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The effect of age-related hearing 
loss and listening effort on resting 
state connectivity
Stephanie Rosemann1,2 & Christiane M. Thiel1,2

Age-related hearing loss is associated with a decrease in hearing abilities for high frequencies. This 
increases not only the difficulty to understand speech but also the experienced listening effort. Task 
based neuroimaging studies in normal-hearing and hearing-impaired participants show an increased 
frontal activation during effortful speech perception in the hearing-impaired. Whether the increased 
effort in everyday listening in hearing-impaired even impacts functional brain connectivity at rest is 
unknown. Nineteen normal-hearing and nineteen hearing-impaired participants with mild to moderate 
hearing loss participated in the study. Hearing abilities, listening effort and resting state functional 
connectivity were assessed. Our results indicate no differences in functional connectivity between 
hearing-impaired and normal-hearing participants. Increased listening effort, however, was related 
to significantly decreased functional connectivity between the dorsal attention network and the 
precuneus and superior parietal lobule as well as between the auditory and the inferior frontal cortex. 
We conclude that already mild to moderate age-related hearing loss can impact resting state functional 
connectivity. It is however not the hearing loss itself but the individually perceived listening effort that 
relates to functional connectivity changes.

Age-related hearing loss–also known as presbyacusis–is one of the most common disorders affecting older adults. 
Presbyacusis affects primarily high frequencies making speech understanding difficult1,2. The degraded auditory 
input leads to an increased effort to process and understand speech. The term listening effort refers to the process 
of hearing with intention and attention and therefore involves the allocation of attentional as well as cognitive 
resources to meet the required cognitive demands3–5. Hearing loss hence decreases available resources in charge 
of cognitive control, because the neural capacities needed for understanding speech in adverse listening con-
ditions decrease the resources available for other cognitive operations1,6–8. As several cognitive abilities such as 
working memory, episodic memory, attention switching and interference control decline with increasing age, 
these become even more affected during effortful listening1,9–13. Moreover, there is evidence that hearing loss 
impairs long-term memory14.

Previous task-based neuroimaging studies show that recruitment of frontal areas is related to increases in 
listening effort in younger and elderly volunteers to compensate for the decreased auditory input15–25. Further, 
effortful speech perception is associated with an increase in neural activation in areas including the cingulooper-
cular network26–28, the premotor cortex18,19,29, the anterior cingulate cortex17,26,27,30, left inferior frontal cor-
tex16,18–20,29,31, middle frontal gyrus17, as well as the insula17,19,26. However, the influence of the increased listening 
effort that hearing-impaired people experience in daily life on long-term changes in resting state functional con-
nectivity is still unknown.

Resting state functional connectivity is described as spontaneous activity that is organized into coherent net-
works32. Several resting state networks, such as the default mode, the dorsal attention and the salience network, 
have been identified and changes have been investigated in a variety of disorders. The default mode network 
includes brain regions in frontal, parietal and cingulate cortices that are typically active during rest but inactivated 
during tasks requiring attention33–35. Previous research shows that the activity within the default mode network 
is decreased in older participants possibly reflecting a deficit in modulating brain activity and resource alloca-
tion34,36–39. The dorsal attention network involves the frontal eye fields and the intraparietal sulcus and displays 
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an opposite pattern to the default mode network: inactivated during rest but activated during task35. The salience 
network comprises areas in the cingulate cortex, insula, prefrontal and supramarginal cortex and has been related 
to the detection of salient events, the control of behavior and switching of attention34,40. Previous studies show 
that the salience network is particularly influenced by aging and hearing impairment1,34,41.

Few studies investigated resting state connectivity changes in patients with hearing loss and findings are het-
erogeneous. In mild to moderately hearing-impaired listeners decreased connectivity was found between the 
dorsal attention network, the insula and postcentral gyrus, as well as increased connectivity between the default 
mode network and middle frontal gyrus32. In contrast, another study showed decreased default mode network 
but increased dorsal attention network connectivity in hearing-impaired compared to normal-hearing subjects35. 
A recent study by Chen and colleagues demonstrated decreased spontaneous resting state activity in superior 
temporal gyrus, parahippocampal gyrus and inferior parietal lobule as well as increased activity in middle frontal 
gyrus, cuneus and postcentral gyrus in hearing-impaired individuals42. These alterations were associated with 
cognitive and language processing deficits. Puschmann and Thiel43 investigated whether cross-modal reorgan-
ization, which is often observed in deaf44 but also mild to moderate hearing-impaired participants16,45, impacts 
functional connectivity and found a changed functional connectivity between visual and auditory cortex during 
audio-visual processing, as well as during rest.

Differences in brain structure and function in the aging brain can influence sensory and cognitive processing, 
leading to the assumption of a complex interplay between neuronal structure, function and behavior38. How 
hearing loss and the increased effort that hearing-impaired individuals are exposed to in daily listening situations 
adds to this complex mechanism is still an unresolved issue. We here aimed to address how uncompensated 
age-associated hearing loss and the increased listening effort impact whole brain functional connectivity. For 
that aim, we conducted resting state connectivity MRI in elderly normal-hearing and hearing-impaired par-
ticipants. We hypothesized that hearing-impaired participants show increased functional connectivity between 
auditory and visual cortex and altered connectivity in the default mode network, dorsal attention and salience 
network32,42,43. We further expected a relation between increased listening effort and altered functional connectiv-
ity in brain regions previously linked to effortful listening in task based fMRI studies such as frontal and premotor 
cortices, as well as insula and cingulate cortex16–20,26–28,30.

