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Puzzle 
‣ Compared to young adults, older adults exhibit: 

- Impaired auditory temporal processing 
- More difficulty comprehending speech in challenging circumstances 
- Decreased subcortical responses, esp. Frequency Following Response (FFR) 

‣ Yet, the speech envelope can be reconstructed more accurately from their cortical responses, recorded with MEGStatistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Overview �2

Presacco et al.,  
J Neurophysiol, 2016a

Older

Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.

2349AGING EFFECTS OF NEURAL PROCESSING OF SPEECH IN NOISE

J Neurophysiol • doi:10.1152/jn.00372.2016 • www.jn.org

 b
y
 1

0
.2

2
0

.3
3

.3
 o

n
 A

p
ril 1

3
, 2

0
1

7
h

ttp
://jn

.p
h

y
s
io

lo
g

y
.o

rg
/

D
o

w
n

lo
a

d
e

d
 fro

m
 

Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Puzzle 
‣ Compared to young adults, older adults exhibit: 

- Impaired auditory temporal processing 
- More difficulty comprehending speech in challenging circumstances 
- Decreased subcortical responses, esp. Frequency Following Response (FFR) 

‣ Yet, the speech envelope can be reconstructed more accurately from their cortical responses, recorded with MEG

Different possible explanations, for example... 
‣ Increased cortical gain of bottom-up responses 
‣ Recruitment of additional top-down resources 
‣ Physiological changes, e.g. excitation-inhibition imbalance

Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Presacco et al.,  
J Neurophysiol, 2016a

Older

Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Puzzle 
‣ Compared to young adults, older adults exhibit: 

- Impaired auditory temporal processing 
- More difficulty comprehending speech in challenging circumstances 
- Decreased subcortical responses, esp. Frequency Following Response (FFR) 

‣ Yet, the speech envelope can be reconstructed more accurately from their cortical responses, recorded with MEG

Different possible explanations, for example... 
‣ Increased cortical gain of bottom-up responses 
‣ Recruitment of additional top-down resources 
‣ Physiological changes, e.g. excitation-inhibition imbalance

This talk 
‣ Localize cortical responses to speech of younger and older adults 

- Anatomy: localization in cortex  
- Time: latency at which information is represented

Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Younger

Overview �2

Presacco et al.,  
J Neurophysiol, 2016a

Brodbeck et al., Acta  
Acust united Ac, 2018

Older

Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Statistical Analyses

All statistical analyses were conducted in SPSS version 21.0 (IBM,
Armonk, NY). Fisher’s z transformation was applied to all of the
correlation values calculated for the midbrain and cortical analysis
before any statistical analysis. Split-plot ANOVAs were used to test
for age-group ! condition interactions for the RMS values of the FFR
response in the time domain, for the stimulus-to-response correlations
of the FFR, and for correlation values calculated for the cortical data.
The Greenhouse-Geisser test was used when the Mauchly’s sphericity
test was violated. Paired t-tests were used for within-subject group
analysis for the correlation values and amplitudes for the cortical data,
whereas one-way ANOVAs were used to analyze the RMS amplitude
values of the FFR, stimulus-to-noise correlation of the FFR, FFT of
the FFR, quiet-noise correlations, and the correlation values for the
cortical data. The nonparametric Mann-Whitney U-test was used in
place of the one-way ANOVA when Levene’s test for Equality of
Variances was violated. Two-tailed Spearman’s rank correlation (!)
was used to evaluate the relationships among speech-in-noise scores,
midbrain, cortical parameters, and pure-tone average. The false dis-
covery rate procedure (Benjamini and Hochberg 1995) was applied to
control for multiple comparisons where appropriate.

RESULTS

Speech Intelligibility (QuickSIN)

Younger adults (means " SD # $0.57 " 1.13 dB SNR
loss) scored significantly better [F(1,30) # 10.613, P # 0.003]
than older adults (means " SD # 0.8 " 1.25 dB SNR loss) on
the QuickSIN test, suggesting that older adults’ performance in
noise may decline compared with younger adults, even when
audiometric thresholds are clinically normal.

Midbrain (EEG)

Amplitude analysis. Figure 2 shows the grand average of
FFRs of the stimulus envelope of younger and older adults in
quiet and in one of the four noise conditions tested ($6 dB).
Figure 3A displays the RMS values for each condition tested in
younger and older adults in the transition and steady-state
regions. In both regions, the RMS values of the responses in
noise of younger and older adults are significantly higher than
the RMS calculated for the noise floor (all, P % 0.007).

