
nnnn Exogenous enzyme replacement therapy achieves satis-
factory biomedical correction in Gaucher type 1 disease and
may halt or reverse neurological progression in type 3, while it
does not appear to influence the outcome in type 2. In view of
the therapeutic possibilities, early detection and monitoring of
type 3 Gaucher disease, as well as evaluation of the effective-
ness of enzyme therapy on neuronopathic involvement is nec-
essary. The objective of this study was to evaluate the extent of
brainstem disease in children with proven Gaucher type 3, by
means of an audiological test battery. We studied 9 patients
with Gaucher type 3 disease. The tests included baseline audio-
metric tests, as well as auditory brainstem evoked responses
(ABR), acoustic reflexes and medial olivo-cochlear suppression
by contralateral noise tests, that involve overlapping but not
identical efferent and afferent pathways and brainstem struc-
tures. We found a constellation of abnormalities including bilat-
erally raised acoustic reflexes, poor medial olivo-cochlear sup-
pression, and very poor brainstem evoked potentials. These ab-
normalities could be due to a single lesion in the dorsomedial
brainstem, or to multiple lesions, and further study is needed
to clarify this issue. Combined audiological tests may provide
information on the severity of the neurological involvement
and should therefore be part of a standard assessment for the
diagnosis as well as for long term neurological monitoring of
Gaucher type 3 patients.

n Key words: Auditory brainstem ± Evoked potentials ± Acous-
tic reflex ± Gaucher�s disease

Abbreviations

ABR auditory brainstem evoked response
ART acoustic reflexes thresholds
ERT enzyme replacement therapy
GD Gaucher disease
MOCS middle olivo-cochlear suppression

by contralateral noise
OAE otoacoustic emissions
PTA pure tone audiogram
SIF saccade initiation failure

SOC superior olivary complex
TB trapezoid body
TEOAE transient otoacoustic emissions
VCN ventral cochlear nucleus

Introduction

Gaucher disease (GD) is the most common lysosomal storage
disorder [23]. GD is autosomal recessive and characterised by
insufficiency of the enzyme glucocerebrosidase, which results
in accumulation of glucosylceramide within macrophages af-
fecting spleen, liver, and bones [28] as well as the central ner-
vous system in some patients [10,11]. Thus, GD is classified in-
to 3 clinical subtypes. In type 1 GD (non-neuronopathic GD)
there are only systemic manifestations with no primary neuro-
logical problems. In type 2 GD, there is an early onset of sys-
temic and rapidly progressive primary neurological brainstem
degeneration leading to death usually in the first two years.
Type 3 Gaucher disease is often associated with severe sys-
temic disease with an onset in early infancy. Neurological pro-
gression is slower than in type 2 and variable. Neurological
features may include ataxia, myoclonus, seizures, and demen-
tia [1, 9].

Exogenous enzyme replacement therapy (ERT) has replaced
bone marrow transplant (BMT) as the treatment of choice for
GD1, and in most cases satisfactory biomedical correction can
be achieved [13]. The effect of ERT on neuronopathic GD is less
clear. In type 2 neurological progression is unremitting in spite
of large doses of ERT [19]. In type 3 high dose rates may halt or
even reverse neurological progression although the outcome is
not always so favourable [2,33]. In view of the therapeutic pos-
sibilities, there is a need for tests that will enable early detec-
tion, monitoring and evaluation of therapy effectiveness [13]
in type 3 Gaucher disease.

