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Abstract
We recently discovered that progestin in hormone replacement therapy (HRT) for postmenopausal
women has detrimental effects on the ear and central auditory system (Guimaraes et al., Proc. Nat.
Acad. Sci. – USA, 103: 14246-9). To start determining the generality and neural bases of these human
findings, the present study examined the effects of combination HRT (estrogen+progestin) and
estrogen alone on hearing in perimenopausal mice. Specifically, auditory brainstem responses
(ABRs-sensitivity of the auditory system) and distortion product otoacoustic emissions (DPOAEs-
cochlear outer hair cell system) were employed. Middle age female CBA mice received either a time-
release, subcutaneous implanted pellet of estrogen+progestin, estrogen alone, or placebo.
Longitudinal comparisons of ABR threshold data obtained at 4 months of treatment revealed
statistically significant declines in auditory sensitivity over time for the combined estrogen+progestin
treatment group, with the estrogen only group revealing milder changes at 3, 6 and 32 kHz. DPOAE
testing revealed statistically significant differences for the estrogen+progestin treatment group in the
high and middle frequency ranges (15–29 and 30–45kHz) after as early as 2 months of treatment
(p<0.01 and p<0.001, respectively). Statistically significant changes were also seen at 4 months of
treatment across all frequencies for the combined HRT group. These data suggest that estrogen
+progestin HRT therapy of 4 months duration impairs outer hair cell functioning and overall auditory
sensitivity. These findings indicate that estrogen+progestin HRT may actually accelerate age-related
hearing loss, relative to estrogen monotherapy; findings that are consistent with the clinical hearing
loss observed in aging women that have taken combination HRT.
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Introduction
Presbycusis, hearing loss with increasing age, is often characterized by an initial decrease in
hearing sensitivity in the high frequencies, with later progression into the lower frequencies.
As our population continues to age, the number of individuals with presbycusis, and ultimately
its negative effects on speech perception, cognition and language comprehension grows
rapidly. Specifically, presbycusis is the foremost communication disorder, and one of the top
three chronic medical conditions of our aged population (Pleis and Lethbridge-Çejku, 2007).

Several studies have indicated that decreased hearing acuity can have extensive psychosocial
consequences such as depression, isolation and decreases in cognitive functioning among the
elderly (Mader 1984; Mulrow et al. 1990). Coupled with the difficulties understanding speech
in background noise characteristic of presbycusis, efforts have been made to broaden our
understanding of the underlying neural mechanisms (Willott 1991, Frisina and Walton,
2001; Frisina and Rajan, 2005), hopefully leading to better preventative and therapeutic
interventions. Crucial to this understanding is determining the potential roles that
pharmacotherapy, including use of hormone therapies, may play in interventions aimed at
slowing or reducing the progression of presbycusis.

Recent research has indicated that the use of hormone replacement therapy (HRT) has many
negative effects on women’s health (e.g., Pradhan et al., 2002; Hulley et al., 2002); however
its effect on the auditory nervous system is still not clear. The confirmed presence of estrogen
α and β receptors within the inner ear sensory cell nuclei suggests a physiological role for sex
hormones in auditory perception (Stenberg et al., 1999, 2003). Related studies have found that
estrogen may have a central nervous system role in sensory processing by decreasing auditory
brainstem response (ABR) neurophysiological latencies, thereby increasing temporal
processing capabilities. While the effects of estrogen on higher cognition and conditions such
as Alzheimer’s disease remains unclear, we have recently elucidated the negative effects of
combination HRT on hearing sensitivity and central auditory speech processing in background
noise, the number one complaint of hearing-impaired persons (Guimaraes et al., 2006). In
contrast, some studies have suggested that increased levels of serum estrogen are associated
with positive effects on the hearing sensitivity of simple sounds of postmenopausal women
(Kim et al., 2002; Kilicdag et al., 2004; Hultcrantz et al., 2006). Studies investigating
physiological testing end points, such as the ABR have confirmed differences in absolute
waveform latencies and interpeak latencies between controls and postmenopausal women
taking estrogen therapy, suggesting the auditory pathway is sensitive to hormonal replacement,
and confirming the functional importance of estrogen receptors for auditory processing (Caruso
et al., 2003).

