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Abstract 

Many older adults are struggling with understanding spoken language, particularly when background 
noise interferes with comprehension. In the present study, we investigated a potential interaction between 
two well-known factors associated with greater speech-in-noise (SiN) reception thresholds in older adults, 
namely a) lower working memory capacity and b) age-related structural decline of frontal lobe regions. 

In a sample of older adults (N=25) and younger controls (N=13) with normal pure-tone thresholds, SiN 
reception thresholds and working memory capacity were assessed. Furthermore, T1-weighted structural 
MR-images were recorded to analyze neuroanatomical traits (i.e., cortical thickness (CT) and cortical 
surface area (CSA)) of the cortex.  

As expected, the older group showed greater SiN reception thresholds compared to the younger group. We 
also found consistent age-related atrophy (i.e., lower CT) in brain regions associated with SiN recognition 
namely the superior temporal lobe bilaterally, the right inferior frontal and precentral gyrus, as well as the 
left superior frontal gyrus. Those older participants with greater atrophy in these brain regions also 
showed greater SiN reception thresholds. Interestingly, the association between CT in the left superior 
frontal gyrus and SiN reception thresholds was moderated by individual working memory capacity. Older 
adults with greater working memory capacity benefitted more strongly from thicker frontal lobe regions 
when it comes to improve SiN recognition. 

Overall, our results fit well into the literature showing that age-related structural decline in auditory- and 
cognition-related brain areas is associated with greater SiN reception thresholds in older adults. However, 
we highlight that this association changes as a function of individual working memory capacity. We 
therefore believe that future interventions to improve SiN recognition in older adults should take into 
account the role of the frontal lobe as well as individual working memory capacity.  
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Highlights 

• Speech-in-noise (SiN) reception thresholds are significantly increased with higher age, 
independently of pure-tone hearing loss 

• Greater SiN reception thresholds are associated with cortical thinning in several auditory-, 
linguistic-, and cognitive-related brain areas, irrespective of pure-tone hearing loss 

• Greater cortical thinning in the left superior frontal lobe is detrimental for SiN recognition in 
older, but not younger adults 

• Older adults with greater working memory capacity benefit more strongly from structural 
integrity of left superior frontal lobe for SiN recognition 
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1. Introduction 1 

Many older adults are struggling with understanding spoken language, particularly under adverse 2 

listening conditions. For example, older adults have difficulties recognizing speech in the presence of 3 

background noise, which makes it hard to participate in spoken conversations and social interactions. 4 

For many older adults such hearing problems often mean a reduced quality of life, social isolation, and 5 

higher rates of depressive symptoms (Arlinger, 2003; Ciorba et al., 2012; Pichora-Fuller et al., 2015; 6 

Vannson et al., 2015). Furthermore, hearing impairment in older adults is associated with cognitive 7 

decline (de la Fuente et al., 2019; Fischer et al., 2016; Fortunato et al., 2016; Merten et al., 2019) as 8 

well as a higher risk for incident all-cause dementia (Albers et al., 2015; Deal et al., 2019, 2015; Gates 9 

et al., 2011; Lin et al., 2011; Lin and Albert, 2014; Osler et al., 2019). 10 

Speech-in-noise (SiN) recognition difficulties in older adults can partly be explained by the highly 11 

prevalent pure-tone hearing loss (i.e., elevated pure-tone thresholds, particularly in higher frequencies) 12 

(Cruickshanks et al., 1998; Dubno et al., 1984; Gordon-Salant and Fitzgibbons, 1999; Killion and 13 

Niquette, 2000). Age-related pure-tone hearing loss often results from a damage to cochlear outer hair 14 

cells and the stria vascularis in the auditory periphery (Dubno et al., 2013; Mills et al., 2006). But also 15 

older adults without elevated hearing thresholds, or when audibility is restored with amplification, 16 

have considerably lower tolerance for background noise during speech recognition compared to 17 

younger adults (Füllgrabe, 2013; Füllgrabe et al., 2015; Giroud et al., 2018; Hopkins and Moore, 18 

2011; Moore et al., 2014; Pichora-Fuller and Souza, 2003). Thus, other factors, apart from pure-tone 19 

hearing loss, may account for variance in SiN reception thresholds in older adults. 20 

In an important position paper by Humes and colleagues (2012) it was proposed that, in addition to 21 

pure-tone hearing loss, age-related changes in the (sub)cortical auditory-related brain areas as well as 22 

age-related decline in cognitive capacity, may contribute to the observed decline in SiN recognition in 23 

older adults and hence to impairments in every day conversation. Evidence from structural 24 

neuroimaging studies indicated that age-related atrophy in the right Heschl’s gyrus (HG) contribute to 25 

SiN recognition problems in older adults (Giroud et al., 2018). Decline in brain structure (i.e., cortical 26 

thinning and loss of cortical volume) across the lifespan is part of a normal aging process, while 27 

considerable interindividual variability has been described (Fjell et al., 2014, 2009; Storsve et al., 28 

2014; Walhovd et al., 2011). Age-related atrophy in primary auditory but also in non-primary auditory 29 

areas, as well as in brain regions involved in language processing and cognition, have been associated 30 

with greater SiN reception thresholds (Bilodeau-Mercure et al., 2015; Giroud et al., 2018, in prep.; 31 

Rudner et al., 2019; Tuwaig et al., 2017; Wong et al., 2010) and other speech perception tasks (Giroud 32 

et al., 2019). For example, lower cortical volume and reduced thickness of the left and right superior 33 
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temporal gyrus (STG), of Heschl’s sulcus (HS) (Giroud et al., 2018; Rudner et al., 2019), of the 34 

inferior frontal gyrus (IFG) (i.e., of the left pars orbitalis and of the left pars triangularis), and of the 35 

left prefrontal cortex (PFC) (i.e., left superior frontal gyrus) (Giroud et al., 2018; Wong et al., 2010)) 36 

have been reported to be related to greater SiN reception thresholds. While the STG, the HS, and the 37 

IFG are generally considered part of the core language network (for overviews, see e.g. Friederici, 38 

2012; Hickok and Poeppel, 2007, 2004), superior prefrontal regions are usually considered to be 39 

involved in at least some principal cognitive functions such as executive control and working memory 40 

(Elliott, 2003). 41 

Functional neuroimaging studies have revealed that a stronger involvement of the PFC during SiN 42 

recognition might be related to cognitive compensatory mechanisms. A study by Wong and colleagues 43 

(2009) found increased BOLD-related neural responses in the PFC and the precuneus during SiN 44 

processing in older compared to younger adults with normal pure-tone hearing. The authors 45 

interpreted this neural pattern to reflect greater utilization of the phonological working memory in 46 

older adults reflecting the increased speech processing demand due to the background noise. A meta-47 

analysis of auditory neuroimaging studies further supports this idea showing that higher speech 48 

processing demand due to background noise is associated with greater brain responses in the left IFG, 49 

among other brain regions (Alain et al., 2018). It was hypothesized that, when the STG is not able to 50 

process speech sounds effectively due to the presence of background noise, cognitive functions such 51 

as executive control, inhibition, attention, working memory and speech-motor integration in the PFC 52 

may be recruited to eventually achieve an interpretation of the spoken utterance  (Du et al., 2016; 53 

Rudner et al., 2019).  54 

Similarly, the Ease of Language Perception (ELU) model (Rönnberg et al., 2019, 2013, 2008) 55 

highlights the importance of cognition during SiN perception. Based on research showing that higher 56 

working memory capacity is associated with improved speech recognition, particularly in adverse 57 

listening situations (Anderson et al., 2013; Dryden et al., 2017; Wingfield et al., 1998), the ELU model 58 

describes how working memory and particularly the episodic buffer become important in speech 59 

perception when there is a mismatch between the auditory input and the stored representation of 60 

sounds in the semantic long-term memory. Such a mismatch can occur, for example, due to 61 

background noise or hearing loss. When distorted or unclear auditory input does not match with 62 

phonological or lexical representations, working memory functions keep the relevant auditory input 63 

active, while more information such as contextual cues can be processed until a match between the 64 

input and the stored representations can be achieved. Thus, age-related decline in working memory 65 

capacity may lead to lower SiN recognition abilities in older adults.  66 
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In sum, there are two separate lines of research evidencing, that - apart from pure-tone hearing loss - 67 

