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ative slopes in Fig. 14 B; these projections
could all contribute to the pattern of in-
teraural delays reported by Yin and Chan
(1990). The individual data points show
the estimated delays for individual end-
points, and the short horizontal bars delimit the range of delays of
the linear regression over which endpoints are actually found.
The gray rectangle approximates the range of physiological delays
(400 ps) that is presumed to be represented in the MSO of one
side. Again, the range of delays subserved by contralateral projec-
tions is small, but could suffice when combined with the ipsilat-
eral delays.

Aswas first reported in the guinea pig (McAlpine etal., 2001),
the distribution of best delays in the inferior colliculus of the cat
(Hancock and Delgutte, 2004; Joris et al., 2006) does not follow
the shaded gray rectangle, but is largely restricted to the area
defined by horizontal line at zero delay and the upper hyperbole
at half a characteristic period (CF ™), and this is also the case for
recordings of the MSO in rodents (Brand et al., 2002; Pecka et al.,
2008). Binaural recordings have shown that best delays have a
specific distribution pattern that is constrained by the upper hy-
perbole and the horizontal. Taken at face value, the axonal delay
estimates of the present results are not consistent with the pattern
of binaural delays thought to be represented in the MSO. There is
no suggestion in the distribution of estimated delays toward
larger delays at low than at high CFs.

Figure 14 focuses on the ranges of estimated delay, taking as
anchor points the midline (Fig. 14A), the first branch point (Fig.
14B), or the rostral pole (Fig. 14 D). The inherent longer path
length of contralateral projections combined with the similarity
of axon diameter in contralateral and ipsilateral projections (Fig.
12) implies a systematic additional delay for the contralateral
inputs. Comparison of the entire contralateral and ipsilateral de-
lay generated by an axon is difficult because that would require
backfilling of the soma and labeling of the entire projection to
both contralateral and ipsilateral MSO. However, we can make an
estimate of the difference in delay between contralateral and ip-
silateral inputs. Taking into account that individual fibers project
both contralaterally and ipsilaterally, and, assuming mirror sym-
metry between left and right sides of the brainstem, we only need
to increase the contralateral delay estimates of Figure 14A (made
with respect to the midline) with the delay estimated for the
axonal segment between the ipsilateral first branch point and the
midline [Fig. 15B, distance from ipsilateral first branchpoint
(FBi) to midline]. We could trace this segment in all ipsilaterally
projecting fibers. The average segment length was 4994 pm

Axonal distance from ML (um)

Axonal distance from FB (um)

Figure11. A, B, Average axon diameters decrease asafunction of distance from the midline (4, Contra projections) or from the
first branch point (B, Ipsi projections).
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Figure12.  A-D, Distribution of axon diameters does not differ between contralateral (4, ©)
and ipsilateral (B, D) projections. The top histograms show the average number of segments
with a given diameter (0.1 wm bins); the bottom histograms show the corresponding average
length (in mm) at that diameter. All histograms are averages calculated for the entire popula-
tion of contralateral and ipsilateral fibers, normalized to the total number offibersincuded. The
starting segments were ML (contralateral fibers) and FB (ipsilateral fibers). White bars include
all the segments from starting segment to endpoints. Gray bars show length of most distal
segments, terminated by endpoints. Black bars show fength of most proximal segments, which
contain ML (contralateral fibers only).

(range, 37486106 um), and the average diameter was 2.6 pm
(range, 1.9-3.0 um), yielding an average extra delay (Eq. 1) of
221 ps (range, 139-351 um). Thus, on average the endpoint
delay estimates in Figure 14 A would need to be increased by 221
ws. The value of 221 s may be an overestimate because the axon
diameters of our small sample seem to be an underestimate (Eq.
1); larger axon diameters at the midline were reported by
Smith et al. (1993) (2.5-5 m) and Brownell (1975) (3-5 pm).
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Conduction time for each endpoint is the sum of conduction times of all segments leading up to that endpoint, calculated from
segment length and diameter (see text). Diagrams in A and B llustrate configurations that would result in nonsloping relation-
ships. €, Length and time for contralateral projections, using ML as reference point. D, Length and time for ipsilateral projections,
using FB as reference point. One outlying endpointis clipped off. E, F, Estimated average conduction speeds for all endpoints. This
is the slope of the lines connecting the endpointsin € and Dwith the origin at (0,0), as llustrated with the dashedlines in Aand B.
E-G, Reference pointat (0,0) was ML {E) or FB(F, 6). Colorcode and symbolsare identicalto Figures 8and 10.The symbolsindicate

the lowest and highest speed for the endpoints of a given fiber.

The values of Beckius et al. (1999) (slightly >2 pm) are com-
parable to our own.

