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ABSTRACT

Acoustic reflex thresholds (ART)obtainedusingpure-tone probe
stimuli as part of a traditional immittance test battery can be used to
evaluate site of lesion and provide a cross-check with behavioral results.
ARTs obtained as part of a wideband acoustic immittance (WAI) test
battery using a click as the probe stimulus can be used in the samewaywith
the added benefit that they may provide lower ARTs than those obtained
using a pure-tone probe. Another benefit of the WAI ART test is that it
can be completed without requiring a hermetic seal or pressurizing the ear
canal. A new adaptive method of obtaining ARTs usingWAI techniques
may cut test time in half, thus making this an attractive option for future
clinical use. More advanced uses of WAI ART tests include the measure-
ment of AR growth functions. These may be used to investigate the
possible effects of synaptopathy related to high levels of noise exposure and
possible auditory deficits related to ototoxicity.
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THE ACOUSTIC STAPEDIUS
REFLEX
Metz1 demonstrated that the acoustic stapedius
reflex (AR) caused by an intense sound in one

ear could be detected in the opposite ear by
measuring impedance changes in the ear canal.
Low-frequency middle ear impedance increases
during the reflex due to the contraction of the
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stapedius muscle, which stiffens the ossicular
chain. The AR threshold (ART) is the lowest
level of the activator that can elicit a measurable
change in middle ear impedance. It is a bilateral
response such that when an activator is presen-
ted to one ear, the AR occurs in both ears.
Therefore, the AR may be measured by detec-
ting changes in impedance in the same ear as the
activator (ipsilateral AR) or in the opposite ear
from the activator (contralateral AR). Themain
ipsilateral reflex arc involves the cochlea on the
side of the activator stimulus, VIIIth nerve,
ventral cochlear nucleus (VCN), medial supe-
rior olivary (MSO) complex, the motor nucleus
of the facial nerve (MN VII), and VIIth nerve,
which causes the stapedius muscle to contract if
the level of the activator stimulus is at the level
of the ART or higher. The main contralateral
reflex arc includes the cochlea, VIIIth nerve,
and the VCN on the side of the activator, and
the MSO, MN VII, VIIth nerve, and stapedius
muscle on the contralateral side. As the inten-
sity of the eliciting stimulus increases, the
amplitude of the AR response increases as, to
a lesser extent, does the width of the impedance
shift in the frequency domain.2 Current clinical
middle ear testing systems can be used to detect
both the contralateral and ipsilateral ARTs.3

These clinical systems typically measure the
change in a probe tone (e.g., 226 or 1,000
Hz) to calculate changes in middle ear admit-
tance, the inverse of impedance. Clinical tests
are done at tympanometric peak pressure (TPP)
at which point the pressure in the middle ear
and ear canal are the same, and admittance of
the probe tone into the middle ear is maximized
for detecting the AR.

WIDEBAND ACOUSTIC REFLEX
THRESHOLD TESTS
Feeney and Keefe2 were the first to report on
using wideband (WB) acoustic immittance
(WAI) to measure the contralateral ART.
WB chirps with duration of 40 ms were used
as the WAI probe stimulus and 1,000 or 2,000
Hz contralateral tones were used as the activa-
tor. The study demonstrated that the AR could
be measured using this technology and that the
ART appeared to be as much as 8 dB lower
using theWAI method compared to a standard

clinical admittance method using a 226-Hz
probe tone. The same WAI method was used
by Feeney and Keefe4 but with a contralateral
white noise reflex activator. Average ARTs
from seven subjects were approximately 18 dB
lower with the WAI method compared to the
clinical method. Subsequent studies using sim-
ilar methods also reported lower ARTs with the
WAI method compared to the clinical method
for both ipsilateral and contralateral ARTs.5,6

Schairer et al7 used a WB click as the WAI
probe stimulus at ambient pressure with an
automated system to measure ipsilateral
ARTs for 1,000 and 2,000 Hz tones or broad-
band noise (BBN) activators. ARTs with these
stimuli were 2.2 to 9.4 dB below clinical ARTs
depending on the activator stimulus. This was
promising because a method that provides for
lower reflex thresholds would allow for the
procedure to be conducted with lower activator
levels thus reducing the sound exposures to
patients. It would also potentially allow for
ARTs to be measured in individuals for
whom the traditional method results in absent
reflex thresholds, thus providing more informa-
tion about the patient’s peripheral and brain-
stem auditory system and possibly avoiding over
referral for absent reflex thresholds.

