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 ORIGINAL ARTICLE

Carhart Notch 2-kHz Bone Conduction

Threshold Dip

A Nondefinitive Predictor of Stapes Fixation in Conductive Hearing Loss

With Normal Tympanic Membrane

Akinori Kashio, MD; Ken Ito, MD; Akinobu Kakigi, MD; Shotaro Karino, MD; Shin-ichi Iwasaki, MD;
Takashi Sakamoto, MD; Takuya Yasui, MD; Mitsuya Suzuki, MD; Tatsuya Yamasoba, MD

Objective: Toevaluate the significance of the Carhartnotch
(a2-kHz bone conduction threshold dip [2KBD]) in the di-
agnosis of stapes fixation by comparing its incidence among
ears with various ossicular chain abnormalities.

Design: Retrospective study.
Setting: University hospital.

Patients: A total of 153 ears among 127 consecutive pa-
tients with a congenital ossicular anomaly or otosclerosis.

Main Ovtcome Measures: The 2KBD depth was de-
fined as the threshold at 2 kHz minus the mean of thresh-
olds at 1 and 4 kHz. The presence of 2KBD (depth, =10
dB), 2KBD depth, relationship between 2KBD depth and
air-bone gap, and 2-kHz bone conduction recovery af-
ter operation were evaluated in a stapes fixation group
(which included cases of otosclerosis and congenital sta-
pes fixation), an incudostapedial joint detachment group,
and a malleus or incus fixation group.

Resuwliis: A 2KBD was present in 32 of 102 stapes fixa-
tion ears (31.4%), 5 of 19 incudostapedial joint
detachment ears (26.3%), and 6 of 20 malleus or incus
fixation ears (30.0%) (12 ears had other diagnoses).
The mean (SD) 2KBD depths were 17.3 (5.2) dB in the
stapes fixation group, 18.5 (2.2) dB in the incudosta-
pedial joint detachment group, and 16.3 (2.1) dB in
the malleus or incus fixation group. No statistically
significant differences were noted among these 3
groups. No correlation was noted between 2KBD
depth and air-bone gap extent. Recovery of 2-kHz
bone conduction threshold in the stapes fixation
group was less than that in the other 2 groups.

€onclusion: Incidence of 2KBD was similar among the
stapes f{ixation, incudostapedial joint detachment, and
malleus or incus fixation groups, implying that 2KBD is
not a useful predictor of stapes fixation.

Arch Otolaryngol Head Neck Surg. 2011;137(3):236-240

N 1950, CARHART! REPORTED BONE
conduction threshold elevation of
approximately 2 kHz among pa-
tients with otosclerotic lesion—

shown that the notch exists with stapes fixa-
tion but not with other ossicular chain dis-
orders, such as disconnection; however, few
clinical investigations have assessed this is-

Author Affiliations:
Department of Otolaryngology,
Faculty of Medicine, University
of Tokyo (Drs Kashio, Kakigi,
Karino, Iwasaki, Sakamoto,
Yasui, and Yamasoba), and
Department of Otolaryngology,
Teikyo University School of
Medicine (Dr Ito), Tokyo, and
Department of
Otolaryngology-Head and Neck
Surgery, Sakura Medical Center,
University of Toho, Chiba

(Dr Suzuki), Japan.

: induced stapes ankylosis that dis-
appeamd alter stapes surgery. Since then,
this deceptive 2-kHz bone conduction
threshold dip (2KBD) without inner ear
damage has become a well-known indica-
tor of stapes fixation (Carhart notch). How-
ever, results of studies®® have suggested that

elevation in bone conduction thresholds be-
tween 1 and 4 kHz can be caused by vari-
ous factors that affect the conductive mecha-
nism of the middle ear. In fact, it is not
uncommon to encounter cases of Carhart
notch in which hearing loss is caused by de-
tachment of the incudostapedial joint. For
Carhart notch to be used as a preoperative
predictor of stapes fixation, it should be

sue. In the present study, we evaluated the
significance of 2KBD depth, defined as the
threshold at 2 kiHz minus the mean of
thresholds at 1 and 4 kHz, in diagnosing
various ossicular chain abnormalities in the
setting of a normal tympanic membrane.

