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A large proportion of older adults experience hearing loss. Yet, the impact of hearing loss 
on the aging brain, particularly on large-scale brain networks that support cognition and 
language, is relatively unknown. We used resting-state functional magnetic resonance 
imaging (fMRI) to identify hearing loss-related changes in the functional connectivity of 
primary auditory cortex to determine if these changes are distinct from age and cognitive 
measures known to decline with age (e.g., working memory and processing speed). 
We assessed the functional connectivity of Heschl’s gyrus in 31 older adults (60–80 years) 
who expressed a range of hearing abilities from normal hearing to a moderate hearing 
loss. Our results revealed that both left and right Heschl’s gyri were significantly connected 
to regions within auditory, sensorimotor, and visual cortices, as well as to regions within 
the cingulo-opercular network known to support attention. Participant age, working 
memory, and processing speed did not significantly correlate with any connectivity 
measures once variance due to hearing loss was removed. However, hearing loss was 
associated with increased connectivity between right Heschl’s gyrus and the dorsal anterior 
cingulate in the cingulo-opercular network even once variance due to age, working memory, 
and processing speed was removed. This greater connectivity was not driven by high 
frequency hearing loss, but rather by hearing loss measured in the 0.5–2 kHz range, 
particularly in the left ear. We conclude that hearing loss-related differences in functional 
connectivity in older adults are distinct from other aging-related differences and provide 
insight into a possible neural mechanism of compensation for hearing loss in older adults.
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INTRODUCTION

Beginning at age 50, as many as 15% of adults in the United States have at least a mild 
hearing loss, with this rate doubling every decade, such that by the seventh decade approximately 
two-thirds of adults have a hearing loss (Lin et al., 2011b). These trends reflect hearing thresholds 
typically assessed between 0.5 and 4 kHz, wherein most of the frequencies of speech sounds fall. 
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However, the prevalence of high-frequency hearing loss 
(thresholds between 4 and 8 kHz) is much greater at an earlier 
age, affecting one-third of adults 50–59 years and 59% of adults 
60–69  years (Agrawal et  al., 2008). These changes in hearing 
abilities in older adults negatively impact communication, 
resulting in speech comprehension difficulties, particularly in 
noisy environments (Tun et  al., 2010; Desjardins and Doherty, 
2013; Moore et  al., 2014). Hearing loss is further linked to 
declines in self-reported activities of daily living and overall 
quality of life (Dalton et al., 2003; Ciorba et al., 2012; Hawkins 
et al., 2012). While hearing aids are the most common treatment 
for managing age-related hearing loss, only about 40% of adults 
over 70  years old with a hearing loss use hearing aids, citing 
high costs, and perceived lack of need as barriers (Gopinath 
et  al., 2011; Lin et  al., 2011b). Thus, given the high prevalence 
of adults with age-related hearing loss, many of whom do not 
seek treatment, there is a rapidly expanding population of 
older adults living with the effects of hearing loss and it is 
critical that we  thoroughly characterize the effects of hearing 
loss in the aging brain to identify potential areas of intervention.

Recent work has linked age-related hearing loss to a roughly 
two-fold increased risk for cognitive decline and dementia, 
with hearing loss likely preceding the onset of cognitive decline 
by 5–10  years (Albers et  al., 2015; Loughrey et  al., 2017). In 
a large meta-analysis of the association between age-related 
hearing loss and cognitive abilities by Loughrey et  al. (2017), 
the authors report small but significant declines in cognition 
with hearing loss across several cognitive domains, including 
executive function, memory, processing speed, and visuospatial 
abilities. Although studies of cognitive aging similarly report 
age-related changes in these domains, with the greatest declines 
observed in memory and processing speed abilities (for a 
review, see Glisky, 2007). While the causal relationship between 
age-related hearing loss and declines in cognitive abilities are 
not well understood, two possible mechanisms have been 
proposed: (1) both conditions derive from a common etiology 
or (2) sensory deprivation (i.e., hearing loss) may lead to 
cognitive decline (Baltes and Lindenberger, 1997; Lin et  al., 
2011a). This growing body of literature characterizing the high 
prevalence of hearing loss and its link to cognitive decline 
points to a need to uncover how hearing loss impacts the 
brain separate from other effects of aging. Yet, many (if not 
most) neuroimaging studies examining structural and functional 
brain measures of cognition as a function of typical aging do 
not collect or use hearing measures as a covariate in their analyses.

Few studies have investigated how age-related hearing loss 
impacts the brain (for a review, see Cardin, 2016). Changes 
to brain structure related to age-related hearing loss are unclear: 
some studies report gray matter volume decreases associated 
with hearing loss in primary auditory cortex (i.e., Heschl’s 
gyrus) and other temporal lobe structures (Husain et  al., 2011; 
Peelle et  al., 2011; Eckert et  al., 2012), while others report 
volume increases within Heschl’s gyrus and the superior and 
middle temporal gyri (Boyen et  al., 2013). Across the entire 
brain, a longitudinal study of older adults that compared gray 
matter volume reported no volume differences at baseline 
between the group with hearing loss compared to the group 

with normal hearing, but at the follow up 6 years later, those 
with a hearing loss exhibited accelerated volume declines, 
particularly within the right temporal lobe (Lin et  al., 2014). 
In comparison, there is a much larger body of literature 
investigating age-related changes to the brain without considering 
any effects of hearing loss. These studies report gray matter 
volume and thickness decreases prominently within prefrontal 
cortical regions, with temporal cortex expressing more moderate 
declines (Walhovd et  al., 2005; Alexander et  al., 2006; Raz 
and Rodrigue, 2006; Fjell et  al., 2009); however, these studies 
do not take hearing loss into account.

