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ABSTRACT

Speech perception can be challenging, especially for older adults. Despite the importance of speech perception
in social interactions, the mechanisms underlying these difficulties remain unclear and treatment options are
scarce. While several studies have suggested that decline within cortical auditory regions may be a hallmark of
these difficulties, a growing number of studies have reported decline in regions beyond the auditory processing
network, including regions involved in speech processing and executive control, suggesting a potentially dif-
fuse underlying neural disruption, though no consensus exists regarding underlying dysfunctions. To address this
issue, we conducted two experiments in which we investigated age differences in speech perception when back-
ground noise and talker variability are manipulated, two factors known to be detrimental to speech perception.
In Experiment 1, we examined the relationship between speech perception, hearing and auditory attention in
88 healthy participants aged 19 to 87 years. In Experiment 2, we examined cortical thickness and BOLD signal
using magnetic resonance imaging (MRI) and related these measures to speech perception performance using a
simple mediation approach in 32 participants from Experiment 1. Our results show that, even after accounting
for hearing thresholds and two measures of auditory attention, speech perception significantly declined with
age. Age-related decline in speech perception in noise was associated with thinner cortex in auditory and speech
processing regions (including the superior temporal cortex, ventral premotor cortex and inferior frontal gyrus)
as well as in regions involved in executive control (including the dorsal anterior insula, the anterior cingulate
cortex and medial frontal cortex). Further, our results show that speech perception performance was associated
with reduced brain response in the right superior temporal cortex in older compared to younger adults, and to
an increase in response to noise in older adults in the left anterior temporal cortex. Talker variability was not
associated with different activation patterns in older compared to younger adults. Together, these results support
the notion of a diffuse rather than a focal dysfunction underlying speech perception in noise difficulties in older
adults.

1. Introduction

gling to follow conversations especially in the presence of background
noise (Working Group on Speech Understanding and Aging and Com-

Speech is an extraordinarily complex human behaviour. In natu-
ral conversations, speech rate can go up to 6-9 syllables per second
(Kent, 2000), that is, 150 to 200 words per minute. Everyday speech
recognition requires listeners to not only process the extremely fast
speech signal, but also to rapidly adapt to changes in the talker and
background conditions. Talkers vary in voice quality, accent, rate of
speech, level of underarticulation, and voice intensity level. All these
factors can reduce speech intelligibility - the proportion of a talker’s
output that a listener can readily understand - and make speech com-
prehension an enormously challenging task. Unsurprisingly, given the
demanding nature of speech processing, older adults often report strug-

mittee on Hearing, 1988). The etiology of these age-related difficulties
comprehending speech in noise (SPiN) is not completely clear and the
factors, other than noise itself, that affect speech processing, such as
voice, accents, speech rates and levels of underarticulation, have not
been completely identified. It is probably for these reasons that treat-
ments for SPiN difficulties are scarce. Hearing aids do not reduce SPiN
difficulties in most users (El-Assal and El-Gharib, 2019; Humes et al.,
2002).

Presbycusis -the loss of hearing that occurs with age (Mazelova et al.,
2003)- was long considered to be the main predictor of these dif-
ficulties. Indeed, numerous studies have shown that hearing decline
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contributes to speech perception decline (e.g. Frisina and Frisina, 1997;
Gordon-Salant and Fitzgibbons, 1993; Lash et al., 2013). However, a
number of studies have shown that SPiN performance in older adults
is lower than that of younger adults even when their hearing is within
the normal range, as measured using pure tone audiometry (Frisina and
Frisina, 1997; Kim et al., 2006; Presacco et al., 2016b; Tun, 1998). Other
studies have shown worse SPiN performance in older adults when com-
pared to hearing-matched younger adults (Fullgrabe et al., 2014), and
worse SPiN performance in older adults when compared to younger
adults after statistically controlling for hearing impairment (Bilodeau-
Mercure et al., 2015; Fostick et al., 2013). Together, these studies sug-
gest that SPiN difficulties may not result exclusively from dysfunctions
affecting peripheral hearing but that disruptions of central processes
may also be involved (Humes et al., 2012). Consistent with this no-
tion, several studies have shown that SPiN difficulties are associated
with cerebral decline across several functional networks, including audi-
tory regions, speech processing regions of the dorsal and ventral speech
streams, and the cingulo-insular network; this evidence is reviewed be-
low.

Support for the hypothesis of a role for the dorsal stream to
SPiN difficulties comes from several studies (Bilodeau-Mercure et al.,
2015; Hwang et al., 2007; Salvi et al., 2002; Sheppard et al., 2011;
Tremblay et al., 2018; Wong et al., 2010, 2009b). For example, Wong
et al. found higher BOLD signal in older adults in the ventral pre-
central gyrus (PMv/M1) during a word identification task performed
in quiet and in noise. Further, a positive correlation was found be-
tween signal in this region and performance in older adults, suggest-
ing a compensatory mechanism (Wong et al., 2009b). More recently,
Du et al. found a correlation between performance in a forced-choice
syllable identification task and BOLD signal in the left posterior infe-
rior frontal gyrus (IFG) in older adults, also suggestive of a compen-
sation (Du et al., 2016). In a recent diffusion MRI study, we found
that SPiN performance in aging was associated with the microstruc-
ture of the arcuate fasciculus (Tremblay et al., 2018). In addition to
dorsal stream regions, ventral stream regions have also been associated
with SPiN performance decline. For example, using fMRI, Wong et al.
found a compensatory-like increase in activation in the bilateral mid-
dle temporal gyrus (MTG) during a word identification task performed
in quiet and in noise (Wong et al., 2009a). Manan et al. reported an
age difference in activation in the MTG during a word repetition in
noise task (Manan et al., 2017). Using structural MRI, Wong et al. found
that the volume of the left anterior IFG (pars triangularis) and thick-
ness of the left superior frontal gyrus (SFG) in older but not younger
adults predicted performance in an auditory sentence repetition task
performed in quiet and noise (Wong et al., 2010). The anterior IFG is
connected to the anterior temporal cortex through the uncinate fascicu-
lus (Rauschecker and Scott, 2009), whose role includes lexical selection,
sequencing, and higher-order processes (Price, 2010).

Age-related SPiN performance decline has also been associated with
aging of primary and associative auditory areas. Abnormal activity
patterns within the auditory cortex have been shown using electro-
physiology during SPiN tasks in older adults (Presacco et al., 2016a;
Presacco et al., 2016b). Others have found increased activity in older
adults in the superior temporal gyrus (STG) peaking around 30 ms,
indicative of increased acoustical processing (Brodbeck et al., 2018).
Manan et al. reported age differences in BOLD signal in the STG during
a word repetition in noise task (Manan et al., 2017). In a recent diffu-
sion MRI study from our group, we found that SPiN performance was
associated with the microstructure of the middle longitudinal fasciculus
or MALF (Tremblay et al., 2018). The MdLF runs through the temporal
lobe connecting the temporal pole to the parietal lobe (Makris et al.,
2009, 2013), and could be involved in basic and/or higher-order audi-
tory processing.

Finally, there is also evidence for a role in SPiN performance for the
cingulo-opercular network, which is involved in top-down attentional
control and monitoring (for a review, see Peelle and Wingfield, 2016).
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For instance, Vaden et al. have shown reduced activation in this net-
work in older compared to younger adults, and a positive relationship
between the amplitude of the signal in this region and word recognition
performance (Vaden et al., 2015). Others have reported a relationship
between activation in the anterior insula (AI) and accuracy in a sentence
processing task in which rate was manipulated to reduce intelligibility
(Peelle et al., 2010). Relatedly, a study from our group found that sig-
nal within the AI was lower in older adults during a syllable repetition
in noise task and that this decrease was associated with worse perfor-
mance (Bilodeau-Mercure et al., 2015). These declines could account
for the deterioration in attention that occurs in normal aging (Alain and
Woods, 1999; Helfer and Freyman, 2008; Mager et al., 2005), and could
have a detrimental effect on speech perception (Meister et al., 2013).
In sum, while prior studies support the notion that cerebral aging con-
tributes to speech perception decline in aging, they do not provide a
unified portrait of the mechanisms involved, given that networks in-
volved in auditory processing, speech processing, and executive control
have been associated with these deficits across different studies.

