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Abstract Speech perception difficulties are common

among elderlies; yet the underlying neural mechanisms are

still poorly understood. New empirical evidence suggesting

that brain senescence may be an important contributor to

these difficulties has challenged the traditional view that

peripheral hearing loss was the main factor in the etiology

of these difficulties. Here, we investigated the relationship

between structural and functional brain senescence and

speech perception skills in aging. Following audiometric

evaluations, participants underwent MRI while performing

a speech perception task at different intelligibility levels. As

expected, with age speech perception declined, even after

controlling for hearing sensitivity using an audiological

measure (pure tone averages), and a bioacoustical measure

(DPOAEs recordings). Our results reveal that the core

speech network, centered on the supratemporal cortex and

ventral motor areas bilaterally, decreased in spatial extent in

older adults. Importantly, our results also show that speech

skills in aging are affected by changes in cortical thickness

and in brain functioning. Age-independent intelligibility

effects were found in several motor and premotor areas,

including the left ventral premotor cortex and the right

supplementary motor area (SMA). Age-dependent intelli-

gibility effects were also found, mainly in sensorimotor

cortical areas, and in the left dorsal anterior insula. In this

region, changes in BOLD signal modulated the relationship

between age and speech perception skills suggesting a role

for this region in maintaining speech perception in older

ages. These results provide important new insights into the

neurobiology of speech perception in aging.
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Functional magnetic resonance imaging · Brain
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Introduction

Understanding how the brain ages and the effects that brain

aging have on the ability to communicate are major chal-

lenges in cognitive neurosciences. Indeed, communication

difficulties are considered to be of greatest importance by

elderlies (Jacobs-Condit 1984; Yorkston et al. 2010).

Among the communication difficulties experienced by this

population, a highly prevalent and disabling problem is a

decline in the ability to comprehend speech in background

noise, for example, in the presence of multiple simulta-

neous talkers (Frisina and Frisina 1997; Plath 1991; Cooper

and Gates 1991; Helfer and Wilber 1990; Strouse et al.

1998). Presbycusis, the aging of the auditory system,
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characterized notably by a loss of sensitivity to high fre-

quency sounds, which affects approximately 20–40 % of

adults over 65 years (Gates and Mills 2005; Ries 1994) is

known to reduce speech perception skills (Gates and Mills

2005; Ries 1994). However, empirical evidence demon-

strates that speech perception decline can occur in the

absence of presbycusis (Frisina and Frisina 1997; Humes

et al. 2006; Helfer and Vargo 2009; Gordon-Salant and

Fitzgibbons 2001; Helfer and Wilber 1990) and may be

related instead to brain senescence (Wong et al. 2009;

Sheppard et al. 2011; Wong et al. 2010; Hayes 1981).

However, the specific neurobiological mechanisms under-

lying these difficulties remain unclear.

Interest in understanding the macro-structural and

functional neurobiological causes of cognitive and behav-

ioral aging is growing. A number of recent studies have

examined the neurobiological underpinning of cognitive

aging and begun to demonstrate that changes in the struc-

ture (e.g., Fjell and Walhovd 2010; Head et al. 2008;

Walhovd et al. 2010; Westlye et al. 2011), functioning (e.

g., Roski et al. 2013; Burianova et al. 2013; Campbell et al.

2012; Spaniol and Grady 2012) and connectivity (Camp-

bell et al. 2012; Grady et al. 2010; Sambataro et al. 2010)

of specific brain regions play a part in the cognitive/

behavioral decline that is associated with normal aging.

Few studies, however, have focused on language and

specifically on the perception of language in normal aging.

Nevertheless, using functional MRI, it has been shown that

network efficiency in the supratemporal cortex during

speech perception decreases as a function of age (Sheppard

et al. 2011), suggesting a potential mechanism for the

observed decrease in perception accuracy. Several different

patterns of age-related differences in the blood-oxygen-

level-dependent (BOLD) signal as a function of speech

intelligibility have also been found in several areas

including the anterior cingulate gyrus, middle frontal gyrus

and supratemporal cortex during an auditory word–picture

matching task (Wong et al. 2008, 2009). Despite their

importance, unimodal aging studies only provide a limited

account of cognitive aging. A recent fMRI study found

significant age-related structural decline in multiple brain

areas involved in perceiving and producing speech, con-

comitant with regional changes in BOLD signal magnitude

in multiple areas involved in processing and producing

speech, including the ventral premotor cortex (PMv) and

the supratemporal cortex (Tremblay et al. 2013). Multiple

mediation analyses showed age-related regional BOLD

signal changes during speech perception in the left PMv

that were mediated by structural decline. However, BOLD

signal changes in other regions (e.g., superior frontal gyrus)

were independent from structural changes. These results

reveal the complex and regionally heterogeneous rela-

tionship of brain structure and function. This complex

relationship was also shown in a recent study of aging and

language functions, which showed that gray matter density,

which declines with age, is negatively associated with

increased functional connectivity but overall decreased

network efficiency (Meunier et al. 2014). In that study,

increased functional connectivity was also negatively

associated with performance (syntactic sensitivity). In a

recent study on semantic processing, young and older

adults were asked to judge whether two printed object

names matched on a particular feature (Peelle et al. 2013).

Older adults who performed well on the task showed

increased overall activity in bilateral premotor cortex and

left lateral occipital cortex compared to young adults, and

increased activity in these brain regions relative to poorer

performing older adults who also showed gray matter

atrophy in premotor cortex, further demonstrating a role for

both macro-structural and macro-functional factors in

aging of speech and language functions.

The goal of the present study was to further characterize

the neural mechanisms that underlie speech perception

decline in aging, focusing on structural and functional neural

decline. An innovative analysis framework combining

voxel-wise and region-of-interest serial mediation analyses

was developed to address the question of the complex

interplay between structural brain decline, functional brain

changes and speech perception accuracy. Our results reveal

that speech skills in aging are affected both by changes in

brain structure (cortical thickness) and in brain functioning

(change in BOLD signal). One of the most intriguing find-

ings of this study is the relative dissociation between

functional and structural aging thatwe found,which suggests

that decline in speech perception is independently mediated

by both structural and functional brain aging.

Methods

Participants

The study comprised a total of twenty-two subjects, which

were divided into two groups. The young adult group was

comprised of eleven healthy right-handed, as assessed by

the Edinburgh Handedness Inventory (Oldfield 1971),

native speakers of Canadian French (mean age 25.7 ± 3.9

SD; range 21–32 years; 7 females), with a mean (±SD) of

17.45 ± 2 years of education (range 15–21). The older

adult group was comprised of eleven healthy right-handed

native speakers of Canadian French (mean age 68 ± 4.6;

range 61–74 years; 7 females), with a mean of

17.6 ± 2 years of education. Participants in both groups

had normal or corrected-to-normal vision and no self-

reported history of speech, voice, language, psychological,

neurological or neurodegenerative disorder. Participants
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were screened for depression using the Geriatric Depres-

sion Scale (Yesavage et al. 1982) and their cognitive

functioning was evaluated using the Montreal Cogni-

tive Assessment scale (MOCA) (Nasreddine et al. 2003).

Participants’ characteristics are reported in Table 1. The

study was approved by the Institutional Ethical Commit-

tee of the “Institut Universitaire en Santé Mentale de

Québec”.