Note that inclusion of this extra delay does not alleviate the
problem pointed out in Figure 14D, since itadds a constant delay
common to all endpoints of a given fiber and does not increase
the range of available delays provided by a given fiber. Figure 15A
shows the estimated average (symbols) and range (lines) of path
lengths from the last common axonal point (FBi) to all end-
points, as a function of CF, using the average of 4994 pm for
the distance from FBi to midline calculated above. On average,
the contralateral pathway from FBi onward is 10.78 mm, and the
ipsilateral pathway is 4.21 mm. Incorporating the measured di-
ameters, the average delay from the first ipsilateral branch point
to MSO is an estimated 511 us for the contralateral projections
and 220 us for the ipsilateral projections. Thus, the difference in
path length is on average 6.57 mn, which generates an extra delay
for the contralateral projection of an estimated 290 ps. Notwith-

contralateral inputs. This hypothesis is il-
lustrated with the schematic in PFigure
15C. In Figure 15D, we show the mean
and SD of the axonal lengths from midline
to endpoint for all contralateral projec-
tions as a function of fiber CF (for individ-
ual data points, see Fig. 13C). There is no
hint of a CF dependency showing longer
lengths for the most dorsally projecting fibers (lowest CFs). The
low-CF (Fig. 15E) and high-CF (Fig. 15F) projections illustrated
in coronal view show that the tilting of the dorsal edge of the MSO
toward the midline, combined with the angling of the contralat-
eral low-CF fibers, is such that indeed no differential delay would
be expected relative to the more ventral, high-CF projections.
There is therefore no evidence in our data for a length gradient
along the dorsoventral dimension in the excitatory inputs from
the contralateral ear.

Discussion

Sensitivity to temporal differences in the sounds to the two ears
provide a powerful model system to study neural temporal pro-
cessing. Putative axonal delay lines have been an important com-
ponent of models and of theorizing regarding such processing
(Jeftress, 1948; Licklider, 1959; McFadden, 1973; Carr and Koni-
shi, 1988; Cariani, 2004). There is general agreement that sensi-
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tivity to ITDs involves internal delays
causing a temporal shift of inputs from
one ear relative to the other. What is in-
creasingly questioned is the proposal (Jef-
fress, 1948) of a conversion of a temporal
code to a place code by virtue of axonal
delay lines. We quantitatively reanalyzed
projection patterns of spherical bushy
cells of the AVCN to MSO (Smith et al,
1993). The main findings of that study
hold up and are consistent with a later
study (Beckius et al., 1999); axonal con-
figurations that are qualitatively of the
nature surmised by Jeffress (1948) are
found for contralateral projections, and
less clearly for ipsilateral projections.

Nonetheless, these configurations are

not consistent in a simple form with the
binaural data that have become avail-
able since.

Previous studies

The two previous reports on anatomical
delay lines in the cat have complementary
virtues. The power of the data of Smith et
al. (1993) is that their 18 axons were phys-
iologically characterized and that the la-
beling was unambiguously from single
fibers, but filling was incomplete so that,
typically, projections on only one side
could be reconstructed. Their report
showed one contralateral and one ipsilat-
eral computer reconstruction. Beckius et
al. (1999) labeled a large number of axons
by injecting the rostral pole of the AVCN,
of which 17 well filled axons (from 2 ani-
mals) were quantitatively reconstructed,
with 7 reported in detail. Disadvantages of
that material are the absence of physiol-
ogy and the difficulty in connecting pieces
across sections. Both studies have few data
at very low CFs, where the largest best de-
lays are observed. Best frequencies at the
site of injection in Beckius et al. (1999)
were estimated at ~1.5-1.75 kHz, but the
tonotopic layering of the projections sug-
gests that the actual range of CFs was
much larger. In Smith et al. (1993), only
two fibers had CF <1 kHz.

Despite differences in technique, the
two studies were consistent, finding cau-
dally directed delay line patterns con-
tralaterally and a complex, less systematic
pattern ipsilaterally. Quantitative analysis
allowed Beckius et al. (1999) to discern a
weaker length gradient in ipsilateral
branches, in a direction opposite to the
contralateral pattern. The quantitative
analysis presented here is largely consis-
tent with that of Beckius et al. (1999). The
main additional findings concern the ipsi-
lateral projections. We found caudally di-
rected delay lines in three (of seven)
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Figure 14, Rostrocaudal gradients of conduction time. A, B, Relationship between estimated conduction time and
location of EP in rostrocaudal dimension in contralateral (4) and ipsilateral (B) fibers. The abscissa is zeroed to the position
of the most rostral section in which MSO could be identified, and abscissa values are the distance of endpoints to thatmost
rostral section. Ordinate values are the estimated conduction times from the midline (4, contralateral projections) or first
branch point (B, ipsilateral projections). Solid lines are finear regressions. The asterisks atthe end of each line indicate the
most caudal MSO section. Note that the ordinate in B has a widerrange thanin A. €, Summary of regression slopes of Figure
8, A and B (abscissa), and of A and B (ordinate). Large symbols indicate values that are significant for both abscissa and
ordinate. Contra 4 showed significance ( p < 0.05)for length but not for delay; and vice versa for Contra 9. D, Relationship
between estimated delay and CF. The anchor paint of each colored vertical line at0 delay represents the RP of the MSO0. The
opposite end shows the extrapolated delay at the CP (corresponding to the delay accumulated between RP and the asterisk
in A and B). The small horizontal bars show the range of delays of the linear regression over which endpoints are present.
Symbols and lines at positive delays, in the shaded region, are for fibers with a pattem consistent with the trend observed
by Yin and Chan (1990); these are the fibers with positive slope in A or negative slope in B. Symbols and lines at negative
delays are for fibers with an opposite branching pattern (negative slope in A or positive slope in B). Hyperbolic curves
indicate the 77 limit (i.e., the extent of one period equaling CF ™). The scale of the abscissais linear in the left panel and
logarithmicin the right panel.
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Figure15. A, B, Differencesin path Jength between ipsilateral and contralateral inputs. A, Estimated average and range of lengths for contralateral and ipsifateral projections between the FB of
theipsilateral MSO projection and the endpoints. Dashed lines show overall contralateral (C) and ipsilateral (1) mean. B, Schematicof the measurement, The length of the trajectory between midline
and contralateral endpoints (red), or between FBi and endpoints (green), wasmeasured (same valuesas in Fig. 13CD). To estimate the difference in length of contralateral and ipsilateral inputs, the
red segment needs to be augmented by the distance FBi to midline: we use the average measured on ipsilateral projections (4994 wum, see main text). C=F, Absence of length differences in the
innervation from the contralateral ear along the dorsoventral dimension of MS0. €, Hypothetical scheme of innervation by contralateral fibers, suggesting extra length for the most dorsally
projecting (Jow-CF) fibers. Ifinput fibers approach the MSOfrom ventral, low-CF fibers may have longer axonal length (arrow) to innervate the dorsat part of MSO than high-CF fibers for the ventral
part. D, relationship between axonal length from ML to endpoints, and CF. Symbolsin A and D indicate average axonal length: lines are range () and SD (D) for each projection (symbol color and
shape asin Fig. 8). £, F, Coronal view of contralateral projections of fibers with lowest and highest CF (840 and 10,508 Hz, respectively).

