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A B S T R A C T

A growing body of evidence has shown that a relationship between age-related hearing loss and structural brain
changes exists. However, a method to measure brain atrophy associated with hearing loss from a single MRI
study (i.e. without an interval study) that produces an independently interpretable output does not. Such a
method would be beneficial for studying patterns of structural brain changes on a large scale. Here, we introduce
our method for this.

Audiometric evaluations and mini-mental state exams were obtained in 34 subjects over the age of 80 who
have had brain MRIs in the past 6 years. CSF and parenchymal brain volumes (whole brain and by lobe) were
obtained through a novel, fully automated algorithm. Atrophy was calculated by taking the ratio of CSF to
parenchyma. High frequency hearing loss was associated with disproportional temporal lobe atrophy relative to
whole brain atrophy independent of age (r = 0.471, p = 0.005). Mental state was associated with frontoparietal
atrophy but not to temporal lobe atrophy, which is consistent with known results. Our method demonstrates that
hearing loss is associated with temporal lobe atrophy and generalized whole brain atrophy. Our algorithm is
efficient, fully automated, and able to detect significant associations in a small cohort.

1. Introduction

Presbycusis, or age-related hearing loss (ARHL), is a public health
concern of increasing importance with the aging global population. It
affects over half of adults over age 75, which is a population expected to
double over the next 40 years (Vincent and Velkoff, 2010; Gopinath
et al., 2009). ARHL begins with preferential loss of high frequency
hearing, with losses progressing into mid and lower frequencies over
time. Additionally, the ability to distinguish speech from background
noise declines (Gates and Mills, 2005). Hearing loss in the elderly is
associated with decreased quality of life through social isolation and
dependence on caregivers, increase prevalence of symptoms of de-
pression, and increased overall mortality through falls and accidents
(Davis et al., 2016; Arlinger, 2003; Dalton et al., 2003). Furthermore, it
is associated with an increased risk of developing dementia (Deal et al.,
2017; Lin et al., 2011).

Deficits in the peripheral auditory pathway were initially identified
in ARHL; temporal bone histology demonstrated that damage to any of
the sensory (outer hair cells), neural (spiral ganglia), or metabolic (stria
vascularis) components of the cochlea could contribute to ARHL

(Nelson and Hinojosa, 2006; Schuknecht and Gacek, 1993). More re-
cently, attention has been directed towards characterizing structural
changes in the central auditory pathway, which lies between the eighth
cranial nerve and the cerebral cortex. A growing body of evidence has
revealed that hearing loss in the elderly is associated with decreased
parenchymal brain volume. For example, one study demonstrated that
ARHL is related to smaller total brain volume independent of cognition
and cardiovascular risk factors (Rigters et al., 2017), and a longitudinal
study showed that elderly subjects with hearing loss have accelerated
rates of whole brain and right temporal lobe atrophy (Lin et al., 2014).

Imaging quantification of brain atrophy has already been used ex-
tensively to characterize changes in other central pathologies. For ex-
ample, both visual and quantitative measurements of brain atrophy
have diagnostic specificity for detection of Alzheimer's disease (Sullivan
et al., 1993; Jobst et al., 1992; de Leon et al., 1989). More recently,
brain atrophy has also been used as a biomarker for disease burden in
chronic multiple sclerosis (Ge et al., 2000).

Considering the prevalence of ARHL, there exists a high availability
of incidentally obtained brain MRIs in affected individuals. The ability
to analyze large amounts of this data in an efficient way would improve
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understanding of the patterns of structural brain changes related to
ARHL. Therefore, we aim to introduce a novel and fully automated
software algorithm that measures brain atrophy associated with pres-
bycusis from a single conventional brain MRI without an interval study.

2. Methods

2.1. Subjects

Participants for this cross-sectional study were recruited from the
otology clinic at Columbia University Medical Center. The Institutional
Review Board of Columbia University approved the protocol and all
subjects gave informed consent. Criteria for recruitment included age
over 80 years at the time of audiometric evaluation and a brain MRI
within 6 years in the medical record. Exclusion criteria included neu-
rodegenerative diseases that may be associated with decreased brain
volumes (including Alzheimer's disease, frontotemporal dementia, HIV-
related cognitive impairment, Parkinson's disease, and vascular de-
mentia), non-ARHL causes of hearing loss (including retrocochlear pa-
thology, sudden sensorineural hearing loss, and otospongiosis), and
history of neurosurgical procedure.