Functional MRI (fMRI) has identified differences between 
older adults with and without hearing loss in response to auditory 
stimuli. In a study utilizing tones, there was reduced activation 
in subcortical auditory regions with increasing hearing loss but 
no relationship with activation in auditory cortex (i.e., bilateral 
Heschl’s gyri and superior temporal gyri) (Boyen et  al., 2014). 
Conversely, fMRI activation to more complex auditory stimuli, 
such as sentences, is reduced within Heschl’s gyrus in adults 
with poor hearing, even after controlling for age (Peelle et  al., 
2011). However, other studies report no difference in fMRI 
activation within Heschl’s gyrus and superior temporal regions 
in response to tones or words with age-related hearing loss 
(Harris et al., 2009; Profant et al., 2015). Hearing-related differences 
in temporal regions have also been identified using high-density 
electroencephalography (EEG) and cortical auditory evoked 
potentials: adults with hearing loss show increased amplitude 
and latency in the P2 peak, which is postulated to originate 
from Heschl’s gyrus (Campbell and Sharma, 2013; Lightfoot, 
2016). Nevertheless, it is unclear how the changes in structural 
and functional brain measures associated with age-related hearing 
loss relate to well-studied changes associated with age alone.

Resting-state fMRI can be  used to disentangle general age 
effects from the effects of age-related hearing loss on brain 
function. This technique measures functional connectivity of 
brain networks in the absence of any task, avoiding introducing 
task- or stimuli-related confounds, yet still capturing the brain 
networks that are modulated during language and cognitive 
tasks (Calhoun et  al., 2008; Smith et  al., 2009; Tomasi and 
Volkow, 2012b). Studies of age-related functional connectivity 
changes report that older adults have less distinct brain networks, 
as reflected in decreased within network connectivity and increased 
between network connectivity (Tomasi and Volkow, 2012a; 
Geerligs et  al., 2014, 2015). Many studies report age-related 
declines in resting-state fMRI activity predominately within the 
default mode network (Andrews-Hanna et al., 2007; Damoiseaux 
et  al., 2008; Tomasi and Volkow, 2012a; Campbell et  al., 2013; 
Vidal-Piñeiro et  al., 2014), as well as other networks including 
the motor, dorsal attention, and salience networks (Allen et  al., 
2011; Onoda et  al., 2012; Tomasi and Volkow, 2012a). One 
study demonstrated that functional connectivity between the 
salience network and auditory networks declined with age (Onoda 
et  al., 2012). However, none of these studies have accounted 
for participant hearing abilities. The few studies investigating 
hearing loss using resting-state fMRI report that the extent of 
an auditory network, defined by the functional connectivity 
from both left and right Heschl’s gyrus combined, did not differ 
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between middle-aged normal and impaired hearing groups 
(Schmidt et  al., 2013; Husain et  al., 2014). Similarly, a recent 
study comparing functional connectivity from left Heschl’s gyrus 
between a group of hearing-impaired older adults and normal-
hearing older adults report no group differences; the authors 
further report no differences in connectivity when hearing loss 
was entered into a regression analysis (Rosemann and Thiel, 
2019). However, Rosemann and Thiel (2019) do report that 
decreases in functional connectivity between left Heschl’s gyrus 
and left inferior frontal gyrus significantly correlate with increased 
listening effort. There is also evidence to suggest that age-related 
hearing loss is linked to increased coupling of visual and auditory 
processing, based on a positive relationship between hearing 
loss and functional connectivity between right visual area MT+ 
and left Heschl’s gyrus (Puschmann and Thiel, 2017).

Heschl’s gyrus is a key target in investigating the effects of 
age-related hearing loss due to its role in auditory processing 
and the conflicting findings regarding the structural and 
functional impact of hearing. The structural and effective 
connectivity of Heschl’s gyrus to nearby temporal auditory 
processing regions has been explored in humans (Tardif and 
Clarke, 2001; Brugge et  al., 2003; Upadhyay et  al., 2008). 
However, the functional connectivity pattern from Heschl’s 
gyrus to other cortical regions is relatively unknown. One 
study determined that Heschl’s gyrus was functionally connected 
to the calcarine fissure of the visual cortex in younger adults 
(Eckert et  al., 2008a). This mirrors anatomical tracer studies 
of nonhuman primates which reveal projections between auditory 
and visual cortices (Rockland and Ojima, 2003). Critically, it 
is unknown if Heschl’s gyrus is functionally connected to other 
brain networks involved in higher-order cognitive processing 
(e.g., salience or default mode networks) and how this 
connectivity pattern might differ in older adults as a function 
of age-related hearing loss. Therefore, the current study aims 
to characterize functional connectivity of Heschl’s gyrus in a 
group of older adults and to determine the impact of age-related 
hearing loss on functional connectivity.

