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ARTICLE INFO ABSTRACT

Keywords: Purpose: One of the most common complaints among the elderly is the inability to understand speech in noisy
Noise environments. In many cases, these deficits are due to age-related hearing loss; however, some of the elderly that
Aging have difficulty hearing in noise have clinically normal pure-tone thresholds. While speech in noise testing is
KEZTOgram informative, it fails to identify specific frequencies responsible for the speech processing deficit. Auditory

neuropathy patients and animal models of hidden hearing loss suggest that tone-in-noise thresholds may provide
frequency specific information for those patients who express difficulty, but have normal thresholds in quiet.
Therefore, we aimed to determine if tone-in-noise thresholds could be a useful measure in detecting age-related
hearing deficits, despite having normal audiometric thresholds.

Materials & methods: We tested this hypothesis by measuring tone-in-noise thresholds in 11 Old
(62.4 + 5years) and 21 Young (23.1 = 2.2years) patients with clinically normal thresholds. Tone thresholds
were measured in a quite sound field, then in 20, 30 and 40 dB HL broadband noise.

Results: Despite having normal hearing (thresholds <25 dB HL), the Old patients had significantly worse tone-
in-noise thresholds than the Young patients at 0.125, 4, and 8 kHz. Linear regression analysis showed that the
growth of masking in Old and Young patients was nearly identical at all frequencies. However, the amount of
masking at low and high frequencies was typically 10-18 dB greater in the Old patients compared to the Young,
except near 1 kHz. The frequency-dependent changes in masking are discussed in the context of a “line busy”
model and temporal bone studies of auditory nerve fiber loss.

Masking noise and detection

1. Introduction loss; largely because pure tone audiometry is standardized, widely used,

and easily quantified. Some age-related prevalence studies focus on

The world's elderly population has been disproportionally in-
creasing so that there are now more elderly people than ever before.
Aging brings with it a host of chronic medical conditions. Presbycusis
(i.e., age-related hearing loss), is one of the most prevalent, ranking
among the top three health problems of the elderly along with arthritis
and cardiovascular disease [1]. If hearing loss goes untreated, in-
dividuals are at higher risk for social isolation and depression [2-4],
which together may be risk factors contributing to dementia and cog-
nitive decline [5,6]. Presbycusis is also accompanied by increased
prevalence of tinnitus [7].

Pure-tone audiometric thresholds are routinely used to assess au-
ditory function and to track demographic trends in age-related hearing

pure-tone thresholds only in the speech frequencies [8], while others
include higher frequencies important for consonant discrimination
(4-8kHz) [9-11]. Pure-tone audiometry has historically been con-
sidered the gold standard for assessing auditory function; however,
pure-tone audiograms measured in quiet fail to address the chief
complaint among most elderly hearing impaired patients, namely the
difficulty of understanding speech in noisy environments. Some reports
indicate that speech perception in the elderly is primarily determined
by the amount of high frequency hearing loss [12]. However, others
have found relatively weak correlations between hearing thresholds
and speech perception and also weak correlations between speech
perception in quiet and speech perception in noise [13-16].
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The weak correlations between pure tone thresholds and speech
perception may be related to the nature of the hearing impairment or
type of cochlear pathology [17]. The pure tone audiogram seems to be
most sensitive at detecting outer hair cell pathology, but is less likely to
detect damage to the inner hair cells, stria vascularis, or spiral ganglion
neurons [18-20]. In cases of auditory neuropathy, where the pathology
occurs within inner hair cells, afferent synapses or spiral ganglion
neurons, speech perception performance can be degraded to a far
greater degree than one would predict from the pure tone audiogram
[21-24]. Patients with auditory neuropathy not only have difficulty
understanding speech, but they also have difficulty detecting tones in
noise [25-28]. When auditory neuropathy patients were evaluated with
the threshold-equalizing noise (TEN) test, as well as psychophysical
tuning curves, they were generally found to have relatively normal
tuning, but showed greater than expected difficulty hearing a tone in
noise, a result interpreted as poor detection efficiency, possibly due to
impaired neural synchrony, neural degeneration or central processing
deficits [27].