Audiological assessment

Audiometric evaluations consisted of three parts: (1) pure

tone audiometry, (2) speech recognition threshold, and (3)

distortion product otoacoustic emissions recording (DPO-

AEs). (1) Pure tone audiometry was performed using a

clinical audiometer (AC40, Interacoustic) for each ear

separately, for the following frequencies: 0.25, 0.5, 1, 2, 3,

4, 6, 8, 12 and 16 kHz. For each participant, a standard pure

tone average (PTA: average of threshold at 0.5, 1 and

2 kHz) was computed for the left and right ear. PTAs are

classically used in clinical settings as a measure of hearing

loss for speech because most speech sounds fall within this

range (Stach 2010). (2) For speech recognition threshold

(SRT), the percentage of monosyllabic words correctly

identified at 40 dB over hearing threshold was evaluated

using an AC40 audiometer. The percentage of correct

answers was then calculated for each intensity level,

beginning with 40 dB over hearing threshold with imple-

mentations of 5 dB. (3) DPOAEs provide an objective

measure of cochlear outer hair cell function through the

measurement of cochlear acoustic emissions. DPOAEs

(2f1 − f2, primary tone pressures P1 = 65 dB SPL and

P2 = 55 dB SPL, pass signal-to-noise ratio = 6 dB) were

elicited and recorded with a clinical otoacoustic emissions

detector (Otoread 7.67, Interacoustic) with a miniature

microphone inserted into the ear canal of the subject using

a silicon ear tip insuring an optimal seal. DPOAEs were

measured in two sessions for each ear separately: a low

frequency session (f2 frequency: 1.5, 2, 3, 4, 5 and 6 kHz;

duration of 2 s in average), followed by a high frequency

session (f2 frequency: 2, 4, 6, 8, 10 and 12 kHz).

Stimuli

The stimuli for the fMRI experiment were meaningless

sequences of French syllables. A total of 81 sequences

were created from combinations of 27 different simple

French syllables (/pa/, /pe/, /py/, /ma/, /me/, /my/, /sa/, /se/,

/sy/, /a/, /e/, /u/, /ka/, /ke/, /ky/, /la/, /le/, /lu/, /ʒa/, /ʒe/, /ʒu/,
/da/, /de/, /du/, /va/, /ve/, /vu/). None of the sequence was

repeated. Each sequence was produced by a native male

French speaker from Québec City in a sound-attenuated

booth and recorded (sampling rate = 44 kHz) using a

unidirectional microphone (Rode, NT2-A) connected to a

professional amplifier (Edirol, U-25EX). The sound files

were saved directly to disk using Sound Studio 3.5.4 (Felt

Tip Software), edited offline using Wave Pad Sound Editor

4.53 (NHC Software) to have a duration of 1,200 ms, and

normalized for root mean square (RMS) intensity. Intelli-

gibility was manipulated by adding white noise to the

sequences to reach a dB signal–noise ratio (SNR) of either

20 (mid) or −5 (low intelligibility) according to the fol-

lowing formula: dB SNR = 10log10 (Pressuresignal/

Pressurenoise), following the procedure developed by Wong

et al. (2008). 27 sequences contained no noise (high

intelligibility), 27 had an dB SNR of 20 (mid intelligibility)

and 27 sequences had a dB SNR of −5 (low intelligibility).

Procedures

During the fMRI session, subjects listened to and repeated

as quickly as possible meaningless sequences of three

French syllables presented at three different intelligibility

levels (high, mid, low). A resting condition (crosshair fix-

ation) was also included as a baseline condition and

interleaved with experimental trials; the order of the con-

ditions and the number of rest trials were optimized using

Optseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/). All

stimuli were presented during the delay in acquisition (see

MRI acquisition section below) using Presentation Soft-

ware (Neurobehavioral System, CA, USA) through high-

quality MRI-compatible stereo electrostatic earplugs

(Nordic Neurolab, Norway), which provide 30 dB of sound

Table 1 Participants characteristics by age group

Feature Young adults (N = 11) Older adults (N = 11)

Minimum Maximum Mean SD Minimum Maximum Mean SD

Age 21.00 32.00 25.73 3.88 61.00 74.00 68.00 4.56

Education 15.00 21.00 17.45 2.02 11.00 33.00 17.55 5.73

Handedness 18.00 20.00 19.27 0.90 19.00 20.00 19.82 0.40

MOCA 27.00 30.00 29.18 1.08 26.00 29.00 27.18 1.08

Depression scale 0.00 6.00 2.27 2.24 0.00 5.00 1.00 1.79
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attenuation. Subjects’ verbal responses were recorded

using a high-quality MRI-compatible optical omni-direc-

tional microphone (MO-2000, Sennheiser) with frequency

response of 20–40 kHz and a maximal intensity of 134 dB

SPL.

Acoustical and behavioral data analysis

All acoustic analyses were performed using Praat software

(Boersma and Weenink 2011). A semi-automatic proce-

dure was first devised for segmenting participants’

recorded utterances. For each participant, the procedure

involved the automatic segmentation of each syllable based

on an intensity and duration algorithm detection. Based on

minimal duration and low intensity energy parameters, the

algorithm automatically identified pauses between each

syllable and set the syllable’s boundaries on that basis. If

necessary, these boundaries were hand-corrected, based on

waveform and spectrogram analysis. A research assistant

naive to the purpose of the study listened to the voice

recordings, transcribed the responses and calculated the

number of errors (mispronounced or missing syllables). A

second research assistant validated the transcriptions. For

each participant and each condition, the mean reaction time

(RT) and duration were then computed. For each dependent

measure (accuracy, RT and duration), an ANCOVA was

performed with age group as the between-subject factor

(young, older), Intelligibility (high, mid, low) as the

within-subject factor (left, right) and PTA, DPOAEs and

Sex as covariates. Whenever needed, post hoc comparisons

were conducted. All such comparisons were non-

directional.

MR image acquisition

The data were acquired on a whole-body Philips 3.0 Tesla

Achieva TX at the Clinic IRM Québec-Mailloux in Québec

City. Throughout the procedure, each participant’s head

was immobilized using a set of cushions and pads. Struc-

tural MR images were acquired with 3D T1-weighted

MPRAGE sequence (TR = 8.2 ms, TE = 3.7 ms,

FoV = 250 mm, flip angle = 8°, 256 9 256 matrix, 180

slices/volume, slice thickness = 1 mm, no gap). Single-

shot EPI BOLD functional images were acquired using

parallel imaging. Each functional EPI run began with six

dummy scans to allow the magnetization to stabilize to a

steady state. One hundred and eight functional images were

acquired in a single run for this experiment in ~10 min (40

interleaved slices (3 mm isotropic, no gap); SENSE = 2;

TR = 6,000 ms; acquisition time = 2,140 ms, TE = 30 ms;

FOV = 240 9 240 mm; 80 9 80 matrix; Flip angle: 90).

With these parameters, the cerebellum was only partially

covered for most participants. To reduce the noise during

auditory stimuli presentation, to mitigate motion concerns,

and to record verbal responses, a sparse sampling parallel

acquisition technique (Gracco et al. 2005; Edmister et al.

1999; Eden et al. 1999; Hall et al. 1999) was used, which

involves periods of 3,800 ms of silence (MRI gradients

turned off) interleaved with periods of data acquisition

(2,140 ms). The acquisition protocol is illustrated in Fig. 1.

MR image analysis

Pre-processing

All time series were spatially registered, motion-corrected,

time-shifted, de-spiked and mean-normalized using AFNI

(Cox 1996). All time points occurring during excessive

motion, defined as[1 mm, were excluded from the anal-

yses (Johnstone et al. 2006). Separate regressors for each

intelligibility level (high, mid, low) were created for each

participant; additional regressors were the mean, linear,

and quadratic trend components, and the 6 motion

parameters (x, y, z and roll, pitch and yaw). A linear least

Fig. 1 Illustration of the sparse

sampling MRI data acquisition

protocol that was used in the

present study, and experimental

paradigm
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squares model was used to establish a fit to each time point

of the hemodynamic response function for each condition.

