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Summary

The human auditory system serves the role of extracting
information from objects in the environment engaging in
analyses of the auditory world so that the listener can
accomplish the goal of learning and communication.
Several shreds of evidence demonstrate that disorders of
one part of the auditory system often affect the function
of other parts of it. This is especially apparent with regard
to hyperactive disorders, but even noise-induced and
age-related hearing loss (ARHL) are not isolated cochlear
phenomena, but the auditory nervous system, in its
different stages, is involved in these pathologic states,
and consequently it is no longer valid the sharp division
of disorders into peripheral and central. ARHL is one of
the most common chronic health conditions affecting
older adults and its high prevalence compels different
research fields from audiologists, otolaryngologists, to
neuroscientists, dedicated to understand the different
mechanisms underlying this disorder and so that effective
prevention, intervention, and rehabilitative strategies can
be developed to ameliorate the quality of life of people
affected. Historically, the impetus for investigations of
ARHL was Professor Schuknecht’'s description in 1974,
whose observations have underscored that ARHL is a
complex phenomenon manifested in different forms
among individuals. Today investigators recognize that
hearing ability in advancing age results from a
combination of different factors and that there is an



association with cognitive-related process disruption and
brain alteration, hypothesizing the presence of a link
between ARHL, cognitive impairment, and dementia. The
sole possible rehabilitation process, in case of hearing
deficit, is the use of a hearing aid, a device whose only
charge is the amplification of the auditory input into the
ear canal, but whose daily and prolonged usage and its
interaction and effects on the multifactorial nature of the
pathology are still unclear.

In this context, the aim of the research project reported in
this thesis is the investigation about ARHL signs on the
central nervous system, with additional attention to the
effects of auditory rehabilitation with prolonged and
continuous hearing aids usage during normal daily life. In
order to address these issues, magnetic resonance
imaging (MRI) was used to study the human brain in vivo
and non-invasively, since it was already widely applied for
the study of neurological and psychiatric disorders as well
as to understand the basis of neural physiological
processes and sensory perception. The first aim of this
work is concentrated on the neural modification linked to
ARHL in the primary auditory cortex, the entry point of the
auditory signal in the central nervous system. For this
purpose, in chapter 2 and chapter 3 the attention is
dedicated to the analysis of the human primary auditory
cortex in ARHL patients using innovative MRI
methodologies to map the basal metabolic neuronal
activity. Indeed, brain images of a group of ARHL patients
and age- and sex-matched healthy normal hearing
controls have been acquired to analyze the cerebral
metabolic changes and to possible link those to the
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pathological course. A local cortical hypometabolic
pattern is revealed in the right primary auditory cortex that
was found to be related to the audiogram steepness, that
is, the difference in hearing loss relative to adjacent
frequencies. Therefore, these new pieces of information
were used to classify the different types of presbycusis
and their relationship to different local cortical metabolic
patterns in auditory cortex consequently showing how a
classification based on multiple audiological features can
individuate groups of patients with different
hypometabolic cortical pattern and possibly different
pathological etiology.

Then the second aim, presented in chapter 4 and chapter
5, is to expand the point of view from the local perspective
to a more global view (on the entire brain) in a dual way:
(i) combining the metabolic information with a whole brain
functional connectivity analysis, to explore if and how the
localized hypometabolic pattern in primary auditory
cortex influences the global brain connectivity or drag a
general reallocation of resources and a functional brain
reorganization and (ii) using a longitudinal experimental
framework, explore how all those brain changes interact
when ARHL patients follow a rehabilitation period with
continuous usage of hearing aids devices with an
additional focus on the neuropsychological profile. In this
case, the impact of HL condition (and its subsequent
hearing aids mediated rehabilitation) was highlighted on
the long-range neural communication between the
primary auditory cortex and higher-order brain regions,
suggesting that the hypoperfused early auditory cortex
could be a seed place where different neuroplastic
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changes originate. Together with the functional and
metabolic analysis, the neuropsychological evaluation
underlies the presence of an executive and attentional
impairment in HL population. Therefore, it was proved for
the first time, that the prolonged use of hearing aid
devices, is not able to reverse the reduced activity in the
primary sensory cortex, but can cause a global functional
reorganization  especially concentrated in the
communication between the primary sensory centers and
multimodal key areas of the frontal and temporal lobes as
well as an improvement in visuo-spatial abilities only in
patients whose hearing deficit is limited.
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Sommario