The aim of the present investigation was to examine the effects of estrogen+progestin combined
HRT and estrogen alone on age-related changes in auditory processing using
neurophysiological testing measures, including ABRs and distortion-product otoacoustic
emissions (DPOAEs) for the perimenopausal CBA mouse model of presbycusis. Progestin is
the synthetic version of progesterone, with the former most often used clinically as a component
of combination HRT. Comparisons with the human clinical condition allow for assessment of
this useful animal model for investigations of hormonal effects on sensory aging.

Material and Methods
This prospective study involved 25 female middle-aged (15–17mon) CBA mice with ovaries
intact and 7 males in the same age group. Twenty-two of these animals were obtained from
National Institute of Aging and the remainder were bred in-house, and housed under
institutional protocol. Females were randomized into treatment or placebo groups and baseline
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measures of DPOAEs and ABRs were obtained for all groups, including males. Females then
received a subcutaneous placement, via syringe injection directly in the skin behind the
shoulder (no anesthetic required), of two consecutive 60-day time released pellets (Innovative
Research of America, Sarasota, FL) of either 17β estradiol (n=6, 0.006 mg/day), progestin +
17β estradiol (n=9, 0.4 mg/day + 0.006 mg/day respectively), placebo (n=10). Males (n=7)
were untreated. These doses were selected to provide physiological concentrations of estrogen
and progestin to achieve the same concentrations as previous studies (Albertson et al., 1975;
Sharpe et al., 1991). Longitudinal data for DPOAE amplitudes and ABR thresholds were
obtained monthly over 4 mon, using procedures similar to our previous reports (Jacobson et
al. 2003; Guimaraes et al. 2004, Varghese et al., 2005).

Neurophysiological Recording Measures
Ipsilateral acoustic stimulation and simultaneous measurement of DPOAEs was accomplished
with a Tucker-Davis (TDT, Alachua, FL) BioSig System III. Stimuli were digitally synthesized
at 200 kHz using SigGen software applications with the ratio of f2/f1 constant at 1.25, and
L1=65 dB and L2=50 dB SPL as calibrated in a 0.1cc coupler simulating the mouse ear canal.
After synthesis, F1, F2 and the wideband noise were each passed through an RP2.1 D/A
converter to PA5 programmable attenuators. Following attenuation, the signals went to ED1
speaker drivers which fed into the EC1 electrostatic loudspeakers coupled to the ear canal via
short flexible tubes with rigid plastic tapering tips. For DPOAE measurements, resultant ear
canal sound pressure was recorded with an ER10B+ Low Noise microphone and probe
(Etymotic, Elk Grove Village, IL) housed in the same coupler as the F1 and F2 speakers. The
output of the ER10B+ amplifier was input to an MA3 microphone amplifier, whose output
went to an RP2.1 A/D converter for sampling at 200 kHz. An FFT was performed on the
resultant waveform. The magnitude of F1, F2, the 2f1–f2 distortion product and the noise floor
of the frequency bins surrounding the 2f1–f2 component were measured from the FFT. The
procedure was repeated for geometric mean frequencies ranging from 5.6 to 44.8 kHz to
adequately assess the functional range of mouse hearing.

Mice with clearly visualized, healthy tympanic membranes were included. Mice were
anesthetized with a mixture of ketamine/xylazine (120 and 10 mg/kg body weight, respectively,
intraperitoneal injection) prior to all experimental sessions. All recording sessions were
completed in a soundproof acoustic chamber. Prior to recording, the stimulus probe and
microphone were placed near the TM with the aid of the operating microscope. The stimulus
was administered monotically under quiet conditions to obtain the DPOAE.

ABRs were recorded with subcutaneous platinum needle electrodes placed at the vertex (non-
inverting input), right mastoid prominence (inverted input), and tail (indifferent site). EEG
activity was differentially amplified (50k or 100k; Grass Instruments Model P511 EEG
amplifier, West Warwick, RI), then input to an A/D converter (TDT AD1), and digitized at 50
kHz. Each averaged response is based on 300–500 stimulus repetitions recorded over 10 ms
epochs, for 3, 6, 12, 24, 32 and 48 kHz. Contamination by muscle and cardiac activities was
prevented by rejecting data epochs in which the single trace EEG contained peak-to-peak
amplitudes of exceeding 50 microV. During this procedure, a general anesthetic, Avertin
(Tribomoethanol, 5 mg/10 gm body weight IP) was used to anesthetize the mice. Duration of
testing was approximately one hour/animal.

