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Fig. 3. Projection images of statistical parametric maps, showing activation with word stimuli in normal subjects
(a)and CI users (b). The activated arcas were thresholded at uncorrected p < 0.05, since a word stimulus evoked wide
activation without very steep peaks. SFM = superior frontomedian cortex; for other abbreviations of brain arcas, sce

text.

In CI users (fig. 1b), the pattern of activation was differ-
ent. Strong and broad activation was observed in the right
primary auditory cortex, ipsilateral to the sound stimuli.
‘Two distinct peaks were found, one in the anterolatercin-
ferior part (Rprm1) and the other in the posteromediosu-
perior part {(Rprm2). Rprm1 had a symmetrical position
to Lprm in normal subjects. Two foci with weaker activa-
tion than on the right side were observed in the left tem-
poral lobe (Lprm’ and Lasc). Lasc was situated in the left
assoctation auditory cortex {Lasc, superior or middle tem-
poral gyri). Lprm’ was located almost symmetrical to, but
somewhat more lateral than, Rprm2 and corresponded to
the border area between Brodmann’s areas 41 {transverse
gyrus) and 42 (superior gyrus) by reference to the stan-
dardized stercotaxic atlas [Talairach and Toumoux,
1988}. Figure 2 shows Rprml, Rprm2 and Lprm’ in Cl
users and Lprm in normal subjects, superimposed on the
typical MRI image. All these 4 activated foci were located
along and/or adjacent to the transverse temporal gyrus,

286 Audio) Neurootol 2004;9:282-293

confirming activation in the primary auditory area be-
cause both cytoarchitectonic subdivision study [Brod-
mann, 1909} and functional study [Lauter et al., 1985)
located the human primary auditory cortex on and adja-
cent to the transverse gyrus. However, Lprm’ in CI users
seems to involve the adjacent association area more
strongly than the other 3. In reality, an activation in the
temporzl lobe has been considered to be in the primary
cortex if it is near the transverse gyrus and is evoked by
pure tones [Bilecen et al., 2000], because the activations
of 2 distinct but adjacent areas, such as areas 41 and 42,
cannot be distinguished on their border by the current
resolution of imaging and because the morphological
localization determined by gyri does not perfectly corre-
spond to the cytoarchitectonic configuration (Brod-
mann’s areas). Therefore, we regard Lprm’ in C] users as
an activation in the primary area, rather than an extraor-
dinary plasticity occurring in the association cortex.
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Fig. 4. Regions where activation with word stimuli was stronger in normal subjects than in CI users (a) and vice versa (b).

The areas were thresholded at uncorrected p < 0.001.

Brain Activation by Word Stimuli

Word stimuli {table 3) activated bilateral anditory as-
sociation cortices {left: Lasc, right: Rasc) in normal sub-
jects (fig. 3a).

In the CI users (fig. 3b), in addition to bilateral andito-
ry association cortices (Lasc and Rasc), the right superior
frontomedian cortex {(SFM) presumably including the
supplementary motor area and the neighboring midline
anterior cingulate gyri were also activated. In association
cortices, the peak Z values in CI users were smaller than in
normal subjects, and the statistical parametric map
images gave an impression of broader activation (small
activated foci scattered in the bilateral association cor-
tices, in contrast to more compact, concentrated activated
foci in normal subjects). However, since the activated foci
in the temporal lobe largely overlap with word stimula-
tion and the difference is not so easy to determine as with
tone bursts, we investigated the differential activation
between CI users and normal subjects (fig. 4). Activation
in bilateral association cortices near primary areas, corre-
sponding to Brodmann’s area 42, was higher in normal
subjects. In CI users, activation in the nght SFM was

PET in Early Cochlear lmplant Users

Table 3. Fodi of maximal activation by word stimuli in 3 areas of
interest arc shown in the order of Z values caleutated by SPM99

Arca Z value Coordinates (x, y, z)
Normal subjects  Lasc 552 (-58,-22,2)
496 (-58,0,-10)
390 {-68,-22,6)
Rasc 549 (66,-22,2)
502 (68,-14,2)
4.74 (60, -8, 4)
C1 users Lasc 501 (-60, =36, 6)
4.51 (-54,~-24,-6)
4.19 (=50, -38,4)
Rasc 443 {62, -16, 10}
4.32 (63, 40, 12)
417 (72,-20,0)
SFM 4.30 (12,12, 54)
4.20 {4,-4, 60)

Lasc and Rasc = Left and right auditory association cortices,
respectively; SFM = right superior frontomedian cortex. Coordinates
{mm) are shown in the standard stercotaxic space of Talairach,
Only the areas with peak Z values exceeding 3.3 are shown, i.c.
p < 0.0005.
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higher than in normal subjects. Wealso found that activa-
tion in CI users is higher at the posterior end of bilateral
association cortices (posterior end of Brodmann’s area
22).