Methods
Participants. Thirty-nine subjects participated in the study; one subject was excluded due to movement dur-
ing the resting state measurement. Nineteen participants were classified as normal-hearing (mean age of 63.2 ± 5 
years) and served as control group. The other nineteen participants (mean age of 63.5 ± 5.3 years) were classi-
fied as hearing-impaired. Hearing abilities for all participants were 30 dB HL or better for frequencies between  
125–1000 Hz. High-frequency hearing loss was defined by more than 30 dB HL for the frequencies 2 to 8 kHz. 
Further, the hearing loss should be symmetrical. People with values less than 30 dB HL in these frequencies were 
classified as normal-hearing (cf. WHO, 2001 definition of hearing loss46). None of the participants reported cur-
rent or previous use of a hearing aid. Average pure tone audiograms over both ears for the two groups are depicted 
in Fig. 1. All participants were right-handed. Exclusion criteria were previous or current psychiatric or neurolog-
ical disorders. The study was approved by the ethics committee of the University of Oldenburg “Kommission für 
Forschungsfolgenabschätzung und Ethik” (Committee for research outcome assessment and ethics) and carried 
out in accordance with the Declaration of Helsinki. All subjects signed a written informed consent form and were 
paid for participation.

Experimental procedure. The study consisted of two MRI measurements separated by a short break out-
side the MRI. The first run was a task based fMRI measurement (results reported in23). The second run con-
sisted of a resting state MRI, anatomical MRI and a diffusion MRI measurement. Only the results of the resting 
state MRI are reported here. Prior to the second run, the participants filled out a listening effort questionnaire 

Figure 1. Average pure tone audiograms for hearing-impaired and normal-hearing subjects averaged over both 
ears. Error bars denote standard deviation.
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(“Höranstrengungsbogen”)47 and a handedness inventory48. The listening effort questionnaire includes seventeen 
questions about listening situations in everyday life, e.g. ‘You meet with some friends in a café and are able to see 
them during the conversation. How effortful is it to follow the conversation?’. Participants are asked to rate the 
effort they need in the different situations from zero (not effortful at all) to ten (extremely effortful). The mean 
values over all questions was used as a marker of listening effort. After the MRI, a working memory task (Size 
Comparison Span)49, a pure tone audiometry of the frequencies 125, 250, 500, 1000, 2000, 4000, 6000 and 8000 Hz 
and a task measuring audiovisual integration (results reported in23) were performed.

Data acquisition. MRI data were acquired by a 3 T whole-body Siemens Magnetom Prisma MRI machine 
with a 20-channel head coil. Resting state data were recorded from all participants while fixating a white dot pre-
sented centrally on a black screen (320 T2*-weighted gradient echo planar imaging (EPI) volumes, TR = 1500 ms, 
TE = 30 ms, voxelsize = 2.2 × 2.2 × 3.0 mm, 25 slices). Structural images were acquired with a 3-D T1-weighted 
sequence (MP-RAGE, TR = 2300, TE = 4.16, slice thickness 1 mm, 176 sagittal slices).

Data analysis. We analyzed resting state data with the Statistical Parametric Mapping software package 
(SPM12, Wellcome Department of Imaging Neuroscience, London, UK) based on Matlab 2016b and the CONN 
toolbox for SPM50. Preprocessing in SPM included realignment estimation, slice timing offset correction, nor-
malization to the Montreal Neurological Institute (MNI) stereotactic space using normalization parameters 
obtained from a segmentation of the anatomical T1-weighted image and spatial smoothing (full width half max-
imum = 8 mm). The first five images of the resting state scan were skipped. In the CONN toolbox data processing 
first included linear regression to remove motion and the BOLD signal from white matter and cerebrospinal fluid. 
Next linear detrending and bandpass-filtering (0.008–0.09 Hz) was applied. Each subject’s seed-to-voxel connec-
tivity maps of a specific seed to the whole brain (Fisher-transformed correlation coefficients) were entered into a 
second-level analysis. On the group level, between-subject comparisons and a multiple regression analysis with 
listening effort values across both groups were performed. In the regression analysis, mean high-frequency hear-
ing thresholds (2 to 8 kHz) were used as covariates to identify brain regions related to subjective listening effort 
independent of the severity of hearing loss. Regions of interest included the auditory cortex as well as the default 
mode network, salience network and dorsal attention network (see seed regions including MNI coordinates in 
Table 1, implemented in the CONN toolbox). For the networks, averages over all seeds were used in the analysis. 
The seed in the auditory cortex (MNI coordinates: −56, −10, 2) was selected based on its highest peak in the 
task-based part of the study (taken from23). For all data, effects were determined to be significant when passing 
a threshold of p < 0.05 (FWE cluster size inference). Bonferroni-correction was applied to correct for multiple 
comparisons (i.e. three networks). Peak coordinates are reported in MNI space. All measures throughout the text 
and in Fig. 1 refer to mean values (±standard deviation).

Results
Cognition. Working memory scores were 11.47 (±12.8) for the hearing-impaired group and 12.47 (±9) for 
the normal-hearing group. From participation in other studies we gathered data for 11 hearing-impaired and 13 
normal-hearing participants measuring cognitive decline51 with mean values of 25.8 for hearing-impaired and 
26.9 for normal-hearing participants. All measures refer to normal cognitive functioning. Significant differences 
between both groups were not obtained.