Statistical Analysis
Results for each animal were averaged by frequency and applied towards group mean data.
Statistical analysis utilized a repeated measure two-way analysis of variance (ANOVA) across
placebo, estrogen (E), estrogen+progestin (E+P) and the male subject groups. When an
ANOVA main effect was statistically significant at the p<0.05 level or better, then Bonferroni’s
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post hoc t tests, corrected for multiple comparisons, were run to determine if statistically
significant differences existed between specific groups.

Results
Auditory Brainstem Response – Peripheral Auditory System Sensitivity

Subject groups were compared longitudinally across the four-month HRT treatment interval.
Analysis of individual treatment data for ABR thresholds, revealed statistically significant
differences across all frequencies above 3 kHz over time for the E+P group, as shown in Figure
1. Individuals treated with E only, showed significant changes over time at 3, 6 and 32 kHz
only, while the placebo and male groups did not display these corresponding changes. These
data showed higher thresholds across all frequencies for the E+P treatment group, with a less
significant alteration in the E only group. As a general trend, larger changes can be observed
with increasing frequencies in most groups, with the E+P group revealing the strongest trend
for age-progressive hearing impairment, particularly at the 4 month time point. Group threshold
data were then compared across baseline and 4 month conditions. No significant differences
between groups were observed at baseline, but a statistically significant difference between
the E+P and placebo groups for the 32 and 48 kHz conditions was observed at 4 months of
treatment, as displayed in Figure 2A. In addition, a trend toward increasing thresholds over
time was present in the male group vs. placebo at 48 kHz. Full statistical details can be viewed
in Table 1.

Distortion Product Otoacoustic Emissions – Outer Hair Cell System
For DPOAEs, groups were compared within their respective treatment groups at baseline and
1–4 months of treatment (Figure 3). Analysis of the middle frequency (15–30 kHz) and high
frequency (30–45 kHz) range for DPOAEs at 2 months of treatment revealed a statistically
significant difference when compared to baseline in the E+P group only. In addition, analysis
at 4 months also revealed a statistically significant difference in DPOAE amplitude in the high
frequencies for the E+P treatment group when compared to the baseline and 2-month values
(Figure 3C). However, there were no corresponding statistically significant changes observed
in the E and placebo groups in this frequency range. Measures obtained in the mid frequency
range (15–30 kHz) showed significant changes when compared longitudinally within all
groups, except the E only group (Figure 3B). The E+P group again revealed the most dramatic
change over time with DPOAE amplitude changes observed as early as 2 months, and then
again at 4 months. Similar comparisons in the placebo and male groups revealed significant
aging changes at the 4 month condition only. There were no comparable changes in the estrogen
group. In the low frequency region (5–15 kHz) significant differences were observed in the E
+P and male groups at 4 months when compared to their baseline values (Figure 3A). There
were no corresponding changes observed in the E only and placebo groups within this
frequency range. Statistical data are summarized in Table 2. A ANOVA of the DPOAE-gram
data comparing baseline amplitude across frequencies and between groups revealed no
statistically significant changes across the entire 5–45 kHz frequency range for the subject
groups of the present investigation. Comparisons made after 4 months of treatment revealed
statistically significant changes in the high frequency range (30–45 kHz) when comparing the
E+P vs. E group and the E+P vs. placebo and male groups (Figure 2B, between vertical dashed
lines).