Similar to results in auditory neuropathy patients, we found sig-
nificant tone-in-noise detection deficits in our chinchilla model in
which the inner hair cells and auditory nerve fibers were selectively
damaged by carboplatin [19,29-31]. Chinchillas with selective inner
hair cell lesions and neuron loss had normal neural tuning, normal
otoacoustic emissions, and normal pure tone thresholds in quiet, but
demonstrated great difficulty detecting tones presented in broadband
noise. Because neural tuning was intact, our results suggested that poor
tone-in-noise detection was likely the result of impaired detection ef-
ficiency due to lack of neural synchrony and/or loss of sound processing
channels (inner hair cells and auditory nerve fibers).

In this context, it is interesting to note that spiral ganglion degen-
eration and damage to the inner hair cell/auditory nerve afferent sy-
napse are believed to be major contributing factors in presbycusis
[32-34]. If neural degeneration is a major factor in presbycusis, then
elderly subjects with relatively normal pure tone thresholds in quiet
might be expected to have greater than normal difficulty detecting
tones in background noise. To test this hypothesis, we recruited a group
of elderly subjects with clinically normal or near normal thresholds in
quiet and then compared their ability to detect tones in broadband
noise with a group of young subjects with clinically normal hearing. We
found that elderly subjects with clinically normal hearing had more
difficulty detecting tones in noise than young subject. Unexpectedly, in
addition to difficulty detecting tones in noise at high frequencies these
deficits were also prominent at low frequencies, and surprisingly they
were also more pronounced at low than high masker levels.

2. Methods and materials
2.1. Study participants

A total of 42 patients consented to participate in this study. All the
procedures were approved and performed in accordance with the
ethical standards of the Responsible Committee on Human
Experimentation of the Department of Sense Organs, Sapienza
University of Rome (ID714) in accordance with the Helsinki
Declaration [35]. Patients were evaluated in the Audiology Unit of the
Sapienza State University Hospital Policlinico Umberto I in Rome, Italy,
during a 1-year period from April 2017 to April 2018. The 42 subjects
were divided into Young and Old groups based on age. All of the Young
patients had pure tone thresholds <25 dB HL at octaves intervals from
0.125kHz to 8 kHz; however, 10 of the Old patients were eliminated
from the study because they had pure tone thresholds > 25dB HL at
one or more frequencies from 0.125 kHz and 8 kHz. The Young patients
included in the study included 17 females and 4 males between 19 and
27 years of age (mean: 23.1 year, n = 21) while 11 Old patients in-
cluded 8 females and 3 males between 54 and 69 years of age (mean:
61.2 years).
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2.2. Clinical evaluation

Patients underwent a health interview, otoscopy, acoustic im-
mittance evaluation followed by air-conduction threshold measurement
with earphones to screen for hearing loss and hearing asymmetries.
Thresholds were measured with a calibrated dual channel GN
Otometrics Aurical Plus audiometer and used to screen for hearing loss
and hearing asymmetries at 0.125, 0.25, 0.5, 1, 2, 4, and 8 kHz using
the standard clinical ascending-descending procedure in 5dB HL steps.
Subjects were excluded if thresholds differed by > 10 dB between the
left and right ears or if thresholds were > 25dB HL. Other exclusion
criteria included tinnitus, middle or inner-ear disease (e.g., otosclerosis,
chronic suppurative otitis media or endolymphatic hydrops), retro-
cochlear disease or previous ear surgery. Afterwards, each Young and
Old patient underwent binaural sound field testing using the same
audiometer; the output of the audiometer was connected to an amplifier
(Pioneer A209-R) and sound stimuli were presented through a loud-
speaker (Wharfedale Diamond 8.2) in a sound attenuating booth
(length: 2.2 m, width: 2.2 m, height: 2.1 m). The loudspeaker was lo-
cated approximately 1 m directly in front of the subject at eye level.
Pure tone stimuli were first presented in quiet to obtain a binaural
sound field audiogram. Only subjects with sound field pure tone
thresholds <25dB HL at octave intervals from 0.125-8 kHz were in-
cluded in the study. All 21 Young subjects met the pure tone threshold
inclusion criterion whereas only 11 of the 21 Old subjects had pure tone
thresholds =25 dB HL from 0.125 to 8 kHz.

Afterwards, sound-field thresholds were measured in presence of
broadband noise presented at 20 dB HL, then 30 dB HL followed by
40dB HL. The broadband noise was presented from a second
Wharfedale loudspeaker located approximately 1 m directly behind the
subject. The difference between tone thresholds measured in quiet
versus tone thresholds measured in the presence of 20, 30 and 40 dB HL
noise were used to calculate the dB thresholds shift due to the noise for
each subject at each test frequency.