Hearing loss and listening effort. Mean values of hearing loss for the high frequencies (2 to 8 kHz) were 
39.16 ± 6.1 dB for the hearing-impaired group and 18.92 ± 6.52 dB for the normal-hearing group. Mean values 
for the low frequencies (125 to 1000 Hz) were 9.8 ± 6.82 dB for the hearing-impaired group and 5.63 ± 5.16 dB for 
the normal-hearing group. Listening effort was significantly higher in the hearing-impaired group (3.27 ± 1.65) 

Network Brain region MNI coordinates

Default Mode

Medial prefrontal cortex (1, 55, −3)

Parietal lobe (left) (−39, −77, 33)

Parietal lobe (right) (47, −67, 29)

Posterior cingulate (right) (1, −61, 38)

Salience

Anterior cingulate (0, 22, 35)

Anterior Insula (left) (−44, 13, 1)

Anterior Insula (right) (47, 14, 0)

Prefrontal cortex (left) (−32, 45, 27)

Prefrontal cortex (right) (32, 46, 27)

Supramarginal gyrus (left) (−60, −39, 31)

Supramarginal gyrus (right) (62, −35, 32)

Dorsal Attention

Frontal eye field (left) (−27, −9, 64)

Frontal eye field (right) (30, −6, 64)

Intraparietal sulcus (left) (−39, −43, 52)

Intraparietal sulcus (right) (39, −42, 54)

Table 1. Seed regions for different networks used in the resting state analysis.
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than in the normal-hearing participants (2.26 ± 1.19) (T(36) = 2.128; p = 0.02). High-frequency hearing loss and 
listening effort correlated significantly (r = 0.379; p = 0.019).

Resting state data. Functional connectivity in hearing-impaired and normal-hearing participants. Average 
connectivity patterns of seed regions for each resting state network can be seen in Fig. 2 for normal-hearing and 
hearing-impaired subjects. No significant differences between hearing-impaired and normal-hearing participants 
were found. A multiple regression analysis with high-frequency hearing loss did also not reveal any significant 
changes in functional connectivity as a function of hearing loss.

Figure 2. Brain regions that are functionally coupled with the (A) Default mode network, (B) Salience network, 
(C) Dorsal Attention network, (D) Auditory cortex in hearing-impaired (left) and normal-hearing participants 
(right). Brain regions depicted in red/orange are positively coupled with the respective network, brain regions in 
blue/purple are negatively coupled (i.e. anticorrelated) with the respective network; L and R denote left and right 
hemispheres respectively [p < 0.05; FWE corrected on the cluster level].
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The effect of listening effort on functional connectivity. Resting state connectivity varied as a function of listening 
effort. There was a significant negative correlation between connectivity in the dorsal attention network to the 
precuneus and to superior parietal lobule (Table 2 and Fig. 3A,B). Further, an increased listening effort was found 
to be negatively correlated with connectivity between the auditory cortex and inferior frontal gyrus (Table 2 and 
Fig. 3C). In other words, an increase in the experienced daily listening effort was related to lower functional con-
nectivity of the dorsal attention network and auditory cortex. For completeness we also report two correlations 
which did not survive the Bonferroni-correction for multiple comparisons: (1) a negative correlation between 
listening effort and connectivity between default mode network and postcentral gyrus (MNI-coordinate: 30, −26, 
42; z-value: 4.82) and (2) and a positive correlation between listening effort and connectivity between auditory 
seed to precentral gyrus (MNI-coordinate: 12, −30, 60; z-value: 4.67).

Discussion
We investigated functional resting state connectivity in normal-hearing and mild to moderate hearing-impaired 
elderly listeners and its relation to listening effort. We did not find any differences in functional connectivity 
between normal-hearing and hearing-impaired listeners, neither for any of the assessed networks nor for the 
auditory cortex. Listening effort, however, was related to reduced resting state connectivity between the dorsal 

Seed region
Peak coordinates 
(x, y, z) Z-score Cluster size Brain region

Dorsal attention 
network

(4, −40, 48) 4.05 260 Precuneus

(26, −48, 44) 3.99 240 Superior parietal lobule

Auditory cortex (−50, 32, 14) 5.54 274 Inferior frontal gyrus

Table 2. Peak MNI coordinates for multiple regression with listening effort and covariate hearing loss.

Figure 3. Correlation between listening effort and functional connectivity of (A) dorsal attention network 
(DAN) to precuneus, (B) dorsal attention network (DAN) to superior parietal lobule (SPL) and (C) auditory 
seed to inferior frontal gyrus. Left side displays inflated brain views and right side shows the correlation between 
connectivity and listening effort for hearing-impaired (dark dots) and normal-hearing participants (bright 
dots); correlations between groups are not significantly different.
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attention network and the precuneus as well as the superior parietal lobule. Further, increased listening effort was 
associated with a decreased connectivity between auditory and inferior frontal cortex.