In the present study, functional connectivity was characterized 
from left and right Heschl’s gyrus to all voxels in the cerebrum 
in 31 typical older adults (i.e., without dementia or mild 
cognitive impairment). Functional connectivity between each 
hemisphere’s Heschl’s gyrus and all cerebral voxels were computed 
and correlated with participant hearing ability, controlling for 
age, working memory, and processing speed, to determine if 
hearing loss is related to changes in brain functional connectivity 
that are distinct from other age-related changes. Given the 
findings of previous literature, we  predicted that age-related 
hearing loss will be  associated with increases in functional 
connectivity between Heschl’s gyrus and regions in the language, 
cingulo-opercular, and visual networks, after controlling for 
participant age and cognitive performance. A within-subjects 
approach was utilized instead of a younger versus older adult 
group comparison because our focus is on how age-related 
hearing loss in particular may be affecting functional connectivity 
results in typical aging. Age-related hearing loss typically has 
quite different onset trajectories, frequencies most affected, and 
neuroanatomical and structural mechanisms than hearing loss 

in younger adults (either developmental or acute) (Morzaria 
et al., 2004; Yamasoba et al., 2013). We also avoided comparing 
older adults with and without hearing loss, as age-related 
hearing loss occurs on a continuum, and the center of the 
continuum is where most older adults fall (i.e., mild-to-moderate 
hearing loss); thus to better capture how age-related hearing 
loss may be  affecting the older adult population at large, 
we  wanted to examine, within the same group of older adults, 
how age-related hearing loss and chronological age contribute 
to functional connectivity differences in older adults.

METHODS

Participants
Participants were 31 adults aged 60–80 years [20 women; mean 
(sd) age  =  67.8 (5.6) years, mean (sd) education  =  17.5 (3.3) 
years] recruited from the greater Phoenix area. All participants 
were native English-speaking, right-handed as determined by 
the Edinburgh Handedness Inventory [mean (sd) = 94.6 (16.2)], 
and free from dementia, as determined by the Mini Mental 
Status Exam, score ≥ 27 [mean (sd) = 29.1 (1.0), range 27–30]. 
MMSE scores did not significantly correlate with participant 
age (r = −0.068, p = 0.717). No participant expressed indications 
of depression, as measured by the 15-item Geriatric Depression 
Scale where a score greater than five suggests depression [mean 
(sd)  =  0.9  ±  1.0, range 0–5]. Written informed consent was 
obtained from each participant in accordance with Arizona 
State University’s Institutional Review Board and the US Federal 
Policy for the Protection of Human Subjects guidelines. 
Participants were compensated monetarily for their efforts.

Participants completed written and oral questionnaires to 
screen for the presence of hearing loss in childhood or as a 
young adult, any known congenital disease, acquired illness, 
injury, or other etiology that may have caused a hearing loss. 
In addition, each participant completed a T1 structural MRI 
scan (described in section “MRI Procedures” below) which 
was read by a clinical neuroradiologist to identify any possible 
neural abnormalities or etiologies that may affect the hearing 
or cognitive measures collected in the present study; all 
participants passed this MRI screening.

Pure-tone audiometry (PTA) was used to assess participant 
hearing ability in both ears and was conducted using a GSI 
18 Audiometer and supra-aural headphones in a quiet, but 
not sound-attenuated, testing room. Assessors were trained by 
a clinical audiologist. First, the outer ear and ear canal were 
checked for excess cerumen using an otoscope. No participants 
presented with blocked canals. Testing then began in the right 
ear at 1  kHz at 50  dB HL using a pulsed tone. The intensity 
was decreased by 10  dB for every accurately perceived tone 
and increased by 5 dB for every missed tone, until the participant 
responded twice in the affirmative for a single intensity level; 
this value was recorded as the threshold for that frequency. 
The following frequencies were tested: 0.250, 0.500, 1, 2, 4, 
and 8 kHz. If the participant wore hearing aids, hearing acuity 
was evaluated unaided. MRI was also conducted unaided. Five 
participants reported wearing hearing aids.
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Subtests of the Wechsler Adult Intelligence Scale 4th edition 
(WAIS-IV) were administered to collect measures of working 
memory and processing speed (Wechsler et  al., 2008). The 
Digit Span (Forward, Backward, and Sequencing) and the 
Arithmetic subtests comprise the Working Memory Index (WMI), 
which was used as a measure of working memory. The Symbol 
Search and Coding subtests comprise the Processing Speed 
Index (PSI), which was used as a measure of speed of processing.

MRI Procedures
MRI scanning was conducted at the Barrow Neurological 
Institute in Phoenix, AZ on a research-dedicated 3T Philips 
Ingenia scanner. During the resting-state fMRI acquisition, 
participants lay awake, in the absence of an explicit task, with 
eyes open and fixed on a crosshair. Resting-state fMRI data 
were collected using single-shot EPI with the following 
parameters: one 10-min run, 197 total volumes, TR = 3,000 ms, 
TE  =  30  ms, flip angle  =  90°, FOV  =  217 × 217, matrix  = 
64  × 62, 48 axial slices, 3.39  mm slice thickness, in-plane 
resolution  =  3.39 × 3.39  mm. Field maps were also collected 
to account for field inhomogeneity using the following parameters: 
TR  =  20  ms, TE (short)  =  2.3  ms, TE (long)  =  4.6  ms, flip 
angle  =  10°, FOV  =  240 × 240, matrix  =  80 × 80, voxel 
size  =  3  mm × 3  mm × 3 mm, 52 sagittal slices, acquisition 
time  =  1  min 22  s. A T1 MPRAGE anatomical scan also was 
acquired for each participant with the following parameters: 
TR  =  6.74  s, TE  =  3.10  ms, flip angle  =  9°, FOV  =  270 × 
253, matrix  =  256 × 256, voxel size  =  1.1  mm × 1.1  mm × 
1.2  mm, 170 sagittal slices, acquisition time  =  5  min 34  s.