At present, the diagnosis of type 3 disease is based on clinical
grounds [14] and may not be made until severe irreversible
neurological signs have appeared. An early sign of neurono-
pathic disease is a disturbance of eye movement characterised
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by a reduced ability to trigger saccades (saccade initiation fail-
ure, ocular motor apraxia) and reduced speed of saccades, that
may both be attributed to brainstem lesions [14] in view of
post mortem findings [7,19]. These abnormalities are probably
diagnostic of type 3 disease after enzymatic diagnosis of GD
has been made, but they do not predict neurological severity
or rate of progression [29]. Another sign of neuronopathic dis-
ease is the detection of abnormal auditory brainstem evoked
potentials (ABR), reported in both GD2 [18,19,22] and GD3
[33]. However, the ABR may indicate a brainstem abnormality,
but there is no precise correspondence between the ABR wave-
form and anatomical lesion sites [16], while the interpretation
of the ABR depends on peripheral hearing parameters, but
audiometric thresholds in neuronopathic GD have not been re-
ported. Audiologic detection and evaluation of brainstem dis-
orders requires a multiple test strategy [17]. Acoustic reflex
threshold measurement (ART) [6] and otoacoustic emission
suppression by contralateral noise (MOCS) [30] are two objec-
tive tests, i.e., that do not rely on the patient�s response, that
have been used for evaluation of brainstem lesions. The combi-
nation of ABR with ART provides patterns of abnormality that
may differentiate between lesions affecting the brainstem, the
auditory nerve or the cochlea [6]. Otoacoustic emission middle
olivo-cochlear bundle suppression by contralateral noise
(MOCS) is reduced or absent in patients with intrinsic brain-
stem lesions and the site and size of the lesion determines
whether the suppression is affected unilaterally or bilaterally
[30].

The objective of this study was to evaluate the extent and level
of brainstem disease in children with proven GD3 by means of
an audiological test battery. We used for this purpose baseline
audiometric tests as well as auditory brainstem evoked re-
sponses, acoustic reflexes and medial olivo-cochlear suppres-
sion by contralateral noise tests, as these three responses in-
volve overlapping but not identical efferent and afferent path-
ways and brainstem structures.

Subjects and Methods

Subjects

Eleven patients with type 3 Gaucher disease who were attend-
ing the Metabolic Unit at Great Ormond Street Hospital were
investigated. Diagnosis of Gaucher disease had been previ-
ously made by demonstration of deficient glucosidase activity
either in peripheral leucocytes or fibroblasts. The diagnosis of

type 3 (neuronopathic) Gaucher disease was based upon the
finding of saccade initiation failure (SIF) on bi-temporal direct
current electro-oculography and simultaneous video, de-
scribed in detail elsewhere [14]. The presence of otitis media
with effusion causing conductive type hearing loss (ªglue
earº) as assessed by abnormal audiometric and impedance
audiometry tests was a criterion of exclusion from the study
and two subjects were thus excluded from further analysis.

The age range of the remaining 9 patients that were included
in this study ranged between 3.3 to 14.5 years at the time of
the study, with 8 female and 1 male patient. Table 1 summa-
rises the clinical features of each of the patients. In view of
the group�s age range as well as of different treatment param-
eters, no attempt was made to rank the clinical severity of the
disease; however, having taken into consideration age and
treatment, the most severely neurologically affected patient
appeared to be Case 1, as he had epilepsy in addition to saccade
initiation failure. An equal number of normal age-matched
children with normal peripheral hearing on baseline audio-
metric procedures were used as controls. Ethical Committee
approval and informed consent from each subject were ob-
tained.

Methods

All patients underwent a clinical interview to obtain relevant
information and otoscopy to exclude visual evidence of ear
disease. Baseline audiometric results were obtained prior to
and in the same session with the brainstem tests.

I. Baseline audiometric tests

Pure-tone audiometry was carried out using a GSI 61 audio-
meter with TDH-49 earphones in a sound-proof room. Air-con-
duction thresholds were measured for each ear at 0.25, 0.5, 1, 2,
4, and 8 kHz, following the procedure recommended by the
British Society of Audiology [3]. Hearing was considered nor-
mal when thresholds were better than 20 dB HL in all frequen-
cies in both ears.

Acoustic impedance tests: Tympanometry was obtained with
a probe signal continuous 226 Hz tone at 85 dB SPL using a
GSI-33 Middle Ear Analyser. Tympanograms were considered
normal if middle ear pressure was > ± 150 mm H2O and com-
pliance was > 0.3 ml.