1) age-related atrophy in auditory- and cognitive-related brain regions and 2) age-related decline in 68 

working memory may lead to greater difficulty with SiN recognition in older adults. In the present 69 

work, we combined these two separate, but not independent, lines of research. We analyzed to what 70 

degree age-related brain atrophy, especially in prefrontal areas, predicts SiN performance in a group of 71 

healthy older adults with age-appropriate pure-tone hearing and compared their measurements with 72 

those obtained from younger controls. Furthermore, we assessed the older adults’ working memory 73 

capacity in order to estimate its role in the association between atrophy and SiN performance using a 74 

moderation analysis. We hypothesized that older adults have greater atrophy in auditory (e.g. HG, 75 

STG, STS) and cognitive-related brain regions (e.g. PFC) reflecting lower SiN performance as 76 

compared to younger adults. Furthermore, we predicted a moderating effect of working memory 77 

capacity on the association between prefrontal atrophy and SiN performance in older adults. We 78 

believe that the investigation of a potential moderation of individual working memory abilities will 79 

help to better understand the role of prefrontal areas for speech perception in older adults. 80 

 81 

2. Methods and Materials 82 

2.1. Participants 83 

Twenty-five older adults (OA) (age range = 65-80 years, Mage=70.88, 12 females) and 13 younger adult 84 

(YA) controls (age range = 20-29 years, Mage=24.15, 10 females) participated in this study. All 85 

participants scored at least 27 points in the Mini-Mental State Examination (MMSE) (Folstein et al., 86 

1975) ensuring that participants did not suffer from dementia. Furthermore, the volunteers reported to 87 

not have any history of psychological or psychiatric disorders or brain injuries. None of the 88 

participants were using hearing aids and they all reported to not have any serious speech or hearing 89 

impairments. Both, YA and OA, were native (Swiss-) German speakers and did not learn any second 90 

language before the age of seven years. The Annett Hand Preference Questionnaire (Annett, 1970) 91 

indicated that all participants were right-handed. Participants were paid for their participation and gave 92 

informed written consent. Data collection has been approved by the ethics committee of the Canton of 93 

Zurich. 94 

2.2. Pure-tone thresholds 95 

Audiometric testing was performed in a double-walled, sound-attenuated booth at the University 96 

Hospital of Zurich. Pure-tone thresholds were measured for 500, 1000, 2000 and 4000 Hz using a 97 

probe-detection paradigm in which pure tones were presented for 250 ms (Lecluyse et al., 2013; 98 
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Lecluyse and Meddis, 2009). Tones were delivered via a custom-written Matlab software to 99 

circumaural headphones (Sennheiser HD 280-13 300 Ω). Participants’ responses were recorded with a 100 

touch screen (ELO AccuTouch, version 5.5.3.6.). Only participants with pure-tone thresholds below 101 

40 dB were included in this study in order to rule out unwanted effects of moderate or severe pure-102 

tone hearing loss. While the YA did not show any hearing impairment according to the hearing loss 103 

categorization of the World Health Organization, the OA had elevated thresholds that ranged between 104 

none (<= 25 dB) to mild impairment (<= 40 dB) (see Figure 1). 105 

 – Please insert Figure 1 about here – 106 

2.3. Speech-in-noise recognition 107 

SiN recognition was assessed by means of the OLSA Matrix Sentence Test (Wagener et al., 1999c, 108 

1999a, 1999b). In the OLSA, SiN reception thresholds are computed with an adaptive approach. 109 

Sentences and noise were presented simultaneously to the participants. After each sentence, 110 

participants were asked to repeat as many words as possible from the preceding sentence. Sentences 111 

were low-context sentences to prevent participants from guessing the correct answer due to the 112 

sentences’ context. The noise was generated by 30 overlays of the whole test material, which led to 113 

low amplitude modulation noise in the same spectrum as the test sentences. At the beginning of the 114 

testing procedure, sentences and noise were presented at 65 dB SPL. After that the sentence level was 115 

varied until the participant was able to correctly repeat 50% of the words of the sentence. Participants 116 

were seated in front of a loudspeaker which was positioned 0° azimuth and 1.5 m away from the 117 

person’s head. Sentences were presented via in-house developed MACarena software 118 

(https://www.uzh.ch/orl/projects/speechtests/speechtests.html). 119 

2.4. Working memory 120 

Working memory performance was assessed in the older group with a verbal auditory n-back 121 

paradigm (Nystrom et al., 2000; Owen et al., 2005). Letter sounds were presented from a computer 122 

and participants were asked to identify whether the letter was the same as the one from n steps earlier. 123 

Each participant completed a 2-back and a 3-back run, each consisting of 50 letters including 19 124 

matches in total. Inter-stimulus-interval between letters was four seconds and participants indicated a 125 

match to the letter presented n steps back by pressing the space bar. Participants performance was 126 

defined as the ratio between total responses given and correct responses for both runs. 127 

 128 

 129 
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2.5. MR acquisition and image processing 130 

Structural MR images were recorded using a T1-weighted turbo field echo sequence (160 sagittal 131 

slices, in-plane resolution = 0.94 x 0.94, slice thickness = 1 mm, matrix size = 256 x 218 x 256 mm, 132 

FOV = 240 X 240 mm, repetition time [TR] = 8.15 ms, TE = 3.74 ms, flip angle = 90°). T1-weighted 133 

images were analyzed with the FreeSurfer image analysis suite (version 6.0.0., http://freesurfer.net/). 134 

Using the surface-based morphometry (SBM) approach implemented therein, cortical surface models 135 

of all participants were obtained automatically (Dale et al., 1999; Fischl et al., 2004, 2002, 2001, 136 

1999a, 1999b; Ségonne et al., 2004). After segmentation, surface reconstructions were checked for 137 

accuracy. For one subject, white matter segmentation errors were found, which were then corrected 138 

manually. The resulting surface models yielded measures of cortical thickness (CT) and cortical 139 

surface area (CSA). Hereby, CT denotes the shortest distance between the gray/white matter border and 140 

pial surfaces and CSA the mean area of the triangular region at the respective vertex. Each 141 

participant’s reconstructed brain was morphed to an average surface and smoothed using a FWHM 142 

kernel of 10 mm (Meyer et al., 2016). These were then entered to the built-in general linear model 143 

(GLM) facility of FreeSurfer for statistical analyses. 144 

 145 

2.6. Statistical analyses 146 

Statistical analyses were performed using the R software (R Core Team, 2017), version 3.4.2. First, it 147 

was tested to what degree age, PTA, and working memory were associated with SiN performance. 148 

Participant’s age and PTA were entered as predictors into a multiple regression model with the SiN 149 

threshold as a dependent variable, while controlling for sex. Working memory (i.e., n-back hits) and 150 

SiN were correlated, controlling for PTA and sex. Second, brain  regions for which CT or CSA were 151 

associated with SiN performance were identified across all participants by entering the SiN threshold 152 

as a regressor in the FreeSurfer GLM facility with the whole-brain anatomical measures as dependent 153 

variables. The resulting models were corrected for multiple comparison by applying Monte Carlo 154 

Null-Z simulation with a vertex-wise/cluster-forming threshold of p<.001 and a cluster threshold of 155 

p<.05 for each hemisphere independently. Anatomical measures of the significant clusters were then 156 

extracted and subjected to further analysis as follows: 1) Independent samples t tests were performed 157 

to compare CT and CSA measurements between the two age groups for each anatomical region. In 158 

this case p-values were Bonferroni corrected for the number of regions compared within each 159 

anatomical measure. 2) To assess in which brain regions age moderated the relationship between 160 

anatomical measures and SiN performance, multiple linear regression models were calculated with SiN 161 
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performance as dependent variable and anatomical measures as predictors and age as a moderator, 162 

while sex and PTA were included as covariates. 3) To assess to what extent working memory 163 

moderated the association between neuroanatomical traits and SiN in older adults, the interactions 164 

between SiN performance and z-standardized n-back performance were entered as predictors with the 165 

anatomical region of interest as dependent variable into a multiple linear regression model with sex 166 

and PTA as covariates. 167 

 168 

3. Results 169 

3.1. The association between age and SiN performance 170 

Age (β=0.85, p=.039) significantly predicted SiN performance (F(3,34)=13.33, p<.001, adjusted 171 

