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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: To evaluate the significance of the Carhart notch
(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.
Seffing: University hospital.

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

Main Outcome 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.

Resulfs: 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 f{ixation 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 fixation, 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—
induced stapes ankylosis that dis-

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-
sue. In the present study, we evaluated the

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 [to), Tokyo, and
Department of
Otolaryngology-Head and Neck
Surgery, Sakura Medical Center,
University of Toho, Chiba

(Dr Suzuki), Japan.

appeared after 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

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

Westudied 153 ears among 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. Postoperative Diagnosis, Age, and Preoperative
Air and Bone Conduction Thresholds Among Patients
With the Various Pathologic Conditions

* Mean (SD)

~ Postoperative No. of . p———— — — 1
Diagnosls . - Fars PatientAge,y ~ ACT,dB  BCT, dB
_ Stapes fixation 102 48(15)  58.3(15.1) 26.3(11.0)
. Incudostapedial 18 26 (17) 54.0 (11.9)- 15.8 (7.0)
joint detachment k . s
Malleus or 20 - 24(22) ~56.8(135) 19.2(12.4)
incus fixation o g h
Other 12 22(16)  65.1(8.4) 172(125)

Abhreviations: ACT, air conduction threshold; BCT, bone conduction
threshold.

25+
20+ n=32
=] n=6
= 154
=4
53
o
2 104
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Stapes Incudostapedial Malleus or
Fixation Joint Detachment Incus Fixation
Group

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 or incus fixation group. The medical records
of these patients were retrospectively reviewed. Stapesfixation was
observedin 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 (includinga combination of incudostapedial joint
detachment and malleus or incus [ixation or obstruction of the oval
window) could not be classified into the aforelisted groupsand were
excluded from the analysis. The patients ranged in age from 6 to
72 years (mean [SD] age, 40 [20] years). Postoperative diagnoses
and the mean age and mean preoperative air and bone conduction
thresholds (at0.5, 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 o 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)-Paositive Rates - :
< Age Postaperative - 2KBD
Group, v Diagnosis No. Pasitive
0-29 Stapesfixation - 8 1
I _ Incudostapedial joint detachment 12 2
* Malleus or incus fixation 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-
: - Total, No. (%) 78 22 (28.2)
=60, . Stapes fixation -~ . 24 11
Incudostapedial joint detachment 1 1
-+ Malleus.or incus fixation - 3 1
 Total, No. (%) 28 13 (46.4)

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) dBin the malleus orin-

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. Improvement in 2-kHz

(REPRINTED) ARCH OTOLARYNGOL HEAD NECK SURG/VOL 137 (NO. 3), MAR 2011

237

WWW.ARCHOTO.COM

Downloaded from www.archoto.com at UNIVERSITY OF TOKYO, on May 11,2012
©2011 American Medical Association. All rights reserved.



0 StapES ﬂxaluon
404 | joint d
kS Ma!ieus or incus fixation
< ¢
304
0
= ®
£ o e
& 204 ® e
P ¢ ne  [e ¢o0 s
e Y X ok ¢
N ®e o9 ¢
10+
0 20 40 60
Air-Bone Gap

Figure 3. Relationship between 2-kHz bone conduction threshold dip (2KBD)
depth and air-bone gap {r=0.34).

Table 3. Preoperahve and Fostuperatwe Z-kHz Bnne
Cunductlun Thresholds and Recove -
kHz Bone Conduction Threshold,

S . Mean(SD),duB - .
Postoperative No of | - —
Diagnasis: Ears Preoperaﬂve Pnslopera(lve Renuverv

) Stapesfxxatlon - i L S
Total . 99 350(1.3) - . 31.2
5 ZKQD gosiﬁve 0800 413 (2.0)
Incudostapedial ~ .- A
Jumtdetachment I P
Total o 4B 22.2(25)
2KBD'positive” 4 35.0(5.3)
Malleus or - IR
~~incus fixation ST T DT RPN
Total.. - 20  265(39). 20.1(36)  6.3(39)
ZKBD posmvef 6 417 (7 8). f 25 (7 7) . 19.2(4.6)

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-

All ears
Ears with 2KBD

251 *

r 1

Improvement in 2-kHz Bone
Conduction Threshold, dB

Malleus or
Incus Fixation

Incudostapedial
Joint Detachment

Group

Stapes
Fixation

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 hoc 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 ot specific to stapes fixation, bone conduction thresh-
old 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,>!"* chronic otitis media,>$*!7 experimental cre-
ation of artificial conductive impairment by loading the
tympanic membrane,*'8!? 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. 22"