Event-related signals were deconvolved by linear interpo-

lation, beginning at 2 s post-stimulus onset and continuing

at 6-s intervals for 18 s, using AFNI’s tent function (i.e., a

piecewise linear spline model). This resulted in regression

weights (beta values) indexing percent signal change at

each 6-s interval. All analyses focused on the beta values

for the first 6 s post-stimulus onset time lag. The Freesurfer

software package (Dale et al. 1999; Fischl et al. 1999,

2004) was used to create surface representations of each

participant’s anatomy by inflating each hemisphere of the

anatomical volumes to a surface representation and align-

ing it to a template of average curvature. This method uses

both intensity and continuity information from the entire

three dimensional MR volume in segmentation and defor-

mation procedures to produce representations of cortical

thickness (CT), 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 maps were created using spatial intensity gradients

across tissue classes and are therefore not simply reliant on

absolute signal intensity. The maps produced are not

restricted to the voxel resolution of the original data and

are thus capable of detecting submillimeter differences

between groups. Procedures for the measurement of CT

have been validated against histological analysis (Rosas

et al. 2002) and manual measurements (Kuperberg et al.

2003; Salat et al. 2004). Freesurfer morphometric proce-

dures have been demonstrated to show good test–retest

reliability across scanner manufacturers and across field

strengths (Han et al. 2006). SUMA (AFNI Surface Mapper)

was then used to import the surface representations into the

AFNI 3D space and to project the functional data from the

3-dimensional volumes onto the 2-dimensional surfaces.

The thickness maps were also exported to SUMA. Data

were smoothed on the surface to achieve a target smooth-

ing value of 6 mm using a Gaussian full width half

maximum (FWHM) filter. Smoothing on the surface as

opposed to smoothing on the volume ensures that white

matter values are not included, and that functional data

situated in anatomically distant locations on the cortical

surface are not averaged across sulci (Argall et al. 2006;

Desai et al. 2005).

Whole-brain thickness analysis

This analysis identified all cortical nodes that exhibited an

age effect on CT using two-tailed t tests for two indepen-

dent samples (AFNI 3dttest program). Two covariates were

included in the model: right ear PTA and right ear DPO-

AEs. Since left and right ear PTA values were highly

correlated (r = 0.852, p ≤ 0.0001), and to avoid overfitting

the data, only the right ear PTA was entered in the model.

For the DPOAEs, again left and right ear values were

highly correlated (r = 0.7, p = 0.0003). The variable that

was entered in the model was the DP amplitude at 5 kHz

for the right ear, which maximally differed between

groups. All hearing covariates (PTA and DPOAEs) were

mean centered across groups. The Monte Carlo simulation

procedure implemented in Freesurfer, which takes into

account the level of smoothing in the data, was used to

identify significant clusters of age vulnerable vertices, with

an individual vertex threshold of p\ 0.05, corrected for

multiple comparisons to achieve a family-wise error

(FWE) rate of p\ 0.05 (clusters ≥ 461 vertices).

Whole-brain BOLD analysis

To examine the core network for speech repetition across

intelligibility levels, an intersection map was first com-

puted for each subject (High ∩ Mid ∩ Low intelligibility

levels) (Nichols et al. 2005), which reveals regions

involved in perceiving and producing sequences of sylla-

bles independent of intelligibility level. All significantly

active vertices (p = 0.05) for each of the three conditions

were included in the subject final map. Separate group

maps were generated for the young adults, the older adults

and for all 22 subjects. The reliability of the core speech

perception network was investigated by computing a map

representing the number of subject showing significant

activity for each voxel. This was done separately for the

young and older adults as well as for the entire group. In

addition, for each subject, the total number of active voxels

for each hemisphere was calculated and entered into a

repeated measure ANCOVA with Age as the between-

subject factor, Hemisphere as the within-subject factor

(left, right) and PTA, DPOAEs and Sex as covariates. To

ensure that the statistical threshold that we used to

threshold the individual conjunction maps did not have an

undue influence on the output of this analysis, we repeated

it at four different significance levels (0.1, 0.05, 0.01 and

0.005).

Next, an ANCOVA (AFNI 3dMVM program) with

repeated measurements on Intelligibility level was com-

puted across the whole brain. Age group (young, older) was

used as the between-subject factor, and the covariates were

the right ear PTA and right ear DPOAEs. This analysis

identified all cortical nodes exhibiting a main effect of Age

(young, older), a main effect of Intelligibility (high, mid,

low), and an Age by Intelligibility interaction in the BOLD

signal. The Monte Carlo simulation procedure imple-

mented in Freesurfer was used to identify significant

clusters of activated vertices, with an individual vertex

threshold of p\ 0.05, corrected for multiple comparisons

to achieve a FWE rate of p\0.01 (clusters ≥ 237 vertices).

Brain Struct Funct

123



Finally, to examine potential overlap between structural

and functional brain aging, we computed the intersection

map (Nichols et al. 2005) of (1) Age effects on thickness,

(2) Age effects on BOLD, and (3) Age by Intelligibility

interaction on BOLD.

ROI-based mediation analyses

Three separate analyses of regions of interests (ROI) were

conducted based on the results of the whole-brain thickness

and BOLD analyses (for the main Intelligibility effect and

for the Intelligibility by Group interaction). For all ROIs

identified through either one of these analyses, the CT

value of each subject as well as the percent BOLD signal

change for each intelligibility condition (high, mid, low)

was extracted and entered into a serial mediation analysis

to examine whether age-related changes in performance

were mediated by regional thickness and BOLD signal.

The mediation analyses were conducted using the PRO-

CESS macro (model #6) for SPSS (http://www.afhayes.

com/) (Preacher and Hayes 2004; Preacher and Hayes

2008b; Hayes 2013). Mediation analyses allow researchers

to examine the mechanisms by which one variable affects

another (Baron and Kenny 1986; Shrout and Bolger 2002;

Preacher and Hayes 2008a, 2004; MacKinnon et al. 2007).

These analyses thus provide a powerful analytical frame-

work for testing predictions about mechanisms to explain

age effects. Serial multiple mediation analyses estimate the

path coefficients in a multiple mediator model and generate

bootstrap confidence intervals for total and specific indirect

effects of X on Y through multiple mediator variables (M)

that are assumed to causally influence another (in the sta-

tistical sense). The model that was used is illustrated in

Supplementary Fig. 1. In this serial mediation model, the

dependent (y) variable was the errors in the low intelligi-

bility condition (since it displayed the greatest age effects,

even after controlling for hearing sensitivity differences),

while the independent (x) variable was the categorical

variable Age (young, older). Three covariates (right ear

PTA, right ear DPOAEs (5 kHz), and sex) were included in

both the mediator (M) and the dependent variable (Y)
models. CT was used as the first mediator (M1). Weighted

combinations of the BOLD signal were used as second

mediators. Three different BOLD signal combinations

were computed to account for the variety of BOLD signal

patterns found across ROIs rather than assuming a unique

pattern. The first model was linear, which tested for a linear

change in BOLD signal as a function of intelligibility

levels. The second model (non-linear 1) was a quadratic

model, in which the mid intelligibility condition was

assumed to be significantly different from the other two

levels. The third model (non-linear 2) tested for the situa-

tion in which BOLD signal for the high and mid

intelligibility levels differed from the low intelligibility

level. This analysis allowed us to test several hypotheses:

(1) higher CT is associated with better performance, (2)

lower CT modulates BOLD signal, which in turn modu-

lates behavior, (3) BOLD signal modulates performance.