An automated WAI method for assessing
ARTs in adults and infants at ambient pressure
and at TPP was reported by Keefe et al8 and
modified in Keefe et al.9 WB ARTs were
obtained using a computer-controlled Inter-
acoustics AT235 tympanometer. An Inter-
acoustics Titan probe assembly with two
receivers was used to generate the acoustic
stimuli. One receiver generated the WB probe
clicks (250–8,000Hz). The other receiver allo-
wed higher levels to generate reflex activator
signals for the ipsilateral AR test. In that study,
BBN or tones were used as the activator stimuli.
For the ipsilateral test, there was a sequence of
four activator pulses alternating with five WB
probe clicks. The analysis buffer for each click
was 1,024 samples (46.4 ms) and each activator
pulse was 116 ms. The total stimulus duration
for the four activators and five clicks was 790
ms, which was followed by 790 ms of silence for
the middle ear response to return to baseline
prior to the next set of stimuli for a total of
1,580 ms (Fig. 1). There were two presentations
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of the 1,580-ms stimulus set for each activator
level. In an automated procedure, the activators
increased in 5-dB steps for 10 levels, which
varied in level for each stimulus type (BBN or
tones) but ranged between 44 and 89 dB SPL
for adults with a maximum level of 13 dB lower
for infants. To calculate reflex threshold, the
shifts in complex sound spectra induced by the
activator, measured in the ear canal, were
compared between the baseline click and sub-
sequent clicks for spectra that attained a >6 dB
signal-to-noise ratio. Correlated shifts in the
complex signal spectra were expected if the
shifts were due to the AR rather than random
noise, and thus detecting these correlated shifts
increased test reliability. Correlations were cal-
culated between the six pairs of complex spectra
for the four click-difference responses in each

set and statistical significance was required for
the shifts to be considered an AR response for
either of the 1,580-ms stimulus sets at a given
presentation level.8

This general method of detecting a reflex
threshold was incorporated in the reflex thresh-
old method of Keefe et al.9 The stimulus con-
figuration and timing were the same as in Keefe
et al,8 as was the use of 10 activator levels. Fig. 2
shows the absorbance as a function of activator
presentation for one ear with an ipsilateral BBN
activator for activator levels from 0 dB SPL
(baseline) to 80 dB SPL. For the highest activa-
tor level, the absorbance was approximately 10%
lower at 500Hz and 3%higher at 1,000Hz.The
shift in absorbance from baseline across frequen-
cy as a function of activator level is plotted
in Fig. 3 for the same conditions and ear

Figure 1 Cartoon of the ipsilateral wideband acoustic reflex stimulus waveform for the method described in
Keefe et al.8 The top panel shows a series of 5 wideband probe clicks presented every �200ms. The BBN
activator pulses (middle panel) were selected from a sampled white-noise signal that was low-pass filtered at
8,000 Hz and had a duration of 116ms. The overall waveform (bottom panel) had a duration of 1,580ms with
the stimuli presented in the initial 790ms. (The Creative Commons license does not apply to this content. Use
of the material in any format is prohibited without written permission from the publisher, Wolters Kluwer
Health, Inc. Please contact permissions@lww.com for further information.)
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as Fig. 2. Reflex threshold was calculated as 60
dB SPL for this case. Keefe et al9 calculated
reflex threshold using changes in absorbedpower
rather than absorbancewith similar results. They
also used the correlations between the shifts at
each activator level to further refine the estimate
of ART. Feeney et al10 reported that in adults
with normal hearing, this WB method resulted
in ARTs for BBN that averaged 12.3 dB lower
than the traditional clinical method with a 226-
Hz probe tone.

Schairer et al11 presented an adaptive meth-
od for calculating the ART using the basic WB
ART method of Keefe et al9 with the same
equipment used in that study. Schairer et al
obtained WB ARTs at ambient pressure and
at TPP using an automated adaptive procedure
based on the reflex response for each activator
presentation. As in Keefe et al,9 at each activator
level, five probe clicks were interleaved with four
activator pulses (Fig. 1). The ART was detected
based on two criteria as described byKeefe et al.9

The change in the power absorbed by themiddle
ear between the initial pre-activator click and the
four post-activator clickswasmeasured from200
to 2,400Hz in half octave steps. If the cumula-
tive shift in absorbed power summed across that
frequency band exceeded 0.7 dB between the

initial click and the final post-activator clickwith
an expected low-frequency decrease in absorbed
power, thiswas taken as an indication that anAR
hadoccurred. Secondly, the spectrumof the shift
in absorbed power had to be significantly corre-
lated for at least two post-activator clicks within
each five-probe—four-activator sequence,
which indicated a physiological response rather
than noise.