Functional connectivity in in age-related hearing loss. Differences in resting state connectivity 
between hearing-impaired and normal-hearing participants were not obtained. In contrast, Husain and col-
leagues32 showed decreased connectivity between seed regions in the dorsal attention network with the insula 
and postcentral gyrus, and increased connectivity between seeds in the default mode network and middle frontal 
gyrus in mild to moderate hearing-impaired participants. In a prior study, Schmidt and colleagues35 compared 
tinnitus patients with hearing-impaired participants and normal-hearing participants. Although not focus of the 
study, they found an increased connectivity of the dorsal attention network to the insula in hearing-impaired 
participants as compared to normal-hearing subjects35. Recently, Chen et al.42 showed a decreased connectivity in 
superior temporal gyrus (BA 38), precuneus and inferior parietal lobule as well as increased connectivity in mid-
dle frontal gyrus, cuneus and postcentral gyrus in hearing-impaired compared to normal-hearing participants. 
One explanation for the lack of significant differences between hearing-impaired and normal-hearing partici-
pants in our study could be the relatively mild to moderate hearing impairment of the participants. However, the 
impairment in two of the other studies cited above32,35 was also mild to moderate with slightly younger subjects. 
Their normal-hearing participants had a mean age of 50 years while ours had a mean age of 63 years (matched to 
the hearing-impaired group) with age appropriate hearing abilities. Hence, it may also be the case that differences 
in resting state connectivity that are present in middle-aged hearing-impaired subjects may be covered by larger 
age-associated changes in connectivity with increasing age. Other research showed that age has a significant effect 
on resting state networks34,37–39,41.

Concerning the direct coupling of visual and auditory cortex, Husain and colleagues32 did also not find any 
connectivity differences with seeds in the auditory cortex between hearing-impaired and normal-hearing par-
ticipants and relate these findings to the mild to moderate severity of hearing loss in their study. Chen et al.42 did 
also not find any significant effects in primary auditory cortex. On the other hand, a prior study in our lab43 did 
find an increased connectivity between auditory and visual cortex as a function of hearing loss. Since all of these 
studies–including ours–employed an eyes-open and fixation cross paradigm for the resting state measurement, 
the paradigm itself could not be the underlying cause of different results. In contrast to the prior study where the 
resting state measurement directly followed an audiovisual task, participants in the current study had a short 
break outside the MRI directly before the resting state measurement. Hence, it is not clear whether take-over 
effects of previous tasks may have contributed to the different results52.

The effect of listening effort on functional connectivity. Apart from hearing abilities determined by 
the audiogram we assessed subjective listening effort in everyday situations. Our results suggest that an increase 
in individually perceived everyday listening effort is associated with a decrease in resting state coupling between 
the dorsal attention network and the precuneus and superior parietal lobule as well as between the auditory and 
the inferior frontal cortex.

There is some evidence of resting state connectivity changes in the dorsal attention and default mode network 
in age-related hearing loss32. We here suggest that listening effort experienced in daily life may be one important 
factor for changed functional connectivity between the dorsal attention network and the precuneus and superior 
parietal lobule. The precuneus is part of the default mode network and plays a role in several diseases, including 
Alzheimer’s33,36,37,53–55 but also tinnitus. Tinnitus patients exhibit decreased connectivity between the precuneus 
and other regions of the default mode network, speaking for a less coherent network due to the phantom sound35. 
Chen and colleagues42 demonstrated neuronal changes in superior temporal gyrus, prefrontal cortex, precu-
neus and inferior parietal lobule as part of the default mode network in age-related hearing loss. They suggest 
that decreased connectivity values in the precuneus are responsible for disrupting the default mode network in 
age-related hearing loss. We here show a disruption of coupling between dorsal attention and default mode net-
work (via precuneus). Dorsal attention and default mode network are often anti-correlated, the dorsal attention 
network being active during tasks and the default mode network being active at rest. Disruptions in this coupling 
can be associated with decreased cognitive functions56 or aging34,36,37,39. In long-term tinnitus patients, there was 
also a decreased connectivity between the dorsal attention network and precuneus57. The decreased connectiv-
ity is explained as a suppression and habituation mechanism in response to the phantom sound. Although we 
excluded participants experiencing tinnitus in our study, the connectivity between the dorsal attention network 
and precuneus was decreased with high listening effort. In age-related untreated hearing loss, the increased lis-
tening effort experienced in daily life may therefore result in a similar disruption between dorsal attention and 
default mode network as in tinnitus patients. Decreases in functional connectivity were also found within the 
dorsal attention network, i.e. to the superior parietal lobule. Hence, our data suggest a disruption of between and 
within network connectivity of the dorsal attention network with increased listening effort.

Moreover, listening effort was related to a decreased connectivity between auditory and inferior frontal cortex. 
These results are in line with previous work in hearing-impaired participants showing increased frontal recruit-
ment as a compensatory mechanism to control for the decreased auditory input16,17,21,22,45. An increase in frontal 
activity was previously also associated with effortful listening in healthy participants19,20,26–31. Moreover, effort-
ful speech perception was related to an increase in neural activation in lateral temporal cortex, inferior frontal 
cortex and premotor cortex18. The inferior frontal gyrus belongs to the core speech network involved in pro-
cessing acoustic, phonological and lexico-semantic and basic syntactic material29,31,58. Additonally, the inferior 
frontal cortex is connected to the auditory cortex and serves as top-down modulatory control to faciliatate speech 
understanding. Connections between auditory regions to prefrontal areas, including inferior frontal cortex, are 
thought to function as a modulatory control and compensatory mechanism during effortful listening18. Previous 
research showed that speech understanding in adverse listening situations is facilitated by top-down influences 
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accomplished via inferior frontal and premotor cortex, as well as superior temporal sulcus and parietal cortex29,31. 
Hence, there is compelling evidence that the inferior frontal cortex has an important role in speech understand-
ing and is particularly involved in processing speech under difficult listening situations. Our results add fur-
ther evidence, since we show a connection of everyday listening effort and a disruption in resting state coupling 
between auditory and inferior frontal cortex. Participants experiencing high everyday life listening effort showed 
a decreased connectivity between auditory cortex and inferior frontal cortex.

