Maturation of the human medial efferent reflex revisited
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Past work applying otoacoustic emissions to gauge maturational status of the medial olivocochlear
(MOC) reflex in human newborns has produced mixed results. The present study revisits the ques-
tion while considering the dual nature of the 2f; — f, distortion product otoacoustic emission
(DPOAE) and expanding measures of medial efferent function. Subjects included premature
and term-born neonates, 6-month-old infants and young adults. The MOC reflex was elicited with
contralateral acoustic stimulation (CAS) while shifts in amplitude and phase of the DPOAE, and its
distortion and reflection components, were monitored. Overall, CAS-elicited reductions in DPOAE
level did not differ among age groups. For all ages, the MOC reflex was strongest at frequencies
below 1.5 kHz, and the reflection component of the DPOAE was most affected, showing maximally
reduced amplitude and shallower phase slope when contralateral noise was presented. Results
suggest that the MOC reflex likely reaches maturation prior to full-term birth. However, prema-
turely born neonates show markedly more episodes of CAS-induced DPOAE level enhancement.
This may be due to more intrusive component mixing in this age group or disruptions in the

formation of the MOC pathway or synapse in the most premature neonates.
© 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4773265]

PACS number(s): 43.64.Jb, 43.64. Kc [CAS]

. INTRODUCTION

Considering the putative role of the medial olivocochlear
(MOC) effect in perception, defining its functional status in
the developing human auditory system is of strong importance.
Activation of the medial efferent system modulates cochlear
mechanics by hyperpolarizing outer hair cells (OHCs) and
reducing cochlear amplifier gain (Guinan, 1996). Collectively
this effect and its influence on auditory nerve fiber discharge
patterns and rate is thought to facilitate perception of signals in
background noise and may also provide protection from
damaging noise (Kawase et al., 1993; Maison et al., 2002).

The first appearance of medial olivocochlear neurons in
the human brainstem and beneath the OHCs is noted at
approximately 20-22 fetal weeks (Lavigne-Rebillard and
Pujol, 1988; Moore et al., 1999). Development of OHC post-
synaptic cisternae and the proper formation of axo-somatic
MOC-OHC synapses, occur sometime in the third fetal tri-
mester, although post-mortem fetal tissue around the perina-
tal period is sparse (Lavigne-Rebillard and Pujol, 1988;
Pujol et al., 1998). The functional status of the human
medial efferent system during this last trimester and around
the time of birth remains unclear. Otoacoustic emissions
(OAEs), which depend upon activity of the OHCs effectively
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gauge efferent activation, most typically showing reductions
in level. In this report, we follow the convention of Guinan
(2010) and refer to MOC-elicited reductions in OAE ampli-
tude as inhibition rather than suppression, to differentiate
synaptic effects from cochlear-based suppression.

A. Reuvisiting the question

Over a decade ago, we reported that reductions in
DPOAE level elicited by contralateral broadband noise aver-
aged ~1.5dB and that MOC reflexes were adultlike by term
birth (Abdala et al., 1999). Although the magnitude of the
inhibition appeared to be adultlike in premature neonates, as
a group these newborns showed an atypical pattern of
DPOAE level enhancement elicited by contralateral noise.
Enhancement was noted in 43% of premature newborn
measurements but only 15% of adult observations.

Recent advances in our understanding of OAE generation
processes provide at least a partial explanation for the
enhancement. The 2f; — f» DPOAE includes contributions
from two spatially separated sources on the basilar membrane
and emerge from two distinct processes (Kim, 1980; Knight
and Kemp, 2001; Shera and Guinan, 1999). Nonlinear distor-
tion is generated around the overlap of the traveling waves
evoked by primary tones (f], f>), and at moderate-high levels,
dominates the DPOAE recorded in the ear canal. However,
backscattering of energy from the 2f; — f> place due to ran-
domly distributed impedance perturbations along the cochlear
partition also contributes to the ear canal DPOAE (Zweig and
Shera, 1995). A vector combination of these two components
(termed distortion and reflection) yields the DPOAE recorded
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at the microphone in the ear canal. Constructive and destruc-
tive interference between DPOAE components in the ear
canal produces DPOAE fine structure.

The dual nature of DPOAE generation can be problem-
atic for measures of the MOC reflex because the medial
efferent reflex shifts the phase relationship between compo-
nents. DPOAE fine structure often exhibits deep minima at
frequencies where the two components of similar magnitude
have combined while out-of-phase, effectively cancelling
the response. If MOC activation alters the amplitude and
phase balance between these two components, it can effect
a release from cancellation. Predictably, this produces an
increase in DPOAE amplitude.

Past work has confirmed that MOC activation impacts
the two DPOAE components differentially (Abdala et al.,
2009; Deeter et al., 2009; Henin et al., 2011) and that MOC-
induced level enhancement is observed primarily in the dips
of DPOAE fine structure. Level enhancements can obscure
measures of MOC reflex strength as they are, at their root,
artifacts of component interference. When the MOC reflex is
measured at peak frequencies in DPOAE fine structure
where components are adding in-phase, a reduction of either
component by the MOC reflex will decrease DPOAE level
and produce more typical reductions. Indeed, one can elimi-
nate much of the level enhancement artifact by recording at
peaks in DPOAE fine structure. In our earlier study of the
MOC reflex in newborns (Abdala et al., 1999), we did not
consider the dual-source nature of the DPOAE and failed to
control for component interference.