Field maps were created using SPM12’s FieldMap toolbox 
and applied to CONN’s pre-processing pipeline to correct for 
field inhomogeneities within the resting-state functional images. 
The following pre-processing procedures were conducted in the 
Functional Connectivity Toolbox (CONN; Whitfield-Gabrieli and 
Nieto-Castanon, 2012) using SPM12 functions: removal of the 
first three volumes, field map correction, slice-timing correction, 
realignment to the first functional volume, coregistration to each 
participant’s anatomical T1 scan, normalization to the MNI 
template, resampling at 2  mm × 2  mm × 2 mm, and spatial 
smoothing with an 8  mm FWHM Gaussian kernel. Denoising 
was performed to remove potentially confounding effects including 
motion and physiological noise which may induce spurious 
correlations between voxels (Fox et  al., 2005; Van Dijk et  al., 
2010). The artifact detection tool (ART, incorporated into the 
CONN toolbox, http://www.nitrc.org/projects/artifact_detect) was 
used to compute a composite motion measure. This composite 
motion measure was used to identify and scrub volumes with 
motion greater than 2  mm or with changes in the global signal 
mean greater than a Z-value of 9 (these settings reflect the 
liberal default settings within ART, which remove approximately 
1% of the data). These volumes were modeled out at the individual 
participant level using nuisance regressors (including five or 
fewer volumes for five participants, 15 volumes for one participant, 
and 54 volumes for one participant, out of 194 total volumes; 
the participant with 54 scrubbed volumes was not identified 
as an outlier in the results reported below). The CONN toolbox 
utilizes an aCompCor (anatomical component analysis correction) 

regression to reduce physiological noise associated with 
cerebrospinal fluid and white matter by extracting five principle 
components from each tissue type (Behzadi et al., 2007). Whole-
brain BOLD signal regression was not performed to avoid 
inducing anti-correlations, to allow for investigations into negative 
correlations, and since the aCompCor strategy has been shown 
to be more sensitive in detecting positive correlations than global 
signal regression (Chai et  al., 2012; Murphy et  al., 2013). 
Additional nuisance regressors include the six motion realignment 
parameters, the components identified in the aCompCor 
procedure, and a linear detrending term. Lastly, bandpass filtering 
was also applied (0.008–0.09  Hz). These procedures represent 
the standard preprocessing stream offered in the CONN toolbox.

Functional Connectivity Analysis
Functional connectivity was computed between anatomically 
defined ROIs (regions of interest) of left and right Heschl’s 
gyrus and all voxels of the cortex. Pearson correlation coefficients 
were calculated between the average time course within each 
ROI and the time courses of all other cerebral voxels; correlation 
coefficients were then Fisher transformed (i.e., Z-values). Heschl’s 
gyri ROIs (left: center of mass = −46, −20, 8, 309 voxels; Right: 
center of mass  =  46, −16, 8, 282 voxels) were provided in the 
CONN toolbox and are from the FSL Harvard-Oxford Atlas 
maximum likelihood cortical atlas. To characterize the average 
functional connectivity from left and right Heschl’s gyri across 
the cortex, ROI-to-voxel connectivity was assessed using 
two-sided, one-sample t-tests thresholded at voxelwise p < 0.001 
uncorrected and cluster-level p < 0.05 FDR. To compare changes 
in connectivity associated with hearing loss to that of age and 
cognitive measures commonly affected by age (e.g., working 
memory and processing speed scores), the following two-sided 
correlations were conducted with a threshold of voxelwise 
p  <  0.001 uncorrected and cluster-level p  <  0.05 FDR: (1) the 
correlation of hearing ability with connectivity from left Heschl’s 
gyrus and from right Heschl’s gyrus to all voxels, controlling 
for age, working memory, and processing speed, and (2) the 
correlations of age, working memory, and processing speed 
with connectivity from left Heschl’s gyrus and right Heschl’s 
gyrus, respectively, to all voxels, controlling for hearing ability.

RESULTS

Hearing and Cognitive Abilities
Hearing ability was quantified as the average threshold between 
all tested frequencies over both ears, where a higher threshold 
indicates greater hearing loss [mean (sd)  =  26.76 (12.01) dB, 
range  =  6.25–52.92  dB, corresponding to a range of hearing 
abilities from normal hearing to moderate hearing loss; Figure 1]. 
Mean (sd) standardized scores for the WMI were 105.5 (11.5), 
ranging from 83 to 128; scores for the PSI were 112.2 (11.8), 
ranging from 94 to 137. Hearing ability did not significantly 
correlate with participant age (r  =  0.320, p  =  0.080) or MMSE 
scores (r  =  −0.029, p  =  0.875). Hearing ability also did not 
significantly correlate with WMI scores (r = −0.132, p = 0.480) 
or PSI scores (r  =  0.221, p  =  0.233).
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Heschl’s Gyrus Connectivity in Older Adults
Functional connectivity (i.e., r-to-Z Fisher transformed correlation 
coefficients) from left and right Heschl’s gyrus to all cerebral 
voxels is characterized in Figure 2. Right Heschl’s gyrus was 
significantly and positively functionally connected to numerous 
regions known to be  implicated in sensory, sensorimotor, and 
cognitive brain networks. The auditory regions include itself, 
left Heschl’s gyrus, and bilateral superior temporal regions 
extending the length of the superior temporal gyrus and 
extending into the inferior parietal lobes. Bilateral sensorimotor 
regions along the pre- and post-central gyri and visual cortex 
in the lingual and cuneal gyri also demonstrated significant 
functional connectivity with right Heschl’s gyrus. Right Heschl’s 
gyrus was also significantly connected to bilateral anterior 
cingulate cortex, supplementary motor area, and insula, which 
are known to constitute the well-studied cingulo-opercular 
network. Only a small region (peak voxel: 38, 14, 62, 149 
voxels) within the right middle frontal gyrus expressed significant 
negative functional connectivity from right Heschl’s gyrus.