2.2. Audiometry

Measurements were conducted in an audiometric suite using insert
earphones and an audiometer calibrated to the standards of the
American National Standards Institute (ANSI S3.6-2010). Pure-tone air
conduction thresholds were recorded in decibel hearing level (dB HL)
units at the following frequencies: 0.25, 0.5, 2, 3, 4, 6, and 8 kHz. The
average of all thresholds was taken for each ear on every subject, and
the side with the lower average was designated the better hearing ear.
High frequency pure-tone averages (HFPTAs) were calculated using
thresholds from 3–8 kHz, while low frequency pure-tone averages
(LFPTAs) were calculated using thresholds from 0.25–2 kHz.

2.3. Mental status

The mini-mental state exam (MMSE) is a widely-used screen of
cognitive ability that incorporates multiple cognitive domains, in-
cluding orientation, attention, learning, calculation, working memory,
and visual construction that is administered through verbal and written
commands (Folstein et al., 1975). The test was administered by a re-
search assistant experienced in working with the elderly patients with
hearing loss to ensure that all instructions were heard and understood.
A score of 30 represents the maximum testable mental status. The

reciprocal of the score was used so that better performance (lower re-
ciprocal score) would have a positive correlation coefficient with less
brain atrophy.

2.4. Imaging acquisition and analysis

All images were obtained on one of two 3.0 T MRI systems (Signa,
GE Healthcare) using an 8-channel head array coil over a 6-year period.
As part of standard institutional protocol, an axial fluid-attenuated in-
version recovery (FLAIR) acquisition was obtained with the following
parameters: TR 9500 ms/TE 127 ms; TI 2250 ms; slice thickness 5 mm
with no gap; FOV 225 mm. A histogram normalization algorithm was
used to standardize intensity values between patients and to facilitate
robust intensity-based tissue classification described below. The
method for histogram normalization is based on a technique previously
described that maximizes the cross-correlation between cumulative
histogram distribution functions of each input volume with a reference
standard (Shapira et al., 2013). The reference volume for histogram
normalization was a standardized template of 366 normal subjects from
the Genetics of Brain Structure and Function Study (Winkler et al.,
2012).

A fully automated software algorithm was then used to quantify
volumetric parenchymal atrophy within the whole brain and further
subdivided into each lobe by hemisphere. The algorithm is im-
plemented sequentially by using a multimodal model for whole brain
segmentation followed by intensity-based tissue classification and
atrophy calculation (Fig. 1). In brief, whole brain segmentation pro-
ceeds by first determining the voxel-wise probability distribution of
intracranial boundaries. The T1-weighted, T2-weighted and diffusion-
weighted intensity values of each voxel are passed to a single hidden
layer neural network trained to differentiate between intra-axial and
extra-axial tissues. This initial estimate is then post-processed with a
deformable mesh model that finalizes the whole brain mask (Fischl
et al., 1999), regularizing the initial estimates to take into account the
expected global features and anatomy of the brain.

From the algorithm-generated whole brain mask, a finite mixture
model-based method sensitive to intensity scale changes is then used to
separate the intracranial contents into two components: brain par-
enchyma (grey matter, white matter) and CSF (Lundervold and Storvik,
1995). This algorithm classifies brain tissue type by modeling each
expected subpopulation (brain parenchyma, CSF) as a Gaussian dis-
tribution of intensity values (e.g. Gaussian distribution with low T1/
high T2 peak is CSF while the other Gaussian distribution with inter-
mediate T1/T2 peak is brain parenchyma). Subsequently a normalized
ratio for brain atrophy to be calculated by dividing volume of CSF by