ipsilateral reconstructions (i.e., where the length gradient was in
the same direction as that of contralateral projections). This pat-
tern was particularly convincing in the fiber with the lowest CF
(200 Hz). Also, the rostrally directed delay line in the remaining
four ipsilateral reconstructions was at least as steep (though of
opposite sign) as that of the contralateral fibers (Figs. 8B, 14C),
while in Beckius et al. (1999) the gradients on the ipsilateral side
were shallow and constrained in rostrocaudal extent.

Anatomical patterns and best delays

Ultimately, “delay” is a functional concept requiring functional
measurements. Particularly appealing in the morphological obser-
vations is their apparent consistency with the relationship between
binaural tuning and cell location observed by Yin and Chan (1990),
both in sign and in size. In that study, small best delays were found
rostrally and large delays caudally, consistent with a caudally directed
delayline contralaterally and/or a rostrally directed delay line ipsilat-
erally. Moreover, the range of physiological delays is reasonably in
accord with estimated length differences and conduction speeds: a
range of ~400 ps could be covered by combining “monaural” con-
tralateral and ipsilateral delays.

Nevertheless, our quantitative analysis brings out several
problems. Most importantly, there is nothing in the pattern of
estimated delays observed that would suggest 2 CF-dependent
range of delays (Fig. 14D). The anatomical branching patterns, as
illustrated in Figures 2 and 3, are equally present at high and low
CFs. In contrast, the physiological distribution of best delays
measured in the MSO and inferior colliculus shows a clear depen-

dence on CF, in cat and in other mammals studied (Brand et al,,
2002; McAlpine and Grothe, 2003; Hancock and Delgutte, 2004;
Joris et al,, 2006; Pecka et al., 2008).

A second problem, of relevance beyond the issue of axonal
delay lines, is that of correct concatenation. None of the afferents
illustrated here or in Beckius et al. (1999) innervates the entire
rostrocaudal extent of the MSO. Thus, each tonotopic strip of
MSO neurons must be supplied by a patchwork of afferents. This
complicates the structural basis fora systematic rostrocaudal gra-
dient, since it requires correct temporal stacking of collaterals.
For example, contralateral projections 2 and 3 have the same CF
but innervate different portions of the MSO: projection 2 isto the
rostral half and shows a positive slope, while projection 3 is re-
stricted toward the caudal pole (Figs. 8C, 14A). Obviously, if
these two fibers were representative for a single animal, the delay
pattern generated by projection 2 would not be complemented by
the inputs from projection 3. In other cases, fibers of similar CF
appear to concatenate in an orderly manner (e.g., contralateral
projections 5, 6,and 7). The fibers labeled here were derived from
different animals, and offsets in the ordinate values of Figures 8, C
and D, and 14, A and B, could reflect differences in anatomy
between animals (e.g., in MSO size and location). Within-animal
data are reasonably consistent in one animal studied by Beckius et
al. (1999, their Fig. 11) but not in the other, which showed large
offsets among fibers, However, the latter case also showed large
variation in dorsoventral location of the projections, so that the
labeled population must reflect a wide range of CFs. Together, the
available material does not allow a prediction of the degree of
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temporal dispersion that may be present across afferents of equal
CF.

A third problem may be in the range of delays. The estimated
contralateral delays are small relative to the values of best delay
observed, particularly at low CFs where best delays can be >1 ms
(Fig. 14, upper hyperbole) (Hancock and Delgutte, 2004; Joris et
al,, 2006). Ipsilateral delays tend to be larger than contralateral
delays but are also more erratic in sign and rostrocaudal coverage.
Combination of contralateral and ipsilateral delays can enlarge
the net interaural delay (when the slopes are of opposite sign for
the contralateral and ipsilateral projections), but sources of delay
in addition to the delays provided by the within-fiber branching
pattern are needed to account for the full range of best delays
observed at low CFs. We caution that the diameter measured on
our material is necessarily a rough estimate, as is the relationship
between fiber diameter and conduction speed (Waxman and
Bennett, 1972), and is suited for observing trends rather than
absolute values.