For each ROI, a linear regression was used to test for a

direct effect of age on thickness andBOLD (the a paths in the
model). A linear regression was also conducted to test for an

effect of thickness on BOLD signal (the d paths). Next, a

series ofmultiple regressionswere conducted, each including

one of themediators to examine (1)whether therewas a direct

effect of age on performance after removing the effect of

thickness and BOLD (the c´ path), and (2) whether there was
an indirect effect of age on performance signal through

thickness (ab paths), through BOLD (ab paths), or through

thickness and BOLD (the adb paths). A bootstrapping

approach was used to test for the significance of the indirect

effects (Shrout and Bolger 2002) (p\0.05, using bias-cor-

rected bootstrapping with 10,000 samples). Bootstrapping

involves the repeated extraction of samples, with replace-

ment, from a dataset and the estimation of the indirect effect

in each resampled data set.

Results

Hearing assessment

The complete results of the pure tone audiometry, including

high frequencies audiometry, are plotted in Fig. 2a. As shown

in Fig. 2b, examination of hearing sensitivity across groups,

as measured by PTA (pure tone thresholds averaged across

500, 1,000 and2,000Hz), revealed significant between-group

differences in both the right (t(20) = −4.23, p ≤ 0.001, bilat-
eral) and the left ear (t(20)= −5.05, p ≤ 0.001, bilateral), with
the older group exhibiting higher thresholds than the young.

As shown in Fig. 2c, speech reception thresholds were also

significantly higher in older adults (t(20) = −3.66, p = 0.002,

bilateral). Figure 3 summarizes the results for the analysis of

the DPOAEs. The largest group difference was found at

5 kHz (right ear: t(20) = 4.18, p ≤ 0.001, bilateral; left ear:
t(20)= 7.55, p ≤ 0.001, bilateral). The left and right PTAwere

highly correlated (r= 0.85), and so toowere the left and right

DPOAEs (r = 0.73).

Therefore, in all subsequent data analyses (including

behavioral and fMRI data), hearing measures were used as

covariates in analyses of covariance (ANCOVAs) to con-

trol for peripheral hearing sensitivity differences across

groups. We chose to use two complementary measures to

control for age-related hearing differences: an audiological

measure (the PTA), and a bioacoustical measure (DPOAEs

recordings) at 5 kHz. PTA was used as a covariate because

it is a clinically meaningful measure of hearing loss for
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speech. Indeed, most speech sounds fall within this

range (500, 1000, 2000 Hz). PTA differed significantly

across groups. However, a limit of PTA is that it is a self-

reported measure. Therefore, we also included a measure

of otoacoustic emissions (DPOAEs), which are purely

physiological response which measure the functioning of

the cochlear micro-mechanics, and do not require an active

answer from the subject. Using these two complementary

hearing measures as covariates in all of our analyses

allowed us to control, at least to some extent, for between-

group hearing differences. Since the SRT correlated with

PTA measures (right ear: r = 0.62; left ear: r = 0.52), we

did not include it in our models. We used ANCOVAs

because they provide a means of adjusting for sample

differences on the covariate and provide an unbiased esti-

mate of the population difference in means on the

dependent variable. Though we cannot claim of having

controlled for all possible hearing differences between our

groups, we controlled for peripheral hearing sensitivity as

measured by PTA and DPOAEs at 5 kHz.

Behavioral data

As shown in Fig. 4, the main age-related difference at the

behavioral level was a decrease in accuracy for older

compared to younger adults. A repeated measure

ANCOVA conducted on the number of syllables incor-

rectly produced with repeated measurements on

Intelligibility (high, mid, low) and with PTA, DPOAEs and

Sex as covariates revealed a main effect of Intelligibility

(F(2,34) = 18.83, p ≤ 0.001), an Age by Intelligibility

interaction (F(2,34) = 4.54, p = 0.018) and no main effect of

Age (F(1,17) = 2.14, p = 0.160). The effect of Age on

accuracy was maximal in the low intelligibility condition,

with the young adults mispronouncing (mean ± SD)

46.25 ± 8.63 % of the syllables, and older adults

68.47 ± 11.8 % of the syllables (t(20) = −5.03, p ≤ 0.001,

bilateral). Hence, the effect of Age was still present in the

behavioral data, even after controlling for the effect of PTA

(F(2,34) = 10.03, p ≤ 0.001), and DPOAE (F(2,34) = 0.91,

p = 0.41).

For response duration, a repeated measure ANCOVA

with repeated measurements on Intelligibility, and with

PTA and Sex as covariates, revealed no main effect of

Fig. 2 a Pure tone audiometry results for the young and older adults.

b Pure tone averages (in dB) for the young (blue bars) and older

adults (orange bars) provided separately for the left and right ear.

c Speech reception thresholds (in dB) for the young (blue bars) and
older adults (orange bars)

Fig. 3 Distortion product otoacoustic emissions (DPOAEs) for the

young (blue line) and older adults (orange line), for the right ear (top
row) and left ear (bottom row). Error bars represent the standard error

of the mean

Fig. 4 Line graphs illustrating the percentage of mispronounced

syllables for each group at each intelligibility level (High, Mid, Low)

Brain Struct Funct

123



Intelligibility (F(2,36) = 0.35, p = 0.700), no main effect of

Age (F(1,18) = 0.025, p = 0.975), and no interaction

(F(2,36) = 0.09, p = 0.771). For RT, a repeated measure

ANCOVA with repeated measurements on Intelligibility

and with PTA and Sex as covariates revealed no main

effect of Intelligibility (F(2,36) = 0.77, p = 0.471), no main

effect of Age (F(1,18) = 1.18, p = 0.292), and no interaction

(F(2,36) = 1.18, p = 0.322). Taken together, these findings

demonstrate that compared to younger adults, older adults

are less accurate but not slower in repeating speech sounds.

Imaging data

Whole-brain thickness analyses

First, we identified voxels that showed an age-related dif-

ference in surface-based CT controlling for hearing

sensitivity (PTA, DPOAEs). As shown in Fig. 5, this ana-

lysis revealed several spatially focused cortical areas

distributed across the two hemispheres, including the right

medial prefrontal cortices and right supramarginal gyrus

(SMG), left ventral primary motor area, and premotor areas.

A list of all age vulnerable regions is presented in Table 2.

Whole-brain BOLD analyses

For the analysis of the BOLD signal, we first examined the

core network for listening to and repeating syllable

sequences, within and across age groups. The results of

these analyses are shown in Fig. 6. As seen in Fig. 6a, this

core speech network was bilateral and centered around the

primary auditory area in the transverse temporal gyrus and

sulcus and on the primary motor area in the ventral central

sulcus. At an individual significance level of p = 0.05, the

ANCOVA conducted on the number of active voxels, with

factors Hemisphere and Age, and using sex, PTA and

DPOAEs as covariates, revealed that this network was

significantly more widespread for young than older adults

(F(1,16) = 7.11, p = 0.017). There was no effect of

Hemisphere (F(1,16) = 0.30, p = 0.592) and no interaction

between Age and Hemisphere (F(1,16) = 0.18, p = 0.678).