B. Maturation of the MOC reflex

Other studies probing maturation of the MOC reflex
in human neonates have used mainly click-evoked OAEs
(CEOAE?S), which are predominantly reflection source emis-
sions comparable to the reflection component of the DPOAE
(Kalluri and Shera, 2001, 2007). These studies have pro-
duced mixed results as varied methodologies, response crite-
ria and age ranges were utilized. One early report suggested
a complete absence of the MOC reflex in prematurely born
neonates (Morlet et al., 1993); however, after methodologi-
cal revision (viewing the response in a restricted time win-
dow and monitoring contralateral noise levels in-the-ear),
premature neonates under 36 weeks gestational age did, in
fact, show reductions of CEOAE amplitude but the effect
was smaller than in adults (Morlet ef al., 1999, 2004). The
strength of the MOC reflex was reported to correlate posi-
tively with post-conceptional age (PCA). Others have, like-
wise, reported reduced CEOAE-based measures of the MOC
reflex in premature neonates, though experimental parame-
ters were not always well specified (Gkoritsa et al., 2007;
Hamburger et al., 1998). In contrast, Chabert et al. (2006)
reported adultlike CEOAE-based MOC reflexes in preterm
infants tested between 36 and 37 weeks PCA. By term birth,
contralateral inhibition of CEOAEs is adultlike, producing
both a reduction in CEOAE amplitude and, in one study,
reduced latency (Ryan and Piron, 1994).

There are many methodological inconsistencies among
studies that make conclusive statements difficult. Most
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applied a rather lax 3 dB signal to noise ratio (SNR) criteria
for OAE data, a critical consideration as measures of the
MOC reflex are influenced by noise in both the baseline and
contralateral elicitor condition. The contralateral noise was
presented at high levels, which could potentially evoke con-
tractions of the middle ear muscle, i.e., 70-78 dB SPL (e.g.,
Chabert et al., 2006; Gkoritsa et al., 2007; Morlet et al.,
1993, 1999); whereas other studies presented noise elicitors
at levels that might be too low to adequately evoke MOC
activity (e.g., Chabert et al., 2006; Morlet et al., 1993), in
particular because newborns have an inefficient transfer of
energy through the middle ear, effectively lessening stimula-
tion to the cochlea. Calibration specific to newborn ears
was not always employed and several studies recorded the
CEOAE using a conventional nonlinear stimulus paradigm;
this method effectively cancels out much of the linear reflec-
tion emission, possibly impacting the measured magnitude
of the MOC reflex.

In the current experiment we applied methods to control
the effect of component interference on DPOAE-based meas-
ures of the MOC reflex, and expanded the repertoire of indices.
Additionally, we considered the effects of contralateral noise
on both level and phase of the 2f; — />, DPOAE and on its dual-
source components. Our objective was to exploit recent advan-
ces in the understanding of OAE generation to better probe the
functional status of the contralateral MOC reflex in human
newborns. By including both premature and term neonates, we
were able to assess integrity of the MOC reflex during both the
pre-term period and the perinatal period following term birth.

Il. METHODS
A. Subjects

Subjects included 96 individuals in four age groups.
M, F, R, and L refer to male, female, right, and left ear,
respectively: (1) 15 prematurely born neonates (5M, 10F;
8R, 7L) with a mean PCA of 34.2 weeks at test, and gesta-
tional ages at birth ranging from 24 to 36 weeks; (2) 31 term
neonates born between 37 and 42 gestational weeks (15M,
16F; 27R, 4L); (3) 19 older infants with a mean age of 6.4
months (9M, 10F, 19R); and (4) 31 young adults with an
average age of 21 years (6M, 25F; 18R, 13L). With the
exception of the 6-month-old group, in which right ears were
exclusively used, test ear was chosen in a pseudorandom
fashion unless one ear had markedly higher DPOAE levels
or was more accessible in the test isolette.

B. Protocol

Newborns were tested at the Infant Auditory Research
Laboratory within the University of Southern California
+ Los Angeles County Medical Center, Neonatology Unit.
All newborns passed a click-evoked auditory brainstem
response screen conducted at 35dB nHL. DPOAEs were
measured in a sound-attenuating isolette providing between
25 and 40dB of attenuation (Eckels ABC-100). Newborn
testing was always conducted in pairs; one tester attended
to the newborn throughout the test, watching for movement
and probe slippage while the other tester implemented the
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data collection program. If a spike in noise was noted on the
spectral display of the ear canal microphone signal, or baby
movement was observed, the sweep was manually stopped,
rejected in its entirety and re-initiated.

DPOAE testing of 6-month-old infants was conducted at
a satellite laboratory at the University of Washington (UW).
Their hearing was screened with CEOAEs and data were
collected during natural sleep within a double-walled IAC
sound-attenuating chamber. Adult subjects were tested at the
House Research Institute (HRI) and Northwestern University
(NU). They were awake during testing and seated comfort-
ably in a padded armchair, also within a double-walled TAC
sound-attenuating chamber. Adult subjects had <15dB HL
audiometric thresholds between 0.25 and 8 kHz. A standard
clinical tympanogram (Grason-Stadler Instruments, Tymp-
star) was conducted on the day of test for both adult and
6-month-old infants to ensure normal middle ear status.
Laboratories across centers were matched in hardware and
software; protocols were matched across sites and all testers
received comparable training.