Fig. 1. Quantitative analysis. A) Shown is an axial FLAIR image
at the level of the temporal love. A fully automated computer
algorithm is used to identify the temporal loves, with further
delineation between parenchymal brain volume (green) and the
surrounding CSF. B) Quantitative calculation of degree of
atrophy is obtained by dividing the volume of CSF by the com-
bined volume of both parenchymal brain volume and CSF. A
parallel calculation is also obtained for the whole brain (not just
limited to temporal lobes).
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the combined volume of both parenchymal brain and CSF (Fig. 1B).
This normalized metric, which parallels the percentage of intracranial
volume composed of CSF, is similar to other validated quantitative
measures for volume loss (Ge et al., 2000). From whole brain calcula-
tions, lobar specific atrophy estimates for each hemisphere (left and
right) are determined using linear co-registration of anatomically la-
beled MNI152 templates from McConnell Brain Imaging Institute onto
each individual patient brain (Collins et al., 1999). Co-registration and
downstream calculations were performed automatically as part the
image processing pipeline using FMRIB's Linear Image Registration
Tool (Jenkinson et al., 2002). The linear affine transformation was
implemented using 12 degrees of freedom, trilinear interpolation, and a
mutual information cost function.

2.5. Statistical analysis

The statistical software Stata (version 14.1, StataCorp LP, College
Station, TX) was used to conduct the analysis. Only the audiometric
data of the better hearing ears was analyzed so there would be negli-
gible compensation from the contralateral ears. Statistical dependence
between hearing level and brain atrophy was assessed using Pearson
correlations (r) due to the normal distributions of hearing thresholds
and brain atrophy in the sample. In contrast, statistical dependence
between mental status and brain atrophy was assessed with Spearman
rank correlations (ρ) due to the scoring ceiling of the MMSE. To in-
vestigate the possibility that brain atrophy may independently correlate
to hearing level despite both variables being correlated with age, a
multiple linear regression analysis with an interaction factor between
hearing and brain volume was performed.

3. Results

The mean age of the 34 subjects was 85.5 years (SD = 4.6) at the
time of audiometry and 83.2 years (SD = 4.5) at the time of brain MR
imaging. The average difference in years between audiometry and brain
MR imaging was 2 years (SD = 2.1). The study population was com-
prised of 23 women (67.6%) and 11 men (32.4%). The entire study
population exhibited sensorineural hearing loss (Table 1). In general,
advanced age was associated with poorer hearing and greater temporal
lobe volume loss, but not with whole brain volume loss or the ratio of
temporal lobe to whole brain atrophy.

3.1. Hearing level and brain atrophy

HFPTA was correlated to temporal lobe atrophy (r = 0.471,

p = 0.005, Fig. 2). However, HFPTA was not correlated to whole brain
(r = 0.250, p = 0.2), frontal lobe (r =−0.024, p = 0.9), parietal lobe
(r =−0.005, p = 1.0), occipital lobe (r= 0.086, p = 0.6), or cere-
bellar (r = 0.116, p = 0.5) atrophy. LFPTA was not correlated to any
measures of brain atrophy. Normal probability plots showed that all
measures of hearing and brain atrophy in the sample were normally
distributed.

The ratio of temporal lobe to whole brain atrophy, which represents
disproportional temporal lobe volume loss, was correlated to HFPTA
(r = 0.369, p = 0.032, Fig. 3) but not to age (r = 0.252, p = 0.2).

Temporal lobe atrophy was also correlated with age (r= 0.358,
p = 0.038), however, a multiple linear regression analysis to predict
age based on HFPTA and temporal lobe atrophy with a continuous in-
teraction between the latter two variables demonstrated a significant
regression equation F(1, 32) = 14.97, p = 0.001, with an R2 of 0.32.
Therefore, temporal lobe atrophy cannot be directly attributed to age
alone.

3.2. Mental status and brain atrophy

MMSE was correlated to whole brain atrophy (ρ= 0.401,
p = 0.019, Fig. 4), frontal lobe atrophy (ρ= 0.395, p = 0.021), and
parietal lobe atrophy (ρ = 0.393, p = 0.021). However, MMSE was not
correlated to temporal lobe atrophy (ρ = 0.268, p = 0.1), occipital lobe
(ρ= 0.227, p = 0.2), or cerebellar atrophy (ρ = 0.155, p = 0.4).
MMSE score was not correlated to age in this sample (ρ= 0.301,

Table 1
Summary of the study population. Of note, ears with mixed hearing loss were included in the study because all had a significant sensorineural component relative to a mild conductive
component (< 20 dB HL air-bone gap).