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 inmer 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 for 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 5 dBat 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 recovery (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

1Laboratory of Auditory Neurophysiology, Medical School, University of Leuven, B-3000 Leuven, Belgium, Departments of 2Anatomy and *Physiology,
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 repoxts, 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 leftand
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
ofalength 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 etal.,
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 0120 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
pm 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 (MBF-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,,2) positions accompanied
with axon diameter were collected every 1.9 wm on average (538 points/
mm). Section thickness measured with the microscope z-axis ranged
from 20 to 25 wm. 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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Figure1. lllustration of measurements taken within sections. Coronal view of the contralat-
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 MS0
within the section, which isindicated with black asterisks. Drawing a line through the EP, which
is approximately perpendicular to the long axis of the MS0, 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 Fuclidian distances between EP and VP, and between VP and the DP of this
section. Scale bar, 200 em. 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 ofthe 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 Jocated 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. 20)
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. 24, 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,2)
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.
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Figure2. Example of the contralateral MSO innervation by one axon (same axon asin Fig. 1). A~C, Coronal (4), horizontal (B),
and parasagittal (€) views are shown. The RP and (P were defined as the geometrical center of the most rostral {green line) and
most caudal (magentaline) section, respectively. Therostrocaudal position of endpoints was quantified by measuring the Euclidian

distance (dashed line) between RP and EP, and was normalized to the distance between RPand CP. 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 one asin Figure 1; the MSO contour outlined in Figure Tis shownin blue here. MLindicates the pointatwhich 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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eral and ipsilateral projections, Consider-
ing the branching after the first branch
point, the ipsilateral projections show
longer (>1 mm; see scale bar in Fig. 7A)
segments than the contralateral projec-
tions before further branching. These
long segments are the stems of the forward
and backward branches, for example, in
Figures 5 and 6. As a result, the longest
distances between first branch point and
endpoint are found in ipsilateral rather
than in contralateral projections. Compari-
son of the horizontal location of the end-
points within each dendrogram indicates
the range of overall length differences within
projections. It is of note that this range is a !
few millimeters for most projections (Fig. |
7A-C,F), and that the largest ranges occur
in ipsilateral projections (Fig. 7 D, E). :

i
i
3
L

Distribution of endpoints in the
parasagittal plane

Figure 8 shows the distributions of end-
points for contralateral (left column) and
ipsilateral (right column) projections.
Endpoints from one fiber are identified
with the same colored symbol. The Figure
8 caption ranks the fibers by increasing
CF. The two fibers for which both con-
tralateral and ipsilateral projections were
reconstructed are represented by the same
symbols in left and right column: projec-
tions Contra 4 and Ipsi 2 (light blue in-
verted triangle, CF = 1498 Hz) and
projections Contra 7 and Ipsi 5 (solid
green triangle, CF = 2470 Hz). In all panels,
the abscissa is the normalized rostrocau-
dal position of the endpoints, measured as
illustrated in Figure 2 (virtually identical
results are obtained if the distance along
the z-axis, i.e., the distance between coro-
nal sections, is used). The ordinate of the
top two panels is the normalized dorso-
ventral position of the endpoints, mea-
sured as illustrated in Figure 1. These two
panels therefore represent a standardized
side view of the MSO. As expected, the
endpoint positions are orderly arranged
with low-CF fibers most dorsal and high-CF
fibers most ventral (this is further analyzed
in Fig. 9). The endpoints ofa given fiber tend
to be distributed in an elongated rostrocau-
dal strip. This is particularly the case in contralateral projections (Fig.
8A) and less so in ipsilateral (Fig. 8B) projections, which can be
elongated (projection 1), restricted (projection 7), or patchy (pro-
jection 6). In contralateral fibers, seven of the nine fibers showed a
broad rostrocaudal extent, spanning 40—60% of the nucleus, but
importantly none of the fibers spans the entire nucleus.