Similar to the right, left Heschl’s gyrus was significantly 
and positively functionally connected to bilateral Heschl’s gyri, 
as well as regions extending the length of the superior temporal 
gyri. It is notable though that the bilateral temporal regions 
significantly functionally connected to left Heschl’s gyrus extend 
more posteriorly and inferiorly into the bilateral middle temporal 
gyri than observed with right Heschl’s gyrus. Left Heschl’s 
gyrus was also significantly connected to bilateral pre-central 
and post-central gyri. Compared to right Heschl’s gyrus, 

functional connectivity from left Heschl’s gyrus covered a larger 
portion of visual areas and extended into medial and posterior 
occipital cortex, including lingual and lateral occipital gyri, 
respectively. Significant connectivity was also observed to regions 
of the cingulo-opercular network, including bilateral insula, 
anterior cingulate cortex, and supplementary motor areas. A 
region within the left superior and middle frontal gyri (peak 
voxel: −40, 14, 60, 211 voxels) exhibited negative functional 
connectivity to left Heschl’s gyrus.

Heschl’s Gyrus Connectivity Differences as 
a Function of Age-Related Hearing Loss
To examine the effects of age-related hearing loss on Heschl’s 
gyrus connectivity compared to age and cognitive measures, 
functional connectivity between Heschl’s gyrus and all cerebral 
voxels was correlated with hearing loss. The analysis correlating 
hearing loss with connectivity, controlling for age, WMI, and 
PSI is shown in Figure 3. There were no significant correlations 
between functional connectivity of left Heschl’s gyrus and any 
cerebral voxels with hearing loss. However, from right Heschl’s 
gyrus, hearing loss was correlated with increased connectivity 
to a group of voxels in the dorsal anterior cingulate cortex, 
paracingulate gyrus, and supplementary motor area (peak = −4, 
16, 34, 388 voxels; Figure 3). Average functional connectivity 
within this dorsal anterior cingulate region correlated with 
hearing ability is shown in Figure 4. It is noteworthy that 
this finding is not driven by the inclusion of individuals with 
hearing aids: with the five such participants excluded, a similar 

FIGURE 1 | Hearing thresholds as assessed by pure-tone audiometry. Top left and right panels depict average thresholds for each ear, respectively. Individual 
participant thresholds are shown in light gray, individuals who wear hearing aids are shown in black dashed lines, and group average thresholds are shown in the 
black solid line. Bottom panel depicts the average threshold across all frequencies for both ears per participant, depicting a range of normal hearing levels (blue), 
mild (green), and moderate (yellow) hearing loss (Clark, 1981). Individuals who wear hearing aids are shown in open circles.
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and highly overlapping dorsomedial cluster was identified 
(peak  =  −2, 8, 56, 156 voxels), and no other significant voxels 
were identified. None of the analyses correlating functional 
connectivity of left or right Heschl’s gyri with age, WMI, or 
PSI, while controlling for hearing loss revealed significant voxels 
that survived multiple comparison correction.

To explore the contributions of high-frequency hearing loss 
and hearing loss within the speech frequency range to the results 
reported above, we  ran additional analyses correlating hearing 
loss with functional connectivity of left and right Heschl’s gyrus, 
controlling for age, WMI, and PSI. The difference from the 
previous analyses is that the measure of hearing loss was (1) the 
PTA thresholds only averaged across the high frequencies tested 

(4 and 8  kHz), and then (2) with the measure of hearing loss 
being the PTA thresholds only averaged across the speech 
frequencies tested (0.5–2  kHz). These frequency ranges were 
selected based on previous epidemiological work in older adults 
(Lin et  al., 2011b) and American Speech-Language-Hearing 
Association recommendations (Clark, 1981). No voxels were 
identified as exhibiting functional connectivity with either left or 
right Heschl’s gyrus that were significantly correlated with high-
frequency hearing loss, and this lack of effect remained when 
participants who wore hearing aids were excluded from the analysis.

However, hearing loss within the speech frequency range 
was significantly correlated with functional connectivity between 
right Heschl’s gyrus and a group of voxels in the dorsal anterior 
cingulate and supplemental motor area (peak  =  −2, 4, 58, 484 
voxels; Figure 3), which is highly overlapping with the group 
of voxels identified by the analysis using the average PTA 
thresholds across all frequencies sampled (i.e., 0.250–8  kHz). 
When excluding participants who wore hearing aids, no two-sided 
correlations between hearing loss within the speech frequencies 
and functional connectivity of right Heschl’s gyrus were 
significant, although a (more liberal) one-side test identified 
a positive correlation between right Heschl’s gyrus and voxels 
largely within the left and right supplementary motor area 
and left paracingulate cortex (peak  =  −4, 6, 56, 236 voxels), 
which is highly overlapping with the finding in all participants 
across the speech frequencies. There were no significant findings 
(one- or two-sided) for the relationship between left Heschl’s 
gyrus functional connectivity and hearing loss in the speech 
frequencies across all participants, or when participants who 
wore hearing aids were excluded.