R2=0.5), suggesting that older individuals’ ability to process speech masked by background noise was 172 

worse than in younger adults (see Figure 2). PTA did not significantly predict SiN recognition in our 173 

sample. Our results therefore show that SiN performance drops significantly with age, irrespective of 174 

pure-tone hearing loss (SiN performance (dB SNR) in younger controls: M=-5.66, SD=.56, range=-175 

6.7-.5.0; older adults: M=-2.42, SD=1.70, range=-7.0-1.8). SiN performance did not significantly 176 

correlate with our n-back working memory measure (r = .13, p = .55) in our sample of older adults (n-177 

back hits in older group: M=2.65, SD=1.20, range=1.22-6.50). In the next sections, we assessed to 178 

what degree age-related atrophy was related to the lower SiN performance only in older adults.  179 

– Please insert Figure 2 about here – 180 

 181 

 182 

3.2. Associations between cortical thickness and cortical surface area and SiN performance 183 

In order to test to what degree cortical surface area and cortical thickness were related to SiN 184 

performance, a whole-brain FreeSurfer GLM analysis was computed. It revealed several clusters in the 185 

left and right hemisphere for which CT was significantly correlated with SiN performance irrespective 186 

of age, while no associations were found for CSA. The cluster statistics for CT are presented in Table 187 

1 and Figure 3 with the annotations drawn from FreeSurfer. Significant associations between CT and 188 

SiN were found in superior temporal regions bilaterally, the right inferior frontal cortex, the right 189 

caudal middle frontal cortex and right precentral regions. In the left hemisphere, significant 190 

correlations were found with the superior frontal lobe. CT in all clusters was negatively correlated with 191 

SiN indicating that individuals with thicker cortices in these regions performed better in the SiN task. 192 
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– Please insert Figure 3 about here – 193 

– Please insert Table 1 about here – 194 

Independent samples t tests revealed that CT was different between age groups in all regions extracted 195 

based on the significant results from the whole-brain analysis reported above (see Table 2). 196 

Consistently, the OA’s cortex was thinner than those of the YA (Figure 4) in those brain regions 197 

suggesting that age-related cortical thinning was related to the lower SiN performance in OA 198 

compared to YA.   199 

 – Please insert Table 2 about here – 200 

– Please insert Figure 4 about here – 201 

3.3. Thinner left superior frontal lobe associated with lower SiN recognition in older, but not 202 

younger adults 203 

The regression model, testing to what degree age moderated the associations between CT in the above 204 

reported brain regions and SiN recognition (F(17, 20)=16.98, p<.001, adjusted R2=0.88), indicated that 205 

a thicker left superior frontal cortex predicted better SiN recognition (β=0.24, p=.041) in older adults 206 

only (see Figure 5). No age-moderating effects were found for the other brain regions reported in 207 

paragraph 3.2. These results suggest that greater age-related cortical thinning in the left superior 208 

frontal lobe is detrimental for SiN recognition in older adults. 209 

– Please insert Figure 5 about here – 210 

An open question was to what extent greater pure-tone hearing loss (i.e., greater PTA) in the OA 211 

compared to the YA was related to the stronger involvement of the left superior frontal lobe in SiN 212 

recognition in older adults. The reported regression analysis in paragraph 3.3. was statistically 213 

controlled for PTA suggesting that greater pure-tone hearing loss in the OA did not significantly 214 

contribute to the findings. In order to further test whether individual differences in PTA within the OA 215 

group moderated the association between CT of the left superior frontal lobe and SiN recognition, we 216 

included PTA as a moderator in the regression analysis. The regression did not reach significance 217 

(F(3,21)=1.62, p=.22, adjusted R2=.07). Thus, we did not find evidence indicating that the association 218 

between CT in the left superior frontal lobe and SiN recognition occurred because of individual 219 

differences in pure-tone hearing loss. 220 

 221 
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3.4. Working memory moderates the association between CT in the left superior frontal lobe and 222 

SiN abilities in older adults 223 

Further, we tested the hypothesis, that individual differences in working memory was moderating the 224 

association between CT in the left superior frontal lobe and SiN recognition in older adults. The 225 

regression analysis revealed that working memory (β=-0.41, p=.013) moderated the association 226 

between CT in the left superior frontal gyrus and SiN recognition in the OA (F(3,20)=8.66, p<.001, 227 

adjusted R2=0.5). There was no significant direct association between working memory capacity and 228 

SiN in the OA (r=.10, p=65). The association between a decrease in CT in the left superior frontal 229 

gyrus and greater SiN reception thresholds was stronger for individuals with higher working memory 230 

capacity within the older group (see Figure 6). Individual differences in working memory capacity, but 231 

not, might therefore drive the relevance of structural integrity of the left superior frontal gyrus in SiN 232 

recognition in older adults. Thus, our results suggest that older adults with higher working memory 233 

capacity might be better able to benefit from high structural integrity in the left superior frontal gyrus 234 

in order to perform well in a SiN recognition task. 235 

 – Please insert Figure 6 about here – 236 

 237 

4. Discussion 238 

Our work combined two separate lines of research showing that 1) age-related structural decline in 239 

auditory- and cognitive-related brain regions as well as 2) age-related cognitive decline are associated 240 

with the typically reported strong decline of SiN recognition in older adults. We consider it important 241 

to study the two factors in combination to find a suitable target for an intervention, because of the 242 

broad consequences of hearing and speech perception problems in older adults. Thus, the long-term 243 

goal of this research is to contribute to the development of feasible interventions targeting not only the 244 

ear (i.e., by hearing aids), but focusing also on neural and/or cognitive aspects of auditory processing 245 

difficulties in older adults.  246 

4.1. Interacting effect of age-related cortical thinning and working memory decline in SiN 247 

recognition difficulties 248 

In our sample, and in previous research (Dubno et al., 1984; Giroud et al., 2018; Gordon-Salant and 249 

Fitzgibbons, 1993; Killion and Niquette, 2000), there is a strong decline of SiN recognition in older 250 

compared to younger adults independently of pure-tone hearing loss. In our sample, the age group 251 

difference equals about 3.2 dB SNR on average. Our sample of older adults displayed consistent age-252 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 

 

 

 

 

related atrophy in SiN-relevant regions such as the bilateral superior temporal regions and right 253 

inferior frontal and precentral regions. In other words, those who demonstrate greater thinning in those 254 

brain regions performed poorer in the SiN task. Our data further revealed the relevance of a 255 

structurally intact left superior frontal lobe for older adults’ SiN recognition because greater age-256 

related thinning in the left superior frontal lobe was associated with lower SiN performance in older 257 

adults specifically. Importantly, this association between CT in the left superior frontal lobe and SiN 258 

recognition was moderated by individual working memory capacity. It seems that those older adults 259 

who have greater working memory capacity tend to benefit more from a structurally intact (i.e., less 260 

affected by age-related thinning) left superior frontal lobe to compensate for the greater challenge 261 

related to the processing of speech in background noise. 262 

4.2. Frontal cortical thickness as a correlate for successful SiN recognition 263 

Notably, all the neurostructural correlates of SiN recognition in this study were related to changes in 264 

cortical thickness and not cortical surface area. Younger adults were found to consistently have a 265 

thicker cortex. These findings corroborate previous observations in which lower cortical thickness and 266 

decreased cortical volume correlated with lower SiN recognition (i.e., higher SiN recognition 267 

thresholds) (Giroud et al., 2018; Rudner et al., 2019; Wong et al., 2010). This result speaks to the 268 

notion of CT and CSA as two independent anatomical traits (Meyer et al., 2016; Winkler et al., 2010). 269 