Discussion

Differences in Cortical Activation between Normal

Subjects and CI Users

Tone Burst Stimuli

Cortical activation patterns by the tone burst stimuli
showed an outstanding difference between normal sub-
jects and CI users. Whereas a small area in the contralater-
al primary auditory cortex was activated in normal sub-
jects, a much broader area in the ipsilateral primary cor-
tex was predominantly activated, with 2 separate peaks,
in early C1 users. No comparable plasticity in the auditory
primary cortex has been reported. The broadness of this
ipsilateral primary cortex activation may be due to stimu-
lation of a larger population of cochlear neurons, in con-
trast to a very limited stimulation in normal subjects,
owing to inevitable current leaks of C1 devices and/or may
signify that such ipsilateral projection is new and there-
fore preliminary, failing to converge on a small central
processing area. The functional auditory projection to the
primary cortex was shown to shift from contralateral to
bilateral after unilateral deafness, possibly duve to disinhi-
bition from the contralateral inputs [Vasama et al., 1995;
Scheffner et al., 1998; Bilecen et al., 2000; Ponton et al.,
2001], especially with left ear unilateral deafness [Khosla
et al, 2003]. Although the contralateral activation re-
mained dominant in such cases, predominant ipsilateral
activation was found in the very acute phase of sudden
deafness [Suzuki et al., 2002; Po-Hung Liet al.,, 2003). In
the present study, the ipsilateral projection (right ear to
right primary cortex) in early CI users may partly be
attributed to lack of inhibition from the contralateral (left)
car. However, since we tested only nght-sided CI users,
we dare not assert that the left-sided easly CI users will
show similar ipsilateral activation, since a difference in
cortical activation according to the deafened side in
patients with unilateral deafness was found [Khosla et al.,
2003].

Our present results may not be compared directly to
previous studies, since ro previous PET studies in Cl
users employed tone burst or pure-lone stimuti. Electric
and magnetic responses over the ipsilateral (right) hemi-
sphere were observed in | patient implanted on the right
side with tone burst stimuli [Pelizzone et al, 1986].
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Giraud et al. [2001] found activation of the contralateral
(right) primary cortex witha mixture of speech and noise
stimuli in early left-sided CI users. One study with a brief
square pulse, which corresponds to a click stimulus in nor-
mal-hearing subjects, showed that the activation was con-
tralateral in 2 of the 3 subjects tested and was ipsilateral in
1 subject [Truy et al., 1995], although the length of the
usage of devices was not noted. Thus, the results were
variable depending on the side of stimulation, type .of
stimulus and period of rehabilitation. However, PET
studies with postlingual CI users including long-term
users, whose subjects were similar to ours, have shown
that the white noise activated the contralateral primary
cortex more strongly than the ipsilateral cortex [Naito et
al., 1995; Okazawaet al,, 1996}. Assuming that the differ-
ence between tone burst stimuli and white noise stimuli
could be ignored, we hypothesize that the prominent
right-sided ipsilaterality observed in the present study
may diminish in the long-term use of Cl devices, i.e. in the
course of auditory rehabilitation.

in discussing the lateralization of cortical responses, it
is important to note the large difference among different
types of sound stimulation. With meaningful speech stim-
uli, bilateral temporal gyri (primary and association cor-
tices) are strongly activated with higher activation on the
1eft side [Scott et al., 2000). With word stimuli, the pattern
of activation is similar but less strong with less marked
left-sidedness [Wise et al., 2001]. With pure-tone or tone
burst stimuli, a small area of the contralateral temporal
gyrus (primary cortex) is activated [Lauter et al.,, 1985].
Cortical activation with white noise or click stimuli,
which has a wide frequency range, shows an intermediate
and obscure pattern between speech and pure tone, ie.
bilateral (contralateral > ipsilateral), broad but weaker
activation than that caused by speech stimuli [Naito et al.,
1995). Moreover, the significant activation of the primary
cortex was not consistently shown (only small to no statis-
tical significance) in previous PET studies with white-
noise stimuli [Okazawa et al, 1996; Naito et al.,, 1997,
2000]. Lateralization differences of cortical activation
according to gender have been controversial, although a
recent large-scale report denied intersexual differences
[Frost et al., 1999} Hemispheric asymmetry affected by
aging was also reported [Bellis et al., 2000]. However,
these were shown only with speech stimuli and only the
laterality, not the precise location of activated foci, was
noted. Such differences with pure-tone stimuli were not
reported and seem not plausible with bilaterally normal-
hearing ears, considering the predominant contralateral
connection of the primary cortex. In fact, exact age/gen-
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der matching has not been considered essential in the
PET studies in CI users [Naito et al., 2000]. Therefore, we
consider that the lateralization differences between Cl
users and normal subjects with tone burst stimuli is signif-
icant, although our control subjects and CI patients were
not exactly age/gender matched.

The activation of the lefi auditory association cortex
by tone bursts, although not very strong, was somewhat
unexpected because all CI nsers distinguished between
tone burst and word stimuli. In a previous study, the mul-
titalker babble activated bilateral association coriices in
CI users but not in normal subjects {Wong et al., 1999].
However, this result is not directly comparable to ours,
either, because the multitalker babble retains much more
of the characteristics of speech [Wong et al., 1999].

Word Stimuli

In Cl users, lower activation peaks in the bilateral asso-
ciation cortices were observed with word stimuli, along
with the activation of the SFM presumably including the
supplementary motor area and adjacent midline cingulate
gyri, which was absent in normal subjects. The lower peak
levels in association cortices can be explained by the lower
word recognition scores in these early CI users. In con-
trast, rehabilitated, long-term CI users showed stronger
activation of association cortices than normal subjects
[Wong et al., 1999; Naito et al., 2000}, -

