

FIG 3. Transverse proton attenuation—-weighted images showing chronologic changes (increasing

conspicuity) within the bilateral inferior olivary nuclei (white arrowheads) in a patient with PFS
during the first year after surgery. A, Preoperative study. B, At I-month follow-up. C, At 6-month

follow-up. D, At 10-month follow-up.

not explained by any other cause such as medication. For com-
parison, 12 age- and sex-matched patients without PFS were se-
lected as controls. All patients, regardless of clinical PFS status,
were evaluated for associated cerebellar signs and symptoms. Of
the 12 patients with PFS, 11 had medulloblastoma and 1 had an
atypical teratoid/rhabdoid tumor. Of the 12 patients without PFS,
all had medulloblastomas.

MR Imaging

Postoperative follow-up studies included standardized axial long-TR
imaging (proton attenuation and T2-weighted), in addition to mul-
tiplanar nonenhanced and contrast-enhanced T1-weighted, axial
contrast-enhanced FLAIR, and diffusion-weighted imaging. The
geometric parameters for the long-TR imaging sequences (used for
evaluation of the ION) were identical: number of sections = 31,
section thickness = 5 mm, FOV read = 210 mm, FOV phase =
100%. Other parameters for the proton attenuation and T2-
weighted sequence were the following: TR = 4500 ms; TE1 = 13 ms;
TE2 = 105 ms; turbo factor = 5; bandwidth = 98 Hz/px; and for
FLAIR: TR = 10,000 ms; TI = 2500 ms; TE = 103 ms; turbo factor =
21; bandwidth = 130 Hz/px. In compliance with protocol require-
ments, all studies were performed on 1.5T magnets (Magnetom
Avanto; Siemens, Erlangen, Germany) at the same center by using a
4-channel, circularly polarized head array coil. Average follow-up
was 38 = 20 months, and each patient had an average of 14 = 5
follow-up studies.

Statistical Analysis

Statistical analysis was performed by us-
ing SAS 9.2 software (SAS Institute,
Cary, North Carolina). The Fisher exact test was performed to
investigate the association of HOD-related MR imaging abnor-
malities with PFS. The sensitivity and specificity of HOD as an
indicator of PFS were calculated by using the clinical diagnosis of
PFS as the criterion standard (true-positive).

RESULTS

Of the 12 patients with clinically diagnosed PFS, 9 had bilateral
HOD on MR imaging and 2 had definitive unilateral HOD
changes (1 with questionable contralateral involvement), and 1
had no abnormal MR imaging findings that were consistent with
HOD. Conversely, 10 of the 12 patients without PFS had
no HOD-suggestive findings on MR imaging, and 2 had unilateral
HOD. In cases of unilateral HOD, patients with PFS had HOD on
the right side, and patients without PFS had it on the left. The
earliest time when definite bilateral HOD was seen in our patients
was 1 month from surgery, and the longest interval between sur-
gery and the appearance of definite bilateral HOD was 5.5 months
(mean, 3.5 months).

The clinical features of all 24 patients are summarized in the
Table. All 12 patients with postoperative mutism had severe cer-
ebellar syndrome with dysmetria and ataxia. All patients without
PES had some degree of cerebellar dysfunction without mutism,
and 5 were quite severely affected. The 2 patients with clinical PFS
but only unilateral HOD had mild postoperative dysmetria and
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Clinical features of patients with and without posterior fossa
syndrome

Variable PFS(n=12) Non-PFS (n=12)

Mutism >24 hours 12 0
Immediate postoperative

Mild-to-moderate dysmetria 7 2

Severe dysmetria 5 0

Mild-to-moderate ataxia 0 7

Severe ataxia 12 2
At last follow-up®

Mild-to-moderate dysmetria 2 0

Severe dysmetria 1 0

Mild-to-moderate ataxia 7 5

Severe ataxia 5 1

Note:—Dysmetria: incoordination of limbs with either some (i.e., mild to moderate)
or complete (i.e., severe) impairment of function. Ataxia: impaired ability to sit and
walk with independent mobility retained (mild to moderate) or with mobility assis-
tance required (severe).

2 Time to last follow-up evaluation: 3-99 months.

severe ataxia. The 2 patients who had unilateral HOD without
clinical PFS had mild postoperative dysmetria and mild ataxia.