The interpretation is in line with a proposal of the Radial Unit Hypothesis describing different 270 

developmental trajectories of CT and CSA during prenatal brain maturation (Rakic, 1995, 1988). In 271 

the current study, changes in CT seem to reflect age-related processes of cortical atrophy, while CSA 272 

does not (Engvig et al., 2010; Giroud et al., 2018; Storsve et al., 2014). Our findings therefore 273 

underscore the possibility that the individual degree of age-related cortical thinning covaries with 274 

difficulties in SiN recognition in older adults. 275 

Another explanation for the CT-SiN association stems from research with hearing-impaired older 276 

adults. In older and hard-of-hearing individuals, such variability in age-related neuroanatomical 277 

alterations might also occur as a consequence of reduced sensory input to the auditory pathways and 278 

eventually to the auditory cortex. In fact, longitudinal studies have demonstrated that greater pure-tone 279 

hearing loss was associated with greater gray matter volume loss (Lin et al., 2014; Xu et al., 2019) in 280 

auditory-related brain regions (e.g. bilateral STG) and areas associated with cognitive processing (e.g. 281 

the parahippocampus and the hippocampus) as well as lateral ventricle expansion (Eckert et al., 2019). 282 

Also cross-sectional work has shown that pure-tone hearing loss is related to neuroanatomical 283 

alterations of gray matter volume and thickness (Alfandari et al., 2018; Eckert et al., 2012; Rigters et 284 

al., 2018, 2017; Tuwaig et al., 2017; Rudner et al., 2019; Uchida et al., 2018; Ren et al., 2018; 285 
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Armstrong et al., 2019; Neuschwander et al., 2019; Giroud et al., in prep., but see Profant et al., 2014). 286 

However, in our participants, only mild pure-tone hearing loss was evident making the first 287 

explanation for the CT-SiN correlations more likely. Future longitudinal studies in older adults with 288 

only mild or subclinical pure-tone hearing loss should be conducted to find out to what degree such 289 

small losses in pure-tone hearing could already lead to decline in brain structure across the lifespan. 290 

Brain areas whose thicknesses were significantly correlated with SiN recognition were found in peri-291 

sylvian and frontal regions, concurring with previous neuroanatomical findings (Giroud et al., 2018; 292 

Rudner et al., 2019; Wong et al., 2010). Besides the undisputed relevance of auditory superior 293 

temporal regions for SiN processing, CT in the right pars triangularis was correlated with SiN 294 

recognition across all participants. To our knowledge, the specific contribution of the right pars 295 

triangularis in speech processing is unclear to date. FMRI responses in the right IFG have previously 296 

been related to mental repair of spoken sentences (Meyer et al., 2000). Thus, it could be speculated 297 

that the right IFG is involved in the mental amplification of auditory input due to effortful filtering of 298 

the speech signal from the background noise. An alternative interpretation however could be that the 299 

right IFG supports attentional control and inhibition (Aron et al., 2004; Hampshire et al., 2010) 300 

pointing to the role of this region in executive functions when recognizing SiN.  301 

 302 

4.3. The left superior frontal gyrus as a working memory allocator for SiN recognition in older 303 

adults 304 

Importantly, cortical thinning of the left superior frontal gyrus seems to play an important role in the 305 

age-related decline of SiN recognition. Similar to our sample, this association, which was exclusively 306 

found in older participants irrespective of pure-tone thresholds, was reported previously (Wong et al., 307 

2010). It was interpreted as reflecting a decline of cognition, particularly working memory, leading to 308 

a decline in older listener’s SiN recognition. Based on neurofunctional studies showing an 309 

involvement of the left superior frontal gyrus in working memory (Cornette et al., 2001; du 310 

Boisgueheneuc et al., 2006), these results overall suggest that fewer age-related neuromorphological 311 

anomalies in the left superior frontal gyrus might improve working memory-related processes during 312 

speech recognition in noise leading to better recognition performance. Even though Giroud et al. 313 

(2018) did not find this age-specific association between CT of the left superior frontal gyrus and SiN 314 

recognition, our moderation analysis supports this interpretation. Particularly individuals with high 315 

working memory capacity benefit from a neuroanatomically intact left superior frontal gyrus 316 

suggesting that this region may be responsible for the allocation of working memory resources during 317 
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SiN processing. In other words, especially when working memory capacity is high enough to 318 

potentially facilitate SiN recognition in individuals with insufficient auditory structures, the intact left 319 

superior frontal gyrus will allocate those working memory resources to the task. Similarly, this 320 

interpretation would predict that when an older individual has low working memory capacity, the 321 

degree of anomaly in the left superior frontal gyrus does not matter to the same extent as in someone 322 

with high working memory capacity, because there are not enough working memory resources 323 

available to allocate to the task.  324 

An alternative explanation is related to the inhibition hypothesis. The PFC is also involved in 325 

executive functions such as inhibitory control (Elliott, 2003), also of working memory contents 326 

(Hasher and Zacks, 1988). Thus, it is also possible that older adults with high working memory 327 

capacity keep more irrelevant information in mind (e.g., competing words during lexical access) 328 

leading to a higher need to inhibit incorrect words (Wong et al., 2010) which can be facilitated by a 329 

structurally intact left superior frontal lobe.  330 

Notably though, in our sample working memory capacity did not directly correlate with SiN 331 

recognition (only by moderating the association with CT of the left superior lobe). This is in line with 332 

a previous study assessing to what extent working memory training would transfer to SiN recognition 333 

in older adults which did not find any significant improvement in SiN performance after training 334 

(Wayne et al., 2016). Further, it has been noted that in normal hearing younger listeners there is only 335 

weak evidence for the association between working memory and speech-in-noise recognition 336 

(Füllgrabe and Rosen, 2016a, 2016b). Also, the association depends strongly on the test environment, 337 

such as the working memory task modality and the speech in noise masker type (Besser et al., 2013). 338 

Finally, it has been reported that the working memory benefit stems mainly from the capitalization of 339 

contextual cues (Gordon-Salant and Cole, 2016), which were not present in our study. Thus, it has to 340 

be noted that the interaction between working memory and SiN recognition appears not to be always 341 

straight forward. In terms of finding a target for an intervention to improve speech processing in 342 

background noise for older adults, a working memory training might not be the primary target. Our 343 

study suggests that a more promising candidate could be a brain stimulation protocol improving 344 

frontal compensatory processes during SiN perception directly.  345 

Acknowledgments 346 

This study was funded by the Swiss National Science Foundation (SNF, no. 105314_152905; no. 347 

105319_169964 to MM) and by a postdoctoral “Forschungskredit” from the University of Zurich (no. 348 

FK-19-072 to NG). During the work on his dissertation, MK was a pre-doctoral fellow of LIFE 349 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

 

 

 

(International Max Planck Research School on the Life Course; participating institutions: MPI for 350 

Human Development, Humboldt-Universität zu Berlin, Freie Universität Berlin, University of 351 

Michigan, University of Virginia, University of Zurich). Financial support by the Jacobs Foundation 352 

helped to conduct this research. Furthermore, this research was supported by the University Research 353 

Priority Program (URPP) ’Dynamics of Healthy Aging’. 354 

References 

Alain, C., Du, Y., Bernstein, L.J., Barten, T., Banai, K., 2018. Listening under difficult conditions: An 
activation likelihood estimation meta-analysis. Hum. Brain Mapp. 39, 2695–2709. 
https://doi.org/10.1002/hbm.24031 

Albers, M.W., Gilmore, G.C., Kaye, J., Murphy, C., Wingfield, A., Bennett, D.A., Boxer, A.L., 
Buchman, A.S., Cruickshanks, K.J., Devanand, D.P., Duffy, C.J., Gall, C.M., Gates, G.A., 
Granholm, A.-C., Hensch, T., Holtzer, R., Hyman, B.T., Lin, F.R., McKee, A.C., Morris, J.C., 
Petersen, R.C., Silbert, L.C., Struble, R.G., Trojanowski, J.Q., Verghese, J., Wilson, D.A., Xu, 
S., Zhang, L.I., 2015. At the interface of sensory and motor dysfunctions and Alzheimer’s 
disease. Alzheimers Dement. 11, 70–98. https://doi.org/10.1016/j.jalz.2014.04.514 

Alfandari, D., Vriend, C., Heslenfeld, D.J., Versfeld, N.J., Kramer, S.E., Zekveld, A.A., 2018. Brain 
Volume Differences Associated With Hearing Impairment in Adults. Trends Hear. 22, 
2331216518763689. https://doi.org/10.1177/2331216518763689 

Anderson, S., White-Schwoch, T., Parbery-Clark, A., Kraus, N., 2013. A dynamic auditory-cognitive 
system supports speech-in-noise perception in older adults. Hear. Res. 300, 18–32. 
https://doi.org/10.1016/j.heares.2013.03.006 

Annett, M., 1970. A classification of hand preference by association analysis. Br. J. Psychol. 61, 303–
321. 