The activation of the supplementary motor area may
be attributed to a new recruitment of normally unused
areas to process the stimuli. In long-term Clusers, such an
activation of the supplementary motor area and cingulate
gyri was reported in one study [Naito et al., 2000] but not
in another [Wong et al., 1999]. As the latter included
patients with longer CI use, recruitment of these brain
areas may disappear in the long term. Activation of the
anterolateral right hemisphere was reported also in pa-
tients with unilateral sudden deafness [Vasama and Ma-
kela, 1995]. The SPM studies also implied activation of
more peripheral areas in the association cortex in early CI
users. Concerning the peripheral temporal areas, activa-
tion of the left inferolateral temporat cortex was reported
in aphasia, which probably contributed to better perfor-
mance after rehabilitation [Warburton et al., 1999]). The
supplementary motor area, which is concerned with inter-
nal rehearsal of motion, has been shown to be activated
also by word retrieval tasks [Warburton et al., 1996). Nai-
to et al. [2000] hypothesized, using a task using silent
repetition of heard words, a stronger recruitment of an
internal playback mechanism embedded in a network
arrangement involving the auditory cortex, Broca’s area
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and the supplementary motor area, However, in our
patients, activation of this area did not require silent repe-
tition of word stimuli, and Broca’s area was not activated.
In a study with poststroke aphasia, activation of the sup-
plementary motor area was observed only with temporal
lesions but not with subcortical lesions, with frontal
lesions or in normal subjects {Heiss et al., 1999], suggest-
ing the possibility of compensatory activation.

Central Plasticity or Peripkeral Coding Difference?

Before concluding that the differences in activation
between CI users and normal subjects are results of plas-
ticity after a Jong disuse of aunditory cortices, we have to
discuss the effect of the difference in peripheral coding
between CI users and normal subjects. Since the device
employed in this study could activate at most 20 channels
and the cochlear nerves might have undergone certain
degeneration, the quality of signals transmitted by the
peripheral nerve of CI users is supposed to be lower than
that of normal subjects, which could cause different pat-
terns in cortical activation. Previous studies attributed
the higher cortical activation in CI users than normal sub-
jects, which was contrary to our results, to extensive
recruitment of cortical neurons {coarse coding strategy)
due to degraded signals supplied by peripheral neurons
[Wong et al., 1999; Naito et al., 2000]. However, with
tone burst stimuli, even though the proportion of cochlear
neurons stimulated by the CI device may be larger than
that in normal subjects, owing to inevitable current leaks,
that cannot explain the activation of the ipsilateral (right)
cortex (Rprmi and Rprm?2) in CI users. On the other
hand, with word stimuli, the limitation in the number of
available CI channels (at most 20) may well cause degra-
dation in the quality of input signals from the periphery to
the central nervous system. However, we could not find
functional activation studies with normal subjects show-
ing newly recrnited brain areas with degraded speech
stimuli in contrast to normal speech stimuli, which could
underscore the importance of peripheral coding effects.
Nommal subjects have been shown to vnderstand much
deteriorated speech with a small number of channels
[Shannon et al., 1995} (>80% sentence comprehension
with 3 noise bands, corresponding to 3 channels in CI
users), indicating relatively small effects of degraded in-
puts caused by decreasing the number of channels on
speech comprehension. A study involving very well-per-
forming CI users, in whom the peripheral coding effect is
supposed te be minimized, also showed differential re-
cruitment of speech processing [Giraud et al., 2000]. Acti-
vation of the supplementary motor area and areas periph-
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Fig. 5. Conceptual representation of the conditional analysis (a) and
the covariate-weighted analysis {b) in SPM. It should be noted that
the two methods have ro principal differences. To evaluate condi-
tional effects, each nonactivated scan is given the covariate value -1,
and the activated scans the valuc +1 (8). Therefore, the conditional
effect is nothing but a particular case of peneral covariate effects. To
investigate covariate-weighted effects, we made a slight modification
to the conditional cffect cvaluation: the activated scans were given
covariates weighted by the parameter {(word recognition score), cen-
tered at + 1. This modification is supposad to enhance the brain arcas
which are more strongly activated in individuals with higher co-
variate values and less strongly activated in those with lower covar-
jate values, thus approximating covariate-related activation.

290 Audiol Neurootol 2004;9:282-293

eral to the association cortex has been found in aphasic
patients, in whom peripheral coding rested intact [Heiss
et al, 1999; Warburton et al, 1999]. These proofs,
although indirect, seem to support the dominance of cen-
tral plasticity over peripheral coding effects. In this arti-
cle, we opt to use the expression ‘plasticity’ with reserva-
tions as described above.

Relutionship to Auditory Reconfiguration in Diseuses

Interestingly, newly recruited brain areas in early CI
users, the supplementary motor area and possibly the
areas peripheral to the immediate association cortex,
coincided with those in aphasic patients with temporal
lobe lesions. This suggests that the plasticity realized at
the sudden restart of auditory input after a long disuse of
auditory pathways can mimic the altermative recruitment
strategy employed in the case of auditory cortex damage.
So to speak, at the regain of audition by CI, the brain
seems to mobilize all possible cortical areas to decode the
auditory inputs. With tone bust stimulation, ipsilateral
dominance of the primary auditory cortex was observed,
suggesting the possibility of rapid substitution using the
ipsilateral primary cortex, in case of malfunction of the
contralateral cortex. With word stimuli, recruitment of
brain areas which were not activated in normal subjects
was observed. .