The general objective of the present study was to investigate the
neurobiology of speech perception in normal aging using multimodal
brain imaging. In addition to examining the effect of background noise
on performance and its relationship to brain structure and activity, we
examined a second factor, also known to reduce speech intelligibility -
talker variability. Talker variability was manipulated because it mim-
ics typical social interaction situations in which more than two peo-
ple are involved. In such situations, listeners need to rapidly adapt
to changes between talkers as well as to changing background listen-
ing conditions. Talker variability is known to have a detrimental ef-
fect on speech processing, negatively impacting lip reading accuracy
(Yakel et al., 2000), and reducing phoneme identification and word
recognition and recall, resulting in slower and less accurate responses,
in people with hearing loss or cochlear implants (Chang and Fu, 2006;
Kaiser et al., 2003; Kirk et al., 1997) as well as in normal hearing indi-
viduals (e.g. Assmann et al., 1982; Gilbert et al., 2013; Goldinger et al.,
1991; Heald and Nusbaum, 2014; Martin et al., 1989; Nusbaum and
Morin, 1992; Strange et al., 1976; Tamati et al., 2013; Wong et al.,
2004). The effect of talker variability on speech processing is more detri-
mental for non-native speakers compared to native speakers (Tamati and
Pisoni, 2014). Importantly, adults learn to discriminate non-native
speech sounds more accurately when they are trained on a variety of
talkers (i.e. high variability training) (Lively et al., 1993; Logan et al.,
1991). Speech tasks with high talker variability offer a better assessment
of speech capabilities in real-life situations compared to tasks with lower
variability. When talker variability is high, speech processing requires
talker normalization, which is the cognitive process through which a lis-
tener is able to access the stored representation of a same word despite
extensive variation in the acoustic properties from one talker to the next
(Klatt, 1986). Normalization has been associated with increased activity
in regions involved in acoustical analysis (superior temporal cortex) and
auditory attention (superior parietal region) (Wong et al., 2004). This
normalization process may become costlier with age, which may ren-
der speech processing slower or more laborious in multi-talker contexts.
This is consistent with diminished-resource accounts of cognitive aging
which argue that age differences will be exaggerated on tasks that have
greater cognitive demands (Reuter-Lorenz and Mikels, 2006). While a
number of studies have shown that high talker variability reduces per-
formance, the literature on talker normalization in younger compared to
older adults with normal hearing is limited. One study has reported an
age-related decline in word recognition performance when talker vari-
ability is high (Sommers, 1997), consistent with the notion of an in-
crease in talker normalization cost in aging.

To address our objectives, two experiments were conducted. For
Experiment 1 (behavioural), the main hypotheses were that (1) aging
would contribute to speech perception decline after statistically control-
ling for measures of hearing loss and auditory attention and (2) speech
perception performance in older adults would be more strongly affected
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Table 1
Descriptive statistics (means, standard deviations and ranges) for participant
characteristics.

Characteristics Mean (SD) Min Max
Age 55.39 (20.51) 19 86
Education (years) 16.17 (3.71) 8 30
MoCA? (/30) 27.58 (1.88) 22 30
GDSP (/30) 2.95 (2.91) 0 12
Nb languages® 1.51 (0.96) 0 5
Self-reported health (/7)¢ 5.13 (1.07) 2 7
Best ear ePTA ¢ (dB HL) 11.10 (9.66) 3.5 34.5
SRT' 36.36 (9.92) 15 59

Note. M = Mean. SD = Standard deviation of the mean.

2 MoCA = Montreal Cognitive Assessment scale. The MOCA is a short cog-
nitive test that is scored on a 30-point scale. Higher scores indicate better
cognitive functions. Though the official cut-off score is 26, some researchers
have proposed a less strict cut-off of 20/30 (Waldron-Perrine and Axel-
rod, 2012).

b GDS = Geriatric Depression Screening Scale. The GDS includes 30 ques-
tions. Each “negative” answer is worth one point; thus, a higher score indi-
cates a more depressed state. For example, question one asks whether the
person is globally satisfied with his/her life. A “no’ answer is worth one
point, whereas a “yes” answer is worth no point. Participants with scores
between 0 and 9 are considered normal, while scores between 10 and 19
indicate a depression, and scores between 20 and 30 indicate a severe de-
pression.

¢ Nb languages = number of spoken languages other than native language
(French).

d Self-reported health = self-reported general health status on a scale of 0
to 7, with 0 being lowest health level and 7 the maximal one.

¢ Best ear ePTA = For each participant, we calculated the best ear average
of 0.25, 0.5, 1, 2, 3, 4 kHz (extended PTA or ePTA).

f SRT = Speech Reception Threshold in dB HL. SRT represents the lowest
sound intensity level at which participants are able to correctly identify 50%
of monosyllabic words.

by background noise and talker variability compared to younger adults.
For Experiment 2, the main hypotheses were that (1) brain activity in
auditory and speech-related regions during speech perception would dif-
fer in older and younger adults reflecting differences in functional cere-
bral organization, especially when background noise and talker vari-
ability are high, and (2) lower speech perception performance in aging
would be associated with a decline (functional or structural) within au-
ditory and speech processing areas especially when background noise
and talker variability are high.

2. Experiment 1: methods
2.1. Participants

A non-probabilistic sample of 95 adults was recruited to participate
in this study through emails, posters, and flyers distributed in the com-
munity in Québec City. Participants had normal or corrected-to-normal
vision and no self-reported speech, voice, language, swallowing, psycho-
logical, neurological, neurodegenerative, or respiratory disorder. Par-
ticipants were screened for depression using the Geriatric Depression
Scale (GDS) (Yesavage et al., 1982). Cognitive level was assessed using
the French version of the Montreal Cognitive Assessment scale (MoCA)
(Nasreddine et al., 2003). A total of 12 participants were excluded. One
was excluded because of failure to comply with task requirements, one
because she was unable to comprehend the stimuli, two were excluded
because they were considered to have a “severe depression” based on the
GDS (19/20), three failed the MoCA (score < 20) (Waldron-Perrine and
Axelrod, 2012) and five had abnormal hearing levels. The character-
istics of the remaining 83 participants (mean age 55.39 + 20.51 years
[19-86 years]; 40 females, mean of 16.17 + 3.71 years of education) are
reported in Table 1. All participants were native speakers of Canadian
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French. 100% of the participants were schooled in French at the elemen-
tary and high school levels. English was spoken as a second language by
94% of the participants (78/83). The study was approved by the Comité
d’éthique de la recherche sectoriel en neurosciences et santé mentale, Institut
Universitaire en Santé Mentale de Québec (#360-2014).

2.2. Hearing assessment

Pure tone audiometry was performed using a clinical audiometer
(AC40, Interacoustic) for each ear separately, at the following frequen-
cies: 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz. For each participant, we cal-
culated the best ear average for the following frequencies: 0.25, 0.5,
1, 2, 3, 4 kHz (extended PTA or ePTA) based on previous studies on
age-related hearing decline that showed the importance of including
frequencies above the classical 2 KHz (Eckert et al., 2012; Mudar and
Husain, 2016). The results of the hearing assessment are summarized in
Table 1 and illustrated in Fig. 1. All but 8 participants had normal pure
tone thresholds < 25 dB hearing level (HL) from 250 to 4 kHz in at least
one ear and interaural asymmetry of < 15 dB HL difference at no more
than 2 adjacent frequencies. Eight participants aged 58 or higher had
mild-to-moderate peripheral hearing loss (ePTA > 25 dB HL). Because
hearing loss is a common consequence of aging, these participants were
kept in the analysis. The ePTA was used as a covariate in all analyses.
Hearing thresholds are illustrated in Fig. 1.

2.3. Auditory attention

All participants underwent an evaluation of attention using the Ad-
vanced Integrated Visual and Auditory Continuous Performance Test
(IVA-AE) to determine if speech perception decline is associated with
a decline in attention (Sandford and Turner, 1995). Participants were
seated in a sound-attenuated room facing a 24-inch computer moni-
tor and wearing high-quality headphones (DT 770 Pro, Beyerdynamic
Inc. US). The test was run on a Lenovo ThinkPad W510 computer. Par-
ticipants were asked to click on a mouse when a visual “3” or an au-
ditory “5” was presented. Because of the contribution of sustained at-
tention (i.e., that is the ability to concentrate on a sound source for a
certain amount of time) and selective attention (i.e. the ability to fo-
cus on a single source, while suppressing others) to SPiN performance
(Meister et al., 2013), as well as, more generally, speech processing (e.g.
Heald and Nusbaum, 2014), and because age affects both selective (e.g.
Alain and Woods, 1999; Helfer and Freyman, 2008; Mager et al., 2005)
and sustained attention (Chao and Knight, 1997; Presacco et al., 2016a),
two auditory scores from the IVA were used to measure these two atten-
tional processes. Selective attention was measured using the auditory
vigilance score, and sustained attention was measured using the focus
score. Both scores were used in all subsequent statistical analyses as co-
variates. Details about the test and results are reported as Supplementary
Material 1.

2.4. Speech perception

All stimuli and materials are publicly available via the Scholar Portal
Dataverse (https://doi.org/10.5683/SP2/SNW3YO). An auditory sub-
lexical speech discrimination task was used to assess speech percep-
tion. In each trial, two syllables were presented, one at a time, at an
individually adjusted intensity based on participants’ comfort level. The
syllables were presented 200 ms apart to minimize working memory de-
mand. Participants were asked to determine if the syllables were iden-
tical or different. We used syllables instead of words to avoid semantic
and lexical priming effects, which may conceal speech perception dif-
ficulties (Samuel, 1981). The presentation of the second syllable was
followed by a question mark cueing participant to respond. Participants
were asked to answer as quickly as possible using a response box (RB-
840 model, Cedrus, USA). The inter-trial interval was 1000 ms. If no
response was made, the next trial automatically begun 2000 ms after
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Fig. 1. Hearing thresholds. The line charts present an
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the last stimulus was played. All stimuli were presented using Presen-
tation Software (Neurobehavioral System, USA) through high-quality
headphones (DT 770 Pro, Beyerdynamic Inc., USA), while participants
were comfortably seated in a soundproof room. The pairing of the re-
sponses and button on the response box was counterbalanced across
participants. Speech discrimination evaluates sensitivity to the phonetic
details of native speech sounds. Unlike identification tasks, it does not
require explicit categorical judgment.