We studied 153 earsamong 127 consecutive pa-
tients who had a congenital ossicular anomaly or
otosclerosis that was confirmed during surgery
between January 1997 and December 2007 at the
University of Tokyo Hospital, Tokyo, Japan. On
the basis of the diagnosis made during surgery,
we assigned these ears to the following 3 groups:
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Table 1.,qutuperéfiv,e Diagnosis; )_\gé,' and Preoperative -
Air and Bone Condustion Thresholds Among Patients
With the VYarious Pathologic c"undi_tibp‘s‘ :

: Mean (SD)
Postoperative No.of | - )
Diagnasis Ears - Patient Age,y. AGT, 4B BCT, 4B
Stapes fixation 102 48 (1)  58.3(15.1) 26.3 (11.0)
Incudostapedial 19 26 (17) 54.0:(11.9) 15.8 (7.0):
joint detachment . IR T 3
Malleus or: 20 - 24(22) - 56.8(13.5) 19.2(12.4) |
incus fixation o S
12 22 (16).-.- 651 (8:4) ' 17.2(12.5)

Other

Abbreviations: ACT, air conduction threshold; BCT, bone conduction
threshold.
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Figure 2. Depth of 2-kHz bone conduction threshold dip (2KBD) among
various pathologic conditions. Error bars indicate standard error.
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Figure 1. Incidence of 2-kHz bone conduction threshold dip (2KBD) among
various pathologic conditions.

astapes fixation group (which included cases of otosclerosis and
congenital stapes fixation), an incudostapedial joint detachment
group, and amalleus orincus fixation group. The medical records
of these patients were retrospectively reviewed. Stapes fixation was
observed in 102 ears (including 15 ears with congenital fixation),
incudostapedial joint detachment withoutstapes fixation in 19 ears,
and malleus or incus fixation without stapes fixation in 20 ears.
The other 12 ears (including a combination of incudostapedial joint
detachmentand malleus orincus fixation or obstruction of the oval
window) could not be dlassified into the aforelisted groups and were
excluded from the analysis. The patients ranged in age from 6 to
72 years (mean [$D] age, 40 [20] years). Postoperative diagnoses
and the mean age and mean preoperative air and bone conduction
thresholds (at 0.5, 1, and 2 kHz) are given in Table 1. Patientsin
the stapes fixation group were significantly older than those in the
other 2 groups. No significant differences were noted among the
3 groups in preoperative air or bone conduction thresholds.

For audiometric evaluation, we measured air conduction
thresholds at 0.125, 0.25, 0.5, 1, 2, 4, and 8 kHz. Bone con-
duction thresholds were measured at 0.5, 1, 2, and 4 kHz. Pure-
tone audiometry was performed more than once on various days
before surgery. The 2KBD was considered present when the bone
conduction threshold at 2 kHz exceeded the mean of thresh-
olds at 1 and 4 kHz by at least 10 dB. The 2KBD depth was cal-
culated by subtracting the mean of thresholds at 1 and 4 kHz
from the bone conduction threshold at 2 kHz.

Values were recorded as the mean (SD) unless indicated oth-
erwise. Statistical analyses used x? test, Wilcoxon signed rank
test, and 1-way analysis of variance with Bonferroni post hoc
test.

Table 2. Age-Related 2-kHz Bone Conduction Threshold Dip
- (2KBD)-PositiveRates .~~~ o S
. Postoperative - 2KBD
~ " Diagnosis No. - Positive
fapes fixation ) 8 1
Incudostapedial joint detachment 12 - 2
; Malleus or incus fixatior 15 5
: Total, No. (%) 35 8'(22.9)
30-59 Stapes fixation 70 20 -
"  Incudostapedial joint detachment 6 2
" Malleus or incus fixation 2 0.
S0 Total Nos (%) 78 22.(28.2)
=60 - Stapes fixation - e 24 11
: Incudostapedial joint, detachment 1 1
© . Malleus or incus fixation - DU T I
<" Total, No. (%) © 28 13 (464)

The 2KBD was detected in 32 of 102 ears (31.4%) in the
stapes fixation group, 5 of 19 ears (26.3%) in the incu-
dostapedial joint detachment group, and 6 of 20 ears
(30.0%) in the malleus or incus fixation group (Figure 1).
The mean 2KBD depths were 17.3 (5.2) dB in the stapes
fixation group, 18.5 (2.2) dB in the incudostapedial joint
detachment group, and 16.3 (2.1) dB in the malleus or in-
cus fixation group (Figure 2). No statistically significant
differences were noted in 2KBD incidence or 2KBD depth
among the 3 groups.