Case Age (years) Gender Neurology Genotype Treatment

1 4.2 m SIF, epilepsy L444 P/L444 P ERT

2 10.3 f SIF, ataxia L444 P/L444 P BMT

3 4.7 f SIF L444 P/L444 P ERT

4 3.3 f SIF L444 P/L444 P ERT

5 4.5 f SIF L444 P/L444 P ERT

6 5.5 f SIF L444 P/L444 P ERT

7 11.7 f SIF L444 P/L444 P ERT

8 14.5 f SIF L444 P/L444 P BMT (2)

9 11.0 f SIF Pending ERT

Abbreviations: BMT = bone marrow transplant, ERT = Enzyme replacement therapy, f=female,
m=male, SIF = Saccade initiation failure

Table 1 Summary of the clinical charac-
teristics of the Gaucher type 3 subjects
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Otoacoustic emissions (OAEs): The presence of otoacoustic
emissions indicates that the preneural cochlear receptor, as
well as the middle ear mechanism, give a normal response to
sound [20]. Transient otoacoustic emissions (TEOAE) tests
evoke emissions from a large part of the cochlea, providing in-
formation over a wide frequency range. Otoacoustic emissions
tests were carried out using the ILO88/92 Otodynamic Analy-
ser. We used a standard default set-up, as described by Kemp
et al [20], and the data considered were TEOAE response level,
noise level (dBSPL) and reproducibility. Briefly, a probe con-
taining a transducer and microphone was inserted into the ex-
ternal auditory meatus and was used to present stimuli and re-
cord emissions. During the initial insertion of the probe (pre-
collection mode), a series of stimuli were presented, and the
stimulus spectrum was derived. The emission data of this
study were obtained using the preset mode with a low-cut fil-
ter and a stimulus band width of 500 to 5000 Hz. The stimulus
intensity across ears ranges from 80 to 86 dB peak SPL with 50
clicks per second. The IL092 (Otodynamics) system was set in
non-linear click mode, in which responses to sets of four clicks
are subaveraged and alternately sent to two different buffers.
After 260 subaverages were collected on each buffer, the test
was complete and was stopped automatically [20]. The pres-
ence of normal OAEs in the 2.5 to 20 msec post stimulus period
was determined by overall response amplitude signal to noise
ratio of at least 3 dB and waveform reproducibility in at least
three octave bands of > 75% [15].

II. Brainstem tests

Acoustic reflexes: The acoustic reflex arc is a four-synaptic
neural chain, consisting of the 8th N, the cochlear nucleus,
superior olivary complex and the ipsi- and contralateral medi-
al facial nerve motoneurons [6]. For the ipsilateral reflex, the
7th nucleus receives most of its input directly from ventral
cochlear nucleus (VCN) via the trapezoid body (TB). However,
some fibres from the VCN are relayed to the 7th nucleus via the
ipsilateral superior olivary complex (SOC). For the contrala-
teral reflex, the 7th nucleus receives afferents from the con-
tralateral VCN via the contralateral SOC [36]. Acoustic reflex
thresholds have a 70% sensitivity in identifying brainstem le-
sions [6].

Acoustic reflex threshold (ART) measurements were obtained
by stimulating each ear at 0.5, 1, 2 and 4 kHz, at levels ranging
from 70 up to a maximum output of 120 dB HL, in 5 dB steps,
for contralateral and ipsilateral stimulation. A consistent
change in compliance of ³ 0.03 ml following stimulation, is a
criterion for the presence of the acoustic reflex. Acoustic re-
flexes were considered as abnormal if they exceeded
105 dBnHL at two or more adjacent frequencies or if the inter-
aural threshold difference exceeded 10 dB on at least two adja-
cent frequencies [6]. The patterns interpreted as indicating
brainstem lesion were the vertical (abnormal ART by stimula-
tion of one ear only), horizontal (ART abnormal by contralat-
eral stimulation of both ears), inverted L (combined vertical
and horizontal) and full house (all ipsilateral and contralateral
reflexes abnormal) [6].