TRANSITION REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values in quiet
[F(1,30) # 4.255, P # 0.048]. When all of the noise conditions
were collapsed together, one-way ANOVA showed significant
differences between younger and older adults [F(1,126) # 5.150,
P # 0.025; Fig. 3B]. The follow-up results of paired t-tests
suggest that noise significantly decreases response amplitude in
both younger and older adults in all of the noise conditions
tested (all, P % 0.01). Repeated-measures ANOVA showed a
condition ! age interaction between quiet and noise at $3 dB
[F(1,30) # 6.264, P # 0.018] and $6 dB [F(1,30) # 6.696, P #
0.015] but not at the other conditions tested [F(1,30) # 1.125,
P # 0.297 and F(1,30) # 0.333, P # 0.568 for &3 and 0 dB,
respectively]. Repeated-measures ANOVA showed significant
differences across noise conditions in younger [F(3,48) #
13.384, P % 0.001] but not in older [F(3,48) # 0.885, P #
0.457] adults (Fig. 3A).

STEADY-STATE REGION. A one-way ANOVA showed that
younger adults have significantly higher RMS values than
older adults in quiet [F(1,30) # 6.877, P # 0.014]. The fol-

Fig. 2. Grand average (n # 17 for younger and n # 15 for
older adults) of the response to the stimulus envelope for
younger (left) and older [right; quiet # dark lines; noise ($6
dB) # light lines] adults. Statistical analyses carried out on
individual subjects show that in both the transition and
steady-state regions, noise resulted in a significant decrease
(P % 0.01 and % 0.05 for the transition and steady-state
region, respectively) in the amplitude response for both
younger and older adults at all of the conditions tested. Higher
RMS values were also found in younger adults in both
regions (P % 0.05).

Fig. 3. RMS values " 1 SE of the envelope for the
conditions (Q # Quiet, &3 # &3 dB, 0 # 0 dB, $3 #
$3 dB, and $6 # $6 dB) tested in younger (gray bars)
and older (black bars) adults. A: average RMS for each
single condition. B: average RMS collapsed across all
noise conditions tested. Younger adults had significantly
higher RMS values in quiet in both the transition and the
steady-state regions. An RMS ! group-interaction effect
was noted in the transition at $3 and $6 dB but not in the
steady-state region. Repeated-measures ANOVA, applied
to the 4 noise conditions, shows significant differences in
younger adults in both the transition and steady-state
regions but not in older adults. Noise minimally affects
older adults, likely because their response in quiet is
already degraded. *P % 0.05, ***P % 0.001.
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Methods (Initial Study)
Design 
‣ 60 s long audiobook excerpts, 3 repetitions each 
‣ 2 excerpts were clean speech 
‣ 8 excerpts with second speaker at different signal to noise ratios (SNRs; +3, 0, -3, -6 dB) 

Participants 
‣ 17 young adults (aged 18-27 years) 
‣ 15 older adults (aged 61-73 years) 

- Cognitive screening 
- Clinically normal audiogram  

MEG data 
‣ KIT MEG Lab at University of Maryland, 157 axial gradiometers 
‣ Band pass filter 1-8 Hz

�3

between hearing loss and depression (Carabellese et al. 1993;
Herbst and Humphrey 1980; Kay et al. 1964; Laforge et al.
1992) and cognitive impairment (Gates et al. 1996; Lin et al.
2013; Uhlmann et al. 1989). Although audibility is an impor-
tant factor in the older adult’s ability to understand speech
(Humes and Christopherson 1991; Humes and Roberts 1990),
the use of hearing aids often does not improve speech under-
standing in noise, perhaps because increased audibility cannot
restore temporal precision degraded by aging. Several electro-
physiological studies in humans and animals support the hy-
pothesis that degraded auditory temporal processing may play
a role in explaining speech-in-noise problems experienced by
older adults (Alain et al. 2014; Anderson et al. 2012; Clinard
and Tremblay 2013; Lister et al. 2011; Parthasarathy and
Bartlett 2011; Presacco et al. 2015; Ross et al. 2010; Soros
et al. 2009).

To investigate further the neural mechanisms underlying
age-related deficits in speech-in-noise understanding, this cur-
rent study evaluated the effects of aging on temporal synchro-
nization of speech in the presence of a competing talker in both
cortex and midbrain. To de-emphasize the effects of audibility,
only clinically normal-hearing listeners were included in both
the younger and older age groups. We posit several hypotheses.
First, in responses arising from midbrain, we hypothesize that
younger adults encode speech with greater neural fidelity,
reflected by higher amplitude responses and higher stimulus-
to-response and quiet-to-noise correlations than older adults
when the signal is presented in quiet and in noise. This
hypothesis was driven by the results of the above-mentioned
studies, showing more robust and less jittered responses in
quiet in younger adults (Anderson et al. 2012; Clinard and
Tremblay 2013; Mamo et al. 2016; Presacco et al. 2015) and an
age-related effect of noise (Parthasarathy et al. 2010). In
contrast, for cortical responses, we hypothesize that older
adults will show an over-representation of the response both in
quiet and noise. This hypothesis is driven by evidence showing
age-related increases in amplitude (Alain et al. 2014; Soros et
al. 2009) and in latency (Tremblay et al. 2003) of the main
peaks of auditory cortical responses. Finally, we hypothesize

that within an individual, better speech-in-noise understanding
(at the behavioral level) correlates with greater fidelity of
neural encoding of speech, regardless of age.