Our reanalysis casts doubts on the relevance of the rostrocau-
dal axonal branching patterns for interaural delay, but does not
by itself contradict the evidence for a spatial map of delay in MSO
(Yin and Chan, 1990). Nevertheless, taking into account the noise
in the relationship observed by Yin and Chan (1990), the absence
of a clear relationship in multiunit recordings (Oliver et al,
2003), and the problems in tying the distribution of best delays to
axonal branching patterns (Fig. 14D), it appears increasingly
doubtful that these patterns are an essential component of the
binaural circuit.

A final qualification is that other features of the branching
pattern— different from the simple within-axon delay line con-
figuration—may contribute to internal delay. For example, con-
tralateral/ipsilateral asymmetries in temporal dispersion, in
convergence across CFs, and in convergence ratio could all con-
tribute to the pattern of best delays observed. Also, based on our
material we cannot exclude that patches of contralateral and ip-
silateral fibers would provide the range of best delays observed
(for comparison, see Goldberg and Brown, 1969). It is interesting
in this regard that there is more consistency in the pattern of
projections to the rostral than to the caudal half of MSO (Fig. 8).
Finally, there are other determinants of conduction speed, inter-
nodal distance in particular, which may show systematic varia-
tions in mammalian binaural circuits, as in birds (Carr and
Konishi, 1990; Seidl et al., 2010).

Tonotopy: over- or under-representation of low frequencies?
A surprising finding is the tonotopic distribution of afferents.
Their layering suggests that low frequencies are under-
represented rather than over-represented in the MSO. This is
puzzling—functionally and anatomically—and is inconsistent
with the “duplex” organization of the superior olivary complex
(Irvine, 1986), comprising a low-frequency circuit computing
ITD and a high-frequency circuit computing interaural level dif-
ferences (ILDs). Taking the limited sample sizes of our data and
those of Guinan et al. (1972) into account, a conservative state-
ment is that MSO is tonotopically mapped isomorphic to the
cochlea and has a low-frequency bias to the extent that very high
CFs are not represented in MSO. The main duplex asymmetry is
in the ILD (not the ITD) circuit: the lateral superior olive and
medial nucleus of the trapezoid body show an apparent over-
representation of high frequencies (Guinan et al., 1972).
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Abstract
The medical charts of 41 ears with congenital middle ear
malformation with both an intact external ear canal and a
mobile stapes footplate were reviewed retrospectively to
study the Carhart effect. The operations were categorized as
successful or unsuccessful according to the extent of de-
crease in the average air-bone gap. Statistically significant
differences were observed between the 2 groups with re-
spect to the changes in pure-tone average and the changes
in the bone conduction (BC) threshold at 1 and 2 kHz. Linear
regression analysis revealed weak correlations between the
change in the BC threshold and the postoperative BC thresh-
old at an overall level and at the 4 frequencies tested. Stapes
ankylosis is a main cause of the Carhart effect. The present
study showed that in congenital middle ear malformation,
the Carhart effect was caused not only by stapes ankylosis
but also by other types of disruption in the ossicular chain.
Copyright © 2011 S. Karger AG, Basel

Introduction

A middle ear abnormality causes a gap between the air
and bone conduction (BC) thresholds and is often accom-
panied by a depression of the BC thresholds. This phe-
nomenon was first reported by Carhart [1] in 1949. Later,
he demonstrated an improvement in the BC threshold
after successful fenestration surgery for otosclerosis, and
this depression in the BC threshold was designated the
Carhart notch. In the report, the depression was maximal
at 2 kHz and ranged in frequency from 0.5 to 4 kHz.
Therefore, it is suitable to designate the phenomenon
Carhart effect instead of the Carhart notch [2].

The Carhart effect was also described in malleus fixa-
tion, otitis media with effusion, chronic otitis media, cho-
lesteatoma, and congenital malformation of the middle
ear [3-8]. The mechanism responsible for the Carhart ef-
fect is still not clearly understood, but it is attributed to a
decrease in the external and middle ear components of
BC transmission. In patients with a middle ear abnormal-
ity, it is difficult to distinguish whether the elevation of
the BC threshold is true or false before surgery. If the BC
thresholds are misunderstood, a surgeon may misjudge
an indication for surgical intervention. Therefore, it is
important to assess the Carhart effect in detail.
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Congenital malformation of the middle ear is accom-
panied by various types of abnormalities in the middle
ear, such as ossicular ankylosis, which includes a fixed
stapes footplate, and disruption in the ossicular joint 91
but it is rarely accompanied by inflammatory lesions such
as tympanosclerosis and the formation of granulation tis-
sue. Therefore, congenital malformation of the middle
ear with a mobile stapes footplate is an appropriate path-
ological lesion for evaluating the Carhart effect. It is well
known that ankylosis of the stapes footplate causes the
Carhart effect. However, to our knowledge, few reports
have evaluated the Carhart effect in a series of patients
with congenital malformation of the middle ear with a
mobile stapes footplate. The present study aimed to eval-
uate differences in the change in BC thresholds at 0.5, 1,
2, and 4 kHz between successful and unsuccessful sur-
gery groups. We also evaluated the correlations between
the changes in the BC thresholds and the postoperative
BC thresholds at an overall level and at the 4 frequencies
by using linear regression analysis.