2.3. Data analysis

Statistical analyses were performed using Prism GraphPad v7. Pure
tone thresholds in quiet and in background noise were analyzed using a
two-way repeated measures ANOVA analysis and post hoc multiple
comparisons. Linear regression analysis was performed to determine
age and frequency effects for tone-in-noise threshold shifts. A p-value of
0.05 was used as the cutoff for statistical significance.

3. Results
3.1. Sound thresholds in quiet

Binaural pure tone thresholds in quiet are shown for each Young
and Old subject in Table 1. All subjects presented with clinically normal
pure tone thresholds <25 dB HL from 0.125 to 8 kHz. Mean thresholds
( £ 95% confidence interval) in the Young group (n = 21) and Old
group (n = 11) are shown in Fig. 1. Mean thresholds in the Young
group ranged from 12 to 17 dB HL from 0.125 to 8 kHz while those in
the Old group were slightly higher ranging from approximately 16 to
24 dB HL. There were some small between group differences, thresholds
in the Old patients were slightly higher than those in the Young (F (4,
30) = 19.81, p < 0.0001) at three frequencies, 0.25kHz (p < 0.05),
4kHz (p < 0.05) and 8kHz (p < 0.001) (Bonferroni post-test).

3.2. Tone detection in 20 dB masking noise

A broadband noise of 20 dB HL was added to the sound field to
determine how much it would influence tone thresholds in different
spectral regions. To quantify the effect, we computed the threshold shift
induced by the background noise at each frequency for each subject,
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Table 1
Pure tone thresholds in quiet.
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Young Sound Field Thresholds (dB HL)

Old Sound Field Thresholds (dB HL)

Subject # 0.125 0.25 0.5 1 2 4 8kHz Subject # 0.125 0.25 0.5 1 2 4 8kHz
1 15 10 10 10 10 25 15 1 25 25 15 15 10 15 20
2 20 20 20 15 20 15 15 2 20 15 15 15 20 15 25
3 20 10 10 10 15 15 10 3 20 15 20 15 15 20 25
4 15 15 15 10 15 15 15 4 20 20 15 10 20 25 20
5 20 15 20 15 15 15 15 5 25 20 25 20 25 25 25
6 15 15 10 10 10 20 10 6 25 20 15 15 25 25 25
7 10 10 10 10 10 10 10 7 15 15 20 20 20 20 20
8 10 10 10 10 15 20 25 8 15 20 20 15 20 25 25
9 10 10 10 10 20 15 15 9 20 15 10 10 25 20 25
10 15 15 10 15 15 15 15 10 20 25 20 20 15 20 25
11 15 10 15 15 15 10 10 11 20 20 20 20 15 25 25
12 10 10 15 10 15 10 10

13 20 20 15 15 15 15 15

14 20 20 15 15 20 15 15

15 15 15 15 10 20 15 15

16 15 15 15 15 15 20 20

17 15 15 15 15 15 15 15

18 20 20 15 15 20 25 25

19 20 15 20 15 25 25 25

20 20 10 15 10 15 10 10

21 25 20 20 15 20 25 25

Mean 16.4 14.3 14.3 12.6 16.2 16.7 15.7 Mean 20.5 19.1 17.7 15.9 19.1 21.4 23.6
STD 4.1 3.9 3.5 2.5 3.7 5.0 5.2 STD 3.3 3.6 3.9 3.6 4.7 3.7 2.2

Subjects <25 dB HL (95% Cl)

80 1 L 1 1 [l L
1 = Old (n=11) -

Threshold in Quiet (dB HL)

kHz

Fig. 1. Pure tone thresholds in sound field. Mean thresholds (dashed line,
shaded area: + 95% confidence interval) of 21 Young subjects. Mean thresholds
(red solid line, + 95% confidence interval) of 11 Old subjects. Thresholds in the
Old group were significantly higher than the Young group at 0.25kHz
(p < 0.05), 4kHz (p < 0.05) and 8kHz (p < 0.001). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

i.e., the difference between thresholds in noise versus quiet. The mean
threshold shift induced by the 20dB HL noise in the Young group
(n = 21) is shown by the dashed line in Fig. 2A; the shaded area out-
lines the 95% confidence interval. The mean thresholds shifts in the
Young ranged from approximately 17 dB at 1 kHz to 26 dB 8 kHz. The
threshold shifts in the Old group were much larger than in the Young
group except at 1kHz. The largest threshold shifts in the Old group
occurred at 0.125 kHz and at 8 kHz. Overall, the threshold shifts in the
Old group were significantly larger than the Young group (F (4,
30) = 16.72). Significant differences were observed at four of the seven

frequencies (Bonferroni post-test), namely 0.125kHz (p < 0.01),
0.5kHz (p < 0.05), 4kHz (p < 0.01) and 8kHz (p < 0.01).