Table 2 gives age-related dip-positive rates. There
were no significant differences in percentages of dip-
positive cases among the different age groups.

Figure 3 shows the relationship between 2KBD depth
and air-bone gap, indicating no correlation between the 2
variables. No apparent differences were observed among
the 3 groups.

Table 3 gives 2-kHz bone conduction thresholds
before and after surgery, as well as improvements
obtained by surgery. Of 102 ears in the stapes fixation
group, 3 ears were excluded in which ossicular recon-
struction could not be performed. Of 19 ears in the
incudostapedial joint detachment group, 1 was
excluded because the patient dropped out during the
postoperative follow-up period. Tmprovement in 2-kHz
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Figure 3. Relationship between 2-kHz bone conduction threshold dip (2KBD)
depth and air-bone gap (r=0.34).

Table 3. Preaperative and Postoperative 2-kHz Bone

Conduction Thresholds and R

2-KHz Bone Condustion Thresfiold,

ERRA L . Wean (SD), 4B
Postoperative No.ot "]
Diagnosis . 'Ears  Preoperative Posloperative Recovery.
Stapesfiaon .

Incudostapedial -

MTE8)

jointdetachment - . . 0Tl
CTotal . 18 223(25)  169(27) . 56(29)
oKBDpositve 4 35.0(53)  20.0(62)  15.0(47)
Malleusor i o
incus fixation oo S
Total .20 265(39)  201(36) 63(39)
- 2KBDpositive. 6 225(7.7) 192(46)

Abbreviation: 2KBD, 2-kHz bone conduction threshold dip.

bone conduction thresholds among the stapes fixation
group was less than that among the other 2 groups; the
difference between the 2KBD-positive stapes fixation
group and the 2KBD-positive malleus or incus fixation
group was statistically significant (P<<.05, Bonferroni
post hoc test) (Figure 4).

PREDICTIVE ABILITY OF CARHART NOTCH
AND ITS UNDERLYING MECHANISMS

Acute or chronic otitis media associated with perfora-
tion of the tympanic membrane and otitis media with ef-
fusion can be diagnosed easily; however, in patients with
normal tympanic membrane, sufficient information is
needed to diagnose the cause of hearing loss. An audio-
logical feature of 2KBD, Carhart notch, is widely known
and is traditionally believed to suggest stapes fixation'®;
however, few investigations have verified its usefulness.
In the present study, we evaluated the significance of
Carhart notch in predicting stapes fixation and found that
2KBD was ineffective as a predictive tool. Incidence of
Carhart notch was almost identical among the stapes fixa-

{ B All ears
[ Ears with 2KBD

r 1

Improvement in 2-kHz Bone
Conduction Threshold, dB

Stapes

Incudostapedial Malleus or
Fixation Joint Detachment Incus Fixation
Group

Figure 4. Postoperative recovery of 2-kHz bone conduction thresholds. Error
bars indicate standard error, and the asterisk indicates a significant
difference (P<.05, Bonferroni post hog test). 2KBD indicates 2-kHz bone
conduction threshold dip.

tion, incudostapedial joint detachment, and malleus or
incus fixation groups. Otologic surgeons should be aware
of this fact and should be ready to adapt their proce-
dures according to pathologic findings during surgery.

Supporting our present findings that Carhart notch
is not specific to stapes fixation, bone conduction thresh-
0ld elevation between 1 and 4 kHz has also been re-
ported in various pathologic conditions that affect the con-
ductive mechanism of the middle ear. This phenomenon
has been described in fluctuations of otitis media with
effusion, >3 chronic otitis media,”***7 experimental cre-
ation of artificial conductive impairment by loading the
tympanic membrane,*'®!? occlusion of the round win-
dow or oval window,?? and disarticulation of the incu-
dostapedial joint.**° Bone conduction threshold eleva-
tion has been reported principally between 1 and 4 kHz,
with the largest being at 2 kHz.>>"?!