The bottom panels show the key measurement: the axonal
length accumulated between the first branch point for the pro-
jection from that side, and the endpoints. For contralateral pro-
jections (Pig. 8C), this length tends to increase for endpoints
positioned more caudally in the nucleus. The solid lines are linear

0.2 mm
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0.2mm
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Figured. Parasagittal view of 3 more contralateral projections (4~C, with CFs indicated below each reconstruction) withaless
dlear-cut delay line configuration. In all cases, the FB is located near the center of the rostrocaudal range of EPs. The orientation
shown in B applies toall panels. The color convention s as in Figure 3.

regressions; the dashed (black) line is the diagonal of equality. A
“perfect” Jeffress delay line configuration would generate an end-
point distribution parallel to this line: the extra length incurred
(ordinate) would equal the distance traveled rostrocaudally (ab-
scissa). For six of nine contralateral fibers, the linear regression
was significant ( p < 0.05), with a correlation coefficient >0.80 in
four of these six cases. The mean slope for the six cases was 0.91
(range, 0.54-1.65). The slope of the regression line was negative
in one fiber (#3), for which the endpoints were distributed overa
narrow rostrocaudal range. In two fibers (#1 and #9), the rela-
tionship was nonmonotonic, with a rostral patch of endpoints of
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from CN

U

ipsi 2 CF = 1498 Hz

Figure5. A-C,Coronal (4), horizontal (B), and parasagittal (€) views of areconstructed prajection of one fiber to the ipsilateral
MS0. The coronal (4) and horizontal (B) views learly show the two kinds of ipsilateral branches. One branch originates lateral to
the MSOand projects forward (f, red) toit. Two branches originate after the axon has crossed the plane of the MsOand looped back
(b, blue and green) to innervate the same region.

larger length than the endpoints just caudal to it. These are fibers
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The topography of the length distribu-
tions of ipsilateral projections (Fig. 8 D) is
strikingly inhomogeneous and different
from the contralateral ones. The length gra-
dient is mostly negative (i.e., in the opposite
direction than the contrateral gradient)
(Fig. 8, note the difference in ordinate scale
between C and D). For compatison, the
negatively sloped diagonal (large dashes) is
shown, which shows the slope of a perfect
Jeffress delay line configuration in the direc-
tion opposite to the one dominant in con-
tralateral fibers. Linear regressions were
significant for all seven fibers (p < 0.01).
TFor two fibers (#6 and #7), the number of
endpoints is small. Surprisingly, the slope is
positive in three fibers.

Particularly for cases where the distribu-
tion of endpoints is restricted rostrocaudally
(Fig. 8 D, fiber #7, 8C, fibers #3 and #4), it is
questionable that the presence of a slope in
the linear regressions is of functional signif-
icance. Nevertheless, overall the length gra-
dients are in accordance with the scheme
proposed by Jeffress (1948), with a majority
of contralateral projections showing a ros-
trocaudal increase in collateral length, and a
majority of ipsilateral projections showing
an inverse gradient.

Interestingly, fibers tend to project to
either the rostral or caudal half of the
MSO, particularly on the contralateral
side (Fig. 8A,B, with the exception of
the fibers indicated by the empty red tri-
angles). Moreover, the length gradients
most consistent with a Jeffress delay
configuration are found in the rostral
half, both in the contralateral and in the
ipsilateral branches.

Note that only the slopé of the regres-
sions is relevant to the issue of delay lines,
not the vertical offset on the ordinate. This
offset reflects our (arbitrary) choice of the
first branch point as the point of reference
for the length measurement and is af-
fected by the absolute length of the collat-
eral branches. A branch that islonger than
the rostrocaudal MSO dimension has
endpoints with ordinate values >1, as is
the case for several contralateral and many
ipsilateral projections. However, addition
of an identical length of axon to all collat-
eral branches (see below, Estimates of ros-
trocaudal axonal delay, on calculation of
differences in path length between ipsilat-
eral and contralateral projections) moves
all data points of a projection up along the
ordinate without affecting the presence or
absence of a rostrocaudal delay.