There are two possible explanations for this decreased coupling. First, it may be possible that people experi-
encing high listening effort have a general coupling deficiency between auditory and frontal cortex which may 
impact both, the coupling during effortful speech perception and during rest. This may also lead to decreased 
performance in speech understanding. The second suggestion to explain our results might be that individu-
als experiencing high listening effort present a higher connectivity between auditory and frontal cortex during 
effortful listening tasks which may be followed by reduced coupling in situations where the effort is no longer 
needed. The latter suggestion of increased connectivity during task and decreased connectivity during rest can 
be better reconciled with the many fMRI studies demonstrating that increased involvement of the frontal lobe 
during effortful speech perception can facilitate speech understanding. Additional evidence comes from our own 
previous study in the same sample of subjects, which showed an increased frontal recruitment and preserved 
performance in speech understanding in hearing-impaired participants23. Future studies examining both func-
tional connectivity during speech understanding and during resting state are needed to entangle the underlying 
processes related to the increased listening effort, changes in functional connectivity and the resulting impact on 
speech understanding.

Conclusion
The variety of resting state connectivity changes related to listening effort seem to reflect more widespread 
changes in underlying network dynamics. Listening effort experienced in everyday life rather than the hearing 
loss itself has a significant influence on resting state connectivity. The underlying nature for these changes seems 
to be a compensatory mechanism to control for decreased auditory input, increased listening effort and decreased 
neural resources. With regard to the scarce research dealing with functional connectivity changes in mild to mod-
erate age-related hearing loss, we provide new evidence for plastic changes not only in auditory cortex but also 
in coupling between dorsal attention network, precuneus and superior parietal lobule affecting different resting 
state networks. We conclude that mainly the individually perceived listening effort in elderly participants leads to 
altered coupling between different brain areas independent of the hearing impairment itself.

References
 1. Cardin, V. Effects of Aging and Adult-Onset Hearing Loss on Cortical Auditory Regions. Frontiers in Neuroscience 10, 199, https://

doi.org/10.3389/fnins.2016.00199 (2016).
 2. Lin, F. R. Hearing loss in older adults: Who’s listening? Jama 307(11), 1147–1148, https://doi.org/10.1001/jama.2012.321 (2012).
 3. Bernarding, C., Strauss, D. J., Hannemann, R., Seidler, H. & Corona-Strauss, F. I. Neurodynamic evaluation of hearing aid features 

using EEG correlates of listening effort. Cognitive Neurodynamics 11(3), 203–215, https://doi.org/10.1007/s11571-017-9425-5 
(2017).

 4. Kiessling, J. et al. Candidature for and delivery of audiological services: Special needs of older people. International Journal of 
Audiology 42(Suppl 2), 2S92–101 (2003).

 5. Pichora-Fuller, M. K. et al. Hearing impairment and cognitive energy: The framework for understanding effortful listening (FUEL). 
Ear and Hearing 37, 5S–27S (2016).

 6. Fortunato, S. et al. A review of new insights on the association between hearing loss and cognitive decline in ageing. [Ipoacusia e 
declino cognitivo: revisione della letteratura] Acta Otorhinolaryngologica Italica. Organo Ufficiale Della Societa Italiana Di 
Otorinolaringologia E Chirurgia Cervico-Facciale 36(3), 155–166, https://doi.org/10.14639/0392-100X-993 (2016).

 7. Humes, L. E., Busey, T. A., Craig, J. & Kewley-Port, D. Are age-related changes in cognitive function driven by age-related changes 
in sensory processing? Attention. Perception & Psychophysics 75(3), 508–524, https://doi.org/10.3758/s13414-012-0406-9 (2013).

 8. Lin, F. R. et al. Hearing loss and cognition in the baltimore longitudinal study of aging. Neuropsychology 25(6), 763–770, https://doi.
org/10.1037/a0024238 (2011).

 9. Peelle, J. E. & Wingfield, A. The neural consequences of age-related hearing loss. Trends in Neurosciences 39(7), 486–497, https://doi.
org/10.1016/j.tins.2016.05.001 (2016).

 10. Moradi, S., Lidestam, B., Saremi, A. & Rönnberg, J. Gated auditory speech perception: Effects of listening conditions and cognitive 
capacity. Frontiers in Psychology 5, 531, https://doi.org/10.3389/fpsyg.2014.00531 (2014).

 11. Rönnberg, J. et al. The ease of language understanding (ELU) model: Theoretical, empirical, and clinical advances. Frontiers in 
Systems. Neuroscience 7, 31, https://doi.org/10.3389/fnsys.2013.00031 (2013).

 12. Tun, P. A., McCoy, S. & Wingfield, A. Aging, hearing acuity, and the attentional costs of effortful listening. Psychology and Aging 
24(3), 761–766, https://doi.org/10.1037/a0014802 (2009).

 13. Wingfield, A., Tun, P. & McCoy, S. Hearing Loss in Older Adulthood: What It Is and How It Interacts with Cognitive Performance. 
Current Directions in Psychological Science 14(3), 144–148 (2005).

 14. Rönnberg, J. et al. Hearing loss is negatively related to episodic and semantic longterm memory but not to short-term memory. J. 
Speech Lang. Hear Res. 54(2), 705–726, https://doi.org/10.1044/1092-4388 (2011).

 15. Berding, G. et al. Positron emission tomography imaging reveals auditory and frontal cortical regions involved with speech 
perception and loudness adaptation. Plos One, 10(6), e0128743, https://doi.org/10.1371/journal.pone.0128743 (2015).