The experiment included 720 experimental trials separated into 4
runs of 10 min each, separated by short breaks. Of these, 360 con-
tained identical syllables (e.g., /fe/ vs. /fe/) and 360 contained syl-
lables that differed by one phoneme (e.g., /pe/ vs. /ge/). The pairs
were composed of 48 different syllables recorded by three different na-
tive adult male French talkers. The syllables had an average duration
(mean + SD) of 350 + 0.05 ms. The syllables were presented either
in the absence of background noise (quiet) or at a signal-noise ratio
(dB SNR) of —5 (noise), which was reached by adding pink noise to
the recordings, according to the following formula: dB SNR = 10log;,
(Pressureg;g,, /Pressure, i), as described by Wong et al. (2008). The
pairs were either produced by the same talker (low talker variability)
or by different talkers (high talker variability). All stimuli were peak
amplitude normalized across all talkers and noise conditions to a mean
intensity of 70 dB SPL using Praat. The normalization was conducted
after the noise was added to ensure equal amplitude between the Quiet
and the Noise conditions. Participants were asked to ignore the talker
and to focus on the syllables that were presented.

2.5. Analyses

Speech perception performance was analyzed within the framework
of signal detection theory (Macmillan and Creelman, 1990). Specifically,
we computed a measure of sensitivity (d-prime or d’), calculated as
d’ = Z(hit rate) — Z(false alarm rate). In addition to sensitivity, reaction
times (RT), measured in milliseconds, were also analyzed to evaluate
processing time. The normality of each dependent measure (sensitivity
and RT) was assessed before and after removal of outliers defined as
values 3 SD above or below the mean (6 values, representing 1.7% of
the data, were removed from the response bias data and one from the d’
values, representing 0.28% of the data). The RTs were square root trans-
formed to make their distribution normal. There were no outliers. All
trials containing an incorrect response were excluded from the analysis
of RT.

Linear mixed model (LMM) analyses were conducted using SPSS Ver-
sion 25 for Mac (IBM), separately for each dependent variable (d’, RT),
with background Noise level (quiet, noise) and Talker variability (low,
high) as a repeated fixed factors, and Age (mean-centered) as a con-
tinuous factor. Hearing (mean-centered best ear ePTA) and two mean-
centered measures of attention (auditory Vigilance and Focus) were in-
cluded as between-subject continuous fixed factors. Participants were
included as a random factor in the model (random intercept and ran-
dom slope for Noise level and Talker variability). Model selection was

performed by removing non-significant covariates and non-significant
interactions. All effects and interactions with age were kept because
they were the focus of our analyses. Predictor collinearity was assessed
by calculating the variance inflation factor (VIF) of each predictor in
the model. VIF is a measure of collinearity among independent vari-
ables. It indexes the proportion of variance in one independent variable
that is not explained by the remaining independent variables. All vari-
ables in the model had a VIF value lower than 3 (Harrison et al., 2018;
Zuur et al., 2010).

3. Results

For each dependent variable (d’ and RT), Q-Q plot and histograms
were computed, which revealed that the residuals followed a normal dis-
tribution. The descriptive statistics for each dependent variable and the
detailed results of the LMM analyses are provided in Supplementary Ma-
terials 2. The LMM analyses revealed that both dependent variables were
modulated by Noise level and Talker variability, with lower sensitivity
and longer RT associated with noise and high talker variability (Sup-
plementary Materials 3). In addition, the analyses showed that speech
perception performance declined with age. For sensitivity, the analysis
revealed no effect of any of the attention factors, so these factors were
removed from the analyses. There was a main effect of Age on sensitivity
(8 = —0.006, F(; 91) = 43.413, p = < 0.001), with lower sensitivity with
Age, as well as an interaction between Age and Noise level (§ = —0.009,
F 75) = 7.555, p = .007). As can be seen in Fig. 2A, this relationship was
stronger in the quiet compared to the noise condition. For RT, the analy-
sis revealed a main effect of age (f = 0.229, F(; go) = 10.690, p = .002),
with longer RT with Age, as well as an interaction between age and
Talker variability (f = 0.069, F g;) = 11.933,p = .001). As shown in
Fig. 2B, the effect of talker variability on RT diminished with Age.

3.1. Interim discussion

Experiment 1 shows that SPiN performance is affected by age, the
presence of background noise and by Talker variability. Specifically,
while the effect of age on sensitivity was influenced by the presence
of background noise, the effect of age on RT was affected by Talker
variability. Unlike what was predicted, the impact of Talker variability
on RT was greater in younger than in older adults. However, because
RTs were strongly affected by age, it is possible that this result reflects
a plateau in RT whereby, after a certain age, responses are so slow that
they are no longer affected by increasing Talker variability. Because
appropriate treatment for speech perception decline with age requires
an understanding of the source of these difficulties, next we examined
the underlying cerebral mechanisms.

4. Experiment 2

The objective of Experiment 2 was to relate speech perception abil-
ities to brain structure and function using multimodal MRI. The main
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B. RT by Talker variability and Age
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Fig. 2. Behavioural results (Experiment 1). A. The scatter plot shows the relationship between Age and sensitivity (d’) values in the quiet (purple) and noise (green)
conditions. The 95% confidence interval of the regression line is displayed as shaded confidence bands. B. The scatter plot shows the relationship between Age and
RT (square root transformed) in the low (orange) and high (gray) talker variability conditions. The 95% confidence interval of the regression line is displayed as
shaded confidence bands. See Supplementary Material 3.2 for a graph illustrating this relationship in untransformed RTs. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

hypotheses were that (1) brain activity in auditory and speech-related
regions - especially the STG, superior temporal sulcus (STS), PMv and
the posterior IFG - during speech discrimination would differ in older
compared to younger adults reflecting differences in functional cere-
bral organization, especially when background noise and talker vari-
ability are high, and (2) lower speech perception performance in aging,
expressed as longer RT and lower sensitivity (d”), would be associated
with functional and/or structural differences within auditory and speech
processing areas. To test these hypotheses, a subset of participants from
Experiment 1 completed a brain imaging session (Experiment 2).

5. Methods
5.1. Participants

All MRI-compatible participants from Experiment 1 were invited to
participate in Experiment 2. 32 right-handed participants from Exper-
iment 1 volunteered to participate in Experiment 2. Participants were
divided into a group of 15 younger participants (mean age 29.27 +10.12
years [19-46 years]; 5 females, mean of 16.93 + 2.25 years of educa-
tion) and a group of 17 older participants (mean age 71.71 + 5.79 years
[65-84 years]; 3 females, mean of 16.12 + 4.38 years of education).
The groups were matched for education (t(3p) = 0.648, p = .522), de-
pression level (GDS) (tzg) = 0.549, p = .587) and self-reported health
(to) = —1.742, p = .09). Handedness was assessed using the Edinburgh
Handedness Inventory (Oldfield, 1971). Groups characteristics are re-
ported in Table 2. None of the participants presented with any counter
indication to MRI. Experiment 2 was approved by the Comité d’éthique de
la recherche sectoriel en neurosciences et santé mentale, Institut Universitaire
en Santé Mentale de Québec (#360-2014).

5.2. Task

A shorter version of the speech discrimination task described in Ex-
periment 1 was used as part of the Experiment 2 (with a subset of the
same stimuli). The task included 96 experimental trials interleaved with
48 filler trials. A baseline condition (crosshair fixation) was included
and interleaved with experimental trials. Within each run, the order of

the conditions and the number and duration of baseline trials were op-
timized using OPTseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/).
50% of the experimental trials contained identical syllables (e.g., /fe/ vs.
/fe/) and 50% contained syllables that differed by one phoneme (e.g.,
/pe/ vs. /ge/). The syllables were presented in quiet or at a signal-
noise ratio (dB SNR) of —5 (noise). All stimuli were presented during
the (silent) delay in acquisition, using Presentation Software (Neurobe-
havioral System, USA) through high-quality MRI-compatible stereo elec-
trostatic earplugs (Nordic Neurolab, Norway), which provide 30 dB of
sound attenuation. In each trial, two syllables were presented during
a 2700 ms delay in image acquisition (see next section), separated by
200 ms. The presentation of the first sound began 200 ms after the be-
ginning of the delay to allow for echo to resume. The presentation of the
second syllable was followed by a question mark cueing participant to
respond. Participants were asked to answer as quickly as possible using
an MRI compatible response device response box (Celeritas®, Psychol-
ogy software tools, USA). If no response was made the trial ended after
1000 ms and the new image acquisition begun.