Primary tones, f;, f>, were presented at 65 and 55dB
SPL (L,, L,) with a fixed f5/f; ratio of 1.22. Tones were loga-
rithmically swept upward in frequency at 8 s/octave between
0.5 and 4kHz for a total of 24 s per sweep. For adults and
some newborns, 16 sweeps were collected in the no-noise
condition (NoN) and eight sweeps collected with contralat-
eral acoustic stimulation (broadband noise) presented to the
opposite ear through an ER2 insert transducer at 60 dB SPL.
Eight NoN sweeps were collected for 6-month-old infants.
The level of contralateral acoustic stimulation (CAS) was
chosen because it has shown to be an effective elicitor of the
MOC reflex (Guinan et al., 2003). The frequency response
of the broadband noise in a Zwislocki coupler showed rela-
tively flat energy from 0.2 to 12 kHz. The noise elicitor was
turned on 1s before the primary tones. The NoN and CAS
sweeps were interleaved throughout the test protocol in pairs
with a 25 interval between sweeps. For example, a pair of
NoN sweeps was presented, followed by a pair of sweeps at
CAS=60dB SPL, a pair of sweeps at CAS=65dB SPL
and so on until the targeted number of sweeps was collected
in each condition (Note: CAS =65 dB SPL was not available
for all subjects and was not analyzed in this report.).

C. Signal processing and instrumentation

DPOAESs were recorded using a Macintosh laptop con-
trolling a MOTU 828 Mk II audio device (44.1 kHz, 24 bit).
The output of the MOTU was appropriately amplified and
fed to either MB Quartz 13.01 HX drivers (NU) or Etymotic
Research ER-2 tube phones (HRI, UW). The output of the
drivers was coupled to the subjects’ ears through the sound
tubes of an Etymotic Research ER10B+ probe microphone
assembly.

DPOAE level and phase estimates were calculated from
averages comprised of eight sweeps each, using a least-
squares-fit algorithm (LSF) at frequency intervals of between
2 and 12 Hz. As an initial data inclusion criterion, a median of
every three consecutive points in the average was calculated
and compared to the noise estimate at the corresponding
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frequency; if SNR was < 6dB, the data point was not
accepted into the average. Each average included a total of
~ 400-500 individual data points spanning the three-octave
test range. In this implementation of the LSF technique, mod-
els for the stimulus tones and DPOAE of interest are created.
Signal components are then fitted to these models to minimize
the sum of squared errors between the model and the data
(Long et al., 2008). The noise floor is estimated by taking the
difference between sweep pairs and applying the LSF to this
difference. DPOAE phase was unwrapped by sequentially
subtracting 360° from all points beyond identifiable disconti-
nuities. The final estimate of DPOAE phase was computed by
subtracting 2¢; — ¢,, (where ¢, , are phases of f; and f>) from
¢ap (the extracted phase at 2f; — f5>).

D. Component separation: Inverse FFT

MATLAB-based software was used to separate the DPOAE
distortion- and reflection-source components based on their
respective phase-gradient delays (developed by C. Talmadge;
adapted by P. Luo). During inverse FFT (IFFT), the DPOAE
complex pressure measured in the frequency domain was
multiplied by a moving Hann window in overlapping 50 Hz
steps. The length of the window was adjusted on a logarithmic
scale in close approximation to the cochlear frequency map
and ranged from 0.4 to 0.9kHz with increasing frequency.
Rectangular time-domain filters were applied to each window
to recursively extract the target component. A search range of
—2 to 10 ms was applied to window the short-latency (distor-
tion) component, and 3 to 15 ms to window the long-latency
(reflection) component. The time domain filters were centered
around the maximum or peak energy within each window.
The filtered windows of data were then transformed back to
the frequency domain by FFT and the level and phase of the
distortion and reflection components reconstructed. Data seg-
ments equal to half of the length of the analysis window were
eliminated at low- and high-frequency boundaries to remove
edge effects caused by the time-windowing process.

Reflection component phase was determined to be reliable
by the following process: NoN phase was recalculated using
an alternative sequence of frequencies. If the two estimates
(the original and recalculated phase-frequency function) repli-
cated, the function was considered reliable. If the phase had
been adversely impacted by noise, the two functions diverged,
in which case either the entire phase frequency function was
eliminated or the start frequency was modified to eliminate the
noisy segment. Phase-frequency functions from one term new-
born, one older infant and one adult were eliminated using this
reliability probe. Discontinuities in reflection-component
phase remained in some subject data, but these were typically
associated with deep minima in DPOAE level fine structure;
they included half-cycle shifts that were randomly upward or
downward, exerting little bias on the overall trend. In these
cases, phase was recalculated using double the number of
points to resolve any unwrapping ambiguities.

E. Calibration

Calibrated stimuli were delivered to each subject
after compensating for the depth of probe insertion
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(Lee et al., 2012). This allowed us to approximate the
desired SPL across frequency at the tympanic membrane and
in doing so, to eliminate the effects of standing waves. In
newborns, a priori measurement of the half-wave resonance
in 20 ears provided a reference depth insertion; compensa-
tion was applied equally to all neonates based on this norma-
tive measure.

Broadband noise was calibrated in an ear simulator (IEC
60318-4; Bruel and Kjaer 4157) for adults and older infants
but measured in-the-ear for a reference group of newborns.
It is difficult to monitor a probe fit to a newborn subject’s
contralateral ear because the ear is often concealed from vis-
ual inspection. Consequently, CAS was delivered via a foam
and silicone ear cover (Natus Halo Ear Muff, Biologic). The
Ear Muff was firmly attached to skin around the neonatal
pinna of the non-test ear and ER-2 tubing was inserted into
an opening in the coupler designed for sound delivery. For
calibration purposes, reference noise levels within the Ear
Muff were measured in 10 newborn ears using an Etymotic
Research ER-7 probe microphone with tubing threaded
through a small hole in the silicone, and centered at the
external auditory meatus. This set-up provided a stable noise
delivery system resistant to slight head movements.