Materials and Methods

In this study, we examined 36 patients with congenital middle
ear malformation with both an intact external ear canal and a
mobile stapes footplate; 5 of these patients were affected bilater-
ally and 31 were affected unilaterally. Forty-one ears were oper-
ated by tympanoplasty at the Hospital of the University of Tokyo,
and medical charts were retrospectively reviewed. This study was
approved by the Ethics Committee of the University of Tokyo. All
patients underwent a complete clinical examination, which in-
cluded pure-tone audiometry, tympanometry with stapedial re-
flex, and a high-resolution temporal bone computed tomography.
The diagnosis was confirmed in all cases during surgery. All pa-
tients included in the study had at least 1 year of follow-up.

Tympanoplasty was performed via the transcanal or retroau-
ricular approach under general anesthesia. In tympanoplasty, the
ossicular chain was reconstructed with autografts including the
incus removed or tragal cartilage.

Pure-tone audiometry was conducted periodically (1 month
after the operation and then every 2 months, for a minimum of 1
year after surgery). The preoperative and postoperative pure-tone
average (PTA) values were calculated as the mean air conduction
(AC) threshold at 0.5, 1, 2, and 4 kHz. The change in PTA was
calculated as preoperative minus postoperative PTA. Cases whose
average air-bone gap at 0.5, 1,2,and 4 KHz decreased to within 20
dB were regarded as having a successful surgery, according to the
guidelines of the Committee on Hearing and Equilibrium (10].
The ears operated were classified into successful and unsuccessful
surgery groups. Congenital ossicular anomalies were divided into
5 categories according to the classification of Park and Choung
[9]. In brief, type 1 includes patients with a normal stapes and an
anomaly of the incus or malleus. Type 2 includes patients witha
mobile footplate and other anomalies. Type 3 includes patients

62 ORL 2011;73:61-67

Table 1. Demographic data of the successful and unsuccessful
surgery groups

Successful Unsuccessful
surgery group surgery group

Number of ears 23 18
Mean age at operation * SD

years 28.5120.1 17.6+10.8
Sex (male/female) 12/11 9/9
Side of operation (right/left) 7/16 7/11
Type 1 malformation (ears) 20 14
Type 2 malformation (ears) 3 4

The 2 groups did not differ in terms of age at operation, sex,
side of the operation, and the distribution of types of ossicular
malformation.

with stapes footplate fixation only. Type 4 includes patients with
stapes footplate fixation and other anomalies. Type 5 includes pa-
tients with no stapes footplate and other anomalies. Types 1 and
2 were considered to have a mobile stapes footplate. Types 3,4,and
5 were considered to have a fixed stapes footplate. Patients with
types 1 and 2 disease were enrolled in the present study.

The change in the BC threshold was calculated as preoperative
minus postoperative BC threshold at 0.5, 1, 2, and 4 kHz in pure-
tone audiometry.

Differences in the preoperative PTA, the postoperative PTA,
the change in the PTA and the BC threshold at 0.5, 1,2, and4kHz
between the successful and unsuccessful surgery groups were an-
alyzed by using the Mann-Whitney test. Differences between the
preoperative and postoperative BC thresholds at 0.5, 1, 2, and
4 KkHz in each group were analyzed by using the Wilcoxon test. A
p value of <0.05 was considered statistically significant.

We also evaluated the correlations between the change in the
BC threshold and the postoperative BC threshold at an overall
level and at the 4 tested frequencies by using linear regression
analysis. Pearson’s correlation coefficients between the 2 param-
eters were calculated.

Results

Table 1 presents the demographic data of the patients.
In the successful surgery group, patients were aged 27.8
* 20.0 years (mean * SD). In the unsuccessful surgery
group, patients were aged 21.8 £ 14.0 years (mean * SD).
The successful and unsuccessful surgery groups included
3] and 18 ears, respectively. Of the 23 ears in the success-
ful surgery group, 12 were of male patients and 11 were of
female patients, and 7 were right ears and 16 were left
ears. Of the 18 ears in the unsuccessful surgery group, 9
were of male patients and 9 were of female patients, and
7 were right ears and 11 were left ears.
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Fig. 1. The preoperative PTAs in the successful and unsuccessful
surgery groups were 53.8 * 14.5 and 66.9 = 22.6 dB HL (mean
+ SD), respectively. The p value revealed by the Mann-Whitney
test for preoperative PTA was 0.027. The postoperative PTAs in
the successful and unsuccessful surgery groups were 26.9 * 16.0
and 57.8 + 22.5 dB HL (mean % SD), respectively. The p value
revealed by the Mann-Whitney test for postoperative PTA was
0.000. The changes in PTA in the successful and unsuccessful
surgery groups were 27.0 * 10.6 and 9.1 £ 11.6 dB HL (mean *
SD), respectively. The p value revealed by the Mann-Whitney test
for the difference in postoperative PTA was 0.000. Statistically
significant differences in the preoperative and postoperative
PTAs, and the changes in PTA between the successful and unsuc-
cessful surgery groups were detected. S = Successful surgery
group; US = unsuccessful surgery group.