Lastly, given the well-documented right ear advantage for 
hearing sensitivity for speech (for reviews, see Hiscock and 
Kinsbourne, 2011; Hugdahl and Westerhausen, 2016), we further 
characterized the effects of age-related hearing loss on voxelwise 
functional connectivity from left and right Heschl’s gyrus by 
using the average thresholds from each ear in separate analyses. 
Findings of average threshold in the left ear, but not the right 
ear, mirrored the results when averaging across both ears: 
hearing loss from the left ear only was correlated with significantly 
increased functional connectivity from right Heschl’s gyrus to 
voxels within in the dorsal anterior cingulate cortex, paracingulate 
gyrus, and supplementary motor area (peak  =  0, 8, 56, 710 
voxels), similar to the region identified with hearing loss over 
both ears. Functional connectivity from left Heschl’s gyrus was 
not correlated with hearing loss in either the left or right ear. 
We also examined high frequency and speech frequency hearing 
loss in each ear separately: again, the left ear appears to 
be  driving the results of the analysis reported above using an 
average of both ears: speech frequency hearing loss in the left 
ear, but not the right, was significantly and positively correlated 
with functional connectivity between right Heschl’s gyrus and 
voxels within the dorsal anterior cingulate, paracingulate, and 
supplementary motor regions (peak  =  −2, 6, 58, 751 voxels). 
High frequency hearing loss in either ear separately was not 
significantly correlated with functional connectivity in left or 
right Heschl’s gyrus. All of these results using each ear’s hearing 
thresholds separately remain when hearing aid users are excluded.

FIGURE 2 | Functional connectivity between right (top) and left (bottom) 
Heschl’s gyrus and all voxels across the cerebrum, voxelwise p < 0.001 
uncorrected, and cluster-level p < 0.05 FDR.
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DISCUSSION

The aim of the present study was to characterize the functional 
connectivity of Heschl’s gyrus in older adults and to characterize 
how this connectivity varies with age-related hearing loss. Our 
findings demonstrate that both Heschl’s gyri are significantly 
functionally connected to regions within intrinsic sensory and 
cognitive networks in older adults. There were no differences 
in connectivity related to participant age, working memory, 
or processing speed performance, once hearing loss was controlled 
for. However, age-related hearing loss was positively associated 
with connectivity from right Heschl’s gyrus to the dorsal anterior 
cingulate, a main region within the cingulo-opercular network 

which is known to support attention. This association between 
hearing loss and greater functional connectivity of right Heschl’s 
gyrus was driven by hearing loss within the speech frequency 
range (i.e., not by high frequency hearing loss) and by hearing 
loss in the left (but not right) ear. These findings characterize 
the extensive functional connectivity of Heschl’s gyrus in older 
adults and point to a possible difference regarding its connectivity 
with the cingulo-opercular network that may serve as a 
compensatory mechanism in response to age-related hearing loss.

Heschl’s Gyrus Functional Connectivity in 
Older Adults
Our findings illustrate that bilateral Heschl’s gyrus is highly 
functionally connected to primary somatosensory and motor 
cortices, aligning with prominent models of auditory speech 
processing and auditory-motor integration (Wilson et  al., 2004; 
Hickok and Poeppel, 2007; Rauschecker and Scott, 2009). We also 
report that bilateral Heschl’s gyrus, but particularly the left auditory 
cortex, is functionally connected to primary and association visual 
cortex. Together, these results indicate that Heschl’s gyrus is highly 
functionally connected to other primary cortices (e.g., sensorimotor 
and visual) in older adults. These sensory and sensorimotor 
functional connections may underlie the ability to integrate 
crossmodal visual information (e.g., articulatory movements and 
facial expressions) with the auditory speech signal from a speaker, 
which is known to greatly improve comprehension of auditory 
signals (Summerfield, 1992; Eckert et  al., 2008a).

Our findings also reveal that both Heschl’s gyri are significantly 
functionally connected to regions within the cingulo-opercular 
network. Functional connectivity of Heschl’s gyrus to regions 
within the cingulo-opercular network may offer insight into a 
mechanism that supports auditory attention processes. Previous 
work suggests that the cingulo-opercular network is involved 
in goal-driven behaviors through the initiation and top-down 
maintenance of task sets, adjusting performance in response 
to errors to optimize performance (Dosenbach et  al., 2006, 

FIGURE 3 | Voxels with functional connectivity to right Heschl’s gyrus that are significant and positively correlated with average hearing thresholds across all 
frequencies (red) and within speech frequencies (0.5–2 kHz, blue), controlling for age, WMI, and PSI voxelwise p < 0.001 uncorrected, cluster-level p < 0.05 FDR.

FIGURE 4 | Plot of the correlation between participant hearing ability (i.e., 
the average threshold 0.250–0.8 kHz in dB from both ears) and the functional 
connectivity between right Heschl’s gyrus and the dorsal anterior cingulate. 
Red circles = females; blue circles = males; HA = hearing aid users.
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2008). The anterior cingulate cortex (ACC) region of this 
network has been shown to reliably activate following stimuli 
or response conflict (i.e., as seen in the widely-used color-word 
Stroop task) in response to both auditory-only and visual-only 
conflict, but not audiovisual conflict (Botvinick et  al., 2001; 
Milham et  al., 2001; Roberts and Hall, 2008; Fitzhugh et  al., 
2019). Similarly, others propose that the ACC, as well as bilateral 
insula, are involved in top-down control of focal attention (i.e., 
target detection and awareness), overlapping with the “executive” 
attention network (Petersen and Posner, 2012), again suggesting 
at a possible mechanism for auditory attention processes.