MATERIALS AND METHODS

The experimental protocol and all procedures were reviewed and
approved by the Institutional Review Board of the University of
Maryland. Participants gave written, informed consent, according to
principles set forth by the University of Maryland’s Institutional
Review Board, and were paid for their time.

Participants

Participants comprised 17 younger adults (18–27 yr, means ! SD
22.23 ! 2.27, 3 men) and 15 older adults (61–73 yr, means ! SD
65.06 ! 3.30, 5 men), recruited from the Maryland; Washington,
D.C.; and Virginia areas. All participants had clinically normal hear-
ing (Fig. 1), defined as follows: 1) air conduction thresholds ! 25 dB
hearing level from 125 to 4,000 Hz bilaterally and 2) no interaural
asymmetry ("15 dB hearing-level difference at no more than 2
adjacent frequencies). Participants had a normal intelligence quotient
[scores "85 on the Wechsler Abbreviated Scale of Intelligence (Zhu
and Garcia 1999)] and were not significantly different on intelligence
quotient [F(1,30) # 0.660, P # 0.423] and sex (Fisher’s exact, P "
0.05). Because of the established effects of musicianship on subcor-
tical auditory processing (Bidelman and Krishnan 2010; Parbery-
Clark et al. 2012), professional musicians were excluded. In addition,
the older adults were screened for dementia on the Montreal Cognitive
Assessment (Nasreddine et al. 2005). All participants spoke English
as their first language, and none of them were tonal language speakers.

Speech Intelligibility

The Quick Speech-in-Noise test (QuickSIN) (Killion et al. 2004)
was used to quantify the ability to understand speech presented in
noise composed of four-talker babble.

EEG: Stimuli and Recording

A 170-ms/da/(Anderson et al. 2012) was synthesized at a 20-kHz
sampling rate with a Klatt-based synthesizer (Klatt 1980). The stim-

Fig. 1. Audiogram (mean ! 1 SE) of the grand averages of both
ears of younger (gray) and older (black) adults. All participants
have clinically normal hearing. HL, hearing level.
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cantly lower values than 350 ms but not than 150 ms [t(16) !
"3.722, P ! 0.002 and t(16) ! 0.973, P ! 0.345 for 500 vs.
350 ms and 500 vs. 150 ms, respectively]. Conversely, older
adults’ ability to track the speech envelope of the foreground is
significantly reduced at 350 and 150 ms in both quiet [t(14) !
"0.248, P ! 0.807 and t(14) ! 3.779, P ! 0.002 for 500 vs.
350 ms and 500 vs. 150 ms, respectively] and noise [t(14) !
2.064, P ! 0.058 and t(14) ! 2.512, P ! 0.0248 for 500 vs.
350 ms and 500 vs. 150 ms, respectively].

Reconstruction of the unattended speech envelope. Repeated-
measures ANOVA showed a significant correlation # age
interaction across the four noise conditions tested [F(3,90) ! 2.909,
P ! 0.039]. A one-way ANOVA showed significantly higher
reconstruction accuracy in older adults at all of the noise condi-
tions tested except $3 dB [F(1,30) ! 3.487, P ! 0.072; F(1,30) !
4.99, P ! 0.033; F(1,30) ! 7.523, P ! 0.01; and F(1,30) ! 19.251,
P % 0.001 for $3; 0; "3; and "6 dB, respectively]. All of the
reconstruction values were significantly higher than the noise floor
(all, P % 0.01).

Relationships among Behavioral, Midbrain, and Cortical
Data

Two-tailed Spearman’s rank correlation coefficient was used
to study the correlations among the following measurements:
speech-in-noise score, cortical decoding accuracy in quiet and
in noise with an integration window of 500 ms, and the
quiet-to-noise correlation value in the steady-state region of
midbrain responses. No significant correlations were found in
either younger or older adults in any of the relationships tested.

DISCUSSION

The results of this study provide support for most, but not
all, of the initial hypotheses. Behavioral data showed that older
adults do have poorer speech understanding in noise than
younger adults, despite their normal, audiometric hearing
thresholds. In midbrain, noise suppresses the response in
younger adults to a greater extent than in older adults, whereas
the fidelity of the reconstruction of speech in cortex is higher

Fig. 4. A: example of the reconstruction of the speech
envelope of the foreground for a representative
younger (top) and older (bottom) adult in noise ("6
dB SNR). The waveforms have been standardized for
visualization purposes. B: scatter plots of r values for
each participant at each condition tested, plotted in
ascending order.