Bone conduction thresholds do not always represent
a pure estimate of cochlear reserve, as many compo-
nents are involved in bone conduction. The most im-
portant physical phenomena are believed to be (1) sound
radiation into the ear canal, (2) inertial motion of the
middle ear ossicles, and (3) compression and expansion
of the bone encapsulating the cochlea.?** Ossicular chain
deficiencies are closely related to these components. A
change in the ossicular chain may result in less inertial
motion energy transmitted into the inner ear and can cause
impedance mismatch between the inner ear and the os-
sicular system, modifying (decreasing or increasing) the
loss of bone-conducted sound pressure from the vesti-
bule to the footplate. It is reported that the middle ear
does not contribute to perception of bone conduction
sound at frequencies lower than 1 kHz 5 At higher
frequencies, the middle ear can affect bone conduction.
Using human cadaver heads, Stenfelt®® reported that mo-
tion of the stapes with bone conduction sounds was de-
creased by 5 to 10 dB between 1.2 and 2.7 kHz after the
incudostapedial joint was severed. Using cats, Kirikae®
reported a decrease in response at frequencies between
1 and 3 kHz after fixation of the stapes. With an intact
ossicular chain, resonance frequency of the ossicular vi-
bration with bone conduction stimulation is close to 1.5
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kHz,® which explains 2-kHz bone conduction thresh-
old elevation in ossicular deficiency. Therefore, al-
though the underlying mechanisms may differ, 2-kHz
bone conduction threshold elevation may well occur in
various impairments of the ossicular chain, including sta-
pes fixation, incudostapedial joint detachment, and mal-
leus or incus fixation. The reason tor this phenomenon
seems complex, but oversimplification is inappropriate;
further fundamental studies are needed to clarify its
mechanism.

AGE-RELATED EFFECTS OF 2KBD

The mean age of patients in the stapes fixation group was
significantly older than that of patients in the incudosta-
pedial joint detachment group and the malleus or incus
fixation group. In our cohort, patients in the latter 2 groups
with normal tympanic membranes were mainly young
adults or children with congenital malformations of the
ossicular chain. This may explain the younger mean ages
of these groups. Aging raises bone conduction thresh-
olds at high frequencies, and elevation of 4-kHz bone con-
duction thresholds results in underestimation of poten-
tial 2KBD depths in older patients with stapes fixation.
However, in our series, no significant differences were
noted in 2KBD incidence among age groups. This sug-
gests that age differences among the 3 study groups did
not affect 2KBD incidence.

2KBD DEPTH AND 2-KHZ BONE CONDUCTION
THRESHOLD RECOVERY AFTER SURGERY

Several investigations have focused on 2KBD, but its de-
finitive criteria have not yet been established. However,
previously reported mean 2KBD depths in otosclerosis
ranged from 2.4 to 12.5 dB.***** These studies in-
cluded all cases and not just those classified as dip posi-
tive by certain criteria. The overall mean 2KBD depth,
including dip-negative cases, was 8.5 dB in our stapes fixa-
tion group, which is within the range previously re-
ported. For the 2KBD-positive cases, all 3 groups showed
similar depths. These results suggest that an apparent el-
evation in bone conduction thresholds caused by a middle
ear deficiency is similar regardless of the cause. More-
over, no correlation was observed between air-bone gap
and 2KBD depth, suggesting that the depth may not be
influenced by the degree of middle ear deficiency.
Carhart! originally reported postoperative bone con-
duction improvements of 5dBat 500 Hz, 10 dB at 1 kHz,
15 dB at 2 kHz, and 5 dB at 4 kHz. Ginsberg et al*! con-
firmed the finding of optimal bone conduction improve-
ment at 2 kHz. Awengen?” showed an improvement of 4
to 12 dB for bone conduction at 2 kHz in otosclerosis
after stapedectomy. In our series, the mean recovery of
2.kHz bone conduction was 4.6 to 6.3 dB, and the value
was 4.3 to 19.2 dB when we limited the analysis to only
dip-positive cases. Recovery trends in the stapes fixa-
tion group were worse than those in the other 2 groups.
Gerard et al®® proposed that there is less postoperative
improvement in bone conduction with increasing age;
this suggests that the aging cochlea is more susceptible
to surgical damage. Because the mean age of patients was