Taking into account the previous studies with CI uscrs
[Miyamoto et al., 1999; Wong et al,, 199%; Giraud et al,
2000; Naito et al., 2000], the plasticities observed in our
early CI users may diminish or disappear in the course of
rehabilitation. However, in patients with permanent
damages in auditory cortex or pathways, especially in
young children, these plasticities have a chance to persist
and become effective. For example, interthemispheric
transfer of language-processing areas has been reported in
children, in disorders affecting the dominant hemisphere,
such as tumors {DeVos et al., 1995], epilepsy [Helm-
staedter et al., 1994, 1997] and brain damages causing
hemiplegia [Bergman et al., 1984]. Right hemisphere res-
titution in cases with left hemisphere epilepsy was less fre-
quently observed with the onset age of more than 13 years
[Helmstaedter et al., 1997). However, compensatory acti-
vations outside thie left superior temporal cortex, such as
the right hemisphere and the peripheral left temporal
regions, were also observed in adult aphasia {Miura et al,,
1998; Heiss et al., 1999; Warburton et al., 1999], although
the effectiveness in terms of lanpguage comprehension
might remain insufficient. Thus, we hope that researches
on the auditory brain activation in early CI users can con-
tribute to the understanding of the substitutive capacity
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Fig. 6. a Projection images of statistical parametric maps, showing the covariate-weighted activation (covariate: word
recognition score), with tone burst stimuli in CJ vsers. Other imaging parameters are the same as in figure 1.
b Projection images of statistical parametric maps, showing the covarniate-weighted activation (covariate: word recog-
nition score), with word stimuli in CT users. Other imaging parametcrs are the same as in figure 3,

against disease processes involving auditory central pro-
cessings.

Implication on the Relationship to Word

Comprehension Ability

Early Cl users, not yet rehabilitated, tend to show large
individual variation in speech comprehension ability. To
find out the effect of speech comprehension on the corti-
cal activation, we slightly modified the ordinarily em-
ployed conditional analysis as follows.

The additional analysis using a covariate concerned
only the CI users, and the word recognition score was used
as the covariate {covariate-weighted analysis). The covan-
ates were divided by their average before use, to adjust the
average to +1.0. Brain activations weighted by a covariate
were explored by this analysis. The difference from the
usual conditional analysis exists only in that the co-
variate-weighted analysis allocates different correspond-
ing covariate values (e.g. 0.2, 0.6, 1.9 etc.: positive values

PET in Early Cochlear Implant Users

whose average is +1.0) for sound-activated scans and the
value -1.0 for all the silent scans whereas conditional
analysis allocates the same values for all the sound-acti-
vated scans (+1.0) and for all the silent scans {~1.0)
[Frackowiak et al., 1997], in forming the general linear
model. Therefore, brain areas which are activated propor-
tionally to a covanate are supposed to be more empha-
sized than in the conditional analysis. Figure 5 demon-
strates the basic concept of these SPM analyses. It will be
understood that this additional analysis is only a slight
modification of the conventional one. For tone burst stim-
uli, the covariate-weighted activation analysis showed a
pattern different from the simple conditional activation
studies (fig. 1band 6a). The activation for Lprm’ (Z value:
4.64) exceeded those for the right primary cortex (Rprm1:
4,35 and Rprm2: 3.88). For word stimuli, the covariate-
weighted activation studies with word recognition scores
(fig. 6b) revealed activation patterns different from those
in the simple conditional activation study (fig. 3b) in two
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points: (1) the activated foci in the bilateral association
cortices look more compact with higher Z values at peaks
(5.84 for the right side, 5.44 for the left), and (2) SFM
activation was less significant. In summary, these patterns
were more similar to the cortical activation in normal sub-
jects (fig. 1a and 3a), indicating that good word recog-
nizers tended not to employ these plasticities. From
another point of view, one can presume that preserved
auditory connections are important for good word com-
prehension in early CI users. In relation to this, the recov-
ery after aphasia caused by temporal lobe lesions was
shown to be closely related to the degree of preservation of

the left temporal areas and their reintegration into func-
tion networks, rather than to compensatory activation of
other cortical areas, such as contralateral (right) temporal
cortices [Heiss et al., 1999; Warburton et al., 1999].
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The Role of the External Auditory

““ORIGINAL ARTICLE

Canal

in the Development of the Malleal

Manubrium in Humans

Shin-ichi Ishimoto, MD; Ken lto, MD; Kenji Kondo, MD; Tatsuya Yamasoba, MD; Kimitaka Kaga, MD

Objective: To determine if the external auditory canal
(EAC) plays a role in the induction and proper position-
ing of the malleal manubrium in humans.

Study Desigm: Retrospective study between 1994 and
2002.

Setting: Academic, tertiary care referral medical cen-
ter.

. Patents: Fifty-five ears of 50 patients with congenital
atresia (n=47) ot stenosis {n=8) of the EAC, for which
meatoplasty was performed at the University hospital be-
tween 1994 and 2002.

Main Ovicome Meuswres: The presence of the ma-
pubrium was examined during surgery, and the corre-

fation between the presence of the manubrium and the
 the p
grade of the microtia was evaluated.

Reswelts: The manubrium was identified in all ears with
FAC stenosis, whereas it was absentin all ears with EAC
atresia. No correlation was observed between manu-
brium lormation and awricular deformity.

Conclwsions: Our resuhs demonstrated a close relation-
ship between the formation of the EAC and that of the
malleal manubrium in humans. This is consistent with
the recent findings in knockout mice. This information
is usefuol for surgical intervention in cases of congenital
EAC anomalies.