The fact that 100% of patients with bilateral HOD changes had
PES and 0% of patients without PFS had such changes suggests
that the presence of bilateral HOD is associated with PFS. The
results of the Fisher exact test confirmed the strong association
between bilateral HOD and clinical PFS (P < .0001). These find-
ings also indicated a false-positive MR imaging rate of 0% (0/9)
for bilateral HOD because all patients with bilateral HOD indeed
had PFS. The false-negative MR imaging rate was 25% (3/12). In
this clinical setting, MR imaging findings of bilateral HOD were
75% sensitive and 100% specific for the diagnosis of PFS. With
bilateral HOD as a putative indicator of PFS, the positive predic-
tive value of bilateral HOD is 100% and the negative predictive
value of the absence of HOD is 80%.

DISCUSSION
As previously stated, damage to the bilateral pECPs is the most
widely accepted cause of postoperative PFS and cerebellar mut-
ism.>®'? Because of the anatomic overlap between the first seg-
ments of the dentatorubrothalamocortical pathway and the Guil-
lain-Mollaret triangle, damage to the pECP leads to contralateral
HOD.?*"*® Therefore, damage to the bilateral pECPs should lead
to the development of bilateral HOD on MR imaging, which may
serve as a delayed surrogate imaging indicator of PFS. Indeed, the
100% positive predictive value yields a high confidence that a
positive result (obtained by using bilateral HOD as a classifier) is
truly indicative of PES.

Although bilateral HOD has previously been associated with

linguistic pathway abnormalities,” >

we could not find any re-
port of cerebellar mutism and linguistic abnormalities attributed
to bilateral damage of the pECPs and with subsequent HOD in the
ION. Most of the described cases in which unilateral HOD was
observed on imaging did not have associated linguistic category

37 though this was described in at least 1 study.”®

findings,

Bilateral HOD was not present in every case of clinically diag-
nosed PFS in our cohort. This divergence could be due to incon-
sistencies in the clinical diagnostic criteria because despite all on-
going effort and research, the diagnosis of PFS is sometimes still a
judgment call, dependent on the investigator’s experience. Our

criteria of prolonged mutism and severe associated cerebellar syn-
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drome with ataxia were used to differentiate PFS from other
causes of postoperative speech disorders, including damage to the
lower cranial nerves,'” psychological issues,”® and medication-
induced deficits. Indeed, at least one of our patients with PFS
without bilateral HOD on MR imaging was described in the med-
ical records as having immediate mutism following anesthesia
recovery, a presentation that is not typical of cerebellar mutism,
which generally appears an average of 1.7 days after surgery.”>*°
In fact, the immediate onset of mutism may indicate a bulbar
abnormality from direct, inadvertent surgical injury to the lower
cranial nerve nuclei'” rather than true cerebellar mutism in the
context of PFS. We, therefore, recognize the challenges of differ-
entiating cerebellar mutism from other forms of transient speech
arrests in these patients during the postoperative period when
other compounding clinical considerations occur concurrently.

Another reason that bilateral HOD was not always present in
patients with PFS is that surgical damage is not necessarily a bi-
nary, all-or-none phenomenon. In other words, the magnitude of
damage to the pECP that is needed to cause a critical drop of
cerebellar input to the supratentorial brain may be different from
the amount of damage leading the later to visible MR imaging
changes of HOD. For example, one may hypothesize that most of
the bilateral pECP fibers need to be destroyed to result in bilateral
HOD, but somewhat less damage may be sufficient to cause a
global frontal lobe dysfunction and resultant speech apraxia (ie,
cerebellar mutism). Indeed, the 2 mechanisms causing PFS and
HOD are likely different: one leading to frontal lobe dysfunction
and mutism through reversed cerebellocerebral diaschisis; the
other, to a peculiar form of degeneration associated with initial
hypertrophy through a trans-synaptic mechanism with as yet
poorly understood neurologic correlates.

Another unique clinical aspect of bilateral HOD in our patient
cohort was the absence of palatal myoclonus in all patients,
though this neurologic sign is commonly seen associated with
HOD. The reason for this discrepancy is unclear. However, given
that our cohort’s lesions occurred in the specific circumstance of
posterior fossa surgery and consistently in a specific location (ie,
pECP) but other lesions in the literature often involved injury to
the second, descending (rubro-olivary) segment of the Guillain-
Mollaret triangle, an unidentified anatomic explanation may ex-
ist, such as involvement of brain stem structures immediately ad-
jacent to the descending tegmental tracts in the development of
palatal myoclonus.