Hearing Loss Is Related to Greater Right 
Heschl’s Gyrus Functional Connectivity
Our study revealed that age-related hearing loss was positively 
correlated with functional connectivity from right Heschl’s gyrus 
to the dorsal anterior cingulate. In other words, as the level of 
hearing loss increases so too does the functional connectivity 
between right auditory cortex and the dorsal anterior cingulate, 
a region within the cingulo-opercular network. To confirm that 
the dorsal anterior cingulate voxels that we  identified as having 
increasing connectivity with right Heschl’s gyrus as a function 
of hearing loss are in fact part of the cingulo-opercular network, 
we  used these dorsal anterior cingulate voxels as an ROI and 
then determined which voxels throughout the cerebrum exhibited 
significant functional connectivity to them. This exploration of 
our results indicated that these voxels are significantly functionally 
connected to the surrounding anterior cingulate and supplementary 

motor area cortex, as well as bilateral insula (Figure 5), which 
nicely aligns with the neuroanatomical regions repeatedly implicated 
in the cingulo-opercular network (Dosenbach et  al., 2006, 2007; 
Seeley et  al., 2007; Elton and Gao, 2014). This network map 
provides further evidence that age-related hearing loss is associated 
with increased connectivity between auditory cortex and the 
cingulo-opercular network. Critically, there were no differences 
in functional connectivity of either left or right Heschl’s gyrus 
associated with age, working memory, or processing speed, once 
controlling for hearing loss, suggesting that the findings reported 
here more likely reflect a relationship between functional 
connectivity and age-related hearing loss, and not other age-related 
declines. These findings are consistent with the idea that we have 
identified alterations in functional connectivity associated with 
age-related hearing loss, independent from other effects of age.

The small body of previous literature using resting-state fMRI 
to explore the impact of age-related hearing loss on functional 
connectivity is equivocal. A few studies report increased 
connectivity between Heschl’s gyrus and the visual MT+ area, 
as well as differences within the dorsal attention and default 
mode networks (Schmidt et  al., 2013; Husain et  al., 2014; 
Puschmann and Thiel, 2017). However, another very recent 
study found no group differences in functional connectivity 
from left Heschl’s gyrus between older adults with a hearing 
loss and older adults with normal hearing (Rosemann and Thiel, 
2019). Differences in methodological approach may explain the 
discrepancies between these previous studies and the findings 
reported here. In the study by Husain et  al. (2014), while they 

FIGURE 5 | Overlay of the voxels that expressed increased functional connectivity (FC) to right Heschl’s gyrus (HG) with age-related hearing loss (HL) across all 
frequencies, voxelwise p < 0.001 uncorrected, cluster-level p < 0.05 FDR (red), and the cingulo-opercular network (blue). The cingulo-opercular network was defined 
using the results of the dorsal anterior cingulate (ACC) as a seed ROI in a seed-to-voxel functional connectivity analysis, voxelwise p < 0.001 FWE.
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similarly used ROIs within left and right Heschl’s gyrus, their 
approach differed from ours in that they treated the Heschl’s 
gyri ROIs as a pair and averaged connectivity across the pair. 
Our study measured connectivity from left and right Heschl’s 
gyrus independently. In the study by Rosemann and Thiel (2019), 
the authors defined their “primary auditory” ROI based on a 
contrast of auditory-only sentences to baseline within an audio-
visual sentence listening task (peak activation = MNI coordinates 
−56, −10, 2). This region falls outside of the anatomically based 
left Heschl’s gyrus ROI utilized in our study, and the right 
auditory cortex was not examined. There is evidence to suggest 
that different subdivisions of Heschl’s gyrus and adjacent auditory 
cortex are differentially impacted by hearing loss (Eckert et  al., 
2012; Cardin, 2016), thus it is likely that these differences in 
methodology allowed us to observe the effect that hearing loss 
has upon connectivity of right Heschl’s gyrus. In addition, 
Rosemann and Thiel’s measure of hearing loss was averaged 
across 2–8  kHz, which overlaps with our high frequency range 
(4–8  kHz) that did not yield any significant findings.

While differences in methodologies may explain the 
discrepancies between our findings and other studies using 
resting-state functional connectivity measures, our results align 
well with task-based fMRI findings of degraded speech 
comprehension (which may simulate hearing-loss effects in older 
adults). Several task-based fMRI studies demonstrate that 
activation within regions of the cingulo-opercular network is 
increased in response to acoustic degradation of speech stimuli 
in both young and older adults, when additional attentional 
resources are required to maximize speech comprehension 
performance (Eckert et  al., 2008b; Adank, 2012; Wild et  al., 
2012; Erb et al., 2013; Vaden et al., 2015; Peelle, 2018). Additionally, 
in a task-based fMRI study of older adults, Erb and Obleser 
(2013) found that age-related hearing loss was associated with 
greater activation while listening to clear speech in the right 
anterior insula (part of the cingulo-opercular network), even 
after controlling for age. This suggests that older adults with 
a hearing loss likely recruit attentional cognitive resources 
supported by the cingulo-opercular network even in clear listening 
conditions, due to an increase in listening effort. Our results 
nicely complement these task-based fMRI findings. We  suspect 
that the prolonged coupling of auditory and cingulo-opercular 
network activation that occurs throughout the gradual onset 
of age-related hearing loss due to greater attentional demands 
during listening may result in our observed greater functional 
connectivity between Heschl’s gyrus and dorsal anterior cingulate.