F. Analysis
1. DPOAE MOC Indices

The following measures were taken at DPOAE fine
structure maxima only. Maxima were identified based on the
first and second derivatives of the DPOAE level function
and the relationship between them. Data points where the
first derivative was equal to O and the second derivative was
negative were identified as maxima or peaks (Abdala and
Dhar, 2012).

(a) MOCRgp =LGS — LY where Ly, is DPOAE level.
MOCR,g was calculated at DPOAE fine structure
peaks only; negative values denote reductions in
level. For MOCR indices, we restricted ourselves to
measuring reductions in level (termed here inhibi-
tion). Episodes of increased level evoked by CAS
were labeled enhancement if they exceeded + 0.1 dB
change (from baseline level) and were counted and
analyzed separately. Theoretical and empirical evi-
dence suggests different mechanistic underpinnings
for CAS-induced enhancement compared to reduc-
tions in DPOAE level (Abdala er al., 2009; Deeter
et al., 2009; Henin et al., 2011). We implemented this
analysis strategy in an attempt to disentangle MOC
effects from artifacts related to component mixing.

(b) MOCR,=(IPi™| — PSSP where [Py is
DPOAE amplitude. MOCR,, was calculated at fine struc-
ture peaks only and reported as a fraction of the baseline
amplitude.

(€) MOCRy,=|(PG*® — PEMI/IPRN| where Py, is a
complex DPOAE vector. MOCRy,, was calculated as
the amplitude of the difference vector between NoN
and CAS at fine structure peaks only, and reported as a
fraction of the baseline amplitude.
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2. Component-specific MOC Indices

(@) MOCRp, MOCRg=(|PN| — |P5**))/|PD°N| and
(IPR°N| — |PR™S|)/|PR°Y| where |Pp| and |Pg| represent
distortion and reflection-component amplitude, respec-
tively. MOCRp and MOCRy were reported as a frac-
tion of the baseline amplitude.

(b) Component Phase-Distortion and reflection component
phase-frequency functions in both NoN and CAS con-
ditions were fit with loess trend lines (Cleveland,
1993). Loess is a form of locally weighted scatter plot
smoothing that is a modern version of classical linear
and nonlinear least squares regression. Simple models
of linear and nonlinear least squares regression are fit-
ted to localized subsets of the data and adjacent fits are
joined to create the overall fit.

(©)  MOCRpA=[¢“* 07)-¢" BOI-[¢"07 ™" B6)]
The phase accumulation in cycles between f=0.7kHz
and f=3.6kHz was measured as an approximate met-
ric of phase slope for the reflection component. The
difference in phase accumulation between NoN and
CAS conditions was calculated.

3. Middle ear muscle reflex

Due to limited test time with infants, it was not possible
to complete tests of the middle ear muscle reflex (MEMR) in
all infant subjects. A complete set of MEMR data was avail-
able only in young adult subjects; therefore, this group was
used to estimate the potential impact of MEMRs on the
MOOC reflex. The level of a pure tone (L) was monitored in
the ear canal during NoN and CAS conditions; changes in
amplitude produced by CAS were calculated to detect
MEMRs. This same calculation was conducted for the differ-
ence between NoN and a replicate no-noise average to pro-
vide a reference of normal variability. A MEMR was
considered present if two criteria were met: the amplitude
change in the ear canal was >1.4% and it exceeded the dif-
ference between repeated NoN averages (Patrick Feeney,
personal communication; Feeney et al., 2003)

4. Statistical analyses

So as to maximize usage of all data points for the
repeated measure, the frequency variable was collapsed
into low- (center frequencies=707-1414 Hz) and high-
(center frequencies =1781-3563 Hz) frequency categories
for analysis of variance (ANOVA) tests; however, Figs. 2—4
display MOC measures at each center frequency individu-
ally to provide the reader with detailed frequency informa-
tion. Age (4) xfrequency (2) ANOVAs with repeated
measures on frequency were conducted (SPSS ver. 18.0).
When appropriate, post hoc age comparisons were con-
ducted using a Bonferroni correction. The alpha level was
p=0.05.

Phase-frequency functions were fit with loess lines to
aid in visualizing global phase trends. To reduce non-
meaningful phase variance, functions with phase values that
were not within * 0.5 cycles of 0 at 0.7 kHz were shifted up
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or down by one cycle. Since all frequency points are shifted
by the same integer value, the normalization procedure does
not affect the frequency dependent phase accumulation
measured in any one subject but simply reduces the scatter
that comes from the first point.

lll. RESULTS

The number of observations at any given center fre-
quency varied for several reasons: (1) fine structure peaks are
distributed idiosyncratically among subjects; (2) SNR meas-
urements that did not meet the minimum criteria were not
accepted; and (3) calculations of the MOC reflex were elimi-
nated if deemed outliers. An outlier was = 2 standard devia-
tions from the mean for that metric, age group, and center
frequency. The overall percentage of outlier values elimi-
nated for each age group is as follows: Premature =5%;
Term = 3%; 6-month-old Infant =7%; Young Adult =3%.

DPOAE and noise level values were binned into third-
octave intervals with center frequencies ranging from 707 to
3563 Hz. The difference between these levels was calculated
in each third-octave bin and defined as the signal-to-noise
ratio (SNR). Grand mean SNR for each age group was as fol-
lows: adult =28 dB, 6-month-old infant =22 dB, term new-
born =24 dB, and premature newborn =20 dB. These SNR
values include all data, i.e., at both maxima and minima in

fine structure; therefore, for MOC indices calculated at peaks
only, SNR was more favorable than these reported values.