Medial olivo-cochlear suppression test (MOCS): Contralat-
eral acoustic stimulation reduces the amplitude and shifts the
phase of click-evoked otoacoustic emissions [32]. This effect is
mediated by a neural pathway consisting of afferent fibres

from the cochlea to the superior olivary complex and of effer-
ent fibres from the superior olivary complex (SOC) via the me-
dial olivo-cochlear bundle to the other cochlea [21]. The path-
way involves the projection from olivo-cochlear neurons
mostly in the medial region of the superior olivary complex
(SOC) to the contralateral cochlea. MOCS tests the reduction
in the TEOAE due to noise stimulation of the contralateral ear,
thus testing the integrity of the efferent contralateral olivo-
cochlear system [4]. The medial olivo-cochlear suppression
test consisted of transient otoacoustic emissions recording
with and without contralateral ear noise stimulation, the dif-
ference in responses being considered to be due, at least in
part, to the medial olivo-cochlear bundle (MOCB) effect [4]. A
dual channel OAE analyser was used (channel A for ipsilateral
and channel B for contralateral stimulation) with a linear click
at 60 � 3 dB SPL intrameatal peak stimulus level ipsilateral
stimulus and a 5 ms burst of white noise (0.5 ± 6 kHz) at 40 dB
SL contralateral stimulus. A total of 600 sweeps in 10 groups of
60 sweeps were recorded by using an alternating technique,
ªDifference B on/offº mode, from the ILO92 software. The dif-
ference obtained by subtraction of the average responses (re-
sponse without noise minus response with noise) represented
the suppression effect. Suppression was considered as abnor-
mal if less than 1 dB [4].

Auditory brainstem evoked responses (ABR): ABR were re-
corded with the Nicolet Spirit equipment. Electrodes were
placed at the vertex (Cz) and on each mastoid (A2 and A3),
the non-test mastoid being used as ground. Monaural click
stimuli alternating in polarity (100 �s) were presented at a rate
of 11.1 per second via TDH-49 headphones. Electrode impe-
dance was less than 5 K ohms. The electrical activity was am-
plified and filtered (150± 3000 Hz). A total of 1024 responses
were given for each average. The filter settings were 150±
3000 Hz, (12 dB per octave roll-off) with an averaging window
of 20 ms and an artifact-rejection feature set at 25 V peak to
peak. The collected waveforms were processed and stored on
disc for off-line analysis. A standard minimum intensity of
90 dBnHL was used provided that clear waveforms with dis-
tinct waves I, III, and V were observed. The analysis was re-
stricted to waves I, III and V. We assessed waveform morphol-
ogy, peak latency and interwave latency, as defined by
Schwartz et al [34]. A response was classified as abnormal if
the waveforms were non-repeatable or absent, or if the wave
or inter-wave peak latencies were outside the mean by more
than 2 SD, using our own laboratory�s normative data (Camp-
bell, unpublished). Despite the lack of one to one correlation
between the ABR waveforms and distinct anatomical struc-
tures [16], we interpreted the ABR abnormalities according to
Möller�s classification of ABR neural generators [25], with peak
I corresponding to the distal portion of the VIIIth nerve, peak III
mainly corresponding to the superior olivary complex and
wave V corresponding to the termination of the inferior colli-
culus and to the lateral lemniscus.

Statistical analysis

All data were analysed using the Statistical Package for the So-
cial Sciences (SPSS).
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Results

I. Baseline audiometric tests

All 9 subjects had normal audiograms and single frequency
tympanometry. TEOAEs were normal in all 9 subjects. The
mean TEOAE amplitudes were significantly reduced (t = 2.89,
p = 0.01) in all Gaucher patients (12.5 � 7.2 dB right ear;
13.4 � 5.7 dB left ear) compared with control subjects
(18.8 � 4.8 dB right ear; 16.9 � 5.3 dB left ear).

II. Brainstem tests

Acoustic reflexes: The acoustic reflex response was measured
in 8 of 9 patients. In one case, acoustic reflex thresholds could
not be obtained due to the patient�s oversensitivity to the
acoustic stimuli. The ART was abnormal in all of the 8 cases
measured. In 6/8 cases, all ipsilateral and contralateral reflexes
were elevated or absent across three adjacent frequencies
(ªfull-houseº pattern). 2 cases had ªinverted Lº pattern, i.e., ab-
normal ipsilateral ART on one ear and abnormal contralateral
ART on both ears. Both these abnormalities are reported to cor-
respond with intra-axial brainstem lesions [6].

Medial olivo-cochlear suppression test: All age-matched
controls had normal suppression. 8 subjects were evaluated
using MOCS test (Table 2). We were unable to record MOCS in

Case 1 because the subject was unable to report 40 dB SL re-
quired to complete the test. Suppression was normal in 2 out
of 8 (25%) subjects and reduced or absent in 6 (75%) (Table 2).
In addition, medial olivo-cochlear suppression was significant-
ly reduced in Gaucher patients compared to controls (t = 5.92,
p = 0.00).