As mentioned in the method section, this analysis was

repeated at three other individual significance levels

(p = 0.10, 0.05, 0.01 and 0.005). The findings were iden-

tical across all four analyses. Given the robustness of this

finding, a mediation analysis was conducted on the number

of speech repetition errors in the low intelligibility condi-

tion (controlling for hearing sensitivity and sex) with

activation spread as the mediator variable. This analysis

revealed that spatial extent in the left hemisphere had a

negative inverse effect on repetition error rate. Results

show that age was negatively associated with the number

of activated voxels (a2 = −8,032.9), while spatial extent

was positively associated with the number of errors

(b1 = 0.0017), leading to a significant negative indirect

effect of age on error rate through spatial extent in the left

hemisphere (a2b1 = −13.49, SE 10.22, CI = −32.18 to

−3.27). There was no evidence that age influenced error

rate independent of its effect on BOLD (c´ = 17.32, SE 9.5,

p = 0.089), indicative of a complete mediation. In the right

hemisphere, no direct or indirect effect of spatial extent

was found.

Next, we examined regions that were sensitive to

Intelligibility, as well as those who showed an interaction

between Age and Intelligibility interaction using a voxel-

wise ANCOVA controlling for hearing sensitivity (PTA,

DPOAEs). As shown in Fig. 7, regions sensitive to intel-

ligibility were largely left lateralized and circumscribed to

the ventral premotor and ventral primary motor areas of the

frontal lobe. Figure 8 shows the regions whose sensitivity

to intelligibility varied as a function of age (i.e., Age by

Intelligibility interaction). This included the left dorsal

anterior superior insula, the right SMA, the right dorsal

primary motor area (M1d), and right dorsal somatosensory

cortex in the posterior dorsal part of the postcentral gyrus

and sulcus. Activation was also found more caudally in the

parietal lobe, including in the posterior intraparietal sulcus

and superior parietal gyrus. A list of all regions identified

Fig. 5 Group differences in

cortical thickness corrected for

multiple comparisons. Regions

in blue were thinner in older

compared to young adults.

Thickness differences are

shown on the group average

smoothed white matter folded

surface in which dark gray
regions represent sulci while

pale gray areas represent gyri
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through these analyses is presented in Table 3. A list of all

regions showing a main effect of Age is included in the

Supplementary Materials.

Functional versus structural effects of aging

To visualize the interplay between regions exhibiting age-

sensitivity in BOLD signal and/or in CT, three statistical

maps were overlaid: (1) the map of the main effect of Age

on CT, (2) the map of the main effect of Age on BOLD,

and (3) the map of Age by Intelligibility interaction on

BOLD (Fig. 9). This analysis revealed no joint age-sensi-

tive area indicative of a partial dissociation between

structural and functional aging.

Functional ROI analyses

The functional ROI analysis consisted in examining, using

a powerful mediation framework, whether the regions

identified through either the whole-brain analyses (CT

analysis and BOLD), which are reported in Tables 2 and 3,

were related to the behavioral patterns that we identified.

Therefore, for each of these regions, the BOLD signal in

each condition and the CT were extracted for each

participant. Each of these regions was then submitted to a

series of serial mediation analyses. Three types of indirect

effects (mediations) on speech errors were examined: (1)

indirect effects of Age on accuracy through CT (type 1),

(2) indirect effects of Age on accuracy through BOLD

(type 2), and (3) indirect effects of Age on accuracy

through CT and BOLD (serial mediation: type 3). For all

indirect effect, the unstandardized regression coefficients

are reported along with bias-corrected bootstrap confidence

intervals (CI), which are used to test whether the indirect

effects are different from zero (non-directional significance

tests). All CIs are based on 10,000 bootstrap samples.

These results are summarized in Tables 2 and 3.

First, we examined the regions identified through the

whole-brain CT analysis. A negative (inverse) indirect

effect of CT on the relationship of age to speech errors (i.e.,

increased accuracy) was found in only one region identified

through the whole-brain analysis of CT: the right posterior

insula (pIns; see Table 2; Fig. 5). In this region, an increase

in age was associated with a decrease in thickness

(a1 = −0.40). Thickness, in turn, was positively associated

with the number of speech errors (b3 = 19.58), leading to a

significant negative indirect effect of age on speech errors

through CT (a1b1 = −7.9, SE 5.2, CI = −18.1 to −1.99).

Table 2 FWE-corrected age effects in cortical thickness at the whole-brain level

Region Hemi x y z t Exact p Size

(nodes)

Area

(mm)

Results of the mediation analyses

Para-hippocampal gyrus, extending

into the lingual gyrus

Left −18 −34 −10 −3.81 0.00140012 1,276 561.1 No mediation effect

Dorsal central sulcus and precentral

gyrus (M1d/PMd)

Left −28 −23 61 −2.62 0.0179224 592 247.75 Direct positive effect of BOLD on

speech errors

Ventral precentral gyrus and sulcus

(M1v/PMv), extending into the

middle frontal gyrus (MFG)

Left −39 4 50 −2.35 0.0311099 875 221.59 No mediation effect

Long and short gyri of the ventral

anterior insula (vaIns)

Left −34 4 −19 −2.68 0.015495 856 147.93 No mediation effect

Anterior medial prefrontal cortex

including superior frontal gyrus,

medial frontal gyrus and anterior

cingulate gyrus (amPFC)

Right 16 52 33 −2.49 0.023422 936 445.21 Direct positive effect of BOLD on

speech errors

Supramarginal gyrus (SMG) Right 61 −24 42 −3.75 0.00159492 977 294.73 No mediation effect

Medial frontal gyrus (pre-SMA) Right 9 22 50 −3.11 0.00650454 738 290.19 Direct positive effect of BOLD on

speech errors

Inferior circular sulcus of the

posterior insula (pIns)

Right 37 −18 −1 −2.79 0.012567 657 240.47 Indirect effect of cortical thickness

on the relationship of age to

speech errors

Paracentral gyrus and sulcus (PARA) Right 6 −39 71 −2.72 0.015175 573 132.62 Direct positive effect of BOLD on

speech errors

Direct positive effect of cortical

thickness on speech errors

Superior frontal sulcus (SFS) Right 30 11 54 −2.13 0.0480779 536 121.96 No mediation effect

Coordinates are in Talairach space and represent the peak surface node for each of the cluster (FWE: p = 0.05, minimum cluster size: 461

contiguous surface nodes, each significant at p\ 0.05). Cluster size is calculated in number of surface nodes, and area is in mm2
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There was, however, evidence that age influenced speech

errors independent of its effect on CT (c´ = 26.44, SE 8.04,

p = 0.009), meaning that with age, performance decreased,

and indicative of a partial mediation of CT. Though we

found no region that mediated the relationship of age to

performance through BOLD, four regions showed a direct

positive effect of BOLD on speech errors (i.e., an increase

in number of errors), which was independent of both

thickness and age: the left dorsal M1/PM (M1d/PMd)
(b1 = 19.03, SE 9.04, CI = 3.17–34.8), the right anterior

medial prefrontal cortex (amPFC) (b1 = 27.28, SE 9.24,

CI = 11.07–43.49), the right paracentral gyrus and sulcus

(PARA) (b1 = 19.45, SE 7.16, CI = 6.88–32.01), and the

right pre-SMA (b1 = 30.88, SE 15.14, CI = 4.33–57.44). In

all these regions, increased BOLD led to increased speech

errors. The right PARA also exhibited a direct positive

effect of CT on speech errors independent of age

(b3 = 19.32, SE 8.81, CI = 3.86–34.78)

Next, we examined the regions identified through the

whole-brain Age by Intelligibility interaction in BOLD

signal. In the left superior sulcus of the dorsal anterior

insula (daIns—see Fig. 10), Age was negatively associated

with non-linearly weighted BOLD (a2 = −0.49), while

BOLD was negatively associated with speech errors

(b1 = −23.27), leading to a significant positive indirect

effect of Age on speech error rate through BOLD signal in

this region (a2b1 = 11.63, SE 9.38, CI = 1.81–31.27),

suggesting a decrease in neural processing efficiency.