Arch Otolaryngol Head Neck Surg. 2004;130:913-916
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ONGENITAL ANOMALY OF

the external auditory ca-

nal (EAC) is a relatively

rare clinical entity and

consists of a series of mal-
formations of the auricle and EAC, the lat-
ter varying from slight narrowing to com-
plete absence of the EAC."* The incidence
ranges from 1 in 10000° 1o I in }50007
births. A combination of reconstruction of
the EAC and avricle is nsually performed
to achieve improvement in hearing and
cosmetic appearance. The reconstruc-
tion of the anomalous EAC is one of the
most challenging procedures in otelogy be-
cause it is often accompanied by middle
ear anomalies, such as facial nerve aber-
ration, deformity of the ossicles, defect of
the oval window, and lack of mastoid
preumatization.>** These malforma-
tions are considered to result from devel-
opmental arrest between 6 and 10 weeks
of fetal life ™! Knowledge of the devel-
opment of middle ear elements is indis-
pensable 10 safely and successfully com-
plere surgery for congenital EAC
anomalies. The patterns of formation of the

middle ear elemens and their mutual in-
teraction, however, have not been fully ex-
plored in humans.

Preoperative evaluation with high-
resolution computed tomography (HRCT)
of the temporal bone is essential for sur-
gical planning because it provides impor-
tant inforimation on the type and severity
of anomalies of the EAC and middle ear
elements, including the ossicles. The de-
velopment of the middle ear has been

CME course available at
www.archoto.com

evaluated by a grading system based on
HRCT of the temporal bone.! 1t has been
reported that the severity of EAC and
middle ear anomalies correlate with the
surgical outcome.'?

Recent molecular and genetic analy-
ses using knockout mice enhance our un-
derstanding of ear development and the pai-
tern of formation of middle ear elements, >
For example, disappearance of the tym-
panic ring due to retinoic acid wreatment and
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Table 1. Classification of 55 Ears With External Ear Canal
Anomalies According to SchokreeM'’s Criteria® i
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Table 2. Relationship Between the Type of Extemal Ear -
Canal Anomaly and Grade of Microtia in 55 Ears =~ -
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Table 3. Presence of the Manubrium in Relation o the . "
Classification of External Auditory Canal Anematies © .-~ .
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Brm  Present 1 |
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Type B s o,
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TweC 8 3%
Type 0 S8
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duplication of the ring in Hoxa-2 null mutant embryos re-
sulted in alterations in EAC formation.” In additon, Prx1
and Goosecoid (Gsc) genes are known to be essental for
middle ear and EAC development, and target mutation of
these genes resulis in the fack of tympanic ring and EAC
and the hypomorphism of the manubrium.'’"* These find-
ings suggest that the formation of the EAC may depend
on the formation of tympanic ring. Moreover, it has been
reporied that the presence of EAC plays an essential role
in the induction and proper positioning of the pmlieal ma-
nubrium,'** which criginates from the mesenchyme of
the proximal area of the first branchial arch and provides
the connection between the tympanic membrane and
middle ear throngh skeletogenesis of the mesenchyme **
These results obtained from genetically modified mice sug-
gest a close correlation between the formation of the ma-

nubrium and the EAC. However, such a correlation has
not been well documented in hwmans.

The purpese of the present study was to evaluaie
the relationship between the presence of the manu-
brium and the appearance of the EAC in humans by com-
paring them in ears with atresia or stenosis of the FAC,

B METHODS

Between Angust 1992 and October 2002, reconstruciion of the
EAC was performed in 66 ears in 58 patients with EAC anoma-
lies who had no known genetic abnormality. Eleven ears, in
which the mesotympanum was not explored, were excluded.
Thus, 55 ears of 50 patients (42 male and 8 female patients;
mean age, 13.7 years [range, 6-34 years]) were included in the
study. Eighteen patients had bilateral EAC anomalies, and 32
patients a unilateral anomaly (16 righi-sided and 16 lefi-sided).
Five patients underwens bilateral canaloplasties, and 45 pa-
tients underwent unilateral canaloplasty. Schuknecht® estab-
lished a classification (types A-D) of the atresia based on HRCT
and surgical findings. In that classification, the EAC anomaly
is limited in type A 1o the fibrocartilaginous part; the EAC is
stenotic, and cholesteatoma sometimes develops in the EAC.
In 1ype B, narrowing and in some cases tortuosities of both the
fibrocartilaginous and bony parts of the EAC are found. Type
C has a totally atretic EAC with well-developed pneumariza-
tion of the tympanic cavity. Type D has poor pneumatization
of the temporal bone with severe anomaly of the middle ear

“structures. We included types A and B in the stenosis group

and types C and D in the atretic group.
The degree of microtia was classified into grades 1 to 11

- according to the classification of Marx.™ Grade 1 imicrotia shows

a mild deformity, with the auricle being slightly smaller than
normal and each part being clearly distinguished. In grade 1
microtia, the size of the EAC is one half to two thirds of the
normal size and its structure is parially retained. In grade U1
microiia, the auricle is severely malformed and usnally €xhib-
its a peanut shape. ‘

The appearance of the ossicles was evaluated during sur-
gery. We focused on 3 anatomical structures of the malleus,
We evaluated the fusion of the malleus head with the incus body,
presence of the neck and the lateral process of the malleus, and
extension of the vertical process (ie, manubrium) below the
lateral process. The surgical findings and the grades of micro-
tia were compared between atresia and stenosis groups.

— T

The number of ears in each of 4 atresia types (A-D) is
given in Table 1. The stenosis group consisted of 8 ears
of type B, whereas the atresia group consisted of 34 ears
of type Cand 13 ears of type D. The side of involvement
was not associated with the type ol EAC anomalies. The
severity of microtia in relation 1o the degree of EAC ste-
nosis is given in Table 2. Filteen ears were assigned as
grade 1 microtia, ¥ ears as grade 11, and 31 ears as grade
1. Microtia was classified as grade 1in 5 of 8 ears of type
B, whereas microtia grade 111 was found in 11 of 13 ears
of type D. Type C ears showed all grades of microtia with
no prevalence. In general, the formation of the auricle
was more severely alfected in the arresia group com-
parcd with the stenosis group.