significantly older in the stapes fixation group, this may
have influenced their recovery. When we evaluated 33
younger patients (about one-third of the group; mean age,
33 years) from the stapes fixation group, the overall 2KBD
recovery was 7.9 (1.8) dB, which was comparable to that
of the other 2 groups. Surgical procedures used in sta-
pes surgery are more invasive and involve opening of the
inner ear. Cook et al?’ reported a weak (r=0.28) but sig-
nificant (P <.05) correlation between bone conduction
recovery at 2 kHz and air conduction recovery after sta-
pes surgery. We also investigated this issue and found
that bone conduction recovery at 2 kHz had a weak cor-
relation with the mean air conduction vecovery (r=0.38,
P<.05) but observed that preoperative air-bone gap and
2-kHz bone conduction threshold recovery had no sig-
nificant correlation (r=-0.11, P>.05). These facts im-
ply that air and bone conduction threshold elevations are
related somewhat but that the underlying mechanisms
of these phenomena may not be simple.
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Axonal Branching Patterns as Sources of Delay in the
Mammalian Auditory Brainstem: A Re-Examination

Shotaro Karino,!* Philip H. Smith,2 Tom C. T. Yin,? and Philip X. Joris!

'Laboratory of Auditory Neurophysiology, Medical School, University of Leuven, B-3000 Leuven, Belgium, Departments of 2Anatomy and 3Physiology,
University of Wisconsin-Madison, Madison, Wisconsin 53706-1510, and *Department of Otolaryngology, Faculty of Medicine, University of Tokyo, Tokyo
113-8655, Japan

In models of temporal processing, time delays incurred by axonal propagation of action potentials play a prominent role. A pre-eminent
model of temporal processing in audition is the binaural model of Jeffress (1948), which has dominated theories regarding our acute
sensitivity to interaural time differences (ITDs). In Jeffress’ model, a binaural cell is maximally active when the ITD is compensated by an
internal delay, which brings the inputs from left and right ears in coincidence, and which would arise from axonal branching patterns of
monaural input fibers. By arranging these patterns in systematic and opposite ways for the ipsilateral and contralateral inputs, a range of
length differences, and thereby of internal delays, is created so that the ITD is transformed into a spatial activation pattern along the
binaural nucleus. We reanalyze single, labeled, and physiologically characterized axons of spherical bushy cells of the cat anteroventral
cochlear nucleus, which project to binaural coincidence detectors in the medial superior olive (MSO). The reconstructions largely confirm
the observations of two previous reports, but several features are observed that are inconsistent with Jeffress’ model. We found that
ipsilateral projections can also form a caudally directed delay line pattern, which would counteract delays incurred by caudally
directed contralateral projections. Comparisons of estimated axonal delays with binaural physiological data indicate that the
suggestive anatomical patterns cannot account for the frequency-dependent distribution of best delays in the cat. Surprisingly, the
tonotopic distribution of the afferent endings indicate that low characteristic frequencies are under-represented rather than

over-represented in the MSO.

Introduction

Coincidence detectors and time delays are common ingredients
in models of temporal processing. In such models, neural equiv-
alents of cross-correlation or autocorrelation are implemented
by comparing spike trains with delayed versions of themselves or
with other spike trains. A pre-eminent example is in binaural
hearing, which affords the detection of minute time differences in
the sound signals to the two ears [interaural time differences
(ITDs)] that contain information about the spatial properties of
sound sources. Neuronal ITD sensitivity in mammals originates
in the medial superior olive (MSO). For >50 years, one model
(Jeffress, 1948) has dominated the discussion of the neural mech-
anisms of ITD discrimination and its relationship to MSO activ-
ity. In this model, a binaural cell shows a “best delay™ it is
maximally active when the external acoustic delay (the ITD) is
compensated by an internal delay, so that the inputs from left and
right ear to the cell are coincident. Classic studies of ITD sensi-
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tivity (Rose et al., 1966; Goldberg and Brown, 1969; Yin and
Chan, 1990) provided evidence for coincidence in accord with
the Jeffress (1948) model (Joris et al., 1998; Joris, 2006). Jeffress
hypothesized the source of internal delays as axonal length differ-
ences. He proposed that afferent axons are systematically ar-
ranged with length gradients in opposite directions for ipsilateral
(Ipsi) and contralateral (Contra) inputs to an array of coinci-
dence detectors. The result would be a systematic gradation in
best delay along the binaural nucleus and the conversion of ITDs
into a spatial activation pattern along the array.