Il ruolo del sistema uditivo negli umani & quello di estrarre
informazioni dallambiente circostante per fornire
all'ascoltatore indicazioni per un'analisi del "mondo
uditivo”, allo scopo di imparare e comunicare. Numerose
evidenze scientifiche dimostrano che un parziale
malfunzionamento del sistema uditivo puo avere effetto e
coinvolgere funzioni svolte da altre parti di esso. Questo
e osservabile in particolare nei disordini dovuti ad
iperattivita (i.e. acufeni), ma risulta essere altrettanto vero
in caso di perdite uditive (generali o parziali) causate da
eccessiva  esposizione al rumore o legate
allinvecchiamento, che in tal modo risultano essere
fenomeni non unicamente legati ad un danno cocleare
periferico ma piuttosto risultano coinvolgere Tlintero
sistema nervoso uditivo (nei suoi differenti livelli), tanto
da rendere sempre meno netta la suddivisione tra
patologie periferiche e centrali. L'ipoacusia dovuta
all'invecchiamento (o presbiacusia) € una delle piu
comuni patologie degli anziani e la sua alta diffusione
coinvolge attivamente differenti (e normalmente distanti)
ambiti di ricerca e personalita, dagli audiologi, gli
otorinolangoiatri ai neuroscienziati, tutti dedicati alla
comprensione dei diversi meccanismi coinvolti e con lo
scopo di sviluppare effettive misure di prevenzione,
intervento e riabilitazione per migliorare la qualita della
vita delle persone affette da questo disturbo.
Storicamente l'impulso allo studio approfondito della
presbiacusia parte dalla descrizione fattane dal Professor

13



Schuknecht nel 1974, le cui osservazioni sottolineavano
la complessita del fenomeno che si manifestava in forme
diverse tra le persone. Oggi, gli esperti del settore
riconoscono che le capacita uditive degli anziani derivano
dalla combinazione di diversi fattori e che sicuramente
esiste una associazione con il degrado dei processi
cognitivi e delle alterazioni cerebrali, ipotizzando la
presenza di un legame tra presbiacusia, declino cognitivo
e demenza. L’unico processo di riabilitazione in caso di
presbiacusia € lutilizzo di una protesi uditiva, un
dispositivo il cui esclusivo compito € quello di amplificare
l'input sonoro all'interno del canale uditivo, ma le cui
implicazioni, date da un utilizzo giornaliero e prolungato,
sulla multifattorialita del disturbo sono ad oggi poco
chiare.