Large individual differences in the amount of threshold shift were
observed in the elderly (Fig. 2B). In one case, the threshold shift was as
large as 65dB at 8 kHz. In another case, a 55dB threshold shift was
observed at 0.125kHz while at 2kHz and 4 kHz threshold shifts of
50dB and 45dB were observed in one or more subjects. The large
variability in thresholds shifts seen at low and high frequencies cannot
simply be due to age or to test procedures because the threshold shifts
and variability in the Old subjects were nearly identical to those of the
Young at 1 kHz.

The large variability and exceptionally large thresholds shifts raised
the possibility that some elderly subjects with difficulty detecting a tone
in noise at one frequency might display a similar problem at all fre-
quencies, i.e., a global problem related to age. To test this hypothesis,
scatterplots were prepared showing an Old patient's threshold shift at
0.125 kHz (x-axis) versus the subject's threshold shift at 0.25, 0.5, 1, 2,
4, or 8kHz (Fig. 3). There was little correlation between the threshold
shifts at 0.125 kHz and the threshold shifts at 0.25, 0.5, 1, 2, and 4 kHz.
However, there was a robust correlation (r? = 0.68) between the
thresholds shifts at 0.125 kHz and 8 kHz. Therefore, Old patients that
had difficult detecting an 8 kHz tone in noise also found it extremely
difficult to detect a 0.125 kHz tone in noise, but not other frequencies.

3.3. Tone detection in 30 dB masking noise

As expected, increasing the background noise to 30 dB HL made it
more difficult for both Old and Young subjects to detect the tone sti-
muli. Mean threshold shifts ( + 95% confidence interval) in the Young
group ranged from approximately 28 at 0.5 and 1 kHz to around 38 dB
at 8 kHz. The means of thresholds shifts ( = 95% confidence interval) in
the Old group were above the 95% confidence interval of the Young
group at all frequencies except at 1 kHz. In the Old group, the mean
thresholds varied from a low of approximately 30 dB at 1 kHz to highs
of 48 dB at 8 kHz and 43 dB at 0.125kHz (Fig. 4A). For the 30 dB HL
Noise, the threshold shifts in the Old group were again significantly
higher than the Young group (F (3, 30) = 13.75). Threshold shifts in the
Old group were significantly higher than those in the Young at
0.125kHz (p < 0.05), 2kHz (p < 0.05), 4kHz (p < 0.05) and 8
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20 dB HL Noise
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Fig. 2. (A) Mean (n = 21, dashed line) thresholds

shifts in Young (shaded area: 95% confidence in-
1 i 1 1

terval) and Old (n = 11, = 95% confidence interval)
in 20 dB HL broadband noise. Threshold shifts in the
Old were significantly greater than in the Young at
0.125kHz (p < 0.01), 0.5kHz (p < 0.05), 4 and
8kHz (p < 0.01). (B) Threshold shifts in 20 dB HL
noise for Young subjects (n = 21, shaded area: +
95% confidence interval). Red symbols show in-
dividual threshold shifts as function of test frequency
for Old subjects. (For interpretation of the references
to colour in this figure legend, the reader is referred

A 20 dB HL Noise B
& 60 015 =)
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(p < 0.01) kHz (Bonferroni post-hoc analysis).

The performance of individuals in 30 dB background noise varied
considerably with some Old subjects performing as well as Young
subjects (Fig. 4B). On the other hand, the threshold shifts in some Old
subjects were much worse than in the Young. In a few subjects, the
threshold shifts were as great as 65-75dB at the low and high fre-
quencies (Fig. 4B). Interestingly, most of the Old subjects performed as
well as the Young at 1kHz. These results suggest that tone-in-noise
detection among the elderly is most severely degraded at low and high
frequencies and largely unaffected at 1 kHz.