Arlinger, S., 2003. Negative consequences of uncorrected hearing loss—a review. Int. J. Audiol. 42, 
17–20. 

Armstrong, N.M., An, Y., Doshi, J., Erus, G., Ferrucci, L., Davatzikos, C., Deal, J.A., Lin, F.R., 
Resnick, S.M., 2019. Association of Midlife Hearing Impairment With Late-Life Temporal 
Lobe Volume Loss. JAMA Otolaryngol. Neck Surg. 
https://doi.org/10.1001/jamaoto.2019.1610 

Aron, A.R., Robbins, T.W., Poldrack, R.A., 2004. Inhibition and the right inferior frontal cortex. 
Trends Cogn. Sci. 8, 170–177. https://doi.org/10.1016/j.tics.2004.02.010 

Besser, J., Koelewijn, T., Zekveld, A.A., Kramer, S.E., Festen, J.M., 2013. How Linguistic Closure 
and Verbal Working Memory Relate to Speech Recognition in Noise—A Review. Trends 
Amplif. 17, 75–93. https://doi.org/10.1177/1084713813495459 

Bilodeau-Mercure, M., Lortie, C.L., Sato, M., Guitton, M.J., Tremblay, P., 2015. The neurobiology of 
speech perception decline in aging. Brain Struct. Funct. 220, 979–997. 
https://doi.org/10.1007/s00429-013-0695-3 

Ciorba, A., Bianchini, C., Pelucchi, S., Pastore, A., 2012. The impact of hearing loss on the quality of 
life of elderly adults. Clin. Interv. Aging 7, 159–163. https://doi.org/10.2147/CIA.S26059 

Cornette, L., Dupont, P., Salmon, E., Orban, G.A., 2001. The neural substrate of orientation working 
memory. J. Cogn. Neurosci. 13, 813–828. https://doi.org/10.1162/08989290152541476 

Cruickshanks, K.J., Wiley, T.L., Tweed, T.S., Klein, B.E., Klein, R., Mares-Perlman, J.A., Nondahl, 
D.M., 1998. Prevalence of hearing loss in older adults in Beaver Dam, Wisconsin the 
epidemiology of hearing loss study. Am. J. Epidemiol. 148, 879–886. 

Dale, A.M., Fischl, B., Sereno, M.I., 1999. Cortical Surface-Based Analysis; I. Segmentation and 
Surface Reconstruction. NeuroImage 9, 179–194. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

 

 

 

de la Fuente, J., Hjelmborg, J., Wod, M., de la Torre-Luque, A., Caballero, F.F., Christensen, K., 
Ayuso-Mateos, J.L., 2019. Longitudinal Associations of Sensory and Cognitive Functioning: 
A Structural Equation Modeling Approach. J. Gerontol. B. Psychol. Sci. Soc. Sci. 74, 1308–
1316. https://doi.org/10.1093/geronb/gby147 

Deal, J.A., Reed, N.S., Kravetz, A.D., Weinreich, H., Yeh, C., Lin, F.R., Altan, A., 2019. Incident 
Hearing Loss and Comorbidity: A Longitudinal Administrative Claims Study. JAMA 
Otolaryngol. Neck Surg. 145, 36–43. https://doi.org/10.1001/jamaoto.2018.2876 

Deal, J.A., Sharrett, A.R., Albert, M.S., Coresh, J., Mosley, T.H., Knopman, D., Wruck, L.M., Lin, 
F.R., 2015. Hearing impairment and cognitive decline: a pilot study conducted within the 
atherosclerosis risk in communities neurocognitive study. Am. J. Epidemiol. 181, 680–690. 
https://doi.org/10.1093/aje/kwu333 

Dryden, A., Allen, H.A., Henshaw, H., Heinrich, A., 2017. The Association Between Cognitive 
Performance and Speech-in-Noise Perception for Adult Listeners: A Systematic Literature 
Review and Meta-Analysis. Trends Hear. 21, 2331216517744675. 
https://doi.org/10.1177/2331216517744675 

du Boisgueheneuc, F., Levy, R., Volle, E., Seassau, M., Duffau, H., Kinkingnehun, S., Samson, Y., 
Zhang, S., Dubois, B., 2006. Functions of the left superior frontal gyrus in humans: a lesion 
study. Brain J. Neurol. 129, 3315–3328. https://doi.org/10.1093/brain/awl244 

Du, Y., Buchsbaum, B.R., Grady, C.L., Alain, C., 2016. Increased activity in frontal motor cortex 
compensates impaired speech perception in older adults. Nat. Commun. 7, 12241. 
https://doi.org/10.1038/ncomms12241 

Dubno, J.R., Dirks, D.D., Morgan, D.E., 1984. Effects of age and mild hearing loss on speech 
recognition in noise. J. Acoust. Soc. Am. 76, 87–96. https://doi.org/10.1121/1.391011 

Dubno, J.R., Eckert, M.A., Lee, F.-S., Matthews, L.J., Schmiedt, R.A., 2013. Classifying Human 
Audiometric Phenotypes of Age-Related Hearing Loss from Animal Models. J. Assoc. Res. 
Otolaryngol. 14, 687–701. https://doi.org/10.1007/s10162-013-0396-x 

Eckert, M.A., Cute, S.L., Vaden, K.I., Kuchinsky, S.E., Dubno, J.R., 2012. Auditory Cortex Signs of 
Age-Related Hearing Loss. JARO J. Assoc. Res. Otolaryngol. 13, 703–713. 
https://doi.org/10.1007/s10162-012-0332-5 

Eckert, M.A., Vaden Jr, K.I., Dubno, J.R., 2019. Age-Related Hearing Loss Associations With 
Changes in Brain Morphology. Trends Hear. 23, 2331216519857267. 

Elliott, R., 2003. Executive functions and their disorders. Br. Med. Bull. 65, 49–59. 
https://doi.org/10.1093/bmb/65.1.49 

Engvig, A., Fjell, A.M., Westlye, L.T., Moberget, T., Sundseth, Ø., Larsen, V.A., Walhovd, K.B., 
2010. Effects of memory training on cortical thickness in the elderly. NeuroImage 52, 1667–
1676. https://doi.org/10.1016/j.neuroimage.2010.05.041 

Fischer, M.E., Cruickshanks, K.J., Schubert, C.R., Pinto, A.A., Carlsson, C.M., Klein, B.E.K., Klein, 
R., Tweed, T.S., 2016. Age-Related Sensory Impairments and Risk of Cognitive Impairment. 
J. Am. Geriatr. Soc. 64, 1981–1987. https://doi.org/10.1111/jgs.14308 

Fischl, B., Liu, A., Dale, A.M., 2001. Automated manifold surgery: constructing geometrically 
accurate and topologically correct models of the human cerebral cortex. IEEE Trans. Med. 
Imaging 20, 70–80. 