whose axon crosses the midline at a rather caudal position as Tonotopic distribution along the dorsoventral axis
illustrated in Figure 3C (fiber #9, CF = 10,508 Hz) and Figure 4A The rostrocaudal clustering of endpoints (Fig. 8 A,B) allows usto
(fiber #1, CF = 841 Hz). project a map of input CFs onto the MSO. Figure 9 shows the
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relationship between fiber CF and the
normalized dorsoventral position of all
endpoints. The endpoints contributed by
one fiber are shown as a column of circles
in Figure 94, color coded for laterality.
The asterisks show data points taken from
the physiological data of Guinan et al.
(1972, their Fig. 17). The solid circles and
line show the position of the borders
drawn in the summary tonotopic map of
Guinan et al. (1972, their Fig. 21), at CFs
of 1000, 4000, 10,000, and 20,000 Hz.
There is a reasonable agreement between
our data and those of Guinan etal. (1972).
Much to our surprise, however, thereisan
upward convexity in the CF-position re-
lationship. If low CFs were to take up a
disproportionate amount of space of the
MSO, relative to a logarithmic CF distri-
bution, the relationship should be con-
cave rather than convex: if one were to
progress from dorsal MSO in a ventral di-
rection and plot CF, there would initially
be “slow” progression in CF, which would
accelerate as one comes closer to the ven-
tral pole. This is clearly not the case.
Because the cochlear map deviates
from a logarithmic relationship at low
CFs, we incorporate the CF—position rela-
tionship for the cochlea in the abscissa of
Figure 8B, using Greenwood’s equation
(Liberman, 1982; Greenwood, 1990). The
means and SDs of endpoint positions and
the data points of Guinan et al. (1972) are
replotted directly on a cochlear distance
scale in Figure 9B. The data points again
show an upward convexity. Predictions of
the MSO CPF—position relationship are
now straight lines (green), The solid green
line shows the relationship expected if all
cochlear CFs were represented propor-
tionally in the MSO: at low CFs, the data
points tend to lie above this line. Another
factor to take into account is that not all
cochlear CFs appear to be represented in
the MSO: the highest CF reported by Gui-
nan et al. (1972) was 22 kHz. The dashed
green line in Figure 8 shows the CF-posi-
tion relationship expected if the cochlea
were proportionally represented in the
MSO except for its base, so that CFs >22
kHz are absent (~5 mm of the extreme
base). Clearly, consideration of a lim-
ited CF representation does not alleviate
the upward convexity. The prediction
based on a limited CF range follows the
slope of the map Guinan et al. (1972)
reasonably well, but again the represen-
tation of the cochlear apex is com-
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Figure 6. Another example of an ipsilateral MSO projections of one fiber. 4, This fiber ran underneath the MSO (coronal view)
and also formed forward (f) and backward (b) projecting branches. B, €, The horizontal (B) and parasagittal (C) views reveal that
the branches innervate different rostrocaudal portions of the MSO. The backward branches (green and blue) innervated a more
rostral portion of the MSO and covered more length of axon from FB than the forward branches.

pressed for our data, with the majority of low-CF data points  pole (Fig. 1). Because our measure of dorsoventral location does

lying above the dashed line.

1ot take curvature into account, we recalculated the dorsoventral

The MSO tends to show curvature in the coronal plane (Figs. ~ positions in Figures 8,9, and 10 taking the Euclidean distance of
1,2, 6), and this curvature can be more pronounced at the dorsal  the endpoint to the ventral pole (as before), but now normalized
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fibers showing forward branches (Fig. 10
legend, + symbols), these branches give
endpoints located more lateral than the
backward branches (projections 2,4, and 6).

Axon diameter and conduction velocity
The analysis so far has concerned branch-
ing patterns, endpoint position, and axon
length. Other factors than axonal length
contribute to the time delay in action po-
tential propagation; most importantly
myelination, axon diameter, and inter-
nodal distance. The only additional factor
we can assess in our material is axon di-
ameter, be it only crudely for the various
reasons pointed out in Smith et al. (1993).
Diameters were measured at each axonal
(%,3,2) position entered. Using these mea-
surements, we calculated the mean diam-
eter of each “segment,” which is the part
of an axon between neighboring branch
points; branch points and endpoints; or
midline and branch point. Figure 11
shows the mean diameter as a function of
distance from the midline (Fig. 114) for
contralateral projections, and from the
first branch point (Fig. 11 B) for ipsilateral
projections. These graphs are obtained by
moving from left to right across the den-
drograms (Fig. 7), and tallying and aver-

FB

ML 4 (2300 Hz)

P

Figure 7.

to the sum of the distance of the endpoint to the ventral and
dorsal poles (i.e., the normalization was now to the sum of the
line segments EP-VP and EP-DP). This recalculation caused
only minor shifts in ordinate position and did not remove the
bias of low-CF data points above the green lines in Figure 9A,B.