 16. Campbell, J. & Sharma, A. Compensatory changes in cortical resource allocation in adults with hearing loss. Frontiers in Systems. 
Neuroscience 7, 71, https://doi.org/10.3389/fnsys.2013.00071 (2013).

 17. Erb, J. & Obleser, J. Upregulation of cognitive control networks in older adults’ speech comprehension. Frontiers in Systems. 
Neuroscience 7, 116, https://doi.org/10.3389/fnsys.2013.00116 (2013).

 18. Davis, M. H. & Johnsrude, I. S. Hierarchical processing in spoken language comprehension. The Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience 23(8), 3423–3431, 23/8/3423 (2003).

 19. Hervais-Adelman, A., Carlyon, R. P., Johnsrude, I. S. & Davis, M. H. Brain regions recruited for the effortful comprehension of 
noise-vocoded words. Language and Cognitive Processes 27(7–8), 1145–1166, https://doi.org/10.1080/01690965.2012.662280 (2012).

 20. Lee, Y. S., Min, N. E., Wingfield, A., Grossman, M. & Peelle, J. E. Acoustic richness modulates the neural networks supporting 
intelligible speech processing. Hearing Research 333, 108–117, https://doi.org/10.1016/j.heares.2015.12.008 (2016).

https://doi.org/10.1038/s41598-019-38816-z
https://doi.org/10.3389/fnins.2016.00199
https://doi.org/10.3389/fnins.2016.00199
https://doi.org/10.1001/jama.2012.321
https://doi.org/10.1007/s11571-017-9425-5
https://doi.org/10.14639/0392-100X-993
https://doi.org/10.3758/s13414-012-0406-9
https://doi.org/10.1037/a0024238
https://doi.org/10.1037/a0024238
https://doi.org/10.1016/j.tins.2016.05.001
https://doi.org/10.1016/j.tins.2016.05.001
https://doi.org/10.3389/fpsyg.2014.00531
https://doi.org/10.3389/fnsys.2013.00031
https://doi.org/10.1037/a0014802
https://doi.org/10.1044/1092-4388
https://doi.org/10.1371/journal.pone.0128743
https://doi.org/10.3389/fnsys.2013.00071
https://doi.org/10.3389/fnsys.2013.00116
https://doi.org/10.1080/01690965.2012.662280
https://doi.org/10.1016/j.heares.2015.12.008


www.nature.com/scientificreports/

8Scientific RepoRts |          (2019) 9:2337  | https://doi.org/10.1038/s41598-019-38816-z

 21. Peelle, J. E., Troiani, V., Grossman, M. & Wingfield, A. Hearing loss in older adults affects neural systems supporting speech 
comprehension. The Journal of Neuroscience. The Official Journal of the Society for Neuroscience, 31(35), 12638–12643, https://doi.
org/10.1523/JNEUROSCI.2559-11.2011 (2011).

 22. Reuter-Lorenz, P. & Cappell, K. A. Neurocognitive aging and the compensation hypothesis. Curr Dir Psychol Sci 17(3), 177–182, 
https://doi.org/10.1111/j.1467-8721.2008.00570.x (2008).

 23. Rosemann, S. & Thiel, C. M. Audio-visual speech processing in age-related hearing loss: Stronger integration and increased frontal 
lobe recruitment. NeuroImage 175, 425–437, S1053-8119(18)30319-7 (2018).

 24. Tyler, L. K. et al. Preserving syntactic processing across the adult life span: The modulation of the frontotemporal language system 
in the context of age-related atrophy. Cerebral Cortex (New York, N.Y. 1991). 20(2), 352–364, https://doi.org/10.1093/cercor/bhp105 
(2010).

 25. Wong, P. C. et al. Aging and cortical mechanisms of speech perception in noise. Neuropsychologia 47(3), 693–703, https://doi.
org/10.1016/j.neuropsychologia.2008.11.032 (2009).

 26. Erb, J., Henry, M. J., Eisner, F. & Obleser, J. The brain dynamics of rapid perceptual adaptation to adverse listening conditions. The 
Journal of Neuroscience 33(26), 10688 (2013).

 27. Vaden, K. I. Jr. et al. The cingulo-opercular network provides word-recognition benefit. The Journal of Neuroscience. The Official 
Journal of the Society for Neuroscience, 33(48), 18979–18986, https://doi.org/10.1523/JNEUROSCI.1417-13.2013 (2013).

 28. Vaden, K. I. Jr., Kuchinsky, S. E., Ahlstrom, J. B., Dubno, J. R. & Eckert, M. A. Cortical activity predicts which older adults recognize 
speech in noise and when. The Journal of Neuroscience. The Official Journal of the Society for Neuroscience 35(9), 3929–3937, https://
doi.org/10.1523/JNEUROSCI.2908-14.2015 (2015).

 29. Wild, C. J., Davis, M. H. & Johnsrude, I. S. Human auditory cortex is sensitive to the perceived clarity of speech. NeuroImage 60(2), 
1490–1502, https://doi.org/10.1016/j.neuroimage.2012.01.035 (2012b).

 30. Harris, K. C., Dubno, J. R., Keren, N. I., Ahlstrom, J. B. & Eckert, M. A. Speech recognition in younger and older adults: A 
dependency on low-level auditory cortex. The Journal of Neuroscience. The Official Journal of the Society for Neuroscience, 29(19), 
6078–6087, https://doi.org/10.1523/JNEUROSCI.0412-09.2009 (2009).