5.3. MRI data acquisition

The data were acquired on a whole-body Philips 3.0 Tesla Achieva
TX at the Clinic IRM Québec-Mailloux in Québec City. Structural
MR images were acquired with a 3D T1-weighted MPRAGE sequence
(TR = 8.2 ms, TE = 3.7 ms, FoV= 250 mm, flip angle = 8°, 256 x 256
matrix, 180 slices/volume, slice thickness = 1 mm, no gap). Single-shot
EPI BOLD functional images were acquired using a sparse sampling pro-
tocol with parallel imaging (SENSE = 2). Each functional EPI run be-
gan with six dummy scans to allow the magnetization to stabilize to
a steady state. Two runs of 109 functional images were acquired with
a sparse sampling parallel acquisition technique (Gracco et al., 2005)
(43 interleaved axial slices, 3 mm isotropic, no gap); TR = 5000 ms;
acquisition time = 2300.5 ms, delay in TR = 2700 ms; TE = 30 ms;
FOV = 240 x 240 mm; 80 x 80 matrix; Flip angle: 90°). Throughout
the procedure, each participant’s head was immobilized using a set of
cushions and pads. We have recently used a similar protocol to investi-
gate speech perception mechanisms in aging (Bilodeau-Mercure et al.,
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Table 2

Descriptive Statistics (Means, Standard Deviations and Ranges) for each group.
Group Younger adults Older adults
Characteristics Mean (SD) Min Max Mean (SD) Min Max
Age 29.27 (10.12) 19 46 71.71 (5.79) 65 84
Handedness? (/100) 84.86 (18.09) 50 100 96.06 (8.51) 68 100
Education (years) 16.93 (2.316) 13 21 16.12 (4.38) 10 30
MoCA (/30) 28.67 (1.13) 27 30 27.12 (1.9) 24 30
GDS (/30) 3.6 (3.62) 0 12 2.94 (3.17) 0 8
Nb languages 2.07 (0.70) 1 3 .94 (0.75) 0 3
Self-reported health (/7)  4.83 (1.04) 2 6 5.47 (1.02) 3 7
Best ear ePTA (dB HL) 2.09 (7.02) -333 2567 16.41(9.85) -1.67 4333
SRT 26.97 (8.25) 15 52 42.44 (841) 30 59

Note = See Table 1 for the description of all measures. A. A positive handedness score indicates a
right-hand preference while a negative score indicates a left-hand preference. The higher the number the

stronger the preference.

2015). Diffusion MRI images were also acquired; these have been pub-
lished elsewhere and will not be discussed here (Tremblay et al., 2018).

5.4. Analyses

Behavioural data analyses. Statistical analyses focused on two depen-
dent measures: d’ and RT. Each dependent variable was assessed for
normality and the presence of extreme data. The data were normally
distributed and there were no extreme values. Trials containing an in-
correct response were excluded from the analysis of RT.

Linear mixed model (LMM) analyses were conducted separately for
d’ and RT using SPSS Version 25 for Mac (IBM) with REML estimation of
covariance parameters, with Noise level (quiet, noise) and Talker vari-
ability (low, high) as a repeated fixed categorical factors, and Group
(Younger, Older) as a categorical between-subject factor. All categori-
cal factors were dummy coded. Hearing (mean-centered best ear ePTA)
and two mean-centered measures of attention (auditory vigilance and
focus) were included as covariates. Participants were included as a ran-
dom factor in the model (random intercept and random slope for Noise
level and Talker variability). Model selection was performed by remov-
ing non-significant covariates and non-significant interactions. Group
effects and interactions were kept because they were the focus of the
analyze. Predictor collinearity was assessed by calculating the variance
inflation factor (VIF) of each predictor in the model. All variables had a
VIF value lower than 3 (Harrison et al., 2018; Zuur et al., 2010). Resid-
uals were visually inspected to assess normality using histograms and
Q-Q plots.

Structural MRI data analyses. Reconstruction of participants’ cortical
surface was carried out with the FreeSurfer Vversion 5 image analy-
sis suite (Dale et al., 1999; Fischl et al., 1999a, 2004). The pipeline
includes motion correction, intensity normalization, removal of non-
brain tissue (skull and meninges stripping), segmentation of gray and
white matter, followed by a triangular tessellation of the gray matter
white matter boundary, automated topology correction (Fischl et al.,
2001; Segonne et al., 2007) and surface deformation smoothing fol-
lowing intensity gradients to optimally place the gray/white and
gray/cerebrospinal fluid borders at the location where the greatest shift
in intensity defines the transition to the other tissue class (Dale et al.,
1999; Fischl and Dale, 2000). An affine transformation to Talairach
space is created in parallel that can be used to report Talairach coor-
dinates (note that the analyses were performed on native-space data).
Next, surface inflation (Fischl et al., 1999a), and registration to a spher-
ical atlas based on individual cortical folding patterns to match cortical
geometry across subjects were performed (Fischl et al., 1999b). Corti-
cal thickness is calculated as the closest distance from the gray/white
boundary to the gray/CSF boundary at each vertex on the tessellated
surface (Fischl and Dale, 2000). The validity of cortical thickness has
been demonstrated (Kabani et al., 2001). Cortical thickness maps were

exported to SUMA (Saad et al., 2004) for group-level surface-based anal-
ysis.

To examine whether the relationship between age and speech per-
ception performance is mediated by brain structure within auditory and
speech processing areas, a two-step analysis was conducted. First, we
identified all regions in which there was an age effect on cortical thick-
ness (older - younger) (AFNI 3dttest++ program). A cluster size of 546
vertices was deemed significant at p <0.01 following a Monte Carlo sim-
ulation (1000 repetitions) with an individual threshold of p <0.01 at the
voxel level. Next, we extracted the average regression coefficient (un-
standardized beta weight) for each cluster identified through the whole-
brain group analyses using a mask of the group result (AFNI 3dROIstats
program) and examined the direction of the effects using bar graphs
made using BioVinci version 1.1.5 (BioTuring Inc., USA). A series of
simple mediation analyses using ordinary least squares path analysis
was then conducted separately for all regions showing a group differ-
ence. Based on the behavioural results of Experiment 2, the mediation
analyses focused on the main effect of Group and on the interaction be-
tween Group and Noise. For the interaction effect, a Noise contrast (d’
Noise — d” Quiet) was computed and used as the dependent variable. In
all analyses, the dichotomous predictor variable was Group (Younger,
Older). The mediator variable was cortical thickness. Based on the re-
sults of the behavioural data analysis for Experiment 2, hearing (ePTA)
was included as a covariate on all analyses involving d’, and vigilance
was included as a covariate on all analyses involving RT. The mediation
models are illustrated in Fig. 3A. A percentile bootstrap confidence in-
terval for the indirect effect was constructed based on 10,000 samples
to determine if indirect effects were significantly different from zero.
For a description of the analysis and its implementation in SPSS, see
Hayes (2013, 2018). Mediation analyses were conducted using the PRO-
CESS 3.0 macro (model #4) for SPSS (Hayes, 2008, 2013). We report the
unstandardized beta coefficient, the standard error of the coefficient and
the confidence interval for each path (a, b, ¢’ and ab) for the analyses
where an indirect effect was found in Table 3.

Functional MRI data analyses. All analyses were conducted using AFNI
version 18 (Cox, 1996). First, MRI data were converted to the AFNI for-
mat and visually inspected for artefacts. The time series were aligned
to the first functional run, motion-corrected, slice timing corrected, cor-
rected for outliers, and mean-normalized. Functional volumes acquired
during excessive motion (>1 mm) were excluded from the analyses.
Following pre-processing, subject-level regression analyses were con-
ducted. An ordinary least square regression approach was used to an-
alyze subject data. Separate regressors were created for each partici-
pant for the correct and incorrect trials (regressors for incorrect trials
were not analyzed). Additional regressors were the mean, linear, and
quadratic trend components, and the 6-motion parameters (x, y, z and
roll, pitch, and yaw). A 2-parameter gamma basis function (AFNI model
with a duration of about 12 s 'SPMG2’ was used. This regression model
was fit to each run separately (separate baseline models for each run).
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Following regression, the outputs from the subject-level regression were
converted to the surface space (3dVol2Surf), aligned to the anatomi-
cal data and smoothed on the surface to achieve a target smoothing
value of 6 mm using a Gaussian FWHM filter. Smoothing on the sur-
face as opposed to the volume ensures that white matter voxels are not
included, and that functional data located in anatomically distant loca-
tions on the cortical surface are not averaged across sulci (Argall et al.,
2006; Jo et al., 2007). The resulting images were visually inspected for
quality control. The Destrieux atlas was used for cortical parcellation
(Destrieux et al., 2010; Fischl et al., 2004) and to localize changes in
BOLD signal in the cortex.