Distribution of endpoints in the mediolateral dimension

Figure 10 shows the normalized mediolateral versus dorsoventral
distribution of endpoints. As commented on in Materials, determi-
nation of the mediolateral endpoint position is inherently inaccu-
cate. Relative to its small width, the medial and lateral border of the
MSO cannot be determined with much precision (note that, on the
square axes of Fig. 10, the mediolateral dimension is much magni-
fied relative to the dorsoventral dimension, approximately by a fac-
tor 3.6). The uncertainty becomes particularly large for endpoints
located close to the dorsal or ventral pole. This is visible in Figure 10:
the mediolateral spread of points increases toward the dorsal pole.
Nevertheless, as expected (Stotler, 1953), the contralateral endpoints
occupy dominantlya medial position, and the ipsilateral endpointsa
lateral position. Of interest is that the forward and backward
branches of the ipsilateral projection seem to occupy the same dor-
soventral (tonotopic) but not mediolateral position. For the four

aging all the segment diameters that are
present for a given length from the starting
point (Figs. 2-4, ML, 5, 6, B). Close to the

A, B, Dendrograms showing the branching patterm and length of axonal segments for three contralateral (4) and
three psilateral projections (B). Thescale barin A applies to A-F. The horizontal dimension represents the axonal length of branch
segments; the vertical dimension is only used to offset these segments and has no meaning with regard to length or order. Fiber
number and CF are indicated for each projection. Cross-linking to previous figures with computerized reconstructions s as foltows:
A = Figure 44; B = Figures 1and 2; € = Figure 34,0 = Figure § of Smith et al. (1993); £ = Figure 5; F = Figure 6.

=

starting points, the mean diameter jumps in
large steps because few branches are present,
but the trace becomes smoother as more
branching occurs. There is a general de-
crease in axon diameter toward the
endpoints,

To compare diameters of contralateral
and ipsilateral branches, we first deter-
mined the number of segments of a given diameter (bin size, 0.1
wm). Dividing by the number of contributing fibers (9 for con-
tralateral and 7 for ipsilateral projections), we obtain the average
numbers shown in Figure 12, A and B. The diameters are largely
between 1 and 3 wm; the mean is 1.8 um for both distributions (¢
test, p = 0.27). For the contralateral projections, the axonal seg-
ments include all segments of projections into the contralateral
MSO arising after the midline crossing, while for the ipsilateral
projections they include all segments projecting into the ipsilat-
eral MSO after the first branch point. The reason that we included
the “extra” segment between midline and first branch point in the
contralateral projections is that the midline gives an “absolute”
reference that can be identified in each animal, which allows an
estimate of path length for the axon in the contralateral hemibrain,
These proximal segments are shown in black in Figure 12, Aand C.
Removal of these segments did not affect the lack of a statistically
significant difference between the diameter distributions of con-
tralateral and ipsilateral projections ( p = 0.13).

Numerically, the final segments, shown in gray in Figure 12,
dominate the histograms, due to the profuse branching once the
collaterals reach the tonotopic layers where they form their end-
points. Because the axons progressively taper (Fig. 11) and m uch
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of the delay must accrue at the distal
branches, it is of interest to compare con-
tralateral and ipsilateral distributions for
the final segments. Again, there is no dif-
ference in the distributions for contralat-
eral and ipsilateral fibers (p = 0.26).
Next, to visualize the relationship be-
tween diameter and length of segments,

A
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we summed the lengths for all segments
with a given diameter for all fibers (bin
size 0.1 pum) and normalized to the num-
ber of contributing fibers (9 for contralat-
eral and 7 for ipsilateral projections).
Thus, Figure 12, C and D, shows average
segment length of a given diameter for
contralateral and ipsilateral projections,
respectively. Statistical comparison shows
that at none of the bins for which both
contralateral and ipsilateral values are

0.8

ventral « DorsoVentral position - dorsal

present is there a significant difference in
segment length (¢ test, p > 0.05).

From the axon diameter and length,
estimates for conduction speed and time
can be calculated. We followed the
method of Beckius et al. (1999) to esti-
mate conduction time as follows:

LAd*RYV), 1

with I being the length (in millimeters) of
axon between two branch points, d being
the average diameter (in micrometers) of
that segment, and RV being an experi-
mentally derived constant (9.167 mm/ms/
wm) (Waxman and Bennett, 1972). For
each endpoint, the conduction times of all
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segments interposed between that end-
point and a fixed starting point were
added.