Discussion
Combination HRT Negatively Affects Hearing

Consistent with our previous discovery of the negative influences of progestin+estrogen on
the human auditory system of post-menopausal women (Guimaraes et al., 2006), the results of
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the current investigation in perimenopausal mice revealed worse hearing in the E+P group,
relative to E alone and the placebo mice. For ABR thresholds, a small negative effect of the E
alone was observed (Figures 1A, 1B, 1E, 2B), adding to the controversy of whether estrogen
has a positive or negative impact on hearing when administered alone. Interestingly, this
smaller negative effect revealed by the ABR thresholds for estrogen, was not observed for the
DPOAE amplitudes. In fact, at middle and high frequencies, where ABR thresholds were
elevated by estrogen, some improvement in DPOAE amplitudes occurred. This suggests that
any detrimental effects of estrogen alone in the cochlea may not significantly involve the outer
hair cell system. Indeed, outer hair cells may benefit from the estrogen via their estrogen
receptors, as reflected by the DPOAE amplitude measurements for the estrogen-alone subject
group. The males showed some modest declines in DPOAE amplitudes, and a trend towards
higher ABR thresholds, over the time course of the study. These are likely indicative of normal
aging of these males over that time period.

The hearing measures of the present study are assays of peripheral auditory functioning
(cochlea of the inner ear, hair cells) and of early auditory brainstem processing, guiding the
way for more detailed future studies of the neural bases of the mechanisms of action of sex
hormones on the auditory system. One puzzling aspect of the possible underlying mechanisms
is that the presence or absence of progesterone receptors has not been reported for hair cells
of the organ of Corti. If these receptors are not present, it implies that more complicated
hormonal pathways for progestin to reduce auditory functioning via administration of
combination HRT may be involved.

Efficacy of the Animal Model for Hormone Studies on Sensory Systems
In animal models, previous studies have compared hearing sensitivity, such as ABR, in
ovariectomized rats (Coleman et al., 1994), but no study has yet appeared comparing additional
physiological hearing measures, such as distortion product otoacoustic emissions (DPOAE),
in mouse models while carefully controlling HRT administration. DPOAEs are noninvasive,
frequency specific measurements used to determine the integrity of outer hair cell functioning
(Kemp, 1978; Gifford and Guinan, 1987). In contrast, ABR testing measures and quantifies
neurophysiological activity generated by the auditory portion of the inner ear (cochlea) and
brainstem pathways, providing measures of inner hair cell and auditory brainstem sensitivity
and functionality. Utilizing these methodologies, Guimaraes et al. (2004) reported that
premenopausal female mice have better hearing than males, an advantage that goes away in
old age (post-menopausal).

The present investigation analyzed the effects of HRT utilizing these objective,
physiologically-based hearing tests. For DPOAE testing, statistically significant differences
were observed within the high frequency (30–45 kHz) and middle frequency (15–30 kHz)
ranges after as soon as 2 months of combination (E+P) treatment, and at 4 months in the low
frequencies. Results for ABR testing revealed a trend toward increasing thresholds over time
in all groups, but with significantly worse thresholds in the E+P group, specifically in the high
frequencies for the 4-month condition. Taken together, these findings indicate that combined
E+P HRT actually impairs inner ear (outer hair cell) functioning, having deleterious effects
even before a measurable effect on overall hearing sensitivity takes place (ABR thresholds at
4 months). The E+P combination HRT accelerated hearing loss seen here for the mice appears
to model many aspects of the accelerated presbycusis observed in aged women for combination
HRT (Guimaraes et al., 2006), although discrepancies between the human and mouse results
may related to species differences. For example, in the human study, the E alone group was
similar to the control group, whereas in a few cases the E alone group showed some cases of
elevated ABRs relative to the mouse placebo group.
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Sex Hormones and the Auditory System
The role of progesterone in the auditory system is currently not well understood. Animal studies
in the rat have found the presence of progesterone receptors within the inner ear (auditory and
vestibular) such as the endolymphatic sac and stria vascularis. These structures help to regulate
endolymph and cochlear blood supply, respectively, and therefore play essential roles in
underlying hearing mechanisms. Studies in the guinea pig have suggested that both estrogen
and progesterone may produce enhanced inflammatory responses in the cochlea, which may
lead to observable hearing deficits in a dose-sensitive manner (Bittar et al., 2001). Combination
HRT may also have negative effects on the auditory efferent feedback system from the medial
superior olivary complex to the outer hair cells (Zhu et al., 2004).