The relationship of the presence or absence of the
manubrium and atresia or stenosis of the EAC is given
in Table 3. The presence of manubrium was ¢on-
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Coronal computed tomographic (€7} images and swrgical view of temporal bones in a patient with external auditory canal (EAC) atresia (A and B) and stenosis (C

and D). A, Surgicat view of the right ear with EAC atresia B, Axial €T image of the ear shown in A, €, Surgical view of the right ear with EAC stenesis. D, Goronal
CT image of the ear shown in C. M indicates malleus; }, incus; H, manubrium; C, chorda tympani; and S, stapes.

firmed in all 8 ears of the stenosis group; however, the
manubrium was shorter and angled toward the prom-
ontory in 5 of the ears. In the atresia group, the manu-

- brium was absent in all ears. The head of the malleus and
the body of the incus were commonly fused in this group.
The Figore shows the HRCT and surgical findings of rep-
resentative cases from each group.

—

Congenital anomalies of the EAC are often associated with
absence or deformity of the manubrium or its angula-
tion toward the promomtory."? Furthermore, the head of
the malleus and the body of the incus are sometimes
{used."* The relationship between the pattern of the os-
sicles and the EAC condition, however, is not well vn-
derstood. The present study clearly demonsirated a close
relationship between the formation of the FAC and that
of the malleal manubrivm.

Schuknecht? reported that in type C anomaly, the
manubrium was “usually” absent, and when presem, it
was deformed and angled toward promontory. How-
ever, in that study, there was no reference o the corre-
lation between the condition of the manubrium and ECA
appearance. In addition, the relationship between the
grade of the microtia and the presence of the manu-

brium was not clearly delineated. The present study dem-
onstrated that the presence of the manubrium was de-
pendent on the formation ol the EAC but not on the
severity of the microtia.

The EAC develops from the first branchial groove be-
tween the mandibular and hyoid arches of the dorsal and
ventral portions.?!?2 In humans, at 4 10 5 weeks of gesta-
tion, a solid core of epithelial cells, derived from the ec-
toderm of the first groove, comes into contact with the en-
doderm of the first pharyngeal pouch, in the area of the
tympanic ring.?** Then, the mesoderm grows between the
ectoderm and the endoderm, and the conrtact is dis-
rupted. By the eighth week of gestation, the primary me-
atus is formed Like a funnel-shaped tube because of the
deepening of the first branchial cleft toward the tym-
panic cavity.?'** The primary meatus cotresponds Lo the
lateral third of the EAC, which is later surrounded by car-
tilage that forms from the surrounding mesoderm. ' Dur-
ing the ninth week of gestation, the ectoderm of the first
branchial groove thickens and grows medially toward the
tympanic cavity.” - During the 21st week of fewal life, re-
sorption ol the cord epithelial cells begins 10 occur, lead-
ing 1o the formation of a canal.**? By the 28th week, the
deepest cells of the ectoderm plug remain, forming the su-
perficial layer of the tympanic membrane.?'™ The medial
two thinds of the EAC is derived from the new ectoder-
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mal wbe and becomes the bony portion of the canal.
If this canalization process is arrested prematurely, it is
possible lor a mere normally developed rympanic mem-
brane and bony ear canal 10 exist in association with an
atretic or stenotic membranous canal.2'2

There is a close relation between the development of
the tympanic ring and the formation of the manu-
brium."? The manubrium of the malleus is inserted in the
tympanic membrane. This process is essential for trans-
ferring vibrations in the membrane to ossicle chain. The
anaiomical structure of the insertion of the manubrium
between 2 epithelia is due to the development of the EAC,
tympanic membrane, and the middle ear cavity." In par-
ticular, the tympanic ring plays a central role in the ana-
tomical structure.™ Moreover, the development of the tym-
panic ring is induced by the formation of the EAC, and
the development of the manubrium is dependent on the
formation of the EAC. These correlations may explain why
the manubrium was absent in the atresia group but pres-
ent, albeit short and deformed, in the stenosis group.

In conclusion, we have demonstrated in the present
study that the formation of the manubrium was closely
associated with the appearance of the EAC, suggesting that
the EAC also plays an essential role in the induction and
proper location of the malleal manubrivm in humans,
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OVérexpression of ErbB-2 Protein in Human
Middle Ear Cholesteatomas
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Objective: The purpose of this study is to verify
the hypothesis that ErbB-2 protein is overex-
pressed in human middle ear cholesteatomas and
to elucidate the relationship between overexpres-
sion of ErbB-2 protein, cell proliferation, and ap-
optosis. Study Design: Prospective review of 20
patients between 2001 and 2003 with middle ear
cholesteatoma. Methods: Middle ear cholestea-
toma matrix and retroauricular skin were immu-
nostained with anti-ErbB-2, Ki-67, and single-
stranded DNA (ssDNA) antibody. The distribution
of immunoreactivity to these antibodies and la-
beling indices were compared between cholestea-
toma and retroauricular skin. Resulis: In matrix
of middle ear cholesteatoma, ErbB-2 and ssDNA
were expressed in the keratinocytes of all layers
and Ki-67 was expressed in the keratinocytes of
the basal, lower spinous, and occasionally granu-
lar layer. In retroauricular skin, ErbB-2 and Ki-67
were expressed in the keratinocytes of the basal
and occasionally lower spinous layer and ssDNA
was expressed in the keratinocytes of all layers.
Labeling indices against anti-ErbB-2, Ki-67, and
ssDNA antibody were significantly greater in cho-
lesteatoma as compared with retroauricular skin.
Conclusions: In cases of cholesteatoma, ErbB-2
protein was overexpressed and cell proliferation
and apoptosis of keratinocytes were accelerated.
ErbB-2 protein could modulate terminal differen-
tiation and apoptosis in the keratinocyies of all
layers in cholesteatoma matrix and eell prolifera-
tion in the keratinocytes of the basal and lower
spinous layer in normal skin. Key Words: Middle
ear cholesteatoma, retroaunricular skin, ErbB-2,
Ki-67, single-stranded DNA.