In mammals, only two studies have examined the existence of
delay lines anatomically. Smith et al. (1993) physiologically char-
acterized and then labeled single afferent axons to the MSO from
spherical bushy cells of the anteroventral cochlear nucleus
(AVCN). They concluded that the projections to the contralateral
MSO, but not the ipsilateral MSO, display a rostrocaudal (RC)
delay line configuration. Beckius et al. (1999) labeled small pop-
ulations of AVCN neurons with an extracellular deposit, and
selected and reconstructed individual axons. Their results were
similar to those of Smith et al. (1993) with the additional finding
of alength gradient running in the opposite (caudorostral) direc-
tion in some ipsilateral projections. Physiologically, MSO neu-
rons show a rostrocaudal gradient in ITD tuning consistent with
the anatomical predictions (Yin and Chan, 1990).

Despite the anatomical and physiological support, the Jeffress
(1948) model is no longer universally accepted for mammals
(Palmer, 2004; McAlpine, 2005; Palmer and Kuwada, 2005; Joris
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and Yin, 2007), while it remains unchallenged in the barn owl
(Wagner et al., 2007). McAlpine et al. (1996, 2001) discovered a
relationship between best delay and frequency tuning in binaural
neurons, which is not necessarily contradictory to the Jeffress
(1948) model but certainly is not predicted by it. Moreover, the
anatomical evidence for delay lines in the mammal has been
questioned (Grothe, 2003). Our purpose here is to re-examine
the data of Smith et al. (1993) quantitatively and to examine the
anatomical data in the light of the more recently discovered rela-
tionship between ITD tuning and frequency tuning.

Materials and Methods

Material. The surgical procedure, stimulus delivery, and physiological
and histological methods are described in the original study (Smith et al.,
1993) and are only briefly outlined here. We will focus on the quantita-
tive, computerized processing of the fibers labeled.

The ventral brainstem was exposed in cats of either sex, anesthetized
with sodium pentobarbital. Sharp electrodes filled with either a 5%
horseradish peroxidase (HRP) (type VI, Sigma) or 2% neurobiotin (Vec-
tor Laboratories) solution in 0.5 M KC1 were advanced into the trapezoid
body while presenting calibrated search tones. When a fiber was isolated,
the excitatory ear, the characteristic frequency (CF), spontaneous activ-
ity, and threshold at CF were determined by an automated threshold
tracking program. Poststimulus time histograms for short (25 ms) tones
at CF were then obtained at different sound pressure levels (in 10 or 20 dB
steps) usually up to 50~ 60 dB above threshold. Intra-axonal impalement
was achieved with current pulses or electrode advancement, followed by
confirmation of the physiological responses. HRP or neurobiotin was
then injected by iontophoresis. After 2436 h, a lethal dose of sodium
pentobarbital was given and the animal was perfused transcardially with
phosphate-buffered glutaraldehyde/paraformaldehyde fixative.

For preparation of HRP-filled axons, frozen or vibratomed 60 or 70
um sections of the brainstem were processed using the DAB nickel-
cobalt intensification method (Adams, 1981). For preparation of
neurobiotin-filled cells, the sections were washed in 0.1 M phosphate
buffer, incubated for 20 min in 0.5% H,O,, rinsed in PBS, and left over-
night in phosphate buffer containing avidin-biotin-HRP reagent (ABC
kit, Vector Laboratories). The sections were then rinsed in buffer, treated

with DAB (as above), mounted on glass slides, counterstained with cresyl

violet, and coverslipped.