In the normal menstrual cycle, progesterone peaks during the luteal phase. This sex hormone
is produced mainly by the corpus luteum following ovulation and returns to baseline measures
if no pregnancy is achieved. Studies of regular cycling (ovulatory) women have shown cyclical,
reversible and predictable changes in auditory processing, including decreases in long-latency
potentials (P2 and N2) and ABR latencies during the mid-to-late luteal phases of the cycle
when progesterone levels are maximized. These findings suggest a possible negative
interaction of progesterone on auditory functioning (Walpurger et al., 2004). DPAOE testing
throughout the menstrual cycle has not revealed these same changes, with amplitudes staying
generally consistent (Yellin and Stillman, 1999). However, these DPOAE measures were made
on a weekly basis likely reducing its sensitivity to detect changes during the functional periods
of the menstrual cycle, specifically the mid-luteal phase, approximately 5 days in duration,
when progesterone levels peak. More frequent and sensitive testing of DPOAE levels during
the menstrual cycle has not been reported. Lastly, in contrast to the present investigation, and
that of Guimaraes et al. (2006) in post-menopausal women, Hederstierna et al. (2007) recently
reported some improvements at two frequencies (2–3 kHz) of the pure-tone audiogram for
pre-, peri- and post-menopausal women using combination HRT. Differences in exact
ingredients and dosages between European and US HRT regimens might account for the
relative benefits of combination HRT reported in these studies.

Proposed mechanisms for progesterone’s negative effects on hearing are diverse. One possible
mechanism centers on progesterone’s ability to down regulate estrogen receptors in breast and
uterine tissue, balancing the effects of estrogen. While the progesterone’s direct effects on the
cochlea remains unknown at present, continuous progestin therapy, such as occurs for HRT or
some birth control pills, without the typical withdrawal seen in normal monthly menstrual
cycling may produce on ongoing down-regulation of the estrogen receptor or possible
irreversible receptor damage that might prevent circulating estrogens from properly binding.
In normal cycling, progesterone levels would quickly fall making estrogen receptors available
again for beneficial physiological activity.

For another possible mechanism, bioidentical progesterones (currently available in some
combined HRT regimens) mobilize extracellular fluids and antagonize the retention effects of
estrogen by exerting a powerful diuretic property and possibly enhancing endogenous hormone
sensitivity, such as to angiotensin II, in the cochlea. Previous studies have reported observable
reductions in cochlear blood flow, putting the inner ear at risk for the damaging effects of
hypoxia or hypoglycemia (Laugel et al., 1988). In addition, cochlear fluids are known to be
sensitive to diuretic use. Continuous use of progesterone therapy might result in abnormal
diuretic responses, disrupting delicate inner ear sodium and potassium ionic balances, including
disruption of the endocochlear potential, necessary for proper sensory transduction and neural
processing of auditory stimuli. In addition, HRT has failed to protect against age-related decline
in vasomotor function, underscoring the possible negative effects of progesterone receptor
stimulation from combination HRT (Sorensen et al., 1998). A limitation of the current
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investigation was the lack of a progesterone-only subject group, which will be an important
aspect of follow-up studies to the findings of this report.

Summary
The negative effects of combined estrogen+progestin therapy on the auditory system have been
observed here and in post-menopausal women who have take combination HRT (Guimaraes
et al., 2006), though the exact mechanisms of progestin’s negative actions on the auditory
system remains elusive. Research has suggested that progesterone receptors are present within
the inner ear, and combination HRT may contribute to cochlear blood supply vascular
problems, disrupt inner ear potassium ionic balances, enhance damaging inflammatory
processes within the auditory system, or cause the system to become less sensitive to circulating
estrogens, by down regulating or modifying estrogen receptors within the inner ear or portions
of the brain used for hearing.