 31. Wild, C. J. et al. Effortful listening: The processing of degraded speech depends critically on attention. The Journal of Neuroscience. 
The Official Journal of the Society for Neuroscience. 32(40), 14010–14021, https://doi.org/10.1523/JNEUROSCI.1528-12.2012 
(2012a).

 32. Husain, F. T., Carpenter-Thompson, J. R. & Schmidt, S. A. The effect of mild-to-moderate hearing loss on auditory and emotion 
processing networks. Frontiers in Systems. Neuroscience 8, 10, https://doi.org/10.3389/fnsys.2014.00010 (2014).

 33. Greicius, M. D., Krasnow, B., Reiss, A. L. & Menon, V. Functional connectivity in the resting brain: A network analysis of the default 
mode hypothesis. Proceedings of the National Academy of Sciences of the United States of America 100(1), 253–258, https://doi.
org/10.1073/pnas.0135058100 (2003).

 34. Onoda, K., Ishihara, M. & Yamaguchi, S. Decreased Functional Connectivity by Aging Is Associated with Cognitive Decline. Journal 
of cognitive neuroscience 24(11), 2186–98 (2012).

 35. Schmidt, S. A., Akrofi, K., Carpenter-Thompson, J. R. & Husain, F. T. Default Mode, Dorsal Attention and Auditory Resting State 
Networks Exhibit Differential Functional Connectivity in Tinnitus and Hearing Loss. PLoS One, 8(10), e76488, https://doi.
org/10.1371/journal.pone.0076488 (2013).

 36. Tomasi, D. & Volkow, N. D. Aging and functional brain networks. Molecular Psychiatry 17(5), 471, 549–58, https://doi.org/10.1038/
mp.2011.81 (2012).

 37. Damoiseaux, J. S. et al. Reduced resting-state brain activity in the “default network” in normal aging. Cerebral Cortex (New York, N. 
Y. 1991) 18(8), 1856–1864, bhm207 (2008).

 38. Grady, C. Trends in Neurocognitive Aging. Nature Reviews. Neuroscience 13(7), 491–505, https://doi.org/10.1038/nrn3256 (2012).
 39. Koch, W. et al. Effects of aging on default mode network activity in resting state fMRI: Does the method of analysis matter? 

NeuroImage 51(1), 280–287, https://doi.org/10.1016/j.neuroimage.2009.12.008 (2010).
 40. Menon, V. & Uddin, L. Q. Saliency, switching, attention and control: a network model of insula function. Brain Structure & Function 

214(5-6), 655–667, https://doi.org/10.1007/s00429-010-0262-0 (2010).
 41. Wingfield, A. & Grossman, M. Language and the aging brain: patterns of neural compensation revealed by functional brain imaging. 

J Neurophysiol 96, 2830–2839, https://doi.org/10.1152/jn.00628.2006 (2006).
 42. Chen, Y.-C. et al. Presbycusis Disrupts Spontaneous Activity Revealed by Resting-State Functional MRI. Frontiers in Behavioral 

Neuroscience 12, 44, https://doi.org/10.3389/fnbeh.2018.00044 (2018).
 43. Puschmann, S. & Thiel, C. M. Changed crossmodal functional connectivity in older adults with hearing loss. Cortex 86, 109–122, 

S0010-9452(16)30305-7 (2017).
 44. Schierholz, I. et al. Enhanced audio-visual interactions in the auditory cortex of elderly cochlear-implant users. Hear. Res. 133–147, 

https://doi.org/10.1016/j.heares.2015.08.009 (2015).
 45. Campbell, J. & Sharma, A. Cross-modal re-organization in adults with early stage hearing loss. PloS One, 9(2), e90594, https://doi.

org/10.1371/journal.pone.0090594 (2014).
 46. von Gablenz, P. & Holube, I. Prävalenz von Schwerhörigkeit im Nordwesten Deutschlands: Ergebnisse einer epidemiologischen 

Untersuchung zum Hörstatus (HÖRSTAT) [Prevalence of hearing impairment in Northwestern Germany: Results of an epidemiological 
investigation of hearing status]. HNO 63, 195–214, https://doi.org/10.1007/s00106-014-2949-7. (2015).

 47. Schulte, M., Meis, M. & Wagener, K. Der Höranstrengungs-Fragebogen. 18. Jahrestagung der Deutschen Gesellschaft für Audiologie 
(2015).

 48. Oldfield, R. C. The assessment and analysis of handedness: the Edinburgh Inventory. Neuropsychologia 9(1), 97–113 (1971).
 49. Sörqvist, P., Ljungberg, J. & Ljung, R. A sub-process view of working memory capacity: Evidence from effects of speech on prose 

memory. Memory 18(3), 310–326 (2010).
 50. Whitfield-Gabrieli, S. & Nieto-Castanon, A. Conn: A functional connectivity toolbox for correlated and anticorrelated brain 

networks. Brain Connectivity 2(3), 125e141, https://doi.org/10.1089/brain.2012.0073. (2012).
 51. Nasreddine, Z. et al. The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive impairment. Journal of 

the American Geriatrics Society 53(4), 695–699 (2005).
 52. Breckel, T. P. et al. Long-term effects of attentional performance on functional brain network topology. PLoS One, 8(9), e74125, 

https://doi.org/10.1371/journal.pone.0074125 (2013).
 53. Buckner, R. L. Memory and executive function in aging and AD: Multiple factors that cause decline and reserve factors that 

compensate. Neuron 44(1), 195–208, https://doi.org/10.1016/j.neuron.2004.09.006 (2004).
 54. Buckner, R. L., Andrews-Hanna, J. R. & Schacter, D. L. The brain’s default network: Anatomy, function, and relevance to disease. 