If the AR was judged to occur based on
these criteria, the stimulus level was decreased to
10 dB; if not, the level was increased in 5-dB
steps and the procedure repeated until the AR
was judged to be present again in an ascending
run. The starting presentation level for an ART
run was 80 dB SPL for pure-tone activators and
60 dB SPL for a BBN activator. The maximum
presentation levelwas 105 dBSPL for pure-tone
activator and 90 dB SPL for the BBN activator.
The ART was defined as the lowest activator
level for which the AR was present on two
ascending runs. A test in which the ART was
not present at the maximum presentation level
was defined as an absent ART. A test that was
terminated after 20 trials without establishing
threshold was also documented as an absent
ART.

Schairer et al11 obtained ipsilateral and
contralateral ARTs from 78 ears of 39 adults
with normal hearing using the adaptive WB

Figure 2 Absorbance as a function of activator
presentation level for one ear with an ipsilateral BBN
activator for activator levels from 0 dB SPL (baseline)
to 80 dB SPL.

Figure 3 The change in absorbance from baseline
across frequency as a function of activator level for
the same ear and conditions as Fig. 2.
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method in comparison with themanual adaptive
clinical method with a 226-Hz probe tone. The
AR activator stimuli were pure tones at 500,
1,000, and 2,000Hz and BBN. The mean
number of trials across conditions to obtain an
ARTwith theWBadaptivemethodwas 9.6 and
the mean test duration for each activator condi-
tion was 14 seconds. This compares with 31.6
seconds for a WB ART using the 10 fixed-level
ascending research procedure described byKeefe
et al,9 in which trials occurred at 10 ascending
levels with a repetition at each level for a total of
20 trials per activator condition. Further research
is needed in clinical settings, but this automated
method is promising for obtaining a rapid WB
ART for clinical applications.

WB ACOUSTIC REFLEX GROWTH
FUNCTIONS: MEASURES OF
NOISE-INDUCED SYNAPTOPATHY
In addition to calculating the ART, the WB
ART method described by Keefe et al9 has
proven useful for systematically evaluating
acoustic reflex growth functions (ARGFs)
over the increasing levels of stimulus
presentation. Fig. 4 shows the ARGF for the

same ear and stimulus conditions as Figs. 2
and 3. In the study by Keefe et al, the ARGF
was used to determine the ART when the
cumulative shift in absorbed power scalar be-
tween the initial click and the final post-activa-
tor click measured from 200 to 2,400Hz
exceeded a 0.7 dB cutoff. In Fig. 4, the cumu-
lative change in absorbed power in dB is plotted
as a function of BBN activator level. The
criterion shift in absorbed power considered
to be an AR is 0.7 dB9 indicated by the dashed
line in the figure. At levels below 60 dB SPL,
the change in absorbed power is well below the
0.7-dB criterion point, and the function is
relatively flat with increasing activator level
from 35 to 55 dB SPL. However, once the
ART is reached (60 dB SPL in this ear),
responses at higher activator levels all exceed
the ART criterion and increase with activator
level up to the maximum level of 80 dB SPL. In
addition to being used for the detection of
ARTs, ARGFs may provide additional infor-
mation for assessing auditory function.

High noise exposure in animals has been
shown to result in cochlear synaptopathy, the
loss of synaptic connections between inner hair
cells and auditory nerve fibers. Noise exposure
can result in as much as 50% cochlear synapto-
pathy without causing any loss of cochlear hair
cells.12 Electrophysiological measures such as
wave I of the auditory brainstem response
(ABR) have been shown to be sensitive to
synaptopathy in animal models.12–15 However,
the results of Bourien et al16 suggest that because
the ABR is an onset response, ABR wave I is
dominated by high spontaneous rate (SR)/low
threshold auditory nerve fibers and low SR/high
threshold fibers have a limited contribution.
Given that animal models demonstrate that
low SR auditory nerve fibers are the most
vulnerable to cochlear synaptopathy,13,17 ABR
wave I amplitude may lack sensitivity as a
measure of noise or age-related synaptopathy.
Because the subset of auditory-nerve fibers with
high thresholds and low SRs is predominantly
affected in synaptopathy, audiometric thres-
holds, which are dependent on high SR fibers,
are relatively insensitive to this type of neural
degeneration. The AR might be a sensitive
measure of synaptopathy18–20 because low-SR
fibers appear to be an important element in