In the successful surgery group, type 1 and 2 anoma-
liesincluded 20 and 3 ears, respectively. In the unsuccess-
ful surgery group, type 1 and 2 anomalies included 14 and
4 ears, respectively.

The preoperative PTAs in the successful and unsuc-
cessful surgery groups were 53.8 + 14.5and 66.9 & 22.6
dB HL (mean * SD), respectively. The p value for the
Mann-Whitney test for preoperative PTA was 0.027
(fig. 1). Statistically significant differences in preopera-
tive PTA between the successful and unsuccessful sur-
gery groups were found.

The postoperative PTAs in the successful and unsuc-
cessful surgery groups were 26.9 £ 16,0 and 57.8 £ 22.5
dB HL (mean *+ SD), respectively. The p value revealed
by the Mann-Whitney test for the difference in postop-
erative PTA was 0.000 (fig. 1). A statistically significant
difference in postoperative PTA between the successful
and unsuccessful surgery groups was found.

The Carhart Effect in Congenital Middle
Ear Malformation

Fig. 2. In the successful surgery group, the changes in BC thresh-
oldat0.5,1,2,and 4 kHz were 1.1 * 7.6,7.1 & 8.8,6.5 + 8.9,and
1.1 * 7.2 dB HL (mean * SD), respectively. In the unsuccessful
surgery group, the changes in BC threshold at 0.5, 1,2, and 4 kHz
were 0.0 * 8.0,0.83 + 7.3, 1.5 * 10.6,and 1.1 * 6.8 dBHL (mean
* SD), respectively. The p values revealed by the Mann-Whitney
test for the change in BC thresholds at 0.5, 1, 2, and 4 kHz were
0.378,0.042,0.030, and 0.915, respectively. Statistically significant
differences for the change in BC threshold between the successful
and unsuccessful surgery groups were identified at 1 and 2 kHz.

The changes of PTA in the successful and unsuccess-
ful surgery groups were 27.0 = 10.6 and 9.1 * 11.6 dB
HL (mean * SD), respectively. The p value revealed by
the Mann-Whitney test for the difference in postopera-
tive PTA was 0.000 (fig. 1). The changes in PTA differed
significantly between the successful and unsuccessful
surgery groups.

In the successful surgery group, the preoperative BC
thresholds at 0.5, 1, 2, and 4 kHz were 13.5 * 11.7,16.5
+ 15.1,23.8 * 176, and 18.0 £ 15.5 dB HL (mean *
SD), respectively. The postoperative BC thresholds at 0.5,
1,2,and 4 kHz were 12.6 + 11.9,9.5 * 12.8,17.3 £ 17.1,
and 17.0 * 14.5 dB HL (mean * SD), respectively. The p
values revealed by the Wilcoxon test for differences be-
tween preoperative and postoperative BC thresholds at
0.5, 1, 2, and 4 kHz were 0.507, 0.002, 0.004, and 0.453,
respectively. Statistically significant differences were
found at 1 and 2 kHz.

In the unsuccessful surgery group, the preoperative
BC thresholds at 0.5, 1, 2, and 4 kHz were 18.6 £ 174,
23.1 * 20.7,30.4 £ 20.2,and 26.3 £ 20.0 dB HL (mean
+ SD), respectively. The postoperative BC thresholds at
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Fig. 3. a Linear regression analysis re-
vealed weak correlations between the
changes in the average BC threshold at 0.5,
1,2, and 4 kHz and the average postopera-
tive BC thresholds at the 4 frequencies.
Pearson’s correlation coefficient was 0.088.
b-e Linear regression analysis revealed a
weak correlation between the change in
the BC threshold and the postoperative BC
threshold at the 4 frequencies (b: 0.5 kHz,
¢: 1 kHz, d: 2 kHz, e: 4 kHz). Pearson’s cor-
relation coefficients at 0.5, 1,2, and 4 kHz
were 0.163, 0.085, 0.167, and 0.157, respec-
tively.
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0.5, 1, 2, and 4 kHz were 19.2 * 15.0,22.2 % 18.0, 28.9
+ 17.2, and 23.8 * 20.5 dB HL (mean * SD), respec-
tively. The p values revealed by the Wilcoxon test for dif-
ferences between preoperative and postoperative BC
thresholds at 0.5, 1, 2, and 4 kHz were 0.380, 0.750, 0.968,
and 0.418, respectively. No statistically significant differ-
ences were found at any frequency.

In the successful surgery group, the changes in BC
thresholds at 0.5, 1, 2, and 4 kHz were 1.1 = 76,71 £
8.8,6.5 + 89,and 1.1 * 7.2 dBHL (mean * SD), respec-
tively. In the unsuccessful surgery group, the changes in
BC thresholds at 0.5, 1, 2, and 4 kHz were 0.0 & 8.0,0.83
+ 73,15 * 10.6,and 1.1 * 6.8 dB HL (mean * SD),
respectively. The p values revealed by the Mann-Whitney

test for the change in BC thresholds at 0.5, 1, 2and 4 kHz
were 0.378, 0.042, 0.030, and 0.915, respectively. Statisti-
cally significant differences for the change in the BC
threshold between the successful and unsuccessful sur-
gery groups were found at 1 and 2 kHz (fig. 2).