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., van der Kouwe, A., 
Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N., Rosen, B., Dale, A.M., 
2002. Whole brain segmentation: automated labeling of neuroanatomical structures in the 
human brain. Neuron 33, 341–355. 

Fischl, B., Sereno, M.I., Dale, A.M., 1999a. Cortical Surface-Based Analysis; II. Inflation, Flattening, 
and a Surface-Based Coordinate System. NeuroImage 9, 195–207. 

Fischl, B., Sereno, M.I., Tootell, R.B., Dale, A.M., 1999b. High-resolution intersubject averaging and 
a coordinate system for the cortical surface. Hum. Brain Mapp. 8, 272–284. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

 

 

 

Fischl, B., van der Kouwe, A., Destrieux, C., Halgren, E., Ségonne, F., Salat, D.H., Busa, E., 
Caviness, V., Makris, N., Rosen, B., Dale, A.M., 2004. Automatically Parcellating the Human 
Cerebral Cortex. Cereb. Cortex 14, 11–22. 

Fjell, A.M., Walhovd, K.B., Fennema-Notestine, C., McEvoy, L.K., Hagler, D.J., Holland, D., 
Brewer, J.B., Dale, A.M., 2009. One-Year Brain Atrophy Evident in Healthy Aging. J. 
Neurosci. 29, 15223–15231. https://doi.org/10.1523/JNEUROSCI.3252-09.2009 

Fjell, A.M., Westlye, L.T., Grydeland, H., Amlien, I., Espeseth, T., Reinvang, I., Raz, N., Dale, A.M., 
Walhovd, K.B., Alzheimer Disease Neuroimaging Initiative, 2014. Accelerating cortical 
thinning: unique to dementia or universal in aging? Cereb. Cortex N. Y. N 1991 24, 919–934. 
https://doi.org/10.1093/cercor/bhs379 

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. “Mini-mental state”: a practical method for 
grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12, 189–198. 

Fortunato, S., Forli, F., Guglielmi, V., De Corso, E., Paludetti, G., Berrettini, S., Fetoni, A.R., 2016. A 
review of new insights on the association between hearing loss and cognitive decline in 
ageing. Acta Otorhinolaryngol. Ital. Organo Uff. Della Soc. Ital. Otorinolaringol. E Chir. 
Cerv.-facc. 36, 155–166. https://doi.org/10.14639/0392-100X-993 

Friederici, A.D., 2012. The cortical language circuit: from auditory perception to sentence 
comprehension. Trends Cogn. Sci. 16, 262–268. 

Füllgrabe, C., 2013. Age-dependent changes in temporal-fine-structure processing in the absence of 
peripheral hearing loss. Am. J. Audiol. 22, 313–315. https://doi.org/10.1044/1059-
0889(2013/12-0070) 

Füllgrabe, C., Moore, B.C.J., Stone, M.A., 2015. Age-group differences in speech identification 
despite matched audiometrically normal hearing: contributions from auditory temporal 
processing and cognition. Front. Aging Neurosci. 6, 347. 
https://doi.org/10.3389/fnagi.2014.00347 

Füllgrabe, C., Rosen, S., 2016a. On The (Un)importance of Working Memory in Speech-in-Noise 
Processing for Listeners with Normal Hearing Thresholds. Front. Psychol. 7. 
https://doi.org/10.3389/fpsyg.2016.01268 

Füllgrabe, C., Rosen, S., 2016b. Investigating the Role of Working Memory in Speech-in-noise 
Identification for Listeners with Normal Hearing. Adv. Exp. Med. Biol. 894, 29–36. 
https://doi.org/10.1007/978-3-319-25474-6_4 

Gates, Anderson, McCurry, Feeney, Larson, 2011. Central auditory dysfunction as a harbinger of 
alzheimer dementia. Arch. Otolaryngol. Neck Surg. 137, 390–395. 
https://doi.org/10.1001/archoto.2011.28 

Giroud, N., Hirsiger, S., Muri, R., Kegel, A., Dillier, N., Meyer, M., 2018. Neuroanatomical and 
resting state EEG power correlates of central hearing loss in older adults. Brain Struct. Funct. 
223, 145–163. https://doi.org/10.1007/s00429-017-1477-0 

Giroud, N., Keller, M., Hirsiger, S., Dellwo, V., Meyer, M., 2019. Bridging the brain structure—brain 
function gap in prosodic speech processing in older adults. Neurobiol. Aging 80, 116–126. 
https://doi.org/10.1016/j.neurobiolaging.2019.04.017 

Giroud, N., Pichora-Fuller, K., Mick, P., Wittich, W., Al-Yawer, F., Rehan, S., Orange, J.B., Phillips, 
N.A., in prep. Hearing loss is differentially related to gray matter volume and cortical 
thickness in older adults with varying degrees of cognitive impairment. 

Gordon-Salant, S., Cole, S.S., 2016. Effects of Age and Working Memory Capacity on Speech 
Recognition Performance in Noise Among Listeners With Normal Hearing. Ear Hear. 37, 
593–602. https://doi.org/10.1097/AUD.0000000000000316 

Gordon-Salant, S., Fitzgibbons, P.J., 1999. Profile of Auditory Temporal Processing in Older 
Listeners. J. Speech Lang. Hear. Res. 42, 300. https://doi.org/10.1044/jslhr.4202.300 

Gordon-Salant, S., Fitzgibbons, P.J., 1993. Temporal factors and speech recognition performance in 
young and elderly listeners. J. Speech Hear. Res. 36, 1276–1285. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

 

 

 

Hampshire, A., Chamberlain, S.R., Monti, M.M., Duncan, J., Owen, A.M., 2010. The role of the right 
inferior frontal gyrus: inhibition and attentional control. NeuroImage 50, 1313–1319. 
https://doi.org/10.1016/j.neuroimage.2009.12.109 

Hasher, L., Zacks, R.T., 1988. Working memory, comprehension, and aging: A review and a new 
view. Psychol. Learn. Motiv. 22, 193–225. 

Hickok, G., Poeppel, D., 2007. The cortical organization of speech processing. Nat. Rev. Neurosci. 8, 
393–402. 

Hickok, G., Poeppel, D., 2004. Dorsal and ventral streams: a framework for understanding aspects of 
the functional anatomy of language. Cognition, Towards a New Functional Anatomy of 
Language 92, 67–99. https://doi.org/10.1016/j.cognition.2003.10.011 

Hopkins, K., Moore, B.C.J., 2011. The effects of age and cochlear hearing loss on temporal fine 
structure sensitivity, frequency selectivity, and speech reception in noise. J. Acoust. Soc. Am. 
130, 334–349. https://doi.org/10.1121/1.3585848 

Humes, L.E., Dubno, J.R., Gordon-Salant, S., Lister, J.J., Cacace, A.T., Cruickshanks, K.J., Gates, 
G.A., Wilson, R.H., Wingfield, A., 2012. Central Presbycusis: A Review and Evaluation of 
the Evidence. J. Am. Acad. Audiol. 23, 635–666. 

Killion, M.C., Niquette, P.A., 2000. What can the pure-tone audiogram tell us about a patient’s SNR 
loss? Hear. J. 53. 

Lecluyse, W., Meddis, R., 2009. A simple single-interval adaptive procedure for estimating thresholds 
in normal and impaired listeners. J. Acoust. Soc. Am. 126, 2570. 

Lecluyse, W., Tan, C.M., McFerran, D., Meddis, R., 2013. Acquisition of auditory profiles for good 
and impaired hearing. Int. J. Audiol. 52, 596–605. 