A. DPOAE MOC reflex

Figure 1 shows an example of DPOAE level recorded at
fine frequency intervals in NoN (black line) and CAS =60 dB
SPL (gray line) conditions for each age group. Each trace
represents an average of eight sweeps and includes ~400 to
500 points across frequency. In general, the strongest reduc-
tions in level were noted around peaks in fine structure.
Peaks were sometimes shifted towards higher frequencies,
reflecting CAS-induced changes in emission phase. At deep
valleys in fine structure, DPOAE enhancement was often
observed due to component interference (See Sec. [ A). The
premature newborn subject displayed in Fig. 1 shows
increases in DPOAE level at several peaks in fine structure.

Past work has often calculated the MOC reflex in dB;
hence for comparison purposes, comparable data are shown in
Fig. 2 though these were not statistically analyzed. MOCR4g
shows marked overlap among age groups. The MOC reflex is
strongest at low frequencies with mean values ranging from 1
to 2dB. Figure 3(A) shows the MOC reflex normalized to
each subject’s own baseline amplitude as MOCR,. Figure
3(A) shows that MOCR,, represents 0.5 to 0.20 of baseline
DPOAE amplitude across age groups. Figure 3(B) displays
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the amplitude of the difference vector between NoN and CAS
conditions normalized by baseline amplitude, MOCRy,, Vec-
tor differences were generally larger than measures based
solely on amplitude shifts. Although data are shown at each
of the eight center frequencies in Figs. 24, frequency was
collapsed into two categories (low- and high-frequency) for
statistical analyses. Age (4) x frequency (2) ANOVAs with
repeated measures on frequency showed no effect of age on
either MOCR,, or MOCRy;,, but an effect of frequency on both
(F=69.8; p=0.0001; F=68; p=0.0001) as MOC effects
were stronger in the low-frequency interval (< 1.5 kHz).
There were no interactions between age and frequency.

B. DPOAE level enhancement

Between 91% and 96% of DPOAE fine structure peaks
from term newborns, 6-month-old infants and adults showed
reductions in DPOAE level or no-change when a contralat-
eral noise elicitor was presented. In contrast, only 72% of
DPOAE fine structure peaks from the premature newborn
group showed level reductions whereas 28% showed
increases in DPOAE amplitude with CAS. A one-way
ANOVA comparing the percentage of enhanced peaks
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across age group was significant (F=7.014; p <0.0001).
The magnitude of the DPOAE enhancement effect in prema-
ture neonates averaged 0.67dB overall, generally smaller
than mean reductions in level. Of 62 observations of
enhancement, 14 episodes occurred at frequencies <1.5 kHz
and 48 above. The association between these enhancement
episodes and SNR was examined in the premature newborn
group. No significant correlations were observed, suggesting
that the quality of the data as gauged by SNR, was not
systematically associated with DPOAE enhancement elicited
by CAS. In the discussion we posit three potential sources
for DPOAE level enhancement, which has been consistently
observed in prematurely born neonates tested in our
laboratory.

C. Component-specific MOC reflex
1. Component amplitude

Independent measures of the MOC effect on distortion-
and reflection-components derived from the ear canal
DPOAE were calculated as MOCRp and MOCRg. The mean
magnitude of distortion-component MOC reflexes ranged
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from 0.2 to 1.6dB, whereas mean reflection-component
MOC reflexes ranged from 1 to 3dB (not displayed). Figure
4 shows normalized MOCRp and MOCRy for each age
group. The distortion component MOC reflex represents a
fraction of baseline component amplitude ranging from 0.02
to 0.24 across frequency; the reflection component MOC
reflex ranged from 0.05 to 0.32. As noted in Fig. 4(B), the
reflection component measures also showed more data
scatter.

Age (4) x frequency (2) ANOVAs with repeated meas-
ures on frequency were conducted separately for each
component-specific MOCR index. There was no effect of
age on MOCRp but an effect of frequency (F=182;
p <0.0001), the low-frequency interval manifesting the most
robust MOC effect. There was no significant interaction. The
MOCRgr measures showed no main effect of age but an
interaction between age and frequency (F=15.3; p =0.002).
Post hoc tests confirmed that an age effect was restricted to
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two categories (low, high) for statistical analyses to maximize numbers.
Error bars represent 95% Cls.
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the high-frequency interval (>1.4 kHz; F=4.49; p =0.000).
Paired age comparisons further showed that the premature
age group had lower MOCRy, values compared to term new-
borns (p =0.008) and adults (p =0.02) but not compared to
the 6-month-old infant group.

2. Component phase

The phase of distortion and reflection components are
displayed in Figs. 5 and 6, respectively; however, the pri-
mary measure of interest is the effect of MOC activation on
reflection-component phase as these emissions are associated
with low-level hearing—the range at which MOC effects are
optimal—and are thought to preferentially gauge medial
efferent activity.

a. Distortion component. Figure 5 displays individual
phase-frequency functions and superimposed trend lines.
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(Note: The ordinate phase scale spans only 4 cycles com-
pared to reflection-component phase displayed across 30
cycles in Fig. 6.) There was no systematic change in the over-
all features of distortion-component phase with the presenta-
tion of contralateral noise. Distortion component phase is
relatively invariant across frequency, providing evidence of
approximate local scaling for much of the cochlea (Shera
et al., 2000); for frequencies < 1.5 kHz, distortion phase devi-
ates from this scale invariance. The thin black (NoN) and
gray (CAS) lines are phase-frequency functions from individ-
ual subjects. The thick trend lines are superimposed, shown
in black (NoN) and cyan (CAS). The superimposition of the
trend lines indicates that MOC activation did not alter the
frequency at which distortion phase breaks from invariance,
often considered the apical-basal transition; nor did it alter
the basic two-segment configuration of the DPOAE phase-
frequency function for any of the age groups. This result does
not indicate that the MOC reflex did not impact the distortion
generator, simply that it impacted fjand f, similarly. In doing
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so, a constant relationship appears to have been maintained
between primary tones, leaving DPOAE phase (which is ref-
erenced to the phases of f; and f>) unchanged.