In linear regression analysis, Pearson’s correlation co-
efficients at the overall level and at 0.5, 1, 2, and 4 kHz
were 0.088,0.161, 0.085, 0.167, and 0.157, respectively. The
corresponding adjusted coefficients of determination
(R?) were -0.018 and 0.001, -0.018, 0.003, and 0.000. Lin-
ear regression analysis revealed positive but weak correla-
tions between the changes in the BC threshold and the
postoperative BC threshold at the overall level and at the
4 frequencies (fig. 3a—e).
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Discussion

In the present study, the Carhart effect in the success-
ful surgery group was greater than that in the unsuccess-
ful surgery group at 0.5, 1, and 2 kHz. However, statisti-
cally significant differences in the Carhart effect between
the successful and unsuccessful surgery groups were
identified at 1 and 2 kHz, and the Carhart effectat 1 kHz
was slightly greater than that at 2 kHz. This study is the
first to evaluate the Carhart effect in a series of patients
having isolated congenital ossicular anomalies with a
mobile stapes footplate.

The BC response employs 3 different modes: the com-
pressional, inertial, and osseotympanic modes [11]. In the
compressional mode, skull vibration caused by sound di-
rectly causes vibration of the otic capsule. In the inertial
mode, skull vibration caused by sound induces move-
ment in the ossicular chain due to the inertial force of the
ossicles. In the osseotympanic mode, sound energy causes
vibration of the skull and para-auditory structures (i.e.
jaw and soft tissue), and these vibrations are transmitted
from the external auditory canal to the ossicles through
the tympanic membrane [12]. The disruption of the os-
sicular chain may prevent the effect of the inertial and
osseotympanic modes, and this is thought to be the main
cause of the Carhart effect.

In Carhart’s classic report, the maximal elevation of
the BC threshold was observed at 2 kHz and the elevation
of BC was described in the range of frequencies from 0.5
to 4 kHz [2]. The range of frequencies in which the Car-
hart effect exists is controversial. Variations in the Car-
hart notch ranging from 0.5 to 4 kHz were reported in
patients with otosclerosis [13]. Ginsberg et al. [14] reported
that the effect in a large series of patients who underwent
stapedectomy was approximately equal in frequencies be-
tween 0.5 and 2 kHz (15-18 dB). Cook et al. [15] reported
that in 102 patients who underwent stapedectomy, linear
regression analysis revealed significant linear relation-
ships between the gain in the AC threshold and the gain
in the BC threshold at 0.5, 1, 2, and 4 kHz, concluding that
the Carhart effect was most prominent at 2 kHz, because
the gradient of the regression line was steepest at 2 kHz.

The Carhart effect has also been described in malleus
fixation, otitis media with effusion, chronic otitis media,
and congenital malformation of the middle ear [3-8]. In
contrast to otosclerosis, there are few reports that assess
the Carhart effect in a large series of patients with con-
genital ossiclular anomalies. Isolated congenital ossicular
anomalies can affect the ossicular chain in a wide range
of modes, including ossicular ankylosis and disruption in
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the ossicular joint [9]. Therefore, reconstruction surgery
for this condition is not as simple as that when done for
otosclerosis and may involve a variety of operations from
tympanoplasty to the release of ossicular ankylosis.

Yasan [16] assessed the change in the BC threshold af-
ter tympanoplasty for otosclerosis, tympanosclerosis,
chronic otitis media, and a few cases of congenital ossicu-
lar anomalies and reported that the Carhart notch at
2 kHz indicated stapes footplate fixation, but that the
Carhart notch at 1 kHz indicated a mobile stapes foot-
plate. Their results disagree with our results because in
the present study, the Carhart effect was observed at both
1 and 2 kHz in anomalies with a mobile footplate. Lee et
al. [6] reported that the BC thresholds at 0.5, 1, 2, and
4 kHz were significantly improved after tympanoplasty
for chronic otitis media, and the greatest improvement
was observed at 2 kHz. In contrast, in the present study,
a significant improvement in the BC threshold was iden-
tified at both 1 and 2 kHz, and the improvement at 1 kHz
was slightly greater than that at 2 kHz. Moreover, the
Carhart effect was not observed at 0.5 and 4 kHz. These
results are inconsistent with the results of Lee et al. One
possible explanation for the discrepancy between their
results and ours is a difference in inclusion criteria. In the
inclusion criteria of Lee et al., successful surgery was de-
fined as an improvement in the mean of the AC threshold
of 15 dB or more. In our inclusion criteria, however, suc-
cessful surgery was defined as a decrease in the average
air-bone gap at 0.5, 1, 2, and 4 kHz to within 20 dB ac-
cording to the guidelines of the Committee on Hearing
and Bquilibrium [10]. The criteria of Lee et al. ensure that
a real improvement has occurred after surgery, while our
criteria generally ensure that the middle ear component
is as near normal as possible. In our study, the change in
PTA in the successful surgery group was significantly
greater than that in the unsuccessful surgery group. This
result demonstrates that our criteria properly reflect a
real improvement in hearing and suggest that our criteria
may be more stringent than the criteria of Lee et al.