To determine if an elderly subject with poor tone-in-noise detection
at one frequency also performed poorly at other frequencies, scatter-
plots were prepared showing an Old patient's threshold shift at
0.125 kHz (x-axis) versus the threshold shift 0.25, 0.5, 1, 2, 4 or 8 kHz
(Fig. 5). There was no relationship between the threshold shifts at
0.125 kHz and threshold shifts at 0.5, 1, 2, and 4 kHz. But, there was a
significant (p < 0.03) correlation (r? = 0.431) between the thresholds
shifts at 0.125 kHz and 0.25 kHz and also a significant (p < 0.004) and
strong correlation (r? = 0.62) between the threshold shifts at 0.125 kHz
and 8 kHz. Old patients that had difficulty detecting a 0.125 kHz tone-
in-noise also found it extremely difficult to detect a 0.25 kHz tone or an
8 kHz tone in broadband noise.
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3.4. Tone detection in 40 dB masking noise

To determine the extent to which tone detection would deteriorate
at higher masker levels, we increased the broadband noise intensity to
40dB HL. In the Young group, mean ( *+ 95% confidence interval)
threshold shifts ranged from a low of 38 dB at 0.5 kHz to highs of 48 dB
at 8kHz and 44 dB at 4 kHz (Fig. 6A). Mean ( = 95% confidence in-
terval) threshold shifts in the Old group ranged from a low of 39 dB at
1kHz to highs of 56dB at 8 kHz and 52 dB at 0.125kHz. The mean
thresholds shift in the Old group were significantly higher than those in
the Young group (F (1, 30) = 8.36, p < 0.01). Although the mean
threshold shifts in the Old group were above the 95% confidence of the
Young group except at 1 kHz, only the threshold shifts at 0.125 kHz in
the Old group were significantly greater than the Young (p < 0.005,
Bonferroni post-hoc). There was considerable variability in the mag-
nitude of thresholds shift especially at low and high frequencies
(Fig. 6B). Threshold shifts in the presence of the 40 dB masker were as
high as 75 and 80 dB in some Old subjects at 0.125 and 8 kHz respec-
tively; however, the threshold shifts in the Old subjects were similar to
those in Young subjects at 1 kHz, consistent with the results obtained
with the 20 and 30 dB HL maskers.

To determine if subjects with poor tone-in-noise detection at one
frequency performed poorly at other frequencies, scatterplots were
prepared showing an Old patient's threshold shift at 0.125 kHz (x-axis)

20 dB HL Noise Fig. 3. Relationship between dB thresholds shift
at 0.125kHz (x-axis) in 20 dB HL noise versus
& 1Kz =008 thresholds at one of the other 6 test frequencies
601 (see y-axis in each panel). Symbols show data for
50 individual subjects. In each panel, the dashed
40 line shows a linear regression fit to the data and
30 the r2 value. Correlation between 0.125 and
8 kHz statistically significant (p < 0.002).
204 ——_ O
104 Q
0
0 20 40 60
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A 30 dB HL Noise

30 dB HL Noise
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Fig. 4. (A) Mean (n = 21, dashed line) thresholds
shifts in Young (shaded area: 95% confidence in-

60 80 IR ‘ . terval) and Old (n = 11, + 95% confidence interval)
£ £ 0. cYounge2n) ...."|] in30dB HL broadband noise. Threshold shifts in the
5 50 1 e ",c, Old were significantly greater than in the Young at
o] e 0.125kHz (p < 0.05), 2kHz (p < 0.05), 4kHz
o 404 - o (p < 0.05) and 8kHz (p < 0.01). (B) Threshold
ﬁ ﬁ shifts in 20 dB HL noise for Young subjects (n = 21,
O 30 -9 shaded area: + 95% confidence interval). Red sym-
‘E I-E bols show individual threshold shifts as function of
m 20 T m test frequency for Old subjects. (For interpretation of
T ==+ Young (n=21) T the references to colour in this figure legend, the

10 r T T T T r 10 T T T T T T reader is referred to the web version of this article.)

0.1 025 05 1 20 4.0 80 0.1 025 05 1 20 40 80
kHz kHz

versus the threshold shift 0.25, 0.5, 1, 2, 4 or 8 kHz (Fig. 7). There was
no relationship between the threshold shifts at 0.125 kHz and those at
0.5, 1, 2, and 4 kHz; however, there was a significant (p < 0.03) and
strong correlation (r? = 0.434) between the thresholds shifts at
0.125kHz and 0.25kHz and a significant (p < 0.001) and robust
correlation (r? = 0.722) between the threshold shifts at 0.125 kHz and
8 kHz. In general, Old patients that had difficulty detecting a 0.125 kHz
tone in noise also found it extremely difficult to detect a 0.25 kHz and
8 kHz tones in broadband noise.