Group-level analyses were conducted in several steps. First, we ex-
amined the basic speech perception network (without noise) as a valid-
ity check, separately for each group. For each subject, an average of the
two conditions without noise (with one and two talkers) was computed
and compared against zero using a one-sample t-test (AFNI 3dTtest++).
The main focus of the analyses was on the interaction effects between
Group and Noise Level, and Group and Talker variability on BOLD sig-
nal. The main effect of Group on the BOLD signal was not investigated
because unspecific processes such as vascular changes could contribute
to any observed group differences (D’Esposito et al., 2003; Garrett et al.,
2017). We therefore examined the interaction between Group and Noise
level using two-sample t-tests (AFNI 3dTtest++). The same analyses
were conducted for Talker variability. Next, we examined the 3-way
interaction between Group, Noise and Talker variability. All analyses
were corrected for multiple comparisons. The Monte Carlo simulation
procedure implemented in Freesurfer (mri_glmfit) was used to identify
significant clusters of activated vertices taking into account the num-
ber of voxels and the amount of smoothing. The result indicated that,
for an individual vertex threshold of p <0.05, corrected for multiple
comparisons to achieve a family-wise error (FWE) rate of p <0.01, the
appropriate cluster size was > 546 vertices. To examine the pattern of
significant BOLD responses, we extracted, for each participant, the av-
erage regression coefficient (beta weights) for all the clusters identified
through the whole-brain group analyses using a mask of the group result
(AFNI 3dROlstats program).

To test the hypothesis that age-related decline in speech discrimi-
nation is associated with differences in activity in auditory and speech
processing areas, we conducted a series of simple mediation analyses
using ordinary least squares path analysis on all regions showing an
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Fig. 3. Mediation models. A. Models used for the analysis of cortical
thickness. B. Models used for BOLD signal analyses. X = the predic-
tor variable. Y = the dependent variable. M = the mediator variable.
Cov = covariate. The a-path represents the effect of Group on either
cortical thickness (A) or BOLD signal (B). The a-coefficient tells us that
two cases that differ by one unit on X (that is, older adults) differ on
the mediator by that amount (the a-coefficient). The b-path represents
the effect of the mediator on performance (d’ or RT) when X is con-
stant (same group). The c’-path represents the direct effect of Group
on d’ when the mediator is constant. The ab-path is the indirect ef-
fect (mediation). It is the product of the a and b paths. It represents
the effect of Group on performance through its effect on the mediator
(thickness or BOLD).

interaction effect with Group (either Group by Noise Level; Group by
Talker variability or Group by Noise Level by Talker Variability). Noise
difference scores (d’/RT yoise = d'/RT gyier) Were computed and used as
dependent variables (Y). Since no region exhibited a Group by Talker
interaction, no mediation was conducted for this contrast. The dichoto-
mous predictor variable was Group (Younger, Older), and the continu-
ous mediator variable was the BOLD signal within the ROL In all anal-
yses, cortical thickness was used as a covariate to ensure that effects
are related only to brain activity. Further, for d’, hearing (ePTA) was
included as a covariate based on the results of the behavioural data
analysis for Experiment 2. For RT, vigilance was used instead of hearing
for the same reason. The mediation models are illustrated in Fig. 3B. A
percentile bootstrap confidence interval for the indirect effect was con-
structed based on 10,000 samples to determine if indirect effects were
significantly different from zero. We report the unstandardized beta co-
efficient, the standard error of the coefficient and the confidence interval
for each path (a, b, ¢’ and ab) for the analyses where an indirect effect
was found in Table 4.

6. Results
6.1. Behavioural results

For each dependent variable (d’ and RT), Q-Q plot and histograms
were computed, which revealed that the residuals followed a normal
distribution. The descriptive statistics for each dependent variable and
the detailed results of the LMM analyses are provided in Supplemen-
tary Material 4. The LMM analyses revealed that both variables were
modulated by Noise level, with lower d’ and longer RT. In addition,
d’ was also modulated by Talker variability, with high variability as-
sociated with lower d’ (Supplementary Material 5). In terms of Group
effects, the analysis revealed a significant main effect of Group on d’
(p = —0.014, F(; 55, = 4.656, p = .041), with lower sensitivity overall in
older compared to younger adults (Fig. 4A). There was also an interac-
tion between Group and Noise level on d’ (f = 1.242, F(y o7 = 9.953,
p =.004). As shown in Fig. 4B, a series of univariate F-tests revealed a
Group difference in the quiet condition (F; 45y = 11.067, p = .002),
with lower d’ for older compared to younger adults, but not in the
Noise condition (F 53y = 0.096, p = .759). There was no interaction be-
tween Group and Talker variability (Fig. 4C), but the analysis revealed a
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Fig. 4. Behavioural results (Experiment 2).
A. The boxplots show the overall sensitivity
(d”) separately for the younger (YA) and the
older groups (OA). B. The boxplots show
d’ scores separately for the younger and
the older groups, for the quiet (purple) and
noise (green) conditions. C. The boxplots
show d’ scores separately for the younger
and the older groups, for the low talker
variability (orange) and high talker vari-
ability (gray) conditions. D. The boxplots
show d’ scores separately for the younger

Noise

FQuiet
[ Noise
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3-Way interaction between Group, Noise level and Talker variability on
d (f = —0.142, F(4 59) =3.566, p = .047) (Fig. 4D). A series of univari-
ate F-tests revealed that the largest group difference was found in the
quiet condition with High talker variability condition (F(; 5g) = 15.265,
p <0.001). RTs were not affected by Group.

6.2. Structural MRI results

As shown in Fig. 5 and detailed in Supplementary material 6, the
structural analyses revealed group differences (older < younger) in cor-
tical thickness in several areas including the bilateral superior tempo-
ral cortex (STC), including the STS, STG, planum temporale (PT), and
primary auditory cortex, as well as in the dorsal anterior insula (dAI),
precentral and postcentral gyri, and inferior and medial frontal areas.

To address our objective of relating age differences in speech per-
ception performance to brain structure, the analyses focused on relating
performance (overall and for the noise contrast) to cortical thickness
results through simple mediation analyses. For d’, the mediation anal-
yses revealed that Group indirectly influenced overall d’ (negatively)
through its effect on cortical thickness in several regions: the bilateral
STC, bilateral IFG/dAI and the right superior frontal gyrus (SFG). In
all analyses, older adults had lower cortical thickness, and participants
with thicker cortex had better d’. The bootstrap confidence intervals for
the indirect effects based on 10 000 samples were entirely below zero.
There was no evidence that Group influenced d’ independently of its ef-
fect on cortical thickness. The indirect effect was therefore detrimental
to performance. The second set of analyses focused on Noise difference

score on d’. These analyses revealed that Group indirectly influenced
d’ through its effect on cortical thickness in the left posterior cingulate
gyrus (pCG). In this analysis, older participants had lower cortical thick-
ness in the pCG. Those with thicker cortex in the pCG showed increased
difference in d’ (more differentiated performance) as a function of noise.
The bootstrap confidence intervals for the indirect effects based on 10
000 samples were entirely above zero. There was, however, evidence
that Group influenced the Noise difference score independently of its
effect on cortical thickness (i.e. partial mediation). The details of the
significant mediations are reported in Table 3.

For RT, the mediation analyses revealed that Group indirectly influ-
enced overall RT through its effect on cortical thickness in the right
IFG/dAL In this ROI, older participants had lower cortical thickness
compared to younger participants. Participants with thicker cortex were
faster (shorter RT). The bootstrap confidence intervals for the indirect
effects based on 10 000 samples were entirely above zero. The indirect
effect was therefore detrimental to performance. There was no evidence
that Group influenced d’ independently of its effect on cortical thickness.
The next set of analyses focused on Noise difference on RT (RT yje —
RT qyiet)- These analyses revealed that Group indirectly influenced RT
through its effect on cortical thickness in several regions: the bilateral
STC, bilateral IFG/dAI and the left parietooccipital sulcus (POS). In all
analyses, older adults had lower cortical thickness. Participants with
thicker cortex showed increased difference in RT as a function of noise
(more differentiated performance). The bootstrap confidence intervals
for the indirect effects based on 10 000 samples were entirely below
zero. The details of the significant mediations are reported in Table 4.
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Fig. 5. Group differences in cortical thickness. On the
left panels are the corrected whole-brain maps for Group
differences on cortical thickness. Blue indicates lower
' ! thickness in older adults compared to younger adults.
f o E Group differences are shown on the group lateral and
‘ medial average smoothed white matter folded surfaces.
The boxplots represent the group differences in cortical
thickness within each region identified as part of the
whole-brain analysis, separately for the right (A) and
left (B) hemispheres. The median is represented by a
line traced at the center of the box. The whiskers range
from the minimum (Q1 -1.5*interquartile range) and
maximum (Q3 + 1.5*interquartile range) values. Each
point represents one participant. aCG = anterior cingu-
late gyrus; CS = calcarine sulcus; dAI = dorsal anterior
insula; IFG = inferior frontal gyrus; Ling = lingual gyrus;

N w t
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i
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Cortical thickness (mm)

g QQ /\O M1v = ventral primary motor cortex; Orb = orbital gyrus;
o 9 9 pCG = posterior cingulate gyrus; POS = parietal-occipital
sulcus; PMd = dorsal premotor cortex; PMv = ventral pre-
motor cortex; PostC = postcentral gyrus; pre-SMA = pre-
supplementary motor area; SFG = superior frontal gyrus;
STC = superior temporal cortex; STS = superior temporal
: o sulcus; MTG = middle temporal gyrus; SMA = supplemen-
! | tary motor area; SMG = supramarginal gyrus. (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

6.3. Functional MRI results

We began by examining brain activation patterns in the quiet con-
dition. This analysis revealed the classic bilateral speech processing
network including bilateral STC (including primary and associative re-
gions), dAI, PMv, IFG, and medial premotor areas in both younger and
older adults (Supplementary Material 7). Here we focus on the interac-
tions between Group and Noise Level, and between Group and Talker
variability, but the main effects of Noise and Talker on BOLD are pre-
sented in Supplementary Materials 8 and 9.