Laryngoscope, 114:1988-1991, 2004

From the Department of Otorhinolaryngology, Mutual Aid Assecia-
tion for Tokyo Metropolitan Teachers and Officialy, Sanraku Hospital
(1.5.), Department of Otorhinolaryngolegy, University of Tokye (K.koNDO,
T.Y., M.5., K.KAGa), and Department of Otorhinelaryngelogy, Tokyo Metro-
politan Police Hospital (M.suzukD), Tokyo, Japan.

Editor's Note: This Manuseript was aecepied for poblication April 8,
2004.

Send Correspendence to Takashi Sakamoto, MD, Department of
Otorhinolaryngology, Mutual Aid Association for Tokye Metropolitan
Teachers and Officials, Sanraku Hospital, Kandasurugadai 2-5, Chiyoda-
ku, Tokyo 101-8326, Japan, E-mail: ta-saka@®nifty.com

DOI: 10.1097/01.mlg 0000147934.21638.48

Laryngoscope 114; November 2004
_1888

INTRODUCTION

The product of neu oncogene was referred to as
HER-2 or ErbB-2 because of the homology to the human
epidermal growth factor receptor (HER) gene and c-erbB
proto-oncogene. The ErbB family includes the epidermal
growth factor receptor (EGFR), HER-2, HER-3, HER-4 (also
designated as ExbB-1, ErbB-2, ErbB-3, ErbB4), and Xmrk.

ErbB1, ErbB3, and ErbB4 bind multiple ligands of
epidermal growth factor (EGF) family.? Ligand binding
to the extracellular domain of ErbB receptors was sug-
gested to cause receptor homo- and heterodimerization.
Intracellular signal diversification results from different
utilization of downstream pathways by different ErbB
receptor combinations.? Although no direct ligand for
ErbB-2 has been identified, it has been shown that ErbB-2
is activated by heterodimerization and/or multimerization
with other ErbB receptors.*® Deregulated ErbB signaling
has been implicated in various malignancies.5~2 Expres-
sion of ErbB-2 protein has been also demonstrated in
chronic inflammmatory disorders such as lichen planus and
normal skin keratinocytes.®—?

In general, activation of the ErbB family members
leads to a cellular proliferative response. In certain in-
stances, however, activation of an ErbB receptor can in-
duce differentiation, cell cyele arrest, and even apopto-
sis.’? An increasing rate of cell proliferation and apoptotic
cell death has been demonstrated to play a crucial role in
the pathogenesis of human middle ear cholesteatoma.'® In
the present study, we hypothesized that the keratinoeytes
of human middle ear cholesteatoma overexpress ErbB-2
protein, and therefore, to elucidate the relationships
among overexpression of ExbB-2, cell proliferation, and
apoptosis, we conducted immunochistochemical staining
using anti-ErbB-2, Ki-67, and ssDNA antibody.

MATERIALS AND METHODS
Tissues

Twenty cholesteatoma matrices and 20 retroauricular skin
samples were obtained during tympanoplasty from 20 patients
(13 males and 7 females, ranging from 13 to 77 years old; average,
48 years old) with acquired pars flaccida type cholesteatoma.
Informed consent for using cholesteatorna matrix and retroau-
ricular skin was obtained from all patients, but informed consent
for using ear canal skin was not sought, because enlargement of
the raw surface of ear canal by harvesting of an ear canal skin
specimen could influence the healing process after tympano-
plasty. Six cholesteatoma matrices and three retroauricular skins
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that did not contain any cell components were excluded. Overal],
14 cholesteatoma matrices and 17 retroauricular skin samples
were enrolled in this study.

Immunohistochemical Staining

The formalin-fixed and paraffin-embedded specimens were
sliced into 4 pm sections and mounted on silane-coated slides.
Slides were deparaffinized in xylene and dehydrated through
graded alcohol. Sections were soaked in 10 mmol/L. EDTA and
autoclaved for 30 minutes for antigen retrieval for anti-ErbB-2
and Ki-67 antibody. Antigen retrieval for anti-ssDNA antibody
was performed by incubating the slides with 5§ N HCl for 20
minutes at room temperature. Endogencus peroxidase was
blocked with 3% hydrogen peroxidase in methano! for 20 minutes.
Nonspecific antibody binding was blocked with the blocking
buffer, The slides were incubated overnight in a moist chamber at
4°C with primary rabbit polyclonal anti-ErbB-2 antibody, mouse
monoclonal anti-Ki-67 antibody (elone: MIB-1), and rabbit pely-
clonal anti-ssDNA antibody (Dako Japan, Kyoto, Japan) diluted
1:100, 1:100, and 1:500, respectively, in the blocking buffer. After
three rinse in PBS, the slides were incubated with Histoline
MAX-PO (MULTI) (Nichirei, Tokyo, Japan) for 30 minutes at
room temperature. Immunoreaction was visualized by applying 3
to 3'-diaminobenzidine as a chromogen. After another rinse, the
slides were counterstained with Mayer hematoxylin, dehydrated,
cleared, and cover-slipped. Negative eontrols were established by
replacing primary antibody with the blocking buffer. Labeling
indices of three antibodies were estimated by the percentage of
immunostained positive cells scored under a light microscope at a
200-fold magnification. A minimum of 200 cells were counted in
two different areas of each section. Labeling indices of three
antibodies were compared between cholesteatoma and skin
groups using Mann-Whitney test.