There was no evidence that Age influenced speech errors

independent of its effect on BOLD (c´ = 8.32, SE 8.06,

p = 0.31), indicative of a complete mediation. In addition

to this mediation effect, a direct effect of BOLD on speech

errors was also found in two regions, which was indepen-

dent of age: the left dorsal rostral postcentral gyrus

(PostCGd—see Fig. 8) (b1 = 41.59, SE 18.88, CI = 8.49–

74.69), and the left occipital-temporal sulcus (OTSL—see

Fig. 8) (b4 = −11.18, SE 3.42, CI = −17.18 to −5.18),
where the direct effect of thickness on speech errors was

also significant (b3 = 20.34, SE 9.04, CI = 4.48–36.22).

Finally, we examined the regions identified through the

whole-brain intelligibility BOLD analysis. A direct effect

of CT on speech errors was found in the left dorsal pre-

central gyrus (PMd, see Fig. 7) (b3 = 18.83, SE 8.8,

CI = 3.4–34.26).

Fig. 6 Color-coded results of the conjunction analysis (core speech

network). The colour scale represents the number of subject in which

each node was significantly active at each intelligibility level (high,

mid, and low). Regions in red are those in which the conjunction was

present in the largest number of subjects. In a, all subjects are

included in the conjunction. In b, only the young adults are included,

and in c, only the older adults. As seen in the figure, the spatial extent

of the network decreases with age. Activation is shown on the group

average smoothed white matter folded surfaces. From left to right: the
right lateral hemisphere, left lateral hemisphere and left medial wall
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As above-mentioned, no serial mediation effects were

found in our dataset. Still, the direct effect of CT on

BOLD (independent of speech errors and age) was

examined to reveal potential brain structure–function

relationships. Three regions were identified through the

analyses of the interaction of Age and Intelligibility (the

left dorsal rostral postcentral gyrus (PostCd), the right

ventral anterior insula (vaIns) and right dorsal PM

(PMd)), and one through the analysis of the main effect of

Intelligibility on BOLD signal (the left PMv). This effect

was positive in right PostCd (d1 = 0.79, SE 0.32

CI = 0.15–1.43) and in the right PMd (d2 = 0.85, SE
0.35, CI = 0.22–1.4). This effect was negative in the right

vaIns (d3 = −0.53, SE 0.22, CI = −0.91 to −0.14) and in

the right PMv, this effect was negative (d2 = −0.41, SE
0.17, CI = −0.71 to −0.11).

Fig. 7 Regions significantly modulated by intelligibility at the group-

level, corrected for multiple comparisons. Activation is shown on the

group average smoothed white matter folded right and left lateral

surfaces. The plots at the top of the figure illustrate patterns of brain

activity (expressed as the median percentage of signal change) across

intelligibility levels in four different areas identified through this

analysis. The error bars represent the confidence interval

A

C

BFig. 8 Regions exhibiting a

significant Age by Intelligibility

interaction at the group-level,

corrected for multiple

comparisons. The figure

includes: a lateral view of the

right hemisphere, b lateral view

of the left hemisphere with view

of the right medial hemisphere

and c ventral view of the left

hemisphere at the bottom.
Activation is shown on the

group average smoothed white

matter folded right and left

surfaces. A view of the left

ventral brain is included at the

bottom of the figure
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Discussion

This study is the first multimodal aging study focusing on

the ability to perceive speech in relation to both structural

and functional brain changes, using a complex and

innovative mediation analysis framework combining

voxel-wise and ROI approaches. Our main objective was to

characterize the effect of functional and structural neural

decline on the ability to repeat sequences of meaningless

auditory syllables presented at various intelligibility levels.

Table 3 FWE-corrected whole-brain BOLD results

Effect Region Hemi x y z F p Size
(nodes)

Area
(mm)

Results of the mediation
analyses

Intelligibility Dorsal rostral postcentral gyrus (most
likely corresponding to Brodmann
areas 3 and 1) (PostCd)

Left −34 −34 71 9.231 0.000580 734 225.5 No mediation effect

Ventral central sulcus (M1) Left −48 −20 39 8.577 0.000899 474 212.32 No mediation effect

Dorsal precentral gyrus (PMd) Left −33 −20 69 8.338 0.001058 389 157.51 Direct effect of cortical
thickness on repetition
errors

Posterior cingulate gyrus Left −5 −40 28 9.059 0.000651 508 136.13 No mediation effect

Ventral precentral gyrus and sulcus
(PMv)

Left −51 −6 49 8.591 0.000891 324 85.85 Direct effect of cortical
thickness on BOLD

Calcarine sulcus and cuneus Right 8 −71 15 9.098 0.000634 255 137.65 No mediation effect

Posterior cingulate gyrus Right 6 −35 37 5.671 0.007228 261 90.08 No mediation effect

Superior frontal gyrus extending
medially into the SMA-proper

Right 15 −2 66 7.747 0.001592 285 82.22 No mediation effect

Posterior intraparietal sulcus (pIPS)
extending into the transverse occipital
sulcus

Right 23 −63 57 7.856 0.001475 268 50.53 No mediation effect

Age 9
Intelligibility

Posterior cingulate gyrus Left −5 −35 30 9.004 0.000675 698 197.58 No mediation effect

Superior circular sulcus of the dorsal
anterior insula (daIns)

Left −32 21 12 7.874 0.001457 694 175.71 Positive indirect effect of
age on speech error
through BOLD

Occipito-temporal lateral sulcus (OTLS) Left −41 −61 −9 8.354 0.001046 316 118.69 Direct effect of BOLD on
speech errors

Direct effect of thickness
on speech errors

Dorsal rostral postcentral gyrus/central
sulcus (PostCGd)

Left −25 −32 71 9.511 0.000483 312 117.74 Direct effect of BOLD on
speech errors

Direct effect of cortical
thickness on BOLD

Inferior frontal gyrus, pars triangularis
(ventral)

Left −41 33 −1 6.269 0.004613 330 112.04 No mediation effect

Dorsal central sulcus and dorsal rostral
postcentral gyrus (M1d/PostCd)

Right 46 −18 50 14.792 0.000020 2041 664.88 No mediation effect

Dorsal postcentral sulcus (PostCSd) Right 25 −45 63 11.495 0.000138 1158 290.63 No mediation effect

Posterior intraparietal sulcus extending
into the transverse occipital sulcus
(pIPS)

Right 23 −62 57 10.871 0.000203 878 200.15 No mediation effect

Long and short gyri of the ventral
anterior insula (vaIns)

Right 38 4 −7 11.865 0.000110 437 172.77 Direct effect of cortical
thickness on BOLD

Medial frontal gyrus (SMA-proper) Right 9 −19 69 6.659 0.003462 490 151.71 No mediation effect

Dorsal precentral sulcus (PMd) Right 33 −7 51 9.328 0.000544 332 105.66 Direct effect of cortical
thickness on BOLD

Posterior cingulate gyrus Right 6 −35 36 7.715 0.001628 308 93.66 No mediation effect

Dorsal precentral sulcus and superior
frontal gyrus (PMd/SFG)

Right 19 −17 68 9.636 0.000445 284 76.24 No mediation effect

Superior parietal gyrus extending into
the precuneus (pPar)