The resting-state and task-based fMRI studies that examined 
hearing loss mentioned above either averaged hearing measures 
across both ears or from the better ear. But examining each 
ear’s thresholds separately may provide more detail regarding 
how age-related hearing loss is related to functional brain 
changes. The well-known right ear advantage in hearing sensitivity 
and speech perception has been identified across the lifespan 
(for reviews, see Hiscock and Kinsbourne, 2011; Hugdahl and 
Westerhausen, 2016). This advantage has been found to increase 
in older adults, possibly as a function of age-related hearing loss; 
some attribute this increased right ear advantage instead to a 
left ear disadvantage, as exhibited by poorer dichotic speech 

recognition and other audiometric measures in the left ear 
(Jerger et  al., 1994; Tadros et  al., 2005; Roup et  al., 2006; 
Westerhausen et al., 2015). Our correlation analyses using each 
ear’s thresholds separately indicate that the left ear’s hearing 
thresholds are driving the results of the analyses that use an 
average across both ears. Given the contralateral organization 
of primary auditory cortex, it is perhaps not surprising that 
we find that left ear hearing loss is correlated with right Heschl’s 
gyrus connectivity. But interestingly, perhaps it is the case that 
the previously reported left ear disadvantage in older adults 
is related to the greater coupling of right Heschl’s gyrus and 
dorsal ACC with left ear hearing loss, as reported in our study.

Limitations and Future Directions
There are a few limitations to the present study that should 
be  addressed in future work. While overall our older adult 
participants expressed a well-distributed range of hearing abilities 
(Figure 1), the levels of hearing ability across all tested frequencies 
only ranged from normal hearing to a moderate hearing loss. 
Future studies that include more individuals with moderate 
to severe levels of hearing loss, in both low and high frequencies, 
may be  able to more fully characterize the impact of hearing 
loss on brain functional connectivity. Including middle-aged 
adults could also better capture the trajectory of functional 
connectivity differences associated with the onset and progression 
of age-related hearing loss and potential changes in working 
memory and processing speed. It is also the case that an overall 
increase in sample size would increase the power of the analyses 
to detect differences in functional connectivity as a function 
of age and age-related hearing loss. Nonetheless, the present 
study suggests that there is a need to further investigate how 
age-related hearing loss may be  contributing to effects (or lack 
thereof) previously attributed to “typical aging” on functional 
connectivity of intrinsic and cognitive brain networks.

The present study, with nearly 2:1 ratio of females to males, 
is not well-equipped to robustly examine gender differences 
in resting-state functional connectivity. However, there are known 
gender differences regarding trajectory and frequency distributions 
of age-related hearing loss (Jerger et  al., 1993; Demeester et  al., 
2009; Lin et  al., 2011b). To our knowledge, only one study of 
resting-state fMRI attempted to examine gender differences in 
functional connectivity related to age-related hearing loss and 
found no gender effects. We  have indicated in Figure 4 the 
data points from females (red) and males (blue) for transparency 
regarding how gender is related to our findings, but future 
studies are certainly needed to examine how gender differences 
affect age-related hearing loss and related functional brain changes.

The potential influences of hearing aid usage on functional 
connectivity should also be  investigated. In this study, five 
individuals reported wearing hearing aids. As shown in Figure 4 
(labeled with “HA”), the five participants who wear hearing aids 
exhibited the same trend of greater functional connectivity being 
associated with greater hearing loss seen across the other participants 
without hearing aids. Removing the five hearing aid users from 
each of our correlational analyses did not qualitatively change 
any of the findings. However, more thorough investigations are 
needed regarding how the use of hearing aids influences Heschl’s 
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gyrus functional connectivity changes, particularly as related to 
age of onset of use, daily usage, and hearing aid effectiveness.

CONCLUSION

In the present study, we  use resting-state fMRI to investigate 
differences in the functional connectivity of Heschl’s gyrus as 
a function of age-related hearing loss in older adults without 
dementia. The older adults exhibited significant positive functional 
connectivity between Heschl’s gyri and large regions overlapping 
with the cingulo-opercular network, as well as with auditory, 
visual, somatosensory, and motor regions. After controlling 
for age, working memory, and processing speed, hearing loss 
(particularly within the frequencies of speech and in the left 
ear) was associated with increased functional connectivity 
between right Heschl’s gyrus and dorsal anterior cingulate 
cortex in the cingulo-opercular network. Conversely, age, working 
memory, and processing speed were not significantly correlated 
with functional connectivity of Heschl’s gyri, once controlling 
for hearing ability. Together our findings reveal age-related 
hearing loss differences in Heschl’s gyrus functional connectivity 
that may reflect compensatory attention-related mechanisms 
for auditory processing. Future studies are certainly needed 
to fully characterize the effects of age-related hearing loss versus 
other age-related factors on functional connectivity in older 
adults, but the present study provides clear evidence that studies 
of functional connectivity in older adults should consider how 
age-related hearing loss may be  contributing to their results.
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