Inclusion criteria are necessary for this kind of analy-
sis. Unless appropriate inclusion criteria are applied, an
analysis may lead to an underestimation of the Carhart
effect [17].

In the present study, a significant improvement in the
BC threshold was not identified at 4 kHz. The reason re-
mains unsolved, but the deterioration of the BC threshold
due to inner ear damage by surgery may be involved.

One possible explanation for the nonsignificance of
the improvement in the BC threshold at 0.5 kHz is the
occlusion effect of the external ear canal. In the open ear
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canal, the sound pressure generated by BC is smaller than
the threshold level. Sound pressure in the external ear
canal caused by BC stimuli is elevated below 1 kHz when
the external ear canal is occluded; this is called the occlu-
sion effect [18-21] and is estimated to be up to 20 dB [22].
There remains the possibility that our result at 0.5 kHz
was influenced by an underestimation of the Carhart ef-
fect because of the occlusion effect,

Moreover, surgical interventions cannot completely
restore normal transmission of sound energy from the
tympanic membrane to the oval window, and thus, post-
operative BC thresholds may still include a residual Car-
hart effect. Hence, any method using preoperative and
postoperative BC threshold is liable to underestimate the
magnitude of the Carhart effect.

In the present study, linear regression analysis re-
vealed positive but weak correlations between the chang-
es in the BC threshold and the postoperative BC thresh-
old at the overall level and at the 4 frequencies, although
the significant Carhart notch was noted only at 1 and
2 kHz in the Mann-Whitney test. This discrepancy may
be attributed to the difference in the methodology of sta-
tistical analysis. A relatively small sample size does not
affect the statistical power of the nonparametric Mann-
Whitney test. In contrast, to retain the statistical power,
alarger sample size is required for linear regression anal-
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Ipsilateral projections
Seven ipsilaterally injected fibers were ad-
equately labeled for our analyses. Because
the pattern of the ipsilateral projections is
more complicated than that of the con-
tralateral projections described above, we
show the projections in different views.
The fiber illustrated in Figure 5 had sev-
eral collaterals without an obvious delay
line pattern. Two types of collateral pro-
jections can be distinguished: forward and
backward. The coronal view (Fig. 54)
shows one branch coursing along the lat-
eral aspect of the MSO (forward innerva-
tion), consistent with the known
segregation of ipsilateral and contralateral
inputs to the lateral and medial dendrites
of MSO neurons, respectively (Stotler,
1953). Two more collaterals only branch
off from the main axon after it has crossed
underneath the MSO, to then loop back
through the MSO to innervate the same re-
gion (backward innervation). These
branches have their origins medial to the ip-
silateral MSO. All of the seven ipsilateral
projections had “backward” components;
four of the seven ipsilateral projections
had “forward” components (Fig. 105,
summary).

Figure 6 shows another example of an
ipsilateral projection. In this case, the for-

ward and backward innervation contrib-

ute endpoints that are located at different

rostrocaudal positions (Fig. 6 B, C), where

Horizontal

the backward branches innervate a more

rostral part of the MSO than the forward

branches. The horizontal and parasagittal

ML Ry

views suggest that this fiber has greater

contra 9 CF = 10508 Hz

length in its caudal than in its rostral in-

nervation, but the complex course of the

branches in the three dimensions pre-

cludes a simple visual assessment. In fact,

length measurements reveal greater length

in the rostral than in the caudal innervation

(see Fig. 8 D, green inverted triangles).

Figure3. Delayline configuration in3 contralaterally projecting fibers. 4, B, Projections on a parasagittal plane. , Projection on

ahorizontal plane. CFs are indicated. Branches that end within the MSO are indicated in red.

that is directed rostrally and does not seem to fit the caudally
directed delay line patterns of the fibers discussed so far. A similar
case is shown in parasagittal view in Figure 4A, The axon also
crosses the midline at a rostrocaudal position that bisects the
MSO in approximately equal halves. It shows a number of cau-
dally directed collateral branches with increasing length, but also
a branch that innervates the rostral half of the MSO and contin-
ues on toward the VNLL. Fibers that reach the MSO at an even
more caudal position are shown in Figure 4, Band C. The fiber in
Fig. 4B has a rostrocaudally restricted field. The axon in Fig. 4C
shows no obvious bias toward increasing length for more cau-
dally projecting collaterals.

Dendrograms

Because branches often extensively over-
lap in the projections of the computer re-
constructions in Figures 1-6, these views
do not give an adequate representation of
the complexity of branching. Figure 7 gives an overview, for the
most completely filled fibers, of the sequence of branchings in
contralateral (left column) and ipsilateral (right column) projec-
tions. The horizontal axis indicates the length of segments bor-
dered by midline, branch points, or endpoints. The vertical axis
only serves to offset the different segments after branching: it
does not have the physical meaning of length, and there is no
vertical sorting according to position in the MSO. The dendro-
grams therefore provide information about branch sequence and
length (abscissa), but they contain no anatomical directional in-
formation (e.g., lateral vs medial, dorsal vs ventral, rostral vs
caudal). There is obviously profuse branching in both contralat-
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