Figure 4 The cumulative change in absorbed power
scalar in dB from 200 to 2,400 Hz as a function of
BBN activator level for the same ear and conditions
as Figs. 2 and 3. The criterion change in absorbed
power to be considered an AR is 0.7 dB indicated by
the dashed line.9 The reflex threshold was 60 dB
SPL.
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evoking the AR.21,22 In ears with synaptopathy,
theARmayhave a higher threshold of activation
and suppressed growth function compared to
normal controls. Thus, ARGFs are a potential
candidate for a future noninvasive clinical test for
synaptopathy.

Wojtczak et al23 reported low WB AR
magnitude in human adults aged 25 to 63 years
with noise-induced tinnitus and up to a mild
hearing loss, even after statistically adjusting for
pure-tone thresholds. They suggested that this
may represent noise-induced synaptopathy.
Bramhall et al24 compared contralateral ARGFs
for a BBN activator in 57 young veterans and 35
non-veteran controls, aged 19 to 35 years, with
normal audiograms and a history of high or
medium levels of noise exposure (veterans) com-
pared with low noise exposure (non-veteran
controls). There were 35 veterans in the high-
noise group and 22 veterans in the medium-
noise group. They used the 10-level WB AR
method of Keefe et al9 to obtain ARGFs for a
BBN activator ranging from 55 to 100 dB SPL
in five dB steps. Model results suggested a
reduction inmeanARmagnitude for the veteran
high-noise group compared to the non-veteran
control group that increased with activator level.
This is illustrated in Fig. 5 which shows hypo-
thetical mean ARGFs for a normal control

hearing group without noise exposure (solid
line) and a group of subjects with synaptopathy
(lower dashed line). Based on the above findings,
the group with synaptopathy is hypothesized to
have a reduced ARGF compared to normal
controls. Bramhall et al reported that there
was a maximum relative decrease in AR magni-
tude of 25% for thehighest-level activator in that
study compared to controls. This contrast was
not statistically significant because the confi-
dence interval overlapped zero. However, the
parameter estimate showing a reduction in AR
magnitude for Veterans with high-noise expo-
sure is consistent with the reduction in AR
strength observed in a mouse model of noise-
induced synaptopathy.20

WB ACOUSTIC REFLEX GROWTH
FUNCTIONS: A MEASURE OF
OTOTOXICITY
Westman et al25 examined the effect of ami-
noglycoside ototoxicity on ARGFs. Aminogly-
cosides are a class of broad-spectrum antibiotics
that when administered intravenously (IV) are
trafficked across the stria vascularis into endo-
lymph and absorbed into inner and outer hair
cells.26 The hair cells may be particularly suscep-
tible to ototoxic damage due to their unusually
highmetabolic rate and slow drug clearance, and
they have historically been considered the pri-
mary target of aminoglycoside ototoxicity.27,28

In addition to damaging cochlear hair cells,
recent evidence suggests aminoglycosides may
cause cochlear synaptopathy and/or damage to
neural mechanisms in higher auditory brainstem
structures. Several rodent studies have identified
the inner hair cell ribbon synapse as the primary
target of ototoxic damage, with synaptopathy
observed prior to hair cell damage.29–31 More-
over, Xu et al32 suggested that gentamicin
damages areas of the brainstem simultaneously
or prior to the cochlea after observing a decrease
in cross-sectional area of cochlear nucleus neu-
rons 1 day after administration.

Aminoglycosides can also affect the medial
olivocochlear (MOC) efferent system, a descen-
dingcorticofugal pathway thatmodulates cochle-
ar outer hair cell function. The MOC reflex is
activated by sound in either the ipsilateral or
contralateral ear and inhibits the outer hair cells’

Figure 5 Hypothetical mean acoustic reflex growth
functions for three groups: normal hearing (solid
line), synaptopathy (dashed line), and ototoxicity
(dotted line) based on the data of Bramhall et al24

and Westman et al.25
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ability to amplify motion in the organ of Corti.33

In humans, the function of theMOCreflex likely
relates to improved hearing in noise.34 Avan
et al35 found that gentamicin affected the
MOC in guinea pigs, causing a lack of suppres-
sion of the outer hair cells that resulted in
increased amplitude of otoacoustic emissions, a
measurement of outer hair cell function.