The MR imaging signs and evolution of HOD-type changes
are well-described, with pathologic evaluation first revealing 6
distinct stages after destruction of the central tegmental tracts: no
olivary changes (within 24 hours), olivary amiculum degenera-
tion (typically 2—7 days), olivary hypertrophy (approximately 3
weeks), culminant olivary enlargement (approximately 8.5
months), olivary pseudohypertrophy (9.5 months), and olivary
atrophy (after a few years).?® These findings were later classified
into 3 stages on the basis of MR imaging of other cases and anal-
ysis of cases in the literature.””>** The first is seen with T2 and
proton attenuation signal hyperintensity without hypertrophy
and may occur as early as 4 weeks after injury. The second stage
demonstrates hypertrophy starting approximately 4 months after
injury extending until hypertrophy resolves approximately 3—4



years later. The third and final stage exhibits resolved hypertrophy
with persistent high T2 and proton attenuation signal intensity
and is noted to persist indefinitely. These concur with our
observations.

We were fortunate that our retrospective analysis was per-
formed on patients whose clinical imaging protocol had included
both axial T2 and proton attenuation imaging. The proton atten-
uation sequence was often the most conclusive imaging sequence,
especially on the earlier postoperative follow-up studies, as previ-
ously reported by others.*' However, our imaging protocol was
not optimized to evaluate the ION, an area that is somewhat dif-
ficult to visualize on routine imaging and is often prone to arti-
facts. Our protocol was also limited by section thickness, which
was routinely 5 mm. Because the olivary body measures approx-
imately 1.25 cm, with the ION being in the bottom portion, only
1 or 2 sections could generally be obtained to evaluate the region
of interest on traditional 5-mm imaging, with the possibility of
significant partial volume averaging effects.

Our finding of unilateral HOD in patients with and without
PFS may be due to the proposed process of 1 cerebellar hemi-
sphere normally providing asymmetric input toward speech.
There is no consensus in the literature as to which side provides
more input, with an earlier article implicating the left cerebellar
hemisphere*? and more recent articles implicating the right.*>**”
In cases in which we detected unilateral HOD, patients with PFS
had unilateral right HOD, and patients without PFS had unilat-
eral left HOD. Other articles described inconclusive findings.>®*®
Given the inconsistency between literature reports, it is possible
that interindividual variations determine the dominant cerebellar
hemisphere for speech and language production. Alternatively,
complete damage to the dominant side may lead to PFS, even if
damage to the subdominant pECP is partial, hence insufficient to
cause corresponding HOD. This result would explain the few ex-
ceptions of clinical-imaging discrepancies (ie, clinical PFS syn-
drome in conjunction with unilateral HOD only).

Although bilateral HOD is not 100% sensitive for detecting
PES, these findings suggest that a threshold of damage to the
pECPs is required for both MR imaging and clinical perceptibil-
ity. Future studies evaluating the degree of damage to the pECPs
and defining PFS diagnostic criteria in a larger patient cohort with
detailed clinical evaluation will be the next step in understanding
this complex syndrome. Our data demonstrate that changes of
HOD on MR imaging may be used in the future as an objective
though a posteriori criterion in the diagnosis of PFS and may help
clarify the definition of the clinical syndrome. Future evaluation
will include prospective analysis of a larger cohort of patients with
posterior fossa surgery who have PES, with more robust diagnos-
tic information (optimized imaging of the Guillain-Mollaret tri-
angle and pECPs) and structured clinical information acquired
and evaluated by experienced investigators to formulate stan-
dardized clinical and imaging diagnostic criteria for this complex,
challenging syndrome.

CONCLUSIONS

Damage to the pECP manifests as contralateral HOD through
disruption of the Guillain-Mollaret triangle and subsequent
trans-synaptic degeneration. We provide objective imaging data

demonstrating that damage to the bilateral pECPs manifests as
bilateral HOD. Our false-positive MR imaging rate for bilateral
HOD was 0%; hence, bilateral HOD may be a delayed but reliable
surrogate imaging marker for PFS. Therefore, MR imaging find-
ings, especially those obtained by using imaging protocols that are
optimized for the visualization of the ION, can be useful criteria in
the diagnosis of PFS as a more robust definition is developed. Our
findings contribute to the growing body of evidence supporting
the role of bilateral pECP damage in the pathogenesis of postop-
erative PFS.
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