RESULTS

Immunohistochemical Staining with
Anti-ErbB-2 Antibody

In all cholesteatoma matrices, ExbB-2 protein was
expressed in the keratinocytes of all layers on the plasma
membrane (Fig. 1A.). ErbB-2 protein was detected in the
keratinocytes of the basal and occasionally lower spinous
layer in retroauricular skin in the cytoplasm in a vesicular
pattern (Fig. 2A.). In the negative controls, no staining
was seen in either cholesteatoma or retroauricular skin.
Labeling indices of anti-ExbB-2 antibody in cholesteatoma
matrix and retroauncular skin were 61.2 + 11.3% (mean
= SD) and 25.3 = 7.5%, respectively (Fig. 3.). There was a
significant difference (P < .01) in labeling indices between
cholesteatoma and retroauricular skin.

Immunohistochemical Staining with
Anti-Ki-67 Antibody

In cholesteatoma matix, Ki-67 antigen was detected
in the nuclei of the keratinocytes of the basal, lower spi-
nous, and occasionally granular layer (Fig. 1B). In retro-
auricular skin, Ki-67 antigen was detected in the nuclei of
the keratinocytes of the basal and occasionally spineus
layer (Fig. 2B). In the negative controls, no staining was
seen in either cholesteatoma or retroauricular skin. La-
beling indices of anti-Ki-67 antibody in cholesteatoma ma-
trix and retroauricular skin were 32.8 * 92% and 94 *
2.3%, respectively (Fig. 3). There was a significant differ-
ence (P < .01) in the labeling indices between cholestea-
toma and retroauricular skin,
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Immunohistochemical Staining with
Anti-ssDNA Antibody

In all cholesteatoma matrices, ssDNA was detected
in the nuclei of the keratinocytes of all layers (Fig. 1C.).
ssDNA was also detected in all layers in retroauricular
skin, although the staining intensity was lower compared
to cholesteatoma matrix (Fig. 2C.). In the negative con-
trols, no staining was seen on either cholesteatoma or
retroauricular skin. Labeling indices of anti-ssDNA anti-
body in cholesteatoma matrix and retroauricular skin
were 64.7 + 11.6% and 45.0 * 13.3%, respectively (Fig. 3).
There was a significant difference (P < .01) in labeling
indices between cholesteatoma and retroauricular skin.

DISCUSSION

Cholesteatomas are derived from the skin of the tym-
panic membrane or adjacent ear canal skin, which may not
be directly comparable to retroauricular skin. For the ethical
reason described previously, we thought it the second best to
substitute retroauricular skin for ear canal skin.

In this study, we showed the immunoreactivity of
anti-ErbB-2 antibody in the keratinocytes of the basal and
oceasionally lower spinous layer in retroauricular skin.
The staining pattern showed an intracellular vesicular
pattern. For the first time, we showed the immunoreac-
tivity of ErbB-2 of keratinocytes of all layers in cholestea-
toma. ErbB-2 protein was expressed on cell surfaces in all
layers. In general, activation of the ErbB family members
is considered to lead to a cellular proliferative response. In
certain instances, however, activation of an ErbB receptor
can induce differentiation, cell ¢ycle arrest, and even ap-
optosis.'! Lewis et al.!! reported that inhibition of ErbB2
led to a suppression, although statistically insignificant, of
UV-B-induced HaCaT keratinocyte apoptosis. This result
also supports the relevance between the expression of
ErbB-2 and apoptosis. Kansra et al.'® showed that ErbB-2
protein localized intracytoplasmically in the keratinocytes
in the basal and lower spinous layers of skin moved to the
cell surface as the cells approached the upper differenti-
ated layers. Although retroauricular skin did not express
a cell surface pattern in the upper differentiated layers,
the ErbB-2 was expressed on cell surfaces in all layers in
cholesteatoma matrix, suggesting the acceleration of cell
differentiation—that is, apoptosis. The lack of the expres-
sion in a cell surface pattern might have been ascribed to
methodology, including the antigen retrieval procedure
and the fixation time by 10% buffered formalin.

Ki-67 is a non-histone protein expressed during the
non-GO phases of the cell eycle. A monoclonal antibody,
MIB-1, which was raised to Ki-67, has been shown to have a
good correlation with other markers of cell proliferation in
human breast cancers. In the current study, we showed the
immunereactivity of anti-Ki-67 antibody in the keratino-
cytes of the basal and occasionally lower spinous layer in
retroauricular skin and in the keratinocytes of the basal,
lower spincus, and occasionally granular layer in cholestea-
toma matrix. The distributions of imrmmoreactivity in both
cholesteatoma and retroauricular skin were substantially

" the same. The labeling index of Ki-67 of cholesteatoma was

significantly greater than that of normal skin, suggesting
that the keratinocytes of cholesteatoma are less differenti-
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