In Figure 13 we show the estimated
conduction times for all endpoints using
as starting points the midline (Fig. 13C,
contralateral projections) or the first
branch point (Fig. 13D, ipsilateral projec-
tions) against the length of axon traversed
to reach these endpoints. The relationship
is very orderly; in all fibers, linear regression (data not shown) of
length on conduction time was significant (p<0.001;p<0.0lin
one fiber). This result is not surprising and may seem trivial
because of the proportionality of estimated conduction time to
length in Equation 1. However, if the average diameter to reach
one endpoint were larger than that to reach another endpoint of
the same tree, the conduction time would be shorter even if the
average length were the same (Fig. 13A). Likewise, there could be
a length difference that is compensated by a difference in axon
diameter (Fig. 13B). The linear distributions of endpoints in Fig-
ure 13, Cand D, show that d (Eq. 1) is “well behaved” in the sense
that diameter decreases similarly with distance in all branches
and that there is no systematic effect of diameter that offsets or
enhances the “delay line effect” of the branching pattern. The
slope of the linear regressions (data not shown) was on average
19.3 m/s for the contralateral and 17.9 m/s for the ipsilateral
projections (ranges: 14-26 m/s for Contra; 13-21 m/s for Ipsi).

0 0.2

ipsilateral (B)

0.4

rostral . RostroCaudal position - caudal

Figure 8. Length gradients along the rostrocaudal axis of the
projections on normalized MSO axes. €, D, Axonal length from FB to the different endpoints. Solid lines are linear
regressions. The diagonals with |
indicates the slope expected for an opposite length gradient. The caption shows the symbols and color used for the endpoints
originating from the different fibers, numbered forincreasing CFand reused in subsequentfigures. The lineshetween leftandright
symbol captions indicate the two fibers for which both the contralateral and ipsilateral projections were reconstructed.

0
0 0.2 0.4 0.6 0.8 1
rostral- RostroCaudal position - caudal

0.6 0.8 1

MS0. 4, B, Distribution of endpoints of contralateral (A) and

hort dashed lines indicate the diagonal of equality; the diagonal with the long dashed lines

Note that these slopes do not give conduction speeds, but rather
the speed at which excitation would “sweep” through the end-
points. If all endpoints were arranged in an orderly fashion as in
Jeffress’ model so that the endpoints with the shortest axonal
length were located (e.g., most rostrally and those with the lon-
gest length most caudally), the range of conduction times
spanned by the endpoints of one axon would equal the range of its
x-values in Figure 13, Cand D [e.g., 220350 ps for the contralat-
eral projection (#1), represented by the black triangles in C; i.e.,
range of 130 ps]. However, as already shown in Figure 8, Cand D,
the arrangement of endpoints is not that orderly. Again taking pro-
jection #1 as an example, it can be seen in Figure 8C that endpoints
with similar axonal length occur over a significant rostrocaudal
range. We return to this point in the section below, Estimates of
rostrocaudal axonal delay (Fig. 14).

The lines in Figure 13, C and D, connect starting points,
branch points, and endpoints of each projection. The slope of
each line equals the speed of the corresponding segment. This
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the large diameter of that segment (Fig.

Contra

gsl

ontra (Guinan)
Ipsi (Guinan)
from Guinan map

114), while the ipsilateral projection
tends to sustain long (Fig. 7EF) and
large-diameter (Fig. 11B) forward and

O%%0O0

backward segments after the first branch
point. In summary, the overall distribu-
tion of axon diameter and its progression
along the axon is similar in contralateral
and ipsilateral projections.

Estimates of rostrocaudal axonal delay

The main quantitative check so far re-
garding Jeffress’ (1948) hypothesized ax-
AN onal delay lines was in Figure 8, Cand D,

—venral  DorsoVentral position  dorsal -

10 10 10
CF (Hz)

Figure 9, Tonotopic compression of low frequendies in MSO. A, B, The dorsoventrat location, normalized to the dorsoventral
extent ofthe MSO, is shown for all endpoints of all reconstructed fibers on a Jogarithmic CF abscissa (4) and for their mean and SD
ona cochlear distance abscissa (B). Each dircle in A indicates a single endpoint (blue, contralateral fiber; red, ipsilateral fiber). The
asterisks and the black circles and Tine show extracellular and summary data from Guinan et al. (1972) (see main text). The green
fines are predicted relationships based on the cochlear tonotopic map, based on Greenwood's formula (Greenwood, 1990). The
solid green line s the prediction for a full representation of all CFs; the dashed line s for a representation limited to <22 kHz. The
endpoints atlow CFs clusterabove the green lines. Iflow CFs were over-represented in MSO, those endpoints would be expected to

duster below rather than above the green lines.