Lehrl, S., 1999. MWT-B - Mehrfachwahl-Wortschatz-Intelligenztest. Hogrefe. 
Lin, F.R., Albert, M., 2014. Hearing loss and dementia - who is listening? Aging Ment. Health 18, 

671–673. https://doi.org/10.1080/13607863.2014.915924 
Lin, F.R., Ferrucci, L., An, Y., Goh, J.O., Doshi, J., Metter, E.J., Davatzikos, C., Kraut, M.A., 

Resnick, S.M., 2014. Association of hearing impairment with brain volume changes in older 
adults. NeuroImage 90, 84–92. https://doi.org/10.1016/j.neuroimage.2013.12.059 

Lin, F.R., Metter, E.J., O’Brien, R.J., Resnick, S.M., Zonderman, A.B., Ferrucci, L., 2011. Hearing 
loss and incident dementia. Arch. Neurol. 68, 214–220. 
https://doi.org/10.1001/archneurol.2010.362 

Merten, N., Fischer, M.E., Tweed, T.S., Breteler, M.M.B., Cruickshanks, K.J., 2019. Associations of 
Hearing Sensitivity, Higher-order Auditory Processing, and Cognition over Time in Middle-
aged Adults. J. Gerontol. A. Biol. Sci. Med. Sci. https://doi.org/10.1093/gerona/glz189 

Meyer, M., Friederici, A.D., von Cramon, D.Y., 2000. Neurocognition of auditory sentence 
comprehension: event-related fMRI reveals sensitivity to syntactic violations and task 
demands. CBR 9, 19–33. 

Meyer, M., Neff, P., Liem, F., Kleinjung, T., Weidt, S., Langguth, B., Schecklmann, M., 2016. 
Differential tinnitus-related neuroplastic alterations of cortical thickness and surface area. 
Hear. Res. 342, 1–12. https://doi.org/10.1016/j.heares.2016.08.016 

Mills, J., Schmiedt, R., Schulte, B., Dubno, J., 2006. Age-Related Hearing Loss: A Loss of Voltage, 
Not Hair Cells. Semin. Hear. 27, 228–236. https://doi.org/10.1055/s-2006-954849 

Moore, D.R., Edmondson-Jones, M., Dawes, P., Fortnum, H., McCormack, A., Pierzycki, R.H., 
Munro, K.J., 2014. Relation between Speech-in-Noise Threshold, Hearing Loss and Cognition 
from 40–69 Years of Age. PLOS ONE 9, e107720. 
https://doi.org/10.1371/journal.pone.0107720 

Neuschwander, P., Hänggi, J., Zekveld, A.A., Meyer, M., 2019. Cortical thickness of left Heschl’s 
gyrus correlates with hearing acuity in adults – A surface-based morphometry study. Hear. 
Res. 384, 107823. https://doi.org/10.1016/j.heares.2019.107823 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

 

 

 

Nystrom, L.E., Braver, T.S., Sabb, F.W., Delgado, M.R., Noll, D.C., Cohen, J.D., 2000. Working 
memory for letters, shapes, and locations: fMRI evidence against stimulus-based regional 
organization in human prefrontal cortex. NeuroImage 11, 424–446. 
https://doi.org/10.1006/nimg.2000.0572 

Osler, M., Christensen, G.T., Mortensen, E.L., Christensen, K., Garde, E., Rozing, M.P., 2019. 
Hearing loss, cognitive ability, and dementia in men age 19–78 years. Eur. J. Epidemiol. 34, 
125–130. 

Owen, A.M., McMillan, K.M., Laird, A.R., Bullmore, E., 2005. N-back working memory paradigm: a 
meta-analysis of normative functional neuroimaging studies. Hum. Brain Mapp. 25, 46–59. 
https://doi.org/10.1002/hbm.20131 

Pichora-Fuller, M.K., Kramer, S.E., Eckert, M.A., Edwards, B., Hornsby, B.W.Y., Humes, L.E., 
Lemke, U., Lunner, T., Matthen, M., Mackersie, C.L., Naylor, G., Phillips, N.A., Richter, M., 
Rudner, M., Sommers, M.S., Tremblay, K.L., Wingfield, A., 2016. Hearing Impairment and 
Cognitive Energy: The Framework for Understanding Effortful Listening (FUEL). Ear Hear. 
37, 5S-27S. https://doi.org/10.1097/AUD.0000000000000312 

Pichora-Fuller, M.K., Mick, P., Reed, M., 2015. Hearing, cognition, and healthy aging: Social and 
public health implications of the links between age-related declines in hearing and cognition, 
in: Seminars in Hearing. Thieme Medical Publishers, pp. 122–139. 

Pichora-Fuller, M.K., Souza, P.E., 2003. Effects of aging on auditory processing of speech. Int. J. 
Audiol. 42, 11–16. https://doi.org/10.3109/14992020309074638 

Profant, O., Škoch, A., Balogová, Z., Tintěra, J., Hlinka, J., Syka, J., 2014. Diffusion tensor imaging 
and MR morphometry of the central auditory pathway and auditory cortex in aging. 
Neuroscience 260, 87–97. https://doi.org/10.1016/j.neuroscience.2013.12.010 

R Core Team, 2017. R: A language and environment for statistical computing., R Foundation for 
Statistical Computing. Vienna, Austria. 

Rakic, P., 1995. A small step for the cell, a giant leap for mankind: a hypothesis of neocortical 
expansion during evolution. Trends Neurosci. 18, 383–388. 

Rakic, P., 1988. Specification of cerebral cortical areas. Science 241, 170–176. 
Ren, F., Ma, W., Li, M., Sun, H., Xin, Q., Zong, W., Chen, W., Wang, G., Gao, F., Zhao, B., 2018. 

Gray Matter Atrophy Is Associated With Cognitive Impairment in Patients With Presbycusis: 
A Comprehensive Morphometric Study. Front. Neurosci. 12. 
https://doi.org/10.3389/fnins.2018.00744 

Rigters, S.C., Bos, D., Metselaar, M., Roshchupkin, G.V., Baatenburg de Jong, R.J., Ikram, M.A., 
Vernooij, M.W., Goedegebure, A., 2017. Hearing Impairment Is Associated with Smaller 
Brain Volume in Aging. Front. Aging Neurosci. 9, 2. 
https://doi.org/10.3389/fnagi.2017.00002 

Rigters, S.C., Cremers, L.G.M., Ikram, M.A., van der Schroeff, M.P., de Groot, M., Roshchupkin, 
G.V., Niessen, W.J.N., Baatenburg de Jong, R.J., Goedegebure, A., Vernooij, M.W., 2018. 
White-matter microstructure and hearing acuity in older adults: a population-based cross-
sectional DTI study. Neurobiol. Aging 61, 124–131. 
https://doi.org/10.1016/j.neurobiolaging.2017.09.018 

Rönnberg, J., Holmer, E., Rudner, M., 2019. Cognitive hearing science and ease of language 
understanding. Int. J. Audiol. 58, 247–261. https://doi.org/10.1080/14992027.2018.1551631 

Rönnberg, J., Lunner, T., Zekveld, A., Sörqvist, P., Danielsson, H., Lyxell, B., Dahlström, O., 
Signoret, C., Stenfelt, S., Pichora-Fuller, M.K., Rudner, M., 2013. The Ease of Language 
Understanding (ELU) model: theoretical, empirical, and clinical advances. Front. Syst. 
Neurosci. 7, 31. https://doi.org/10.3389/fnsys.2013.00031 

Rönnberg, J., Rudner, M., Foo, C., Lunner, T., 2008. Cognition counts: a working memory system for 
ease of language understanding (ELU). Int. J. Audiol. 47, S99-105. 
https://doi.org/10.1080/14992020802301167 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

 

 

 

Rudner, M., Seeto, M., Keidser, G., Johnson, B., Rönnberg, J., 2019. Poorer speech reception 
threshold in noise is associated with lower brain volume in auditory and cognitive processing 
regions. J. Speech Lang. Hear. Res. 62, 1117–1130. 

Ségonne, F., Dale, A.M., Busa, E., Glessner, M., Salat, D.H., Hahn, H.K., Fischl, B., 2004. A hybrid 
approach to the skull stripping problem in MRI. NeuroImage 22, 1060–1075. 

Storsve, A.B., Fjell, A.M., Tamnes, C.K., Westlye, L.T., Overbye, K., Aasland, H.W., Walhovd, K.B., 
2014. Differential Longitudinal Changes in Cortical Thickness, Surface Area and Volume 
across the Adult Life Span: Regions of Accelerating and Decelerating Change. J. Neurosci. 
34, 8488–8498. 