Total
(n = 34)

Age
80–84
(n = 14)

Age
85–89
(n = 15)

Age
90–94
(n = 3)

Age
≥95
(n = 2)

Hearing loss, total ears
Sensorineural 58 22 28 3 3
Conductive 0 0 0 0 0
Mixed 9 3 2 3 1
No hearing loss 0 0 0 0 0

HFPTA, dB HL ± SD
Better ears 57.3 ± 15.7 48.8 ± 17.3 60.9 ± 11.3 72.1 ± 10.6 67.3 ± 12.7
Worse ears 70.9 ± 32.5 56.5 ± 18.8 81.1 ± 41.1 86.7 ± 24.3 71.5 ± 13.8

LFPTA, dB HL ± SD
Better ears 38.9 ± 14.8 31.2 ± 15.4 41.7 ± 12.0 48.3 ± 17.6 48.3 ± 14.1
Worse ears 47.9 ± 22.8 37.0 ± 17.2 52.3 ± 20.0 74.4 ± 41.9 50.8 ± 10.6

Brain atrophy ± SD
Temporal lobe 0.164 ± 0.025 0.195 ± 0.016 0.208 ± 0.020 0.233 ± 0.036 0.197 ± 0.010
Whole brain 0.204 ± 0.022 0.152 ± 0.023 0.170 ± 0.024 0.176 ± 0.032 0.180 ± 0.010
TL/WB ratio 0.803 ± 0.101 0.782 ± 0.109 0.818 ± 0.093 0.757 ± 0.080 0.914 ± 0.001

Fig. 2. Correlation between temporal lobe atrophy and high frequency pure tone
averages (HFPTA). Higher HFPTAs represent worse hearing (r= 0.471, p = 0.005).
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p = 0.08).

4. Discussion

4.1. Hearing and brain atrophy

When considering structural brain changes, it is first important to
distinguish normal brain aging from pathologic processes. While recent
work has suggested that brain volume loss may be associated with
normal aging (Fjell et al., 2013), isolated temporal lobe atrophy is not
considered a normal part of aging (Chan et al., 2009; Yankner et al.,
2008; Soriani-Lefèvre et al., 2003; Visser et al., 2002).

In the present study, we found that hearing level is correlated with
disproportional temporal lobe atrophy relative to whole brain atrophy
while age was not. Furthermore, a multiple linear regression analysis of
age, HFPTA, and temporal lobe atrophy demonstrated a highly sig-
nificant interaction between HFPTA and temporal lobe atrophy, in-
dicating that age cannot be attributed to temporal lobe atrophy.

These results support the findings of Lin et al., who found that in-
dividuals with peripheral presbycusis experience accelerated rates of
atrophy in the auditory cortex (Lin et al., 2014). While a rate was ob-
tained through interval MRI scans, our method can calculate atrophy at
single time point using CSF to parenchymal volume ratios based on
FLAIR templates and produces complementary results.

Our findings also complement those of Rigters et al., who found that
hearing loss is associated with smaller brain volume in a large sample of
2908 participants (Rigters et al., 2017). A cross-sectional comparison of
hearing to brain volume obtained through a single MRI is performed in

a similar fashion to our study. However, our method calculates brain
atrophy, which is an objective value that can be independently inter-
preted, rather than brain volume alone, which requires relative com-
parison.

Another key difference is that our method combines grey and white
matter for brain parenchymal volume calculations, which reduces the
computational time per study. To differentiate grey and white matter,
the most robust algorithms consider the respective spatial distributions
and require a long processing time. Rigters et al. used a simple K-means
algorithm, which shortens computational time but does not consider
spatial distribution and sacrifices accuracy, and found no association
between grey matter volume and hearing impairment. The limitations
of the K-means algorithm should be considered when comparing these
results to other studies that found a significant association between grey
matter volume and hearing (Eckert et al., 2012; Husain et al., 2011;
Peelle et al., 2011). Our method avoids the technical limitations of
differentiating grey and white matter volumes in order to detect a
significant association between parenchymal brain volume and hearing
in a short computational time.