Annals of the New York Academy of Sciences 1124, 1–38, https://doi.org/10.1196/annals.1440.011 (2008).
 55. Greicius, M. D., Srivastava, G., Reiss, A. L. & Menon, V. Default-mode network activity distinguishes alzheimer’s disease from 

healthy aging: Evidence from functional MRI. Proceedings of the National Academy of Sciences of the United States of America 
101(13), 4637–4642, https://doi.org/10.1073/pnas.0308627101 (2004).

 56. Hampson, M., Driesen, N., Roth, J. K., Gore, J. C. & Constable, R. T. Functional connectivity between task-positive and task-negative 
brain areas and its relation to working memory performance. Magnetic Resonance Imaging 28(8), 1051–1057, https://doi.
org/10.1016/j.mri.2010.03.021 (2010).

https://doi.org/10.1038/s41598-019-38816-z
https://doi.org/10.1523/JNEUROSCI.2559-11.2011
https://doi.org/10.1523/JNEUROSCI.2559-11.2011
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1093/cercor/bhp105
https://doi.org/10.1016/j.neuropsychologia.2008.11.032
https://doi.org/10.1016/j.neuropsychologia.2008.11.032
https://doi.org/10.1523/JNEUROSCI.1417-13.2013
https://doi.org/10.1523/JNEUROSCI.2908-14.2015
https://doi.org/10.1523/JNEUROSCI.2908-14.2015
https://doi.org/10.1016/j.neuroimage.2012.01.035
https://doi.org/10.1523/JNEUROSCI.0412-09.2009
https://doi.org/10.1523/JNEUROSCI.1528-12.2012
https://doi.org/10.3389/fnsys.2014.00010
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1371/journal.pone.0076488
https://doi.org/10.1371/journal.pone.0076488
https://doi.org/10.1038/mp.2011.81
https://doi.org/10.1038/mp.2011.81
https://doi.org/10.1038/nrn3256
https://doi.org/10.1016/j.neuroimage.2009.12.008
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1152/jn.00628.2006
https://doi.org/10.3389/fnbeh.2018.00044
https://doi.org/10.1016/j.heares.2015.08.009
https://doi.org/10.1371/journal.pone.0090594
https://doi.org/10.1371/journal.pone.0090594
https://doi.org/10.1007/s00106-014-2949-7.
https://doi.org/10.1089/brain.2012.0073.
https://doi.org/10.1371/journal.pone.0074125
https://doi.org/10.1016/j.neuron.2004.09.006
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1073/pnas.0308627101
https://doi.org/10.1016/j.mri.2010.03.021
https://doi.org/10.1016/j.mri.2010.03.021


www.nature.com/scientificreports/

9Scientific RepoRts |          (2019) 9:2337  | https://doi.org/10.1038/s41598-019-38816-z

 57. Schmidt, S. A., Carpenter-Thompson, J. & Husain, F. T. Connectivity of precuneus to the default mode and dorsal attention networks: 
A possible invariant marker of long-term tinnitus. NeuroImage: Clinical 16, 196–204, https://doi.org/10.1016/j.nicl.2017.07.015 (2017).

 58. Peelle, J. E. Listening effort: How the cognitive consequences of acoustic challenge are reflected in brain and behavior. Ear and 
Hearing 39(2), 204–214, https://doi.org/10.1097/AUD.0000000000000494 (2018).

Acknowledgements
This work was funded by the German Research Foundation (Deutsche Forschungsgemeinschaft, DFG; Cluster 
of Excellence DFG 1077 “Hearing4all”) and supported by the Neuroimaging Unit of the Carl von Ossietzky 
Universität Oldenburg funded by grants from the German Research Foundation (3T MRI INST 184/152-1 
FUGG). The authors wish to thank Gülsen Yanc and Katharina Grote for helping with MRI data acquisition.

Author Contributions
S.R. and C.T.M. designed the study. S.R. conducted data acquisition and analysis. Both authors interpreted the 
results and contributed to the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-38816-z
https://doi.org/10.1016/j.nicl.2017.07.015
https://doi.org/10.1097/AUD.0000000000000494
http://creativecommons.org/licenses/by/4.0/

	The effect of age-related hearing loss and listening effort on resting state connectivity
	Methods
	Participants. 
	Experimental procedure. 
	Data acquisition. 
	Data analysis. 

	Results
	Cognition. 
	Hearing loss and listening effort. 
	Resting state data. 
	Functional connectivity in hearing-impaired and normal-hearing participants. 
	The effect of listening effort on functional connectivity. 


	Discussion
	Functional connectivity in in age-related hearing loss. 
	The effect of listening effort on functional connectivity. 

	Conclusion
	Acknowledgements
	Figure 1 Average pure tone audiograms for hearing-impaired and normal-hearing subjects averaged over both ears.
	Figure 2 Brain regions that are functionally coupled with the (A) Default mode network, (B) Salience network, (C) Dorsal Attention network, (D) Auditory cortex in hearing-impaired (left) and normal-hearing participants (right).
	Figure 3 Correlation between listening effort and functional connectivity of (A) dorsal attention network (DAN) to precuneus, (B) dorsal attention network (DAN) to superior parietal lobule (SPL) and (C) auditory seed to inferior frontal gyrus.
	Table 1 Seed regions for different networks used in the resting state analysis.
	Table 2 Peak MNI coordinates for multiple regression with listening effort and covariate hearing loss.