b. Reflection component. Figure 6 shows the individual
reflection-component phase-frequency functions in thin black
and gray lines (NoN and CAS respectively); the thick trend
lines fit to the group data are shown in black (NoN) and cyan
(CAS). The difference between the black and cyan trend lines
provides a rough index of the impact of CAS on reflection-
component phase. For all age groups, CAS produced slightly
shallower slope of phase. The MOC effect was quantified
by measuring the difference in total phase accumulation in
NoN and CAS conditions and termed, MOCRp4. Figure 7
displays the mean phase accumulation between 0.7 and
3.6 kHz for NoN and CAS conditions in each age group. The
reflection-component phase slope became significantly shal-
lower when CAS was presented (F=17.29; p <0.0001);
however, there was no age effect on MOCRpa.

Abdala et al.: Maturation of medial efferent reflex 945



Premature Term

5T 5+
0__
-5+

—~

(7))

o -104

(&)

>

o 154

(]

()]

_<CU -204+

o

€ -2 } : } | -25

o 1000 2000 3000 4000

c

(@]

o 6 moold Adult

g 51 5T

o

g 0+ 0+

=

O 5T -5+

=

O]

X -10f -10t
-154+ -15+
20+ -20+
-25 -25

il } 1 | 1 } } il
1000 2000 3000 4000 1000 2000 3000 4000

Reflection Component Frequency (Hz)
= | 0ess trend line for NoN Loess trend line for CAS

FIG. 6. Reflection component phase-frequency functions for each age group. Individual functions are shown with thin lines (black =NoN; gray = CAS), and
loess fits are shown as thick lines in black (NoN) and cyan (CAS). Note: the range shown on the ordinate is 30 cycles and differs significantly from the limited
range of cycles displayed in Fig. 5 for the distortion component (4 cycles).

D. Middle ear muscle reflex MEMR (black). Even in cases where a MEMR appears to
have been evoked by CAS, the impact of this contraction did
not change the configuration of the MOC effect greatly or
produce substantial changes in reflex magnitude.

Figure 8 displays mean MOCR4g and MOCRy,, for all
adult subjects (gray) and for a subset of adult subjects exclud-
ing eight individuals determined to have a CAS-elicited

IV. DISCUSSION
134 A. Maturation of the MOC reflex

T DPOAE-based indices of the fast, inhibitory MOC
effect were generally comparable across age. The MOC
reflex in dB averaged between 0.5 and 2 dB across ages con-
sistent with past findings. This result suggests that the
16 1 strength of the contralaterally evoked MOC reflex is adult-
like by late in the third fetal trimester. It is possible that pre-
7L - A NoN mature newborns tested at younger post-conceptional ages
A CAS (<34 weeks) show non-adultlike MOC reflexes as some
studies have suggested (Chabert et al., 2006).
The DPOAE measured in the ear canal includes contri-
Age Group butions from two sources: the site of primary tone overlap
FIG. 7. Mean number of phase cycles accumulated between 0.7 and 3.6 kHz nearest f5, and from the 2f; — f5 place, each source arising

for the reflection component of the DPOAE in both NoN (open triangle) and from distinct generation mechanisms (Talmadge er al., 1998;
CAS (closed triangle) conditions. Error bars reflect 95% CI. Shera and Guinan, 1999). The MOC reflex acts upon these
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components differentially (Abdala et al., 2009; Deeter et al.,
2009; Henin et al., 2011). Once separated, we observed an
age effect on the reflection component only; premature neo-
nates were found to have a reduced MOCRg. However, this
effect was incongruous for several reasons. First, the age
effect was only present in the high-frequency interval (>1.5
kHz), a frequency range in which the MOC reflex is weakest.
Second, as noted in Fig. 4(B), premature infants showed an
abrupt reversal of this trend in the low-frequency interval,
manifesting stronger MOC reflexes than the other age
groups (though this age difference does not reach statistical
significance). Third, prematurely born neonates did not show
reduced reflection-component MOC reflexes when compared
to 6-month-old infants, only compared to term newborns and
adults. A genuine immaturity in the MOC reflex would be
expected to differentiate prematurely born neonates from 6-
month-old infants as well.

What emerges from the MOC indices shown in Figs. 2—4
is that premature newborns exhibit inhibitory MOC reflexes,
i.e., defined as reductions in emission level, which cannot be
distinguished from adult reflexes in almost all analyses con-
ducted. One could argue that the smaller number of subjects

J. Acoust. Soc. Am., Vol. 133, No. 2, February 2013

in the premature age group (n=15) may have adversely
affected the statistical power to detect differences; however,
this is an unlikely explanation as premature newborns not
only show adultlike MOC reflex strength, they manifest other
adultlike features: maximal effects at low-mid frequencies, a
more marked shift in the reflection component (vs distortion)
and shallowed reflection-component phase slope.

It is inevitable that middle ear immaturities influenced
the results to some extent. Inefficiencies in infant middle ear
transmission likely reduced the impact of CAS, potentially
reducing the size of the MOC reflex. We could have compen-
sated for this inefficiency by increasing contralateral noise
levels in newborns; however, this is only a partial solution.
DPOAE primary tones presented to the test ear were also
impacted by middle ear inefficiency, lessening stimulation to
the cochlea. This reduced stimulation may have optimized
the MOC effect in infants since the largest MOC reflex is
generally observed for low-level signals. These two middle
ear-related factors may have counteracted one another.