Stroop, J.R., 1935. Studies of interference in serial verbal reactions. J. Exp. Psychol. 18, 643–662. 
https://doi.org/10.1037/h0054651 

Tuwaig, M., Savard, M., Jutras, B., Poirier, J., Collins, D.L., Rosa-Neto, P., Fontaine, D., Breitner, 
J.C.S., for the PREVENT-AD Research Group, 2017. Deficit in Central Auditory Processing 
as a Biomarker of Pre-Clinical Alzheimer’s Disease. J. Alzheimers Dis. 60, 1–12. 
https://doi.org/10.3233/JAD-170545 

Uchida, Y., Nishita, Y., Kato, T., Iwata, K., Sugiura, S., Suzuki, H., Sone, M., Tange, C., Otsuka, R., 
Ando, F., 2018. Smaller hippocampal volume and degraded peripheral hearing among 
Japanese community dwellers. Front. Aging Neurosci. 10. 

Vannson, N., James, C., Fraysse, B., Strelnikov, K., Barone, P., Deguine, O., Marx, M., 2015. Quality 
of life and auditory performance in adults with asymmetric hearing loss. Audiol. Neurootol. 
20, 38–43. https://doi.org/10.1159/000380746 

Wagener, K.C., Brand, T., Kollmeier, B., 1999a. Entwicklung und Evaluation eines Satztests in 
deutscher Sprache II: Optimierung des Oldenburger Satztests. Z. Für Audiol. 38, 44–56. 

Wagener, K.C., Brand, T., Kollmeier, B., 1999b. Entwicklung und Evaluation eines Satztests in 
deutscher Sprache III: Evaluation des Oldenburger Satztests. Z. Für Audiol. 38, 86–95. 

Wagener, K.C., Kühnel, V., Kollmeier, B., 1999c. Entwicklung und Evaluation eines Satztests in 
deutscher Sprache I: Design des Oldenburger Satztests. Z. Für Audiol. 38, 4–15. 

Walhovd, K.B., Westlye, L.T., Amlien, I., Espeseth, T., Reinvang, I., Raz, N., Agartz, I., Salat, D.H., 
Greve, D.N., Fischl, B., Dale, A.M., Fjell, A.M., 2011. Consistent neuroanatomical age-
related volume differences across multiple samples. Neurobiol. Aging 32, 916–932. 

Wayne, R.V., Hamilton, C., Jones Huyck, J., Johnsrude, I.S., 2016. Working Memory Training and 
Speech in Noise Comprehension in Older Adults. Front. Aging Neurosci. 8, 49. 
https://doi.org/10.3389/fnagi.2016.00049 

Wingfield, A., Waters, G.S., Tun, P.A., 1998. Chapter 7 Does working memory work in language 
comprehension? Evidence from behavioral neuroscience, in: Raz, N. (Ed.), Advances in 
Psychology, The Other Side of the Error Term. North-Holland, pp. 319–393. 
https://doi.org/10.1016/S0166-4115(98)80009-5 

Winkler, A.M., Kochunov, P., Blangero, J., Almasy, L., Zilles, K., Fox, P.T., Duggirala, R., Glahn, 
D.C., 2010. Cortical thickness or grey matter volume? The importance of selecting the 
phenotype for imaging genetics studies. NeuroImage 53, 1135–1146. 

Wong, P.C.M., Ettlinger, M., Sheppard, J.P., Gunasekera, G.M., Dhar, S., 2010. Neuroanatomical 
Characteristics and Speech Perception in Noise in Older Adults: Ear Hear. 31, 471–479. 

Wong, P.C.M., Jin, J.X., Gunasekera, G.M., Abel, R., Lee, E.R., Dhar, S., 2009. Aging and cortical 
mechanisms of speech perception in noise. Neuropsychologia 47, 693–703. 
https://doi.org/10.1016/j.neuropsychologia.2008.11.032 

Xu, W., Zhang, C., Li, J.-Q., Tan, C.-C., Cao, X.-P., Tan, L., Yu, J.-T., Alzheimer’s Disease 
Neuroimaging Initiative, 2019. Age-related hearing loss accelerates cerebrospinal fluid tau 
levels and brain atrophy: a longitudinal study. Aging 11, 3156–3169. 
https://doi.org/10.18632/aging.101971 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2021. ; https://doi.org/10.1101/2020.09.14.296343doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.14.296343
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

 

 

 

 

Figure Legends 

Figure 1: Pure tone hearing thresholds averaged over both ears of the young and the older age groups. 

The World Health Organization (WHO) classification of hearing loss is displayed on the right. Error 

bars indicate 95% confidence intervals. 

Figure 2: Significant positive association between age and speech-in-noise reception thresholds 

showing that older adults perform worse in SiN than younger adults. **p<.01.  

Figure 3: Results of the whole-brain FreeSurfer analysis for cortical thickness (CT) including the two 

age groups. Results are displayed on the inflated and the pial surface. Blue clusters refer to significant 

negative correlations (greater CT associated with better speech-in-noise perception).  No significant 

positive correlations (red) were found. LH= left hemisphere, RH= right hemisphere. 

Figure 4: Age group differences in cortical thickness (CT) of brain regions associated with speech-in-

noise perception (see Figure 3 and Table 1). lh= left hemisphere, rh= right hemisphere. *p<.05, 

**p<.01, ***p<.001.  

Figure 5: Age significantly moderates the association between cortical thickness (CT) and speech-in-

noise (SiN) perception. In older adults (OA) only, those with greater CT in the left superior frontal 

lobe also perform better in the SiN perception task. This association was not significant in the younger 

age group. 

Figure 6: Working memory significantly moderates the association between cortical thickness (CT) in 

the left superior frontal lobe and speech-in-noise (SiN) perception in older adults. The relationship 

between SiN and CT in the left superior frontal lobe was stronger for older adults with higher working 

memory capacity compared to those with lower working memory abilities.  
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Table 1: Significant correlations between cortical thickness (CT) and speech-in-noise (SiN) 

reception thresholds in the two hemispheres irrespective of age group. All correlations were 

negative showing that those with greater CT performed better in SiN. LH: Left hemisphere, RH: Right 

hemisphere, Max: log10(p) at peak vertex (values < -3 correspond to p < 0.001), NVts: number of 

vertices above threshold (p < 0.001, cluster-corrected). 

    Talairach coordinates 

Annotation Max NVtxs Size (mm2) X Y Z 

LH       

Superior frontal -5.079 1234 676.34 -7.6 56.8 17.7 

Superior temporal -5.804 930 428.28 -44.5 -9.5 -13.0 

RH       

Superior temporal -4.468 722 302.81 41.9 -12.8 -10.3 

Pars triangularis -5.449 488 295.78 48.4 34.2 -1.8 

Superior temporal -4.911 616 259.52 42.3 -34.0 14.2 

Caudal middle frontal -4.522 380 251.51 35.2 18.9 44.1 

precentral -6.614 474 223.33 56.5 5.8 11.5 
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Table 2: Age group differences in CT of regions of interest derived from the whole-brain 

analysis with speech-in-noise reception thresholds as predictors (p-values Bonferroni 

corrected). *p < .05, **p < .01, ***p< .001. 

 Older adults  Younger adults   

 M SD  M SD t p 

LH        

superior frontal 2.754 0.25  3.062 0.2 t(36)=-3.885 .003** 

superior temporal 2.309 0.23  2.655 0.19 t(36)=-4.624 <.001*** 

RH        

superior temporal 2.493 0.24 2.852 0.22 t(36)=-4.43 .001** 

pars triangularis 2.471 0.22 2.727 0.16 t(36)=-3.615 .006** 

transverse temporal 2.122 0.21 2.451 0.19 t(36)=-4.772 <.001*** 

caudal middle frontal 2.608 0.24 2.882 0.27 t(36)=-3.168 .022* 

precentral 2.51 0.23 2.951 0.2 t(36)=-5.917 <.001*** 
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