Auditory brainstem evoked potentials: At a stimulus inten-
sity of 90 dBnHL, the ABR was normal in 3 children (Cases 4,
6, 9) and abnormal in 6. Wave I was identifiable in 8 out of 9
cases (16 out of 18 ears). Wave III was absent in a total of 5 ears
and delayed in 3. Wave V was absent in 9 ears and delayed in 3
(Table 3). Table 3 describes in detail the abnormalities in each
case.

Because of the apparent poor morphology, the ABR was re-
corded at a higher intensity of 100 dBnHL in 7 cases. In the re-
maining two cases, the ABR could not be obtained due to the
patients� oversensitivity to the acoustic stimuli at 100 dBnHL.
With an increased stimulus intensity of 100 dBnHL, wave III
was absent in 2 ears and delayed in 2. Wave V was absent in 3
ears and delayed in 6 (Table 3).

Table 2 Summary of audiometric results

PTA TYMP TEOAE ART MOCS ABR

1 normal normal normal not tested not tested abnormal

2 normal normal normal abnormal abnormal abnormal

3 normal normal normal abnormal abnormal abnormal

4 normal normal normal abnormal normal normal

5 normal normal normal abnormal abnormal abnormal

6 normal normal normal abnormal normal normal

7 normal normal normal abnormal abnormal abnormal

8 normal normal normal abnormal abnormal abnormal

9 normal normal normal abnormal abnormal normal

Abbreviations: ABR= auditory brainstem responses, ART = acoustic reflex thresholds, MOCS = medial olivo-cochlear suppression by contralateral noise test,
PTA = Pure tone audiometry, TEOAE = Transient evoked otoacoustic emissions, TYMP = Tympanometry

Table 3 Summary of ABR abnormalities of subjects at 90 and 100 dBnHL

Case ABR (90 dBnHL) ABR (100 dBnHL)
Right Left Right Left

1 absent I ± V absent I ± V absent II ± V absent II ± V

2 absent II ± V absent V; delayed III, I ± III delayed V; delayed IWI delayed V; delayed IWI

3 delayed III, V; delayed IWI delayed III, V; delayed IWI delayed V; delayed IWI delayed V; delayed IWI

4 WNL WNL not tested not tested

5 delayed V; delayed I ± V WNL WNL WNL

6 WNL WNL not tested not tested

7 absent V absent V absent V WNL

8 absent II ± V absent II ± V delayed III, V; delayed IWI delayed III, V; delayed IWI

9 WNL WNL WNL WNL

Abbreviations: IWI = interwave intervals, WNL = within normal limits
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Discussion

This is the first study of Gaucher disease type 3 to use a battery
of audiometric tests in order to evaluate the extent and site of
involvement of the auditory pathway including the brainstem.
Previous studies have only employed ABR for this purpose
[19,22, 33]. We investigated 11 patients who had been diag-
nosed enzymatically with Gaucher disease and in whom the
diagnosis of neuronopathic disease had been established by
the finding of saccade initiation failure (ªocular motor aprax-
iaº) and slow saccades on objective recordings of saccade eye
movements [14,29].

Our 9 subjects had normal pure tone audiogram thresholds. In-
dividual OAEs were within normal limits but the OAE ampli-
tude mean was significantly below that of age-matched con-
trols, although equivalent to the OAE amplitude reported by
other investigators for this age-range and OAE protocol
[12,31]. It is difficult to decide whether this finding indicates
subclinical outer hair cell pathology, as up to 30% of the OHC
population may be damaged before there is any audiometric
evidence in the pure tone audiometry [5]. Similar subtle defi-
cits have been reported in insulin-dependent diabetes mellitus
[8]. It is unclear whether this subtle deficit, if indeed present, is
due to the disease process or to other morbidity associated
with the disease.