In questo contesto, lo scopo di questo progetto di ricerca,
riportato in questa tesi, e analizzare i segni di
presbiacusia nel sistema nervoso centrale con una
attenzione aggiuntiva agli effetti dell'utilizzo giornaliero e
prolungato di protesi uditive. A questo scopo, viene
suggerito I'utilizzo dell'imaging con risonanza magnetica
(MRI) per studiare il cervello umano in-vivo e in modo non
invasivo, considerando anche il largo utilizzo di questo
strumento per lo studio di patologie neurologiche e
psichiatriche, cosi come I'utilizzo per la ricerca di base nel
capire i processi neurali fisiologici e legati alla percezione
sensoriale. Il primo scopo di questo lavoro & dunque
concentrato sull'analisi delle eventuali alterazioni neurali,
legate alla presbiacusia e localizzate nella corteccia
uditiva primaria, il punto di ingresso del segnale uditivo
all'interno del sistema nervoso centrale. A questo scopo
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nei capitoli 2 e 3 l'attenzione & concentrata sull' analisi
della corteccia uditiva primaria umana in pazienti
presbiacusici con [I'utilizzo di una metodica di MRI
avanzata che permette la quantificazione del
metabolismo neuronale basale. Per cui, le immagini
cerebrali di un gruppo di pazienti con presbiacusia e di
controlli normo-udenti, in media non differenti in eta e
sesso, sono state acquisite per rilevare eventual
differenze in termini di metabolismo cerebrale e per
associare questi cambiamenti al decorso patologico. |
risultati hanno mostrato un locale ipometabolismo
corticale localizzato nella corteccia uditiva primaria
dell'emisfero di destra, che risulta essere correlato alla
caratteristica audiologica di steepness, ossia la
differenza di perdita uditiva tra due frequenze adiacenti.
Visto le differenti manifestazioni cliniche di presbiacusia,
guesto primo risultato e stato poi utilizzato per classificare
le diverse tipologie di pazienti in relazione alla diversa
tipologia di pattern ipometabolico della corteccia uditiva
primaria ed é stato mostrato come una classificazione
basata su piu caratteristiche audiologiche riesca ad
individuare gruppi con diversi pattern di ipometabolismo
corticale e probabilmente con patologie a differente
eziologia.

Il secondo scopo, esposto nei capito 4 e 5 & quello di
espandere il punto di vista da una prospettiva locale ad
una globale (sull'intero sistema nervoso centrale) in due
modalita: (i) combinando l'informazione metabolica con
un'analisi di connettivita funzionale (sull’intero cervello),
al fine di esplorare se e come il pattern di ipometabolismo
locale nella corteccia uditiva primaria influenza la
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connettivita cerebrale o stimola una riallocazione di
risorse e una riorganizzazione funzionale e (ii) utilizzando
un protocollo sperimentale longitudinale, esplorare come
guesti cambiamenti cerebrali interagiscono quando un
paziente con presbiacusia segue una riabilitazione con
utilizzo giornaliero e continuo di protesi uditive, con un
focus addizionale sul profilo neuropsicologico. In questo
caso e stato evidenziato l'impatto della condizione di
presbiacusia nella comunicazione neurale ad ampio
raggio tra la corteccia uditiva primaria e regioni
normalmente dedicate a funzionalita di alto livello,
suggerendo cosi che la ipoperfusione delle aeree uditive
primarie puo essere considerata un punto di partenza, da
cui hanno origine differenti tipologie di modificazioni
neuroplastiche. Insieme ai cambiamenti riscontrati in
termini di metabolismo e funzionalita cerebrale, le analisi
neuropsicologiche hanno evidenziato un
malfunzionamento nelle abilita esecutive ed attentive in
pazienti presbiacusici. L'utilizzo prolungato di protesi
uditive ha mostrato non causare una inversione della
ipoattivitd della corteccia sensoriale primaria ma una
riorganizzazione globale funzionale specialmente
concentrata nell’ alterazione della comunicazione tra i
centri sensoriali primari e delle aree multimodali del lobo
frontale e temporale e un concomitante, nei soli pazienti
con un danno uditivo contenuto, miglioramento delle
abilita visuo-spaziali.
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Chapter 1

Auditory Perception In
Humans
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1.1 Introduction

The human auditory system serves the role of extracting
information from objects in the environment so that the
listener can accomplish the goal of learning and
communication. The complexity of auditory processing
derives from the need of the auditory system to localize,
analyze, and interpret a sound that will be processed by
the individuals through the simultaneous integration with
other sensory stimuli. For a sound to be perceived it
needs to travel to, and be processed by, higher-order
regions in the cerebral cortex, specifically the primary
auditory area and through bottom-up and top-down
signaling pathways, relaying to other areas of the
cerebral cortex and lower brainstem to make meaning of
the information, as well as, integrate auditory and other
sensory stimuli.