The middle ear muscle reflex (MEMR) can also act as a
confound when measuring MOC effects; the noise elicitor
can evoke bilateral middle ear muscle contractions, which
impede effective transmission of either or both, CAS and
primary tones. In 25% of adult subjects, MEMRs appear to
have been evoked by contralateral noise. Can these contrac-
tions explain the adultlike MOC reflexes measured from
newborns in the current study? If a similar proportion of
adult and infant subject were impacted by CAS-induced
MEMRs, their presence would not influence age trends
found here. Recent work suggests that MEMR thresholds are
indeed adultlike in newborns (Keefe et al., 2010). Addition-
ally, when MEMRs were evoked, data from Fig. 8 suggest
that they did not alter the magnitude or pattern of MOC
reflex in the frequency range contributing most strongly to
the statistical analyses, i.e., frequencies >1 kHz. Therefore,
though it is not possible to fully disentangle the influence of
the two acoustically evoked reflexes, there is little evidence
to suggest that MEMRs would differentially impact adult
and infant MOC data.

B. CAS-induced enhancement

We did observe an atypical MOC effect in premature
newborns: the persistent presence of CAS-induced increases
in amplitude even when measuring at fine structure peak
frequencies only. In adults, enhancement can be mostly
eliminated by recording the MOC effect at peak frequencies
in fine structure, where DPOAE components are combining
constructively (Abdala et al., 2009). In contrast, at dips in
fine structure a differential MOC effect on distortion and
reflection components often produces a release of cancella-
tion and an associated jump in level.

Others have reported enhancement effects after MOC
activation in mice, but these are slow effects persisting hun-
dreds of seconds after shock activation and distinct from
cholinergic effects (Maison et al., 2007). We exclusively
assayed the fast MOC effects with our paradigm. Still others
have reported MOC-related enhancement in the quadratic,
f> — fi, DPOAE and hypothesize a shift in the cochlear
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amplifier operating point as the source (Abel et al., 2009).
This type of shift could alter distortion generation as well as
exacerbate component interference by impacting distortion
and reflection sources differentially. However, we controlled
for this type of interference in the present study. Addition-
ally, evidence exists indicating that the cochlear amplifier
is generally adultlike in human newborns (Abdala and
Dhar, 2012).

We consider three possible explanations for the higher
rates of contralaterally evoked DPOAE enhancement in
premature newborns.

1. Immaturity

One might conjecture that an immaturity exists in
medial efferent function during the preterm period and is
responsible for atypical CAS-related enhancements of coch-
lear emissions. Neonatal kittens have shown enhancement
of auditory nerve fiber (ANF) spontaneous discharge rate
elicited by contralateral noise, leading to the hypothesis that
the MOC-OHC synapse might be excitatory for a transient
developmental interlude (Jenkins et al., 1993). However, if
this type of immaturity exists in the human newborns tested
here, it would not be sporadically present as is DPOAE
enhancement. Thirteen of fifteen premature subjects showed
some CAS-induced level enhancement; the percentage of
enhanced peaks ranged from 3.3 to 71%. Also, the distribu-
tion of amplitude enhancement across frequency was idio-
syncratic. (See Fig. 1, upper left panel for an example of
enhancement in one prematurely born subject.) The sporadic
presence of this phenomenon and the absence of any
frequency-related pattern argues against a true immaturity in
fundamental aspects of the medial efferent effect.

Also, if atypical CAS-induced enhancement indicates an
excitatory synapse, as has been postulated, and associated
increases in cochlear amplifier gain, one would expect
related changes in tuning, i.e., sharper cochlear filters. How-
ever as noted in Fig. 7, MOC activation produced shallower
phase slope in all ages, as predicted by models of the medial
efferent effect on cochlear mechanics (Guinan, 1996). In
application of filter theory to reflection-type emissions, shal-
lower emission phase slope and accompanying decreases
in the delay are consistent with broadened tuning.

2. Noise floor

As a group, newborn infants manifest an elevated noise
floor. Higher measurement noise no doubt stems from our
inability to control body movement in this population, probe
slippage during test, and generally higher ambient room
noise in the hospital (versus a controlled laboratory setting).
Additionally, intrinsic biological noise in developing, in flux
organisms, such as newborns, may be exacerbated. It could
be argued that this elevated noise floor compromises accu-
rate measurement of the MOC effect in this population.
However, heightened measurement noise is equally present
in term-born neonates. Term newborns showed overall mean
noise floors of —12dB SPL, not dissimilar from premature
newborns at —9 dB SPL. Even so, full term neonates did not
show atypical rates of DPOAE level enhancement. Older
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infants showed the least favorable overall noise floor at
—8dB SPL, yet they did not show atypical DPOAE level
enhancement; hence, it does not seem that the noise floor
predicts or produces episodes of enhancement. In addition to
considering the noise floor, we found no systematic associa-
tion between overall SNR and CAS-induced enhancements.
Also, DPOAE level enhancement was not more prevalent at
low-frequencies where the noise floor is most elevated in
newborns. Though elevated noise may have impacted MOC
calculations in individual newborns and at certain fine struc-
ture peak frequencies, a higher noise floor and less favorable
SNR values in premature newborns were not sufficient to
explain increased CAS-evoked DPOAE level enhancement
in this age group.