Cochlear distance from the apex (mm)

5 20 %5 which examined length as a function of
rostrocaudal position. In a similar format,
Figure 14, A and B, replots the data di-
rectly in dimensions of time and space:
estimated conduction time, calculated
from both diameter and length, versus
rostrocaudal position in micrometers
from the most rostral MSO section. The
abscissa origin coincides with the section
containing the rostral pole, while the loca-
tion of the section of the caudal pole is
indicated by an asterisk at the caudal end
of a linear regression line drawn through
all the endpoints of each projection. As

A Contra B Ipsi
1 1 Y
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expected from the general trend of a
graded decrease in axon diameter (Figs.
11-13), the relationships of Figure 8, C
and D, are preserved in Figure 14, Aand B.
Thus, it does not appear to be the case that
afferent branch diameter is regulated to
v fine tune delay lines based on length, at

o4 E A ;ﬁggg‘;’z)é least not at the level of assessment of
% A 3(1903H2) | diameter that is possible with our

02 021! v ‘;gigg':é;i material. . '
% v o+ g(gg:g :z) | To summarize the regression data on
0 0 A 15081 estimated conduction times (Fig. 144,B)
0.2 04 08 08 1.0 0.2 04 06 08 1 and measured length gradients (Fig.
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Figure 10.

slope decreases with increasing distance from the starting point,
due to the gradual decrease in axon diameter, and gives rise to the
general curvature in the data. For each endpoint, the length tra-
versed divided by the estimated conduction time gives an esti-
mate of the average speed from starting point to each endpoint
(this speed equals the slope of a line connecting the endpoint to
the origin in Fig. 13C,D, illustrated for the diagramsin Fig. 13A,B
with dashed lines). The ranges of estimated speeds are shown in
Fig. 13E-G. They are similar across endpoints and CFs, and are
also very similar for contralateral and ipsilateral fibers (means,
20.1 and 19.3 m/s, respectively), when taking midline (Fig. 13E)
and first branch point (Fig. 13G), respectively, asa starting point.
When the contralateral side is also referenced to the first branch
point rather than to the midline (Fig. 13F), the estimated con-
duction speed drops to 18.4 ms/s on average. This reflects the
long distance (several millimeters) of the segment from midline
to first branch point in contralateral fibers (Figs. 7A-C,11A) and

medial « MedioLateral position - fateral

A, B, Distribution of endpoints in the coronal plane, for contralateral (4) and ipsilateral (B) projections. Symbol use
for Ais asin Figure 8. The “Backward” and “Forward” in B referto backward and forward branches, as ilustrated in Figures 5 and 6.

8C,D), Figure 14C shows the slopes of the
linear regressions in these figures. Ab-
scissa values of 1 and —1 indicate “per-
fect” slopes of delay, where the extra
length of axon is identical to the extra dis-
tance in rostrocaudal (or caudorostral) direction (Fig. 8, compare
diagonals in C and D). All significant (large symbols) contralat-
eral projections, as well as three ipsilateral projections, contribute
data to the upper right quadrant. The data points in the lower left
quadrant consist only of ipsilateral projections, which form a
length gradient in the caudorostral direction. Note that the most
extreme positive and negative values are found in the ipsilateral
projections. Also of note are the rather modest values of the esti-
mated delays. To map the physiological range of delays (300400
s in the cat) (Roth et al., 1980) on the length of MSO (34 mm)
(Fig. 144, B), the interaural delay accrued per millimeter should
be ~100 s. The ordinate values in Figure 14C show that the
estimated “monaural” delays fall short for the contralateral pro-
jections. The ipsilateral delays come close but are in the wrong
direction for the positive values, and for the negative values some
of the projections are limited in spatial extent (Fig. 14B). In Jef-
fress” (1948) scheme, it is the combination of ipsilateral and con-