Reconstructions and analysis. Because the axons typically extended over
many coronal sections, detailed analysis and three-dimensional recon-
structions required computer reconstruction. We used a Neurolucida
system (Microbrightfield) that included an Olympus BX61 light micro-
scope, a video camera (MBE-CX9000, Microbrightfield), a motorized
stage controller (MAC5000, Ludl Electronic Products), and a personal
computer. Axons were traced and digitized directly on the microscope
using a UPlanFLN 40X objective. The (x,5,2) positions accompanied
with axon diameter were collected every 1.9 pm on average (538 points/
mm). Section thickness measured with the microscope z-axis ranged
from 20 to 25 um. Corrections were made for shrinkage along this axis
(i.e., the rostrocaudal direction) according to the section thickness spec-
ified during cutting and the thickness measured in the microscope. Esti-
mates of axon diameter were made by adjusting the diameter of a circular
cursor to the width of the labeled axon and do not include the myelin
sheath. For several reasons, stated in Smith et al. (1993), these measure-
ments should be regarded as coarse estimates.

The furthest distal points that could be traced were defined as end-
points (EPs; for ease of reading we use the full words in the text and the
abbreviations in figures). These points are not identical to terminals: the
darkness of the label typically decreased with distance from the injection
site and toward the middle of the sections, so that the finest processes
could not always be followed to unambiguous terminations. Moreover,
all of the reconstructions analyzed here were done with the light micro-
scope, so we cannot be sure that the afferent endpoints terminate at a
synapse. However, we have analyzed a small number of the labeled axons
with the electron microscope, and the afferent terminals were confirmed
to be presynaptic (Smith et al,, 1991, 1993). Also, comparison with
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lllustration of measurements taken within sections. Coronal view of the contralat-

Figure1.
eral projection of a traced fiber (CF, 1345 Hz) superimposed on a Nissl-stained single section,
taken at the coronal level of the branch EP, indicated with the yellow dot. Yellow line, Contour
of MSO on the section. Yellow asterisks, Most DP and most VP along the long axis of the MSO
within the section, which s indicated with black asterisks. Drawing a line through the EP, which
is approximately perpendicular to the long axis of the MSO, the arrows show the most medial
and lateral points (MB and LB) of the MSO contour on this line. The two other lines (dotted
white) indicate the Euclidian distances between EP and VP, and between VP and the DP of this
section. Scale bar, 200 um. Directions are indicated by the cross. D, Dorsal; V, ventral; M, medial;
L, lateral.

Beckius et al. (1999) (see Results) suggests that our tracings must have
covered the axons almost in their entirety in many cases. Importantly, the
sheet-like mammalian MSO has limited thickness, and the delay line
configuration is thought to span the rostrocaudal dimension: the main
contributors to differential length are not the terminal axonal segments
but rather the more proximal main stem of the axon, which gives off
branches at different rostrocaudal positions (see Figs. 2C, 3). Assessment
of collateral length differences along the rostrocaudal axis thus does not
hinge on complete filling to the axon terminals. ’

We defined several markers to take measurements for numerical anal-
ysis. Figure 1 illustrates markers defined within single sections. The yel-
low line traces the MSO contour, and the black asterisks its long axis
within the section. The yellow asterisks indicate the dorsal pole (DP) and
ventral pole (VP). These are not necessarily literally the extreme dorsal
and ventral points of the MSO outline in that section. For example, the
ventral pole in Figure 1 is not the most ventral point of the MSO. Rather,
dorsal pole and ventral pole are the extreme ends of the—often curved—
long axis of the MSO within the section. The yellow disk marks one
endpoint (EP). To express the dorsoventral location of an endpoint
within the MSO, we measured its Euclidian distance to the ventral pole,
which we normalized to the Euclidian distance between dorsal pole and
ventral pole (Fig. 1, dotted white lines). Normalization facilitates com-
parison across animals as it reduces variance resulting from differences in
absolute dimensions of the MSO. Values close to 1 indicate an endpoint
located close to the dorsal pole; values close to 0 indicate a position close
to the ventral pole. We also measured the mediolateral location of end-
points based on their distance to the edge of the MSO outline, taken at the
intersection of the outline with a line (Fig. 1, solid white line) that is
approximately orthogonal to its long axis. These intersections give two
measurements for each endpoint: the medial border (MB) and the lateral
border (LB). These latter measurements are inherently coarse, particu-
larly for endpoints close to the dorsal or ventral pole of the MSO. Again,
we normalized the midline (ML) position as the (Euclidian distance
between endpoint and medial border)/(Euclidian distance between lat-
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eral border and medial border), When this
value is close to 1, the endpoint is located close
to the lateral border.