The combination of abnormal ABR with abnormalities in the
other two brainstem tests as well as the presence of saccade
initiation failure provided further evidence on the extent of
brainstem involvement. Ipsilateral and contralateral acoustic
(stapedial) reflex thresholds were abnormal in all 8 tested
cases, with 6 cases of ªfull houseº and 2 case of ªinverted Lº
pattern. The presence of both ipsi- and contralateral abnor-
malities, i.e., ªfull-houseº, in the presence of normal middle/in-
ner ear function usually indicates central disease that can be
localised to the cochlear nuclei and the olivary nuclei with a
sensitivity of 75% [6]. Alternatively, raised reflexes could re-
flect bilateral involvement of the facial nucleus or its fascicle
that proceeds dorsomedially, bends around the 6th nucleus
and returns ventrolaterally to exit the brainstem. A midline le-
sion near the genu could thus affect both fascicles as well as
the horizontal saccade centres in the PPRF. Interestingly, 6th
nerve palsies have been reported in type 3 disease [14].

The medial olivo-cochlear suppression mediated by the effer-
ent contralateral olivo-cochlear system [4] was bilaterally ab-
normal in 6 out of 8 patients tested. As the crossing olivo-
cochlear axons pass the midline in the dorsal brainstem under
the genu of the facial nerve [35], it is plausible that lesions af-
fecting the horizontal saccades could also compromise con-
tralateral suppression. MOCS was normal in two of our young-
est patients, who also had better ABR than the rest (normal in
one and absent wave V in one case).

The commonest finding in the ABR was absent or delayed wave
V in 12 out of 18 ears (66%), followed by an absent or delayed
wave III in 8 out of 18 ears (44%). Wave III is thought to be gen-
erated by the cochlear nucleus, and wave V by the lateral lem-
niscus and/or the contralateral inferior colliculus [25]. The
sensitivity of ABR in identifying intra-axial brainstem lesions
can be as high as 97% [27]. Therefore, the abnormal ABR in
our patients may indicate intra-axial lower brainstem involve-

ment, from the level of the cochlear nucleus and upwards. Five
cases had abnormal results in all three brainstem tests. Case 1,
who had the most severe neurological involvement, had the
worse ABR findings of the group. Cases 5 and 7 had milder ab-
normalities in the ABR, with intact wave III, indicating that the
cochlear nucleus was not affected or was only mildly affected
by the lesion while the finding of abnormal ABR wave V and bi-
laterally abnormal ART and MOCS could indicate pathology in-
volving the SOC and higher auditory pathway as well as the
VIII nerve nuclei. Cases 2, 8, 7 had more severe involvement
than the previous two cases, with delayed or absent ABR wave
III and bilaterally abnormal MOCS and ART, possibly due to se-
vere neurological involvement at the level of the cochlear nu-
cleus [26]. This is consistent with post mortem histopathology
reports in type 2 GD with similar ABR findings [19, 22]. Inter-
estingly, increased stimulus level (100 dBnHL) elicited delayed
ABR waveforms in Cases 2 and 7, as has also been reported in
Gaucher type II [22], but not in Case 8, which may again indi-
cate more severe involvement of the latter than the former two
cases. We also observed that the children who had started the
ERT before their second birthday tended to have milder overall
audiometric abnormalities than children who had started ERT
later on or who had had a bone marrow transplant. However,
as the children with early onset ERT were also younger than
the rest, it is difficult to assess whether the lesser impairment
is due to age differences and stage of the disease or to treat-
ment parameters and a prospective study would be more ap-
propriate to address these issues.

In summary, this is the first extensive study of auditory path-
ways in children with Gaucher type 3 disease. We have found a
constellation of abnormalities including raised acoustic re-
flexes, poor medial olivo-cochlear suppression, and very poor
brainstem evoked potentials. While it is possible that some of
these abnormalities could be consistent with a single lesion in
the dorsomedial brainstem in and around the saccadic eye
movement centres, it is more likely that there are additional
lesions. Further study is needed to clarify the origins of these
abnormalities. The results of this cross-sectional study indi-
cate that combined audiological tests may provide informa-
tion on the severity of the neurological involvement in Gauch-
er type III. We are currently undertaking detailed audiological
evaluation in addition to eye movement studies as standard
assessment in our Gaucher type 3 patients on a prospective
basis in order to assess whether serial audiological evaluation
may serve for long term monitoring of any neurological pro-
gression.
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