3.5. Growth of masking

Visual inspection of the threshold shift data (Figs. 2-4) suggested
that there would be major differences in the y-intercept (i.e., the
threshold shift at 0 dB HL masker intensity), but only minor differences
in the rate of growth of threshold shift as the masker level increased for
different test frequencies. To examine this issue, we plotted the amount
of thresholds shift as function of masker level for each frequency
(Fig. 8). Linear regression was used to compute the slope, m (dB
threshold shift per dB masker level) and the y-intercept (thresholds shift
with a masker level of 0 dB HL). Table 2 and individual panels in Fig. 8
show the data for Young and Old with the test frequency and values of
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m and y indicated in the legend of each panel. The slopes in the Young
and Old were similar across the frequency range varying from 0.93 to
1.25 in the Young and from 0.91 to 1.14 in the Old. However, the y-
intercept values were consistently larger in the Old than the Young. In
the Young, the y-intercept values ranged from —6.3 to +6.2 whereas in
the Old the y-intercept values varied from —3.5 to 18.2. The largest
differences in y-intercept values occurred at high and very low fre-
quencies, whereas the differences were minimal at 1 kHz.

4. Discussion

Pure tone audiometry fails to address one of the most common
complaints among the hearing impaired elderly, namely difficulty un-
derstanding speech in noise [14]. Speech-in-noise testing can be used to
obtain a more realistic assessment of auditory function; however, such
tests are difficult to standardize worldwide due to the diversity in the
spectral-temporal features and dialects of different languages. More-
over, the spectral characteristics of speech are complex making it dif-
ficult to pinpoint specific frequencies that contribute to speech pro-
cessing deficits in noise. Studies in auditory neuropathy patients and
animals with selective damage to inner hair cells and auditory nerve
fibers suggest that tone-in-noise thresholds could be a sensitive,

30 dB HL Noise Fig. 5. Relationship between dB thresholds shift
at 0.125kHz (x-axis) in 30 dB HL noise versus
thresholds at one of the other 6 test frequencies
(see y-axis in each panel). Symbols show data for
individual subjects. In each panel, the dashed

line shows a linear regression fit to the data and
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’0"\39' ----- © 0.25kHz and between 0.125kHz (p < 0.03)

o and 8.0kHz (p < 0.004) were statistically sig-
nificant.
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Fig. 6. (A) Mean (n = 21, dashed line) thresholds
shifts in Young (shaded area: 95% confidence in-
terval) and Old (n = 11, = 95% confidence interval)
in 40 dB HL broadband noise. Threshold shifts in the
Old were significantly greater than in the Young at
0.125kHz (p < 0.05). (B) Threshold shifts in 40 dB
HL noise for Young subjects (n = 21, shaded
area: = 95% confidence interval). Red symbols show
individual threshold shifts as function of test fre-
quency for Old subjects. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 7. Relationship between dB thresholds shift
at 0.125kHz (x-axis) in 40 dB HL noise versus
thresholds at one of the other 6 test frequencies
(see y-axis in each panel). Symbols show data for
individual subjects. In each panel, the dashed
line shows a linear regression fit to the data and
the r2 value. Correlations between 0.125 and
0.25kHz (p < 0.03) and between 0.125kHz
and 8.0kHz (p < 0.004) were statistically sig-
nificant.
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Table 2
Growth of masking.

Young old Young old

kHz Slope (dB shift/  Slope (dB shift/  Y-Intercept Y-intercept (dB)

dB HL) dB HL) (dB)
0.125 0.96 0.91 4.5 15.9
0.25 0.93 0.93 6.2 10.8
0.5 1.05 0.98 -3.7 6.0
1 1.13 1.09 -5.8 -35
2 1.10 1.09 —-2.0 5.5
4 1.27 1.14 -6.3 6.3
8 1.12 0.95 3.8 18.2
Mean 1.08 1.01 —-0.5 8.5
SD 0.11 0.09 5.2 7.3
Max 1.27 1.14 6.20 18.20
Min 0.93 0.91 —6.30 —3.50

frequency-specific metric for identifying auditory processing deficits in
elderly subjects whose pure tone audiograms in quiet are ostensibly
normal [19,27]. The tone in broadband noise paradigm revealed sig-
nificant frequency-specific tone detection deficits in elderly subjects
with clinically normal hearing. The greatest deficits were observed at
low and high frequencies, but were absent at mid-frequencies. Sig-
nificant tone-in-noise detection deficits were evident in the Old subjects
at the two lowest masker levels, 20 and 30 dB HL, but were less dif-
ferent from Young subjects at 40 dB HL.