3. Component interference

We may not have exerted adequate control of component
mixing in premature neonates by recording at fine structure
peaks, even though this strategy is effective for other age
groups. There are differences in DPOAE fine structure and
relative component contribution between newborns and
young adults. A strong reflection component is evident in
newborn DPOAE:s, as evidenced by more fine structure oscil-
lations per given frequency interval, and by deeper oscilla-
tions. Additionally, in premature newborns, the difference
between distortion and reflection component levels (a rough
indicator of how much components might interfere with each
another) is smaller (Abdala and Dhar, 2010, 2012).

The robust fine structure and large reflection emissions
in premature newborns likely result from middle ear imma-
turities: multiple internal reflections produced by an imma-
ture cochlear-middle ear junction during reverse travel,
and/or reduced stimulation to the cochlea due to inefficient
forward transfer through the middle ear (Abdala and Keefe,
2006). A detailed study of outer/middle ear immaturities in
prematurely born neonates has not been conducted; however,
a limited glimpse was provided by Keefe et al. (2000),
whose data suggest there may be slight age-related changes
in middle ear admittance and reflectance between 33 weeks
PCA and term birth.

To explore the possibility that more intrusive component
interference in premature newborns contributed to enhance-
ment episodes, we looked to the effects of CAS on the sepa-
rated reflection component at frequencies corresponding to
fine structure peaks. If enhancement is simply a consequence
of component interference, separation should eliminate or
reduce it. If DPOAE level enhancement persists despite com-
ponent separation, it suggests that source interference cannot
fully explain its occurrence.

The prematurely born subject with the strongest
enhancement provided the most unambiguous result: when
components were separated, nine of ten peaks previously
enhanced by contralateral noise showed typical reductions
in level or no change in reflection-component level. In this
premature newborn, one might conclude that enhancement of
DPOAE level occurred because of inadvertent interference
between reflection and distortion components. Results from
other enhancing subjects were not so clear. One premature
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newborn with five enhanced peaks continued to show
enhancements in reflection emission level at four of the five
fine structure peaks. One could argue that this outcome is
more consistent with a deficit in the medial efferent effect on
cochlear mechanics because component interference does not
offer an adequate explanation. We also acknowledge, but do
not explore, an alternative interpretation: Component separa-
tion via IFFT is not flawless, and imprecision in component
separation is inevitable. If we did not capture the individual
effect of CAS on each emission source as intended, it could
contribute to persistent enhancement. This question is beyond
the scope of the current report though it warrants further
study.

Though prematurely born neonates in the present study
were tested at post-conceptional ages well beyond the period
associated with formation of the medial efferent-OHC
synapse (Pujol et al., 1998), some of the neonates had quite
abbreviated gestational terms and were born between 24 and
28 weeks post-conception. Post-synaptic cisternae and MOC-
OHC synapses are thought to be forming during this time
period. When testing prematurely born infants, we assume
that features measured ex utero in neonates born prior to full
gestation, are the same features that would manifest in utero
if they had been carried to term. However, it is possible
that we are not only probing immaturity but encountering def-
icits imposed by premature birth. We cannot rule out that an
abbreviated gestational period disrupts the appropriate forma-
tion of medial efferent-OHC synapses, producing anomalies
such as the atypical MOC enhancement effect consistently
observed in this age group. We have, in fact, observed an
association between gestational age at birth and episodes of
CAS-induced enhancement (Abdala et al., 1999).

Walsh et al. (1998) performed deefferentation in neona-
tal cats prior to normal innervation of the OHC by medial
efferent fibers, and found long-lasting effects including
reduced sensitivity of ANFs near characteristic frequency
and reductions in the sharpness of tuning. Deefferentation in
adult cats or kittens beyond the time of synapse formation
produced no auditory deficits. Based on these findings, it is
not unreasonable to consider that a disruption in medial
efferent innervation of OHCs in very premature human
infants could produce lasting deficits in the MOC-based
modulation of cochlea.

C. DPOAE-based measures of the MOC reflex

Results suggest that one should not use DPOAE-based
indices of the MOC reflex without controlling for component
interference. Controlling for this interference can be done by
recording at peak frequencies (though this is not always a
complete solution, as shown here in premature newborns),
separating components and measuring the impact of the MOC
effect on each separately, and/or by manipulating stimulus
parameters to bias component contribution to the ear canal
DPOAE (Knight and Kemp, 2001; Mauermann and Kollmeir,
2004). This work also reiterates that the two components of
the DPOAE are differentially affected by MOC activation,
supporting the idea that dual sources of the DPOAE do indeed
represent distinct, nonredundant cochlear properties.
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It is most efficacious to focus on reflection-type emis-
sions to probe the medial efferent effect. While it is possible
to do so by extracting the reflection component from the
DPOAE as done here, this energy is generally low level and
presents challenging signal-to-noise issues. A better means
of measuring the MOC reflex might be stimulus frequency
OAEs, as they appear to provide the most direct and
frequency-specific reflection-type emission to gauge MOC
effects (Guinan et al., 2003; Francis and Guinan, 2010).

OAE-based measures of the MOC reflex should con-
sider shifts in both amplitude and phase of the emission. Re-
cording the MOC-induced shift as a vector difference
renders it more robust as noted in Fig. 3. Based on filter
theory, reflection-type emissions and their corresponding
measures of delay are associated with measures of cochlear
tuning. This association has been empirically confirmed in
several animal models and humans with a specified set of pa-
rameters (Shera et al., 2010). Hence, the effects of CAS on
reflection-emission phase slope or delay may provide an
effective metric of medial efferent effects. Consistent with
this idea, we observed shallower reflection component phase
slope when the MOC was activated. Likewise, Francis and
Guinan (2010) found small but significant reductions in
CEOAE latency in human adults upon contralateral activa-
tion of the MOC reflex.
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