The following analyses address the hypothesis that group differences
in brain activity during speech processing influence speech perception
performance. This hypothesis was tested using a combination of whole-
brain group comparisons and simple mediation analyses. First, we ex-
amined the interaction between Group and Noise level (see Fig. 6 and
details are presented in Supplementary Material 8B). Examination of
this interaction revealed activation in the left inferior parietal lobule
(IPL) and in several parts of the temporal lobe: the bilateral STC, the
left anterior temporal cortex and the left inferior temporal cortex. In
the bilateral STC, there was a reduced BOLD response to noise in older
compared to younger adults, while in all other regions, there was an
increased BOLD response to noise, with a tendency for older adults to
increase activation from quiet to noise, which was not found in younger
adults. The mediation analyses revealed two detrimental indirect effects
(i.e. mediations) (left anterior temporal cortex or L ATC and right supe-
rior temporal cortex or R STC). For the L ATC, the analysis showed that,
relative to the younger adults, the older adults showed a reduced Noise
effect on RT (resulting from longer RT in quiet) as a result of the pos-
itive effect of Group on BOLD signal in this region (increased response
to Noise). For R STC, the analysis shows a reduced effect of noise on RT

for older compared to younger adults, as a result of the negative effect
of Group on the BOLD signal (reduced response to noise) in this region.
The mediation results are reported in Table 5.

Next we examined the interaction results for the Group X Talker vari-
ability factor. No activation survived correction. The results for the main
effect of Talker variability are reported in Supplementary Material 8C
and 9B Finally, we examined the 3-way interaction between Group,
Talker variability and Noise level. Results are shown in Fig. 7 and de-
tailed in Supplementary Material 8D. The analysis revealed activation
within the left ventral postcentral gyrus and IPL, as well as in the right
cingulate gyrus, precuneus and parieto-occipital sulcus. In all regions
except the precuneus, the BOLD response to noise (Noise — Quiet) was
higher in the 2 talkers condition compared to 1 talker in older adults
but not in younger adults. In the precuneus, the opposite pattern was
found. The mediation analyses did not reveal direct or indirect effect of
BOLD response patterns on performance.

7. Discussion

The main objective of this study was to examine age-related decline
in speech processing in order to shed new light on underlying mecha-
nisms. Our main hypothesis was that, compared to younger adults, older
adults’ sensitivity would be worse when noise level and talker variability
is high, after statistically controlling for pure tone hearing and auditory
sustained and selective attention. This hypothesis was partly verified.
In contrast to the effect of Noise, we found very limited evidence of an
interaction between age and Talker variability on speech performance.
Our results show that age-related decline in SPiN performance is as-
sociated with thinner cortex in auditory and speech processing regions
(STC, PMv/IFG) as well as in regions involved in executive control (aCG
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Table 3
Mediation analyses with d’ as the dependent variable, for regions identified
through the whole brain cortical thickness analyses.
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Table 4
Mediation analyses with RT as the dependent variable, for regions identified
through the whole brain cortical thickness analyses.

Dependent
variable ROI Path Coef SE LLCI ULCI
A. d’ (Overall) L a-path —-0.448 0.072 -0.595 -0.302
STC b-path 1.531 0.577 0.348 2.715
c 0.236 0.339 -0.459 0.931
ab -0.687 0.199 -1.094 -0.303
L a-path -0.413 0.053 -0.522 -0.303
IFG b-path 1.890 0.788 0.273 3.507
c 0.330 0.394 -0.479 1.138
ab -0.780 0.217 -1.208 -0.347
L a-path -0.557 0.083 -0.727 -0.386
aSFG  b-path 1.032 0.519 -0.034 2.097
c 0.124 0.369 -0.633 0.881
ab -0.574 0.263 -1.089 -0.039
R a-path -0.434 0.071 -0.580 -0.289
STC b-path 1.169 0.612 -0.087 2.425
c 0.057 0.352 -0.664 0.779
ab -0.508 0.242 -1.039 -0.074
R a-path -0.438 0.060 -0.560 -0.317
AI/IFG b-path 1.409 0.731 -0.090 2.909
c 0.167 0.394 —-0.642 0.976
ab -0.618 0.286 -1.308 -0.150
R a-path —-0.400 0.118 —-0.642 -0.158
SFG b-path 0.783 0.362 0.040 1.526
c -0.138 0.269 -0.689 0.414
ab -0.313 0.154 -0.630 -0.035
B. d’ (Noise - L a-path -0.339 0.064 -0.469 —-0.208
Quiet) pCG  b-path 1.907 0.936 0.013 -3.827
c 0.933 0.447 0.016 1.850
ab —-0.646 0.311 -1.309 -0.082

Note. L = left hemisphere; R = right hemisphere; STC = superior temporal cor-
tex; STS = superior temporal sulcus; PMv = ventral premotor cortex; Al = ante-
rior insula; IFG = inferior frontal gyrus; aSFG = anterior superior frontal gyrus;
pCG = posterior cingulate cortex. The significance of the effects was tested us-
ing 95% confidence internals. All significant effects are color-coded (green).
LLCI = lower limit of the confidence interval, ULCI = upper limit of the confi-
dence interval. In all analyses, the a-path represents the effect of Group on corti-
cal thickness. The a-coefficient tells us that two cases that differ by one unit on X
(that is, older adults) differ on the mediator (cortical thickness) by that amount
(the a-coefficient). The b-path represents the effect of cortical thickness on d’
(sensitivity) when X is constant (same group). The c¢’-path represents the direct
effect of Group on d’ when the mediator (cortical thickness) is constant. The
ab-path is the indirect effect (mediation). It is the product of the a and b paths.
It represents the effect of Group on d’ through its effect on cortical thickness.
A. In these analyses the dependent variable is the overall d’. Negative indirect
effects indicate that d’ is lower in the older adults because of the negative ef-
fect of Group on cortical thickness. B. The last analysis has a Noise difference
d’ score as the dependent variable. A negative indirect effect indicates that the
impact of noise is reduced in the older adults because of the negative effect of
Group on cortical thickness. This is explained by a reduced sensitivity for older
adults in the quiet condition. This is thus a detrimental effect.

and medial frontal cortex, pCG, dAI and IFG). Moreover, age-related de-
cline in SPiN performance was also associated with differences in BOLD
response patterns to noise in the bilateral temporal cortex. Talker vari-
ability was not associated with different functional activation patterns
in older compared to younger adults. We also found no evidence of com-
pensation in older adults. Together, these results, which we detail below,
support our hypothesis of a diffuse rather than a focal neurobiological
dysfunction underlying SPiN performance decline in aging; and further
show that performance decline is more strongly tied to brain structure
than brain function.

7.1. Talker normalization in older adults

As expected, talker variability had a detrimental influence on perfor-
mance in both experiments (Supplementary Material 3B and 5B), repli-
cating a number of previous studies showing that speech identification
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Dependent variable ROI Path Coef SE LLCI ULCI
RT R a-path -0.496 0.125 -0.751 -0.241
(Overall) AI/IFG b-path  -0.161 0.082 -0.330  0.007
c -0.071 0.068 -0.210  0.068
ab 0.080 0.046  0.004 0.185
RT L a-path -0.512  0.078 -0.671 -0.353
(Noise STC  b-path  0.306 0.076  0.151 0.461
- c 0.151 0.050 0.049 0.252
ab -0.157 0.044 -0.249 -0.074
Quiet) L a-path -0.500 0.057 -0.616 -0.384
IFG b-path  0.273 0.120  0.026 0.520
c 0.130 0.070 -0.014 0.274
ab -0.136  0.051 -0.233 -0.030
L a-path -0.472 0.099 -0.675 -0.269
ParOc b-path  0.144 0.070  0.001 0.288
c 0.062 0.049 -0.039 0.163
ab -0.068  0.032 -0.130  -0.004
R a-path -0.511 0.079  -0.673 -0.348
STC  b-path  0.231 0.083  0.061 0.400
c 0.112 0.055 -0.001 0.224
ab -0.118  0.041 -0.190  -0.027

Note. L = left hemisphere; R = right hemisphere; AI = anterior insula; IFG = in-
ferior frontal gyrus; pCG = posterior cingulate cortex; ParOc = parieto-occipital
sulcus. ULCI = upper limit of the confidence interval.