Conclusion
A major finding here, is that female perimenopausal CBA mice, with ovaries intact, who are
receiving continuous release combined estrogen+progestin HRT, have significantly reduced
DPOAE amplitudes with as little as 2 months of treatment. The DPOAEs measure inner ear
outer hair cell functioning, an essential component of the auditory system sensory transduction
mechanism. DPOAE testing may provide evidence of changes to cochlear electromechanics
well before they are detected on overall auditory tests, such as the ABR. Further analysis of
the histology of progesterone receptors in the inner and brain may provide essential information
regarding the biological mechanisms of progesterone and its functions in sensory systems. In
the wake of the Women’s Health Initiative, the list of negative effects of combined progestin
+estrogen therapy continues to grow, raising serious and important concerns for women taking
HRT and physicians who prescribe combined HRT.
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Figure 1.
Longitudinal comparisons among groups revealed statistically significant changes to ABR
thresholds at 4 mon of treatment when compared to baseline, across 6–48 kHz for the E+P
group. The estrogen only treatment group revealed statistically significant changes at 3, 6 and
32 kHz only, with no corresponding changes in either the placebo or male groups. Error bars
represent standard error of the mean (SEM).
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Figure 2.
A) Comparisons of ABR absolute threshold changes at 4 mon of treatment revealed a general
trend toward increasing threshold changes with increasing frequency with the largest trend
seen in the E+P treatment group. A two way ANOVA for HRT treatment at 4 mon revealed
significant differences in ABR thresholds when comparing E+P vs. Placebo at 32 and 48 kHz,
and for Placebo vs. Male at 48 kHz. B) A one-way ANOVA for HRT treatment at 4 mon
treatment revealed statistically significant differences in otoacoustic emissions amplitudes
when comparing the E+P vs. Estrogen only, Placebo and male groups within the high frequency
range (dashed vertical lines). DP – DPOAE amplitude; NF – noise floor amplitude. Error bars
represent standard error of the mean (SEM).
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Figure 3.
Longitudinal comparisons of otoacoustic emissions amplitudes among groups revealed
statistically significant changes across: A) low (5–15 kHz), B) middle (15–30 kHz) and C)
high (30–45 kHz) frequency ranges for the E+P treatment group at 4 mon of treatment, and as
early as 2 mon in the middle and high frequency ranges. Less significant changes were seen
within the middle frequency range at 4 mon for the placebo and male groups. Error bars
represent standard error of the mean (SEM).
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Table 2
Two-Way Repeated Measures ANOVA for DPOAEs (Subject Group vs. Time)

5–15kHz

F time (4,112) = 5.267 p = 0.0006

Bonferroni Post-test Pre vs. 2 Mon Pre vs. 3 Mon Pre vs. 4 Mon

E ns ns ns

E+P ns ns t=2.872, p< 0.05

Placebo ns ns ns

Male ns t=2.836, p< 0.05 t=2.562, p< 0.05

15–30kHz

F time (4,112) =14.81 p < 0.0001

Bonferroni Post-test Pre vs. 2 Mon Pre vs. 3 Mon Pre vs. 4 Mon

E ns ns ns

E+P t=3.104, p<0.01 t=5.057, p<0.001 t=6.496, p<0.001

Placebo ns ns t=2.717, p<0.005

Male ns t=2.759, p<0.05 ns

Bonferroni Post-test 1 Mon vs. 3 Mon 1 Mon vs. 4 Mon 2 Mon vs. 4 Mon

E ns ns ns

E+P t=3.930, p<0.001 t=5.369, p<0.001 t=3.392, p<0.01

Placebo ns ns ns

Male ns ns ns

30–45kHz

F time (4,112) =4.687 p = 0.0016

Bonferroni Post-test Pre vs. 2Mon Pre vs. 3 Mon Pre vs. 4 Mon

E ns ns ns

E+P t=3.862, p<0.001 t=5.088, p<0.001 t=6.408, p<0.001

Placebo ns ns ns

Male ns ns ns

Bonferroni Post-test 1 Mon vs. 2 Mon 1 Mon vs. 3 Mon 1 Mon vs. 4 Mon

E ns ns ns

E+P t=3.494, p<0.01 t=4.720, p<0.001 t=6.039, p<0.001

Placebo ns ns ns

Male ns ns ns

Bonferroni Post-test 2 Mon vs. 4 Mon
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30–45kHz

F time (4,112) =4.687 p = 0.0016

Bonferroni Post-test Pre vs. 2Mon Pre vs. 3 Mon Pre vs. 4 Mon

E ns

E+P t=2.545, p<0.05

Placebo ns

Male ns

ANOVA: Analysis of variance, Pre: Pretreatment, Mon: Post-treatment month, ns: Not significant

Hear Res. Author manuscript; available in PMC 2010 June 1.