Finally, our results also complement those reported by Fan et al.,
who detected grey matter auditory cortex volume loss in patients with
unilateral sudden hearing loss (Fan et al., 2015). However, there are
several key differences in methodology between our algorithm and the
SPM software package used in the previous study which primarily re-
late to approach in normalizing atrophy comparison between patients.
Using SPM/DARTEL (Ashburner, 2007), the previous authors could
compare GM loss directly by first applying nonlinear co-registration to
warp the native brain to match the volume and shape of a default
template. However, the process of nonlinear transformation and re-
sulting local distortions in anatomy have the potential to introduce
subtle errors in measurement of structural changes, especially given the
small but significant 1–2% differences in atrophy between patients
demonstrated in this study. By contrast, the methodology of our pro-
posed algorithm calculates atrophy based on brain parenchyma and
CSF segmented onto native MRI datasets without warping. In turn
comparison of structural changes between patients is accomplished by a
relatively novel metric considering the ratio of CSF with relation to
entire intracranial contents.

Furthermore, the SPM/DARTEL pipeline involves several steps that
require manual user interaction, for example the alignment of anterior/
posterior commissures in the process of initial coregistration as well as
generation of study-specific patient templates. This is in addition to the
downstream high-order nonlinear optimizations that are known to be
time and CPU-intensive, usually requiring 1 h or more per single MRI
series (Klein et al., 2009). By contrast, our fully automated processing
pipeline requires no human interaction and is able generate clinically
significant estimates for parenchymal atrophy divided within each lobe
of brain in several minutes. The ease and speed of quantitative analysis
facilitates the potential widespread adoption of this and other proposed
imaging biomarkers in routine practice.

4.2. MMSE score and brain atrophy

The MMSE was included in this study as a method to validate our
method of brain atrophy quantification. The rationale is that perfor-
mance on the MMSE is sensitive to whole brain atrophy and has been
mapped to depend on widely distributed cortical areas in bilateral
frontal and parietal lobes (Fjell et al., 2009; Apostolova et al., 2006).
Therefore, poorer performance on the MMSE should correlate with
increased brain atrophy. As expected, our results show that lower
MMSE scores were correlated to whole brain, frontal lobe, and parietal
lobe atrophy, but not temporal lobe atrophy.

Age is related to MMSE performance; however, these variables were
not correlated in the present sample. This is likely due to the relatively
homogenous age of our sample. Previous studies that establish norms
for MMSE performance categorize subjects by decade of life and show

Fig. 3. Correlation between temporal lobe atrophy to whole brain atrophy ratio and high
frequency pure tone averages (HFPTA). Higher ratios represent a greater discordance in
temporal lobe volume loss relative to whole brain loss. Higher HFPTAs represent worse
hearing (r= 0.369, p = 0.032).

Fig. 4. Correlation between whole brain atrophy and mini-mental state examination
(MMSE) score. Higher MMSE scores represent better cognitive function (ρ= 0.401,
p = 0.019).
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that the normal range for MMSE scores decreases by decade (Ishizaki
et al., 1998; Mungas et al., 1996; Crum et al., 1993). In our sample, the
vast majority of subjects are in the ninth decade of life. Therefore, the
age range within our sample is likely too narrow to detect a significant
correlation with MMSE. It is possible that a correlation could be de-
tected using a larger sample size.

4.3. Weaknesses and limitations

Distinguishing the effects of ARHL on brain atrophy from age alone
is difficult. Since both age and hearing loss correlated with brain
atrophy, we used a regression analysis to demonstrate that brain
atrophy could not be directly attributed to age due to a significant in-
teraction between hearing loss and brain atrophy. In the future, a
control group consisting of a younger population with and without
hearing loss would be necessary to fully distinguish the effects of age
and hearing loss on brain atrophy.

The effects of the temporal relationship between the MRI and
audiometry is unclear. Here we demonstrated that significant associa-
tions can be made with an average time of 2 years between studies. It is
likely that associations would be less significant as the time between
MRI and audiometry increases. In the future, a larger cohort should be
used to determine the maximum time possible for accurate associations
to be made.

4.4. Conclusions

We introduced a new technique to quantify brain atrophy that is
highly efficient and robust enough to detect a significant association
with hearing in a small cohort. This method revealed that ARHL is
associated with temporal lobe atrophy and generalized whole brain
atrophy. Our results add to the cumulating evidence that ARHL is as-
sociated with structural brain changes. Additional research in this topic
is needed to find the mechanistic pathways affected by aging and ul-
timately identify therapeutic targets.
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