Westman et al25 hypothesized that patients
with cystic fibrosis (CF) who were treated with
IV aminoglycosides for respiratory infections
would have reduced ARGFs due to ototoxici-
ty-induced synaptopathy similar to the results
for Veterans with presumed noise-induced
synaptopathy reported by Bramhall et al.24

Westman et al examined ipsilateral BBN
ARGFs at ambient pressure using the method
of Keefe et al9 in four groups of subjects with
normal audiometric thresholds (250–8,000Hz).
Subjects with CF formed three groups that were
classified by lifetime IV-aminoglycoside expo-
sure according to their cumulative life-time dose
of aminoglycosides weighted by the frequency of
dosing.36 Of the 42 CF participants with IV-
aminoglycoside exposure, themedian number of
cumulative doses was 40. Subjects were divided
into a low IV-aminoglycoside group with 40 or
fewer doses and a high IV-aminoglycoside group
with over 40 doses. An additional 15 subjects
with CF who had no recorded IV-aminoglyco-
side exposure formed a thirdCF group. A fourth
group consisted of 29 control subjects without
CF and with no history of IV-aminoglycosides
exposure who were age and sex matched to the
CF subgroups. The mean ages of each group
ranged from 25 to 31 years and were approxi-
mately 60% males per group.

There were no significant differences be-
tween groups in mean ART. The BBNARGFs
were examined across the increasing activator
levels. The growth function for the high IV AG
group was greater than for the other three
groups. However, a one-way analysis of variance
was conducted to evaluate group differences for
the average cumulative reflex power shift, and
this difference was not found to be significant.
Next the average ARGFs were analyzed relative
to each participant’s ART, thus eliminating the
part of the growth function that fell below ART
for each participant. A general linear model
analysis was performed to examine the effect

of ear on the average reflex growth from ART
across level for the four groups. The effect of
group was significant and Bonferroni post hoc
testing revealed that both the high and low IV-
aminoglycoside groups showed significantly
greater absorbed power shifts than controls.
This pattern is illustrated in the hypothetical
mean data in Fig. 5 comparing the normal
control group to the ototoxicity group. The
ARGF for the ototoxicity group (dotted line)
is progressively greater in magnitude than that
for the normal control group. An additional
analysis by Westman et al25 showed that there
were no significant group mean differences for
transient otoacoustic emission levels, suggesting
that outer hair cell differences between groups
were not responsible for the findings.

These results caused Westman et al25 to
reject the initial hypothesis that high IV AG
exposure may cause cochlear synaptopathy lead-
ing to shallow ARGFs. In fact, just the opposite
occurred with higher exposure to IV AGs resul-
ting in increased growth functions compared to
controls. Westman et al postulated that in-
creased reflex magnitude could be a sign of
central gain, whereby the auditory system res-
ponds to peripheral damage with central hyper-
activity. This has been proposed as a mechanism
for central tinnitus and hyperacusis.37 Further-
more, animal studies have demonstrated ototox-
ic damage to the VCN32 after gentamicin
exposure, which may lead to increased central
gain affecting the reflex arc.38 The CF patients
with aminoglycoside exposure inWestman et al
mayhavehad several sites affectedbyototoxicity,
with increased central gain predominating. Ad-
ditional study is needed to evaluate these effects
including functional tests of speech perception in
noise, forwhich a deficit is expected in the case of
synaptopathy, and controlling for outer hair call
function between groups with otoacoustic
emissions.

SUMMARY
The WB ART method results in lower ARTs
than the traditional clinical method, especially
for BBN. This is promising because lower
ARTs would allow for the procedure to be
conducted with lower activator levels thus re-
ducing the sound exposures to patients. It
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would also potentially allow ARTs to be mea-
sured in individuals for whom the traditional
method results in absent ARTs, thus providing
more information about the patient’s peripheral
and brainstem auditory system. The adaptive
WB ART method of Schairer et al11 holds
promise for eventual clinical use of the method
to quickly obtain automated ARTs. The ART
method of Keefe et al9 may be used to measure
ARGFs for the exploration of noise-induced
synaptopathy and auditory deficits caused by
ototoxic drugs. Additional study is needed to
evaluate WB ARTs and ARGFs for these and
other causes of auditory dysfunction.
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