is worse when talker variability is high in adults with normal hearing
(e.g. Assmann et al., 1982; Heald and Nusbaum, 2014; Martin et al.,
1989; Mullennix et al., 1989; Nusbaum and Morin, 1992; Nygaard et al.,
1995; Strange et al., 1976; Summerfield, 1981; Wong et al., 2004) and
in those with hearing impairments (Kirk et al., 1997). Here, we show
that talker variability slowed syllable discrimination and made it less
accurate, even though participants were instructed to ignore talkers and
to focus on the phonetic content of the syllables. This finding supports
the notion that during speech perception, in the presence of multiple
talkers, phonetic categorization cannot take place without talker nor-
malization/recalibration -the process by which the listener adapts to
talker-specific acoustic space. In a study by Wong et al. (2004), talker
normalization was associated with increased activity in the STC and
the superior parietal cortex during a word identification task with high
talker variability. In contrast, in the present study, talker variability did
not modulate activity in the superior parietal cortex, but it was associ-
ated with increased activation in the ventral part of the posterior IFG
and dAI bilaterally, and in left IPL including the sulcus of Jensen and
the angular gyrus. Activation in the IFG has been shown to be influ-
enced by selective auditory attention during the processing of voice
and other sounds (Hausfeld et al., 2018), and it interacts with temporal
areas during speech perception (Hausfeld et al., 2018; Mesgarani and
Chang, 2012; Sabri et al., 2008). Interestingly, one study showed that
the left IFG was activated prior to the STG, suggesting an involvement
in top-down processes (Sohoglu et al., 2012). The IFG would make pre-
dictions of the speech input and send them to sensory areas to clarify
speech, especially when speech is degraded. It is thus not surprising that
BOLD response in this region was increased in the high talker variabil-
ity condition in our experiment. Indeed, in the high Talker variability
condition, participants had to ensure that the focus of their attention
was on the phonological information, not on the voice or talker. These
seemingly contrasting findings from those of Wong et al. (2004) may
be related to the vastly different tasks used between studies; an audi-
tory word identification task vs. an auditory syllable discrimination task.
Given the nature of our task (discrimination at the sublexical level), the
regions involved in acoustical analysis were highly active in both the
low and the high talker variability conditions, which could explain the
lack of a difference in the STC. A word identification task does not re-
quire extensive sublexical acoustical analysis, which could explain the
change in activation in this region when a word identification task in-
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Fig. 6. Group X Noise interaction on BOLD
—* "7 signal. A. Corrected whole-brain maps for the
i Group by noise interaction. L = Left hemi-
' sphere. R = Right hemisphere. ATC = anterior
! temporal cortex; IPL = inferior parietal lobule;
. ITC = inferior temporal cortex; STC = supe-
| rior temporal cortex. In the group map, blue
| indicates a reduced BOLD response to noise
5 in older compared to younger adults (bilat-
] eral STC), while yellow indicates a stronger
' BOLD response to noise in older compared to
: younger adults (L IPL, LATC, LITC). These pat-
| terns are decomposed in the boxplots. B. In
i each plot, the y-axis represents the BOLD sig-
E nal in the noise and quiet conditions, displayed
! separately for each group. Asterisks represent
\ asignificant group difference. In the boxplots,
| each point represents one participant. The me-
i dian is represented by a horizontal line across
3 the box. The whiskers range from the minimum
! (Q1 -1.5*interquartile range) and maximum
! (Q3 + 1.5*interquartile range) values. (For in-
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figure legend, the reader is referred to the web version of this article.)

Table 5

terpretation of the references to colour in this

Mediation results for the regions identified through the Group by Noise interaction on BOLD (whole brain analyses).

ROI Path d RT
Coef SE LLCI ULCI Coef SE LLCI ULCI
L a-path —4.475 2.952 -10.567 1.618 -3.690 2.885 -9.644 2.264
STC b-path -0.070 .0257 -0.124 -0.017 0.002 0.003 —-0.004 0.008
c -0.149 0.389 -0.953 0.655 0.077 0.041 —-0.008 0.162
ab 0.315 0.201 -0.028 0.762 -0.007 0.011 -0.034 0.009
L a-path 8.461 4.250 -0.312 17.234 16.562 5.168 5.896 27.228
ATC b-path —-0.006 0.018 —-0.044 0.031 -0.004 0.002 -0.007 —-0.001
c 0.314 0.408 -0.530 1.157 0.077 0.044 -0.015 0.169
ab —-0.054 0.175 -0.393 0.359 -0.061 0.027 -0.113 —-0.008
L a-path 8.284 4.162 -0.307 16.875 9.410 4.545 0.029 18.790
ITC b-path 0.012 0.019 -0.027 0.051 -0.001 0.002 —-0.005 0.004
c 0.230 0.413 -0.623 1.084 0.021 0.051 —-0.084 0.126
ab 0.100 0.172 -0.220 0.480 -0.007 .0233 -0.055 0.039
L a-path 3.152 1.719 -0.396 6.700 4.648 1.708 1.123 8.174
IPL b-path 0.000 0.044 -0.092 0.091 0.001 0.005 -0.010 0.011
c 0.238 0.399 -0.586 1.063 -0.018 0.048 -0.117 0.081
ab —-0.001 0.183 -0.418 0.362 0.003 0.028 -0.036 0.077
R a-path -12.737 4.665 -22.365 -3.110 -13.784 5.128 -24.367 -3.201
STC b-path -0.030 0.021 -0.074 0.014 0.005 0.002 0.001 0.010
c —-0.087 0.556 -1.237 1.063 0.132 0.065 —-0.002 0.266
ab 0.384 0.458 -0.521 1.335 -0.071 0.047 -0.181 -0.003

Note. STC = superior temporal cortex; ATC = anterior temporal cortex; ITC = Left inferior temporal cortex; IPL = inferior parietal lobule. All
significant effects are color-coded (green). LLCI = lower limit of the confidence interval, ULCI = upper limit of the confidence interval. The a-path
represents the effect of Group on BOLD signal (Noise — quiet). A positive a-path here represents an increase in BOLD signal in the noise condition.
The b-path represents the effect of BOLD signal on performance when X is constant (same group). Remember that the dependent variable is also a
contrast (Noise — quiet), and that d’ and RT behave differently. A positive effect means that the difference in d’ between the Noise and the Quiet is
reduced. This is explained by the reduced sensitivity for older adults in the Quiet condition. This is thus a detrimental effect. For RT, a negative effect
means that the difference in RT between the Noise and the Quiet is reduced. The c’-path represents the direct effect of Group on performance when
the mediator (BOLD signal) is constant. The ab-path is the indirect effect (mediation). It represents the effect of Group on performance through its

effect on BOLD signal.

volves multiple talkers. Increased activation in the dAI and IPL suggests
up-regulation within the (ventral) bottom-up attentional system in the
presence of multiple talkers (Corbetta et al., 2008). Even though talker
identity was irrelevant to the task, talker information needed to be pro-
cessed in order for the syllable discrimination to take place, thus there
was an increase in the amount of sensory information to process in the
high talker condition.

Contrary to Sommers et al. (1997), who reported that performance
of older adults in a word recognition task is more strongly affected by
talker variability than that of younger adults, here we found very lim-
ited evidence of an interaction between age and talker variability on
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speech performance. It is possible that our high talker variability condi-
tion was not variable enough for age differences to emerge. Indeed, Som-
mers et al. used 10 different talkers including male and female talkers,
whereas we only had three different talkers and they were all men, such
that it is possible that participants learned the talker spaces throughout
the experiment. An alternative interpretation, given the relatively low
performance level in the present task, is that it was too difficult thus
masking potentially more subtle differences between groups related to
talkers.

Additional studies are needed to determine the extent to which talker
normalization process is maintained throughout the lifespan and its
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Fig. 7. Group by Noise by Talker interaction on the BOLD signal. A. Corrected whole-brain group maps for the 3-way interaction. B. Decomposition of the 3-way
interaction separately for each ROL. In each plot, the y-axis represents the difference in BOLD signal between the noise and quiet conditions (Noise — Quiet), displayed
separately for each group, and for the low and high talker variability conditions. L = Left hemisphere. R = Right hemisphere. Par = parietal cortex; vPoC = ventral
postcentral gyrus and sulcus; CG = cingulate gyrus; PreC = precuneus. Asterisks represent a significant group difference. In the boxplots, each point represents one
participant. The median is represented by a horizontal line across the box. The whiskers range from the minimum (Q1 —1.5*interquartile range) and maximum

(Q3 + 1.5*interquartile range) values.

potential contribution to communication difficulties in older adults. De-
spite the lack of robust age differences in the effect of talker variability,
we did find group differences in the brain response to the high talker
variability condition. In the bilateral STC, we found that lower signal in
this region in older adults was associated with slower RT and lower sen-
sitivity (d”). Moreover, lower cortical thickness in the left STC in older
adults was associated with lower sensitivity. These results are consistent
with the finding by Wong et al. (2004) of an increased role for this re-
gion when speech is produced by multiple talkers, probably reflecting
the processing of talker-related spectral information necessary for talker
normalization.