Measurements taken across sections are il-
lustrated in Figure 2 in the coronal (Fig. 24),
horizontal (Fig. 2 B), and parasagittal (Fig. 2C)
planes, for the same fiber used in Figure 1. First,
the most rostral and most caudal sections
where the MSO could be discerned are identi-
fied. The geometrical centers of the MSO out-
lines in these sections (Fig. 2A, green and
magenta) were designated as the rostral pole
(RP) and caudal pole (CP). The normalized RC
distance of an endpoint relative to these poles
was measured as (Euclidian distance between
endpoint and rostral pole)/(Euclidian distance
between caudal pole and rostral pole), illus-
trated with the dotted lines (Fig. 2B,C). An
endpoint close to the caudal pole thus gives an
RC value close to 1. For contralateral projec-
tions, we also marked the point where the axon
crossed the ML. Finally, for both ipsilateral and
contralateral projections we marked the first
branch point (FB) (i.e., the last point of the
axon that is common for all branches to the
ipsilateral or contralateral MSO) (Fig. 2B,C).
The axonal length from midline or first branch
point to each endpoint was calculated as the
sum of the distances between adjacent (x,y,z)
coordinates in the course of the axon to that
endpoint.

For the sake of brevity, we use the shorthand
“delay line” to refer to a morphological pattern
of systematic length differences in axon collat-
erals. We caution that the term inherently re-
fers to a functional concept that can only be C
validated with physiological measurements—a
point to which we will return in Discussion.

Results

The material we analyzed here consists of
14 labeled fibers, obtained from 12 ani-
mals. We reconstructed the 16 projections
(9 contralateral, 7 ipsilateral) reported in
Smith et al. (1993). For only two fibers
(with CFs of 1498 Hz and 2470 Hz) were
both contralateral and ipsilateral pro-
jections sufficiently labeled for recon-
struction. A qualitative description of
the course and projections of the fibers is
provided in Smith et al. (1993) and is
summarily illustrated here for several fi-
bers. We identify projections with the
same number, symbol, and color scheme
in all figures, where relevant.

fo VNLL

Figure 2.
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Example of the contralateral MSO innervation by one axon (same axon as in Fig. 1). A-C, Coronal (4), horizontal (B),
and parasagittal (C) views are shown. The RP and (P were defined as the geometrical center of the most rostral (green line) and
mostcaudal (magentaline) section, respectively. The rostrocaudal position of endpoints was quantified by measuring the Eudiidian

distance (dashed line) between RP and EP, and was normalized to the distance between RP and (P. The endpoint illustratedis the

Contralateral projections

Nine contralaterally injected fibers were
well labeled and used for the analyses. The
axon in Figure 2 crossed the midline at a
level rostral to the MSO and projected multiple collateral
branches caudally before heading rostrally toward the ventral
nucleus of the lateral lemniscus (VNLL). The collateral projec-
tions span approximately half of the rostral-caudal extent
of the MSO nucleus with a ladder-like branching pattern that is
particularly clear in the parasagittal view (Fig. 2C). Similar inner-

same oneasin Figure 1; the MSO contour outlined in Figure 1is shown in blue here. ML indicates the pointat which the axon crosses
the midline. CF of this fiber was 1345 Hz. A computer reconstruction of this fiber was also shown in Smith etal. (1993, their Fig. 4).

vation patterns are shown for three fibers in Figure 3. The axons
in Figure 3, A and B, also cross the midline in a rostral position
and give caudally directed branches over a more restricted (Fig.
3A) or less restricted (Fig. 3B) rostrocaudal distance than in Fig-
ure 2. The axon in Figure 3C, shown in horizontal view, crosses
the midline at a more caudal level. It shows three branches that
are directed to the central and caudal MSO, as well as one branch
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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. 5A)
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-

to VNLL

ward and backward innervation contrib-

ute endpoints that are located at different

rostrocaudal positions (Fig. 6 B,C), where
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the backward branches innervate a more

rostral part of the MSO than the forward
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branches. The horizontal and parasagittal
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views suggest that this fiber has greater

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 in 3 contralaterally projecting fibers. A, 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. 4 B 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-