Right 10 −76 49 6.668 0.003439 265 61.15 No mediation effect

A. Main effect of Age; B. Main effect of Intelligibility and C. Age 9 Intelligibility interaction. Coordinates are in Talairach space and represent the peak
surface node for each of the cluster (FWE: p = 0.01, minimum cluster size: 237 contiguous surface nodes, each significant at p\ 0.05). Cluster size is
calculated in number of surface nodes, and area is in mm2
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The use of meaningless syllables is the key to study per-

ceptual skills while avoiding linguistic (e.g., lexical or

semantic) top-down effects that facilitate perception and

can potentially mask speech perception difficulties. Non-

sense syllables are sensitive to hearing impairments and

useful in quantifying its effects (Stach 2010). Our results

indicate an age-related decline in the ability to repeat

meaningless sequences of syllables in noise. Importantly,

this effect was still present after controlling for hearing

differences across groups in terms of PTA and DPOAEs at

5 kHz, suggesting that the aging of the central nervous

system contributes to speech perception decline in normal

aging, consistent with previous findings (Frisina and Fri-

sina 1997). Importantly, we show that the combination of

structural and functional measures to study brain aging at

the macro-anatomical level is critical to understand chan-

ges in speech perception, as these two phenomena appears

to be—at least partially—dissociated. From a methodo-

logical point of view, the analysis framework that we

report here, which was first used to characterize functional

brain patterns during a speech task in young and older

individuals (Tremblay et al. 2013), was confirmed as a

successful approach to link structural, functional and

behavioral processes to better understand cognitive aging.

Direct and indirect influence of CT on speech accuracy

Several localized cortical regions were identified including

the right supramarginal gyrus (SMG), right posterior

insula, left ventral anterior insula, right anterior medial

Fig. 9 Overlay of all of the Age effects found in the study. In blue are
regions showing a significant main effect of Age on cortical thickness.

In yellow are regions showing a significant Age by Intelligibility

interaction. In orange are voxels showing a significant main effect of

Age. Regions exhibiting a significant Age by Intelligibility interaction

at the group-level, corrected for multiple comparisons. Activation is

shown on the group average smoothed white matter folded right and

left lateral surfaces. The figure includes a view of right and left lateral

hemispheres, as well as a view of the right medial wall. The overlay

of all age-sensitive voxels reveals no overlap between thickness and

BOLD aging effects

Fig. 10 Analysis of the left dorsal anterior insula (daIns). On the left
is a plot representing activity in this region expressed as a percentage

of change as a function of intelligibility level and age. On the right is

the result of the serial mediation analysis for the left anterior insula.

Bold lines indicate significant effects
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prefrontal cortex, left ventral precentral gyrus and sulcus,

in which CT, a measure of the depth of the cortical mantle

(Fischl and Dale 2000; Fischl et al. 1999), whose validity

has been demonstrated (Kabani et al. 2001), was thinner in

older compared to young adults, consistent with the notion

that CT decline is one of the most reliable biomarkers of

structural brain aging (De Leon et al. 1997; van Velsen

et al. 2013) and also consistent with the notion that struc-

tural aging, though widespread, is regionally heterogeneous

with some regions showing more acute vulnerability than

other regions (van Velsen et al. 2013; Fjell et al. 2009;

Thambisetty et al. 2010; Chee et al. 2009). Our findings are

consistent with a recent study that employed a similar

surface-based procedure to study normal aging in a large

group of 86 individuals, in which age-related thinning of

CT was found in precentral and medial prefrontal cortices,

insula, SMA and SMG (Chen et al. 2011). Medial pre-

frontal thinning was also reported in other large-scale

studies (Fjell et al. 2009; Chee et al. 2009). While the

general phenomenon of age-related cortical thinning is well

known, few studies have described the effect of cortical

thinning (or more generally structural brain aging) on

speech and language (Peelle et al. 2011; Wong et al. 2010).

Moreover, in most studies, measures of peripheral hearing

were not included as controls in the analyses because

teasing apart hearing from non-hearing aging effects was

not the primary objective of these studies.

We found limited evidence of an age-related impact of

CT on speech performance. Our finding of such effect is

limited to the right posterior insula that had a partial

indirect effect on the relationship of age to speech per-

ception independent of peripheral hearing sensitivity. This

effect was positive, meaning that the indirect effect of age

on performance through thickness was an increase in per-

formance. Holding thickness constant however, the direct

effect of age on performance was negative. Though the left

insula has been more consistently associated with speech

(Dronkers 1996; Ogar et al. 2006; Riecker et al. 2000;

Ackermann and Riecker 2004), the right insula is also

active during syllable perception and production (Tremblay

and Small 2011c; Bohland and Guenther 2006; Ghosh et al.

2008), word production (Peeva et al. 2010) as well as

sentence listening and repetition (Tremblay and Small

2011a), suggesting that it is part of the core speech pro-

duction/perception network.

Direct age-independent effects of CT on performance

were also found in the right paracentral area, left medial

occipital-temporal sulcus (OTS) and left PMd. In all these

regions, larger CT was associated with increased error rate

(decreased accuracy). Several other studies have docu-

mented such inverse effect. For instance, a reliable inverse

relationship between thickness and free recall was found in

the left medial paracentral/cingulate sulcus in a sample of

older healthy adults scanned in four different scanners

(Dickerson et al. 2008). A positive relation between anxi-

ety and depression scores and CT has been found in the

right ventral medial prefrontal cortex (Ducharme et al.

2013). Relatedly, a study on the CT and neuronal density

performed on the brain of Einstein revealed thinner cortex

with increased density in Einstein’s brain compared to

normal controls (Anderson and Harvey 1996). Such inverse

relationships could indicate cortical pruning associated

with more efficient processing. In sum, our results are

among the firsts to demonstrate age-dependent and age-

independent effects of CT on speech perception.

Direct and indirect influence of BOLD signal on speech

accuracy

Our analysis of the core speech perception network, which

covered most of the supratemporal cortex bilaterally as

well as ventral primary motor and premotor areas, reveals a

global decrease in BOLD signal in aging. Lower BOLD

signal in aging can be interpreted in at least two distinct

ways: reduced neural functioning or increase in processing

efficiency. Here, we showed, using mediation analyses, that

this global decrease in spatial extent had a beneficial

indirect effect on the relationship of age to performance.

Prior work has shown that expertise is associated with

regional decrease in brain activation in young adults during

object recognition (Wiesmann and Ishai 2011) and auditory

perception (Petrini et al. 2011; Berkowitz and Ansari

2010), suggesting that increased processing efficiency can

be accompanied with lower BOLD signal. We speculate

that the decrease in spatial extent of the overall speech

network reflects increased neural efficiency across the

whole speech network. This of course does not mean that

regional decline in BOLD signal in specific areas cannot be

related to a decline in speech perception. It simply means

that greater overall decline in BOLD signal across intelli-

gibility levels was not associated with an increased error

rate.

Indeed, at the regional level, we did find negative effects

of BOLD signal decline. Such effect was found in the

anterior superior circular sulcus of the left insula [corre-

sponding to the dorsal anterior insula (daIns) identified in a

previous study (Nelson et al. 2010)]. The indirect effect of

the left daIns on the relationship of age to speech errors

was detrimental. This region is typically reported in studies

of speech production (Riecker et al. 2000; Ghosh et al.