4.1. Clinically normal audiograms and threshold shift metrics

To minimize thresholds differences between the Young and Old
groups, we selected 11 Old subjects with clinically normal audiograms
(i.e., quiet thresholds <25dB HL from 0.125 to 8 kHz) and compared
them to the 21 Young subjects with clinically normal hearing (< 25 dB
HL). Although the thresholds of the 11 Old subjects were within the
clinically normal range, the mean thresholds in the Old group were
3-8 dB higher than the Young (Fig. 1). While these differences are re-
latively small, we sought to further minimize their effects on tone-in-
noise testing by computing the threshold shift of each subject, i.e., the
degree to which the broadband noise increased a patient's threshold
above that individual's threshold in quiet. This normalization procedure
ostensibly mitigates any between-group threshold differences.

4.2. Frequency effects

Tone-in-noise testing revealed frequency-dependent differences be-
tween Old and Young patients. At 0.125 kHz, the threshold shifts in the
Old group were always significantly greater than the Young at all
masker levels. There were no significant differences in quiet thresholds
between Young and Old at 0.125 kHz; therefore, the larger thresholds
shifts induced by the masker in the Old subjects are difficult to attribute
to differences in absolute sensitivity. At the two lowest masker levels,
tone-in-noise detection was impaired at four of seven frequencies in the
Old subjects. With a 30 dB HL masker level, the Old performed sig-
nificantly worse than the Young at 0.125, 2, 4 and 8 kHz while at 20 dB
HL, the Old performed worse than the young at 125, 0.5, 4, and 8 kHz.
The common frequencies affected at both intensities were 0.125 kHz, 4
and 8 kHz. If poor tone-in-noise detection was simply due to age per se,
performance should have been impaired at all seven frequencies.
However, since threshold shifts in the Old were never different from the
Young at 0.25 and 1 kHz regardless of masker level, it seems unlikely
that deficits are the results of general age-related processing deficit.

4.3. Mechanisms

The frequency-specific nature of these deficits could be due to
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several factors. One neural processing deficit that could affect tone-in-
noise detection at low frequencies is impaired neural synchrony and
neural phase locking. This interpretation is consistent with neural dys-
synchrony models of auditory neuropathy [36,37] as well as deficits in
neural synchrony observed in animal models of noise-induced neuro-
pathy [38]. Another factor that could play a role is the number of type I
auditory nerve fibers present along the length of the cochlea. In one
temporal bone study from elderly human subjects with no history of
hearing problems and minimal hair cell loss, nerve fiber counts were
highest around 1 kHz; this region also had the fewest orphan ribbon
synapses [34]. Thus, the 1 kHz region appeared to be the most neuro-
logically normal regions along the length of the cochlea. Interestingly,
the 1kHz region is where our Old subjects performed as well as our
Young subjects. In contrast, fewer auditory nerve fibers were present at
low frequencies (0.125-0.25kHz) and high frequencies (4-8 kHz)
compared to 1 kHz; the low and high frequency regions also had more
orphan ribbon synapses than the 1kHz regions [34]. Thus, the poor
tone-in-noise detection seen in our Old subjects at low and high fre-
quencies corresponds well to the reduced number of afferent nerve fi-
bers and increased number of orphan ribbon synapses seen in the low
and high frequency regions of the cochlea of elderly subjects [34].

4.4. Line busy model

Each type I auditory nerve fiber represents a transmission line that
relays acoustic information to the central auditory pathway. When
broadband noise is presented, the noise creates a “line busy” signal in a
fraction of the total pool of available neurons within a tonotopic region.
If aging reduces the number of functional afferent neurons, then the
probability that a neuron will respond to a tone presented in the noise
will be greatly reduced due to a shortage of un-adapted neurons. To
increase the probability of eliciting a tone-evoked response when a
channel is “busy”, the tone intensity would need to be substantially
increased in a tonotopic region where there is a diminished number of
nerve fibers or afferent synapses. According to this model, tone-in-noise
detection would be poorest in regions with the fewest nerve fibers and
better in regions with the greatest number of nerve fibers. Our results
show that the poorest tone-in-noise performance (i.e., most threshold
shift in noise) occurred at low and high frequencies and the best per-
formance at 1 kHz consistent with human temporal bone studies [34].