Fig. 5. Reconstruction accuracy & 1 SE of the speech envelope
of the foreground for younger and older adults. A: results in
quiet and in all of the noise conditions tested. The black
horizontal line shows the noise floor. Older adults’ reconstruc-
tion accuracy is significantly higher in quiet (P ! 0.001).
However, as a completing talker is added to the task, the
differences between the 2 age groups are reduced. B: recon-
struction accuracy in quiet and at "6 dB for the 3 integration
windows tested: 500, 350, and 150 ms. Significant differences
across the 3 integration windows were found only in older
adults in both quiet (P ! 0.001) and noise (P % 0.05). *P %
0.05, **P % 0.01, ***P % 0.001.
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quiet-to-noise correlation value in the steady-state region of
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adults do have poorer speech understanding in noise than
younger adults, despite their normal, audiometric hearing
thresholds. In midbrain, noise suppresses the response in
younger adults to a greater extent than in older adults, whereas
the fidelity of the reconstruction of speech in cortex is higher
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Possible explanations
Increased cortical gain for early bottom-up responses 
‣ Prediction: same neural origin for older and younger, but more current for older

Top-down/strategic later processing 
‣ Compensate for degraded input from the periphery 
‣ Recruitment of additional frontal and temporal regions (Peelle et al., 2010) 
‣ Increased attentional gain? 
‣ Prediction: Response enhancement, possibly from higher order regions

Low level physiological change: excitation/inhibition imbalance 
‣ Reduction in inhibitory neurons in A1 (de Villers-Sidani et al., 2010) 
‣ Increased firing rates in A1 (Overton & Recanzone, 2016) 
‣ Faster recruitment of higher order regions (Engle & Recanzone, 2013) 
‣ Prediction: Enhanced early responses, possibly with higher order regions
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Methods (with additional subjects)
Participants 
‣ 17 young adults (aged 18-27 years) & 23 older adults (aged 61-73 years) 

MEG source localization 
‣ Minimum norm estimates with depth weighting; empty room noise covariance 
‣ Source-localized spectro-temporal response functions (STRFs) estimated via Boosting (David et al., 2007) 

- Minimizing ℓ1 error & stopping based on cross-validation   

Evaluate model predictions: 
‣ At each source element: Pearson correlation r(predicted response, measured response) 

Bias-correction: 
‣ Compute r of a temporally shuffled model & test for better r of the true model 

Significance test: 
‣ Mass-univariate t-test (Smith & Nichols, 2009) 

- Threshold-free cluster enhancement & max statistic distribution; 10,000 permutations

�7
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Brain activity (MEG source estimate) 
predicted from acoustic envelope 
‣ Maps of correlation (r) between actual and 

predicted neural time course 

Older > Younger 
‣ Significant difference ventral to core auditory 

cortex  
‣ No significant difference between hemispheres
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Spectro-temporal response function

Spectro-temporal response 
function (STRF) 
‣ Response to an elementary stimulus 

spectro-temporal feature 
‣ Time axis: latency between acoustic 

feature and response
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Spectro-temporal response function

Spectro-temporal response 
function (STRF) 
‣ Response to an elementary stimulus 

spectro-temporal feature 
‣ Time axis: latency between acoustic 

feature and response

Temporal response function (TRF) 
‣ STRF summed across frequencies 
‣ Response to a elementary stimulus 

temporal feature 
‣ Time axis: latency between acoustic 

feature and response
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Temporal response function
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Temporal response function
M50 
‣ Increased gain (involving non-core area) 
‣ Top-down (early) 
➡Consistent with excitation/inhibition 

imbalance

M100 
‣ Increased gain? 
‣ Top down? (M100 associated with 

attention)

M200 
‣ Increased gain (no comparable 

response in younger subjects) 
➡Recruiting additional neural resources?
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New results: influence of attention

M50 
‣ Dominantly Stimulus-driven 
➡   Consistent with excitation-inhibition 

imbalance

M100 
‣ Increased attentional modulation 
➡   Consistent with increased task-related 

processing 

M200 
‣ Continued tracking of attended speaker 
‣ Responses practically absent in younger 

listeners
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M50 
‣ Bottom-up cortical gain 

- Main difference outside of core auditory cortex 
‣ Strategic/top-down processing 

- Latency too short 
‣ Low level physiological change; excitation/

inhibition imbalance 
- Short latency 
- Fast spread to areas outside core auditory cortex  
 

M100 
‣ Bottom-up cortical gain 

- Does not track bottom-up information 
‣ Strategic/top-down processing 

- Increase in task related activity (attention to 
speech) 

‣ ? Low level change 
- Effect on task-related activity?

M200 
‣ Bottom-up cortical gain 

- Response unique to older adults 
‣ Enhanced attentional tracking compatible with 

cognitive effort/compensation  
‣ Persistent task-related activity
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