2008; Ackermann and Riecker 2004; Bohland and Guen-

ther 2006; Peeva et al. 2010; Kemeny et al. 2005), speech

perception (Tremblay and Small 2011a, c) and orofacial

movements (Grabski et al. 2012; Martin et al. 2004; Cor-

field et al. 1999), suggesting that it is a part of the core

speech network. A role for this region in speech production
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was emphasized by Dronkers (1996); Ogar et al. 2006) who

showed, using voxel-based morphometry, that lesion to this

region is related to speech apraxia, a disorder of speech

planning. It could be argued that because our task required

the articulation of syllables, which necessitate the recruit-

ment of motor areas, the role of the insula is in supporting

articulation. However, given that the effect of age on

accuracy increased commensurate to a decline in stimuli

intelligibility, while articulation complexity was kept

constant across intelligibility levels, we suggest that it

contributed to either perceptual or attentional, but not

motor, processes. An fMRI study that investigated syllable

discrimination at various intelligibility levels (Binder et al.

2004) showed that the BOLD signal in the bilateral anterior

insula was positively correlated with RT while BOLD

signal in the supratemporal cortex was positively correlated

with syllable discrimination accuracy, suggesting that the

anterior insula is involved in decision making while the

supratemporal region is involved in sound identification. In

the present study, the BOLD signal in the left daIns

increased as a function of decreased intelligibility for the

young adults, consistent with this idea, while in the older

adults, not only was the signal lower but it no longer

showed an intelligibility effect. Though all participants

were screened for cognitive functioning using the MOCA

(Nasreddine et al. 2003), which argues against a cognitive

deficit as a factor influencing accuracy, we did not perform

a test of selective or sustained auditory attention. As dis-

cussed in Nelson et al. (2010), the anterior insula is among

the most commonly reported activation site across fMRI

studies. Based on resting state functional and task-related

fMRI studies, these authors suggest that the anterior insula

contributes to general executive processes involved in

goal-oriented tasks. The present results are consistent with

this idea, with the need for monitoring/attention increasing

as intelligibility decreases. Interestingly, the age by intel-

ligibility interactions in the BOLD signal also revealed

several parietal regions in the right hemisphere including

the posterior intraparietal sulcus, the dorsal postcentral

gyrus and sulcus and the superior parietal gyrus, some of

which are known for their involvement in the so-called

dorsal attention network (DAN) (Corbetta et al. 2008).

DAN is typically found for visual tasks, while the auditory

attentional network seems to be located more ventrally in

the inferior parietal lobe (Braga et al. 2013; Seydell-

Greenwald et al. 2013). None of these dorsal parietal

regions, however, showed a relationship to performance,

perhaps reflecting compensatory mechanisms to supple-

ment a ventral attention network in older ages. Additional

studies are needed to better understand the role of attention

and attention-related brain regions in the etiology of speech

perception difficulties in normal aging. The link between

speech perception and auditory attention (sustained,

selective) has only been scarcely investigated, and yet

attention may play an important part in the etiology of

communicative difficulties in aging.

Intelligibility-related BOLD signal modulation

Intelligibility-modulated BOLD signal was found in pre-

motor/sensorimotor, mainly in the left hemisphere,

including in the ventral premotor area (PMv), ventral pri-

mary motor area (M1v) and dorsal somatosensory cortex.

This finding is consistent with the results of a PET study of

passive sentence listening in which premotor and prefrontal

areas, but not auditory areas, were modulated by intelligi-

bility levels (Scott et al. 2004). Another PET study

comparing sentence listening in quiet and noise also yiel-

ded no modulation of auditory areas (Salvi et al. 2002). The

finding of activation in premotor areas in processing syl-

lables is consistent with the notion that it is involved in

both speech production (Peeva et al. 2010; Tremblay and

Small 2011b, c) and perception (Wilson et al. 2004;

Tremblay and Small 2011c; Skipper et al. 2005; Tremblay

et al. 2012; Callan et al. 2010; Callan et al. 2006; Pul-

vermüller et al. 2006). According to the DIVA (Directions

Into Velocities of Articulators) model of speech produc-

tion, speech sound maps are represented in the ventral

premotor cortex (Guenther et al. 2006; Guenther 1994,

1995). It is therefore possible that degraded speech signals

lead to a decline in the level of activation in corresponding

speech sound maps in this region. Consistent with this idea,

recent transcranial magnetic stimulation studies (TMS)

have shown that stimulation of the left PMv has little or no

effect on people’s ability to perceive or categorize intelli-

gible speech sounds (Sato et al. 2009). In contrast, TMS to

PMv has a stronger impact on speech perception when

intelligibility is reduced (Meister et al. 2007), demon-

strating that this region is sensitive to the quality of the

auditory speech signal. More recently, it was demonstrated

that TMS to this region can influence speech sound cate-

gorization (Grabski et al. 2013). Relatedly, correct

identification of phonemes in noise has also been associ-

ated with increased activation in PMv relative to trials in

which the phonemes were incorrectly identified (Callan

et al. 2010). Taken together, these results support a role for

left PMv in speech processing, which increases commen-

surate to speech sound intelligibility, providing some

support to theories of speech perception that postulate a

role for motor/phonological information in speech per-

ception (Galantucci et al. 2006; Schwartz et al. 2012).

Interestingly, activation in the SMA increased as intelli-

gibility decreased, perhaps reflecting a more difficult

selection of the appropriate motor programs due to the

increased ambiguity, consistent with a role for this area in

selecting motor programs for speech (Tremblay and
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Gracco 2006, 2009; Tremblay et al. 2008; Tremblay and

Small 2011b) as well as non-speech motor behaviors (Lau

et al. 2004, 2006; Deiber et al. 1996; Van Oostende et al.

1997).

Relationship between brain structure and brain
function in aging

One of the most intriguing findings of this study is the

relative dissociation between functional and structural

aging. Though unexpected, this dissociation between age-

related differences in BOLD signal and age-related dif-

ferences in brain structure is consistent with a recent study

that investigated age-related changes in resting state CBF

and CT in healthy adults, in which little overlap was

found (Chen et al. 2011). Nyberg et al. also found little

overlap in functional and structural aging in a circum-

scribed region of the right frontal cortex during a semantic

categorization task (Nyberg et al. 2010); others have

found age-related changes in task-related BOLD that were

independent from changes in gray matter volume (Roski

et al. 2013). Likewise, there is limited overlap between

brain regions showing abnormal reductions in cerebral

blood flow (CBF) in neurological diseases such as Hun-

tington’s disease and brain regions showing structural

atrophy (Chen et al. 2012). The finding that BOLD signal

and CT independently predict performance in older indi-

viduals suggests that they may be associated with distinct

risk factors for age-related communication difficulties,

which stresses the importance of assessing them both to

uncover the normal and pathological neurobiological

aging mechanisms.

Though we did not find causal (in the statistical sense)

relationship between thickness, BOLD and behavior, we

did find significant age-independent interactions between

brain structure and BOLD signal in several cortical areas

(left PMv, left dorsal postcentral gyrus, right dorsal ante-

rior insula, and right PMd). In half of these regions (left

dorsal postcentral gyrus, right PMd), cortical thinning led

to increased BOLD signal, and negative in the other half

(right insula, left PMv). The finding of localized effects of

regional CT on BOLD signal suggests that the dissociation

found between structural and functional brain aging may

only be partial. Further studies are needed to continue

investigate the complex interplay between brain anatomy,

brain physiology and behavior.

Conclusion

We demonstrated important age-related structural and

functional neural differences associated with speech

perception after controlling for peripheral hearing loss. The

use of an innovative mediation framework combining

voxel-wise and ROI analyses allowed us to examine direct

and indirect relationships between brain structure, brain

function and speech-related neural mechanisms, and

revealed that these relationships can be either beneficial or

detrimental to behavioral outcome. Understanding age-

related vulnerabilities of the neural speech system is crit-

ical to develop new intervention strategies to maintain

communication throughout aging, which could contribute

to redefining old age for millions of people worldwide.
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