7.2. Thinner cortex in auditory and speech processing regions is associated
with poorer spin performance in aging

As was expected, age-related decline in cortical thickness, a measure
of the depth of the cortical mantle (Fischl and Dale, 2000; Fischl et al.,
1999a), was diffuse. Importantly, in several speech-related regions such
as the STC, the IFG, PMv and M1v, this decline was associated with
worse SPiN performance in older adults. The supratemporal cortex,
as a whole, is involved in prelexical processing of auditory speech
(Price, 2010). Several models of speech processing assign the bilateral
STG a role in basic, spectrotemporal (i.e., acoustic) analysis of audi-
tory stimuli including speech (Binder et al., 2000; Hickok and Poep-
pel, 2007). A recent study with stroke patients showed that accuracy in
phoneme discrimination correlates with damage to the STG (Kim et al.,
2019). The task that was used in the present study — an auditory sub-
lexical speech discrimination task with three talkers — involved both
acoustical (spectrotemporal) analysis as well as phonetic and phono-
logical processing. In each trial, successful comparison of the two syl-
lables required phonological processing to segment relevant from non-
relevant signals, including voice and phonetic differences, to determine
if the syllables were different. Hence, the finding that lower thickness
affected SPiN performance in this region is not surprising. Importantly,
in our study, decline was not restricted to primary auditory cortices
but extended to much of the bilateral STC including the PT and the
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lateral STG. This finding extends previous reports of abnormal activ-
ity patterns within the auditory cortex in older adults (Presacco et al.,
2016a, 2016b), as well as reports of early abnormal processing in the
STG (Brodbeck et al., 2018; Manan et al., 2017).

Another important finding of the present study is that the structure of
the left PMv was associated with speech perception performance. The
Directions Into Velocities of Articulators (DIVA) model of speech pro-
duction proposes that the PMv, which is part of the dorsal speech stream,
contains speech motor programs (Guenther et al., 2006). Modern ac-
counts of the motor theory of speech perception posit that the speech
motor system generates internal models of the predicted sensory con-
sequences of speech gestures under consideration, and that these pre-
dictions are matched with acoustic representations to constrain percep-
tion (for a review, see e.g. McGettigan and Tremblay, 2018). A recent
model further suggests that interactions between auditory and motor
processes are pervasive and occur at acoustical and phonological pro-
cessing levels (Liebenthal and Mottonen, 2017). The finding that lower
thickness in the left PMv, which could reflect less specific or less dis-
tinct speech representations, is associated with lower sensitivity is con-
sistent with the notion of a role for this region in speech perception
(e.g. D’Ausilio et al., 2009; Grabski et al., 2013; Meister et al., 2007; Sato
et al., 2009; Watkins and Paus, 2004; Watkins et al., 2003; Wilson et al.,
2004).

7.3. SPiN performance in aging and bold signal in the temporal lobe

Age differences in the effect of Noise on the BOLD signal were limited
to the bilateral temporal lobes and in the left IPL. Specifically, exami-
nation of the patterns of BOLD response in these regions, controlling for
cortical thickness, shows that, in the bilateral STC, the BOLD response
was overall lower for older adults compared to the younger ones, and
that it decreased with noise, while in younger adults, the signal was sta-
ble across noise conditions. In the right STC, this pattern of activity was
associated with worse (slower) performance. In the other regions, older
adults showed increased activation from the Quiet to the Noise con-
dition, which was not found in younger adults. This pattern was only
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associated to speech performance in the left anterior temporal lobe (L
ATC), where it was associated with worse (slower) performance. Hence,
in the present study, we found no evidence of neural compensation, op-
erationalized as a difference in the pattern of brain response in older
compared to younger adults that is associated with a positive outcome
for older adults. This kind of difference can take the form of a similar
performance level for younger and older adults at the group level, or it
can be reflected as a positive outcome at the subject level when those ex-
hibiting such pattern show better performance compared to those who
do not (Cabeza et al., 2002; Grady, 2012). We found no such patterns
in the present study.

Whether SPiN comprehension in older adults engage compensatory-
like mechanisms is unclear. Indeed, the patterns of BOLD-behaviour re-
lationship during SPiN comprehension are heterogeneous in the liter-
ature. Wong et al. have reported compensation-like activity during a
picture-word matching task performed in the presence of noise in the
right MTG and in the right frontal lobe, in an area encompassing the
MFG and the precentral gyrus (Wong et al., 2009a). In a more recent
study, Du et al. found increased activation in the left the IFG pars oper-
cularis and in the left precentral gyrus that was associated with better
SPiN performance (Du et al., 2016). Others have found reduced benefi-
cial activity in the cingulo-opercular network (Vaden et al., 2015) and
in the left dAI during SPiN tasks (Bilodeau-Mercure et al., 2015). Manan
et al. also failed to find evidence of compensation during a word rep-
etition in noise task (Manan et al., 2015). Similarly, a recent study of
suprasegmental speech processing did not report compensatory-like ac-
tivity in older adults (Keller et al., 2019). In that study, an increased in
the recruitment of right-hemisphere regions was found (i.e., a reduced
left lateralization) but it was not associated with better performance.
Taken together, these results, past and present, suggest that individu-
als may approach SPiN tasks differently. Some compensate, some do
not. But even in those who compensate, the literature shows no robust
pattern across studies. This suggests that individuals may compensate
through different mechanisms, possibly as a reflection of the resources
at their disposal; a hypothesis that will require further investigation.
Another possibility is that differences across studies are related to the
heterogeneous nature of the SPiN tasks used in the literature, which
engage partly distinct processes (acoustical, phonological, lexical, at-
tention, working memory). These two possibilities need to be addressed
simultaneously, by assessing SPiN capabilities with multiple SPiN tasks
involving different levels of processing to shed light on the capacity for
the brain to maintain SPiN performance by engaging additional neural
resources.

7.4. Decline in executive network also influences performance

Our results show that the structure of the cingulate gyrus declines
with age, consistent with prior studies (Good et al., 2001; Mann et al.,
2011; Resnick et al., 2003). Importantly, a relationship between the
structure of the anterior (aCC) and posterior cingulate cortex (pCC) and
speech performance in aging was found. The pCC is a central node of
the default mode network (DMN) (Buckner et al., 2008), a set of regions
that are more active during at rest than during tasks (Raichle et al.,
2001). There is also evidence suggesting that the pCC is involved in
regulating the focus of attention (e.g., Leech et al., 2011; Leech and
Sharp, 2014). The aCC is believed to be involved in signaling conflicts
in information processing to trigger compensatory adjustments in cog-
nitive control (Botvinick et al., 2004). The implication of cognitive con-
trol networks in our challenging speech discrimination task is thus un-
surprising and is consistent with a number of prior studies. For exam-
ple, Liebenthal and colleagues reported activation in the aCC and pCC
task during a speech discrimination task (Liebenthal et al., 2005). Har-
ris et al. reported age-related changes in dACC activation in the form
of an increase in activation in older adults as compared to young adults
in a word recognition task; this change was not related to performance,
but it was suggestive of an upregulation of error monitoring in older
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adults (Harris et al., 2009). More recently, we found compensatory-like
activation in the right pCC in older adults during a sublexical speech
production task, suggesting that allocation of more cognitive resources,
such as increased focused attention, was contributing to maintaining
articulation in older age during demanding tasks in a general manner
(not speech specific) (Tremblay et al., 2017). The present finding that
thinner cortex in the cingulate cortex was associated with worse sensi-
tivity in older adults suggests a contribution of general cognitive control
networks to SPiN performance. Together, these results demonstrate that
age differences in the structure and functioning of executive networks
is a contributing factor to SPiN performance decline in aging.

8. Conclusions

Listening to speech, especially in a noisy environment, can be a
daunting task, especially for older adults. Speech is a fast, continuous
and intrinsically noisy signal that varies enormously in its acoustical
realization from one talker to another. Successful speech perception re-
quires extensive acoustical and phonological analyses to decode the in-
coming signal, normalize it to talkers’ characteristics, and ultimately
comprehend its meaning. The cause of the well-known age-related de-
cline in speech perception in noise is not clear. The current study demon-
strates that sensitivity to speech sounds declines with age, especially in
the presence of background noise. Talker variability, in contrast, did
not affect the performance of older adults more strongly than that of
younger adults, suggesting preserved (at least to some extent) talker nor-
malization capabilities. Further, we show evidence of detrimental effects
of cortical thinning in auditory, speech processing and executive control
on speech perception performance. Finally, our results show relatively
circumscribed regions of the temporal cortex in which downregulation
was associated with worse speech performance in older adults after con-
trolling for cortical thickness, suggesting that disruptions within audi-
tory or speech processing can be harmful to speech perception in the
elderly. Together, these results suggest that diffuse underlying dysfunc-
tions, mostly structural, could be causing age-related SPiN performance
decline. Further studies need to address the issue of the heterogeneity
in the brain response to adverse listening conditions, to understand why
some individuals can set off neural compensations, and others seemingly
cannot. This information is critical for the development of rehabilitation
interventions to enhance SPiN performance in the elderly, and, in turn,
their quality of life, allowing them to actively participate in their com-
munities for more years.
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