4.5. Intensity coding and tone detection

A popular model of intensity coding is based on the distribution of
low, medium, and high spontaneous rate auditory nerve fibers [39,40].
High spontaneous rate fibers (66% of neurons) with low thresholds are
considered important for detecting tones in quiet while those with
medium spontaneous rates (23%) are most effective at detecting sound
of moderate intensity. Low spontaneous rate fibers (11%), some with
thresholds as high as 80 dB SPL, only respond at high intensities. In this
model, low spontaneous rate fibers are thought to play an important
role in detecting high intensity sounds particularly in the presence of
background noise, where the firing rates of moderate and high spon-
taneous rate fibers are saturated. Age related hearing loss is associated
with the preferential loss of low spontaneous rate, high threshold
neurons [41]. The preferential loss of high threshold neurons should
make it more difficult for older subjects to detect a tone in quiet. While
the threshold shifts in noise of our Old subjects were generally greater
than those in the Young, significant differences between the Old and
Young were more frequently seen at 20 and 30 dB HL masker levels
than at the 40 dB HL masker; the only significant difference at the 40 dB
HL masker level occurred at 0.125 kHz. Because tone-in-noise detection
was significantly impaired with the 20 dB masker, our results suggest
that aging may leads to a loss of both moderate and high spontaneous
rate fibers, not just low-spontaneous, high-thresholds fibers.
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4.6. Growth of masking

Threshold shifts in Young and Old patients increased at roughly the
same rate as masker level increased (Fig. 8) regardless of test frequency.
These results suggest that the neural processes that cause thresholds to
increase with increasing masker level are largely invariant across fre-
quency in both Old and Young patients. Except for 1kHz, the main
difference between the Young and Old was the y-intercept, i.e., the
starting level of threshold shift induced by the masker. At 8kHz,
threshold shifts in noise were approximately 18 dB higher in the Old
than the Young and at 0.125 and 0.25 kHz, the thresholds shifts in Old
were 16 and 11 dB higher respectively. Because the y-intercept was
much higher at low and high frequencies than at 1 kHz, our results
suggest that the masker activates a greater proportion of neurons in the
Old subjects compared to the Young. Therefore, fewer neurons would
be available to respond when a high or low frequency tone is presented
in noise.

4.7. Future directions

While tone-in-noise detection measurements in the sound field are
more realistic than listening under headphones, free sound field mea-
surement fail to identify ear specific deficits. Future studies conducted
under headphones could reveal whether the frequency-specific deficits
on the tone-in-noise task are similar or different between ears. Sound
field testing also involves binaural interactions and provides sound lo-
calization cues. Consequently, age-related dysfunctions in binaural
processing (e.g., masking level difference) and sound localization could
conceivably influence an elderly subject's ability to detect tones in
noise. Monaural and binaural measurements made with earphones
could potentially identify such deficits. Another promising direction for
extending this work is on young subjects with ostensibly normal
hearing, but with a history of noise exposure or ototoxic drugs.

On average, our tone-in-noise detection paradigm identified fre-
quency-specific deficits in Old subjects at 0.125, 4, and 8 kHz, but these
deficits were clearly more severe in some elderly subjects than others as
illustrated in Figs. 2B, 4B and 6B. On the basis of these large individual
differences, one would predict that subjects with poorer tone-in-noise
detection would have greater difficulty with speech recognition in
noise. While tone detection in noise is not equivalent to speech com-
prehension, further analysis incorporating tools such as the speech in-
telligibility index could reveal translatable correlations between the
frequency-specific tone-in-noise deficits and the audibility of speech
phonemes in various noise environments. For example, a subject with
extremely poor tone-in-noise detection at 8 kHz might be expected to
have considerable difficulty recognizing phonemes with considerable
spectral energy in the 8 kHz region (e.g., “s” & “th”), but perform better
and have less difficulty recognizing phonemes in which the spectral
energy is more heavily weighted to 2kHz region (e.g., “g” & “sh”).
Finally, after such frequency-specific tone-in-noise correlations were
made with speech phonemes, tone-in-noise thresholds could become
tailorable to the fitting of hearing aids rather than simply using the pure
tone audiogram measured in quiet, ultimately addressing the primary
complaint of understanding speech in noisy environments.
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