The first part of this complex phenomenon, namely the
transmission from the environment to the central nervous
system of auditory signals, occurs in a series of analysis
stages that can be resumed as three big steps: (i) the
transmission of acoustic waves through the external and
middle ear, (ii) the reception and conversion of acoustic
waves into electric impulses of the auditory nerve fibers
in the inner ear (iii) auditory processing of the electric
impulses in the central parts of the auditory pathway. The
first two steps involve a peripheral auditory mechanism
devoted to encoding sound and to the transduction of
mechanical sound waves, in the form of vibrations of the
propagation medium, into nerve impulses that are
perceived and elaborated in the third step by the central
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subcortical (auditory nerve, cochlear nuclei, midbrain,
thalamus) and cortical (primary auditory cortex located in
the bilateral Heschl's gyrus) auditory pathway. The
central auditory pathway, in fact, extends from the
medulla in the brainstem to the cerebral cortex consisting
of a series of nuclei connected by fiber tracts of axons.
This complex chain of nerve cells helps to process and
relay auditory information, encoded in the form of nerve
impulses, directly to the highest cerebral levels in the
cortex. To some extent different properties of the auditory
stimulus are conveyed along distinct parallel pathways, a
method to separately analyze different properties of the
single auditory stimulus.

1.2 Peripheral auditory pathway

The peripheral portion of the human auditory organ is
composed of three parts: external ear, middle ear, and
inner ear (Figure 1A). Acoustic waves are gathered by the
concha, transmitted through the external ear canal, and
amplified in the middle ear by the movement of three
ossicles (malleus, incus, and stapes). The vibration of the
stapes is converted to inner-ear fluid movement in its
anterior-lower part, named the cochlea. The cochlea has
the shape of a snail shell, with two and a half turns, and
it is the place where sensory cells are located. The
cochlea serves the double task of transducing sound from
mechanical vibration into a code of neural impulses for
the auditory nerve and of preparing the sounds for further
processing in the auditory nervous system performing a
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first signal analysis. Indeed, the basilar membrane, the
narrow membrane at the base of the cochlea that lies
near the organ of Corti, is organized tonotopically, which
means that every sound frequency is analyzed in a strictly
defined place. Particularly, the high frequencies sounds
are analyzed in the basilar turn of the cochlea, while the
low frequencies sounds are analyzed in the apical part of
the cochlea. The organ of Corti, that perceives the
traveling wave caused by the movement of the fluid inside
the cochlea, is the location of the sensory cells, called hair
cells that are organized in one row of inner hair cells, and
three rows of outer hair cells. The deflection of hair cells
triggers a cascade of processes eventually resulting in a
release of the neurotransmitter (glutamate) into the
synapse, and activation of the auditory nerve fibers. The
frequency selectivity starts in the cochlea and continues
in the individual nerve fibers; in fact, fibers innervating
the high-frequency base of the cochlea are tuned to
receive high frequencies, while those innervating the
apex are tuned to low frequencies.
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Figure 1 (A) Peripheral auditory pathway (Sliwinska-Kowalska, 2015)
and (B) Central auditory pathway (Butler & Lomber, 2013).

1.3 Central auditory pathway

The auditory nerve terminates in the cochlear nucleus
(Jones & Casseday, 1979), which is the first relay nucleus
of the nervous part of the ascending auditory pathways
(Figure 1B). It is located in the lower brainstem, at the
pontomedullary junction on the same side as the ear from
which it receives its innervations (Young & Oertel, 2004).
In the cochlear nucleus, fibers of the auditory nerve
contact neurons forming multiple and parallel
representations of the acoustic signal. Each parallel
pathway performs a different analysis of the auditory
signal, thus operations like the localization of a sound
source in space or the identification of a sound are
separated in parallel processing in cochlear nucleus.
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The cochlear nucleus anteroventral division is then the
origin of pathways to the medial and lateral superior
olivary complex thus the first group of nuclei that integrate
information from both ears. Other pathways originate in
the cochlear nucleus but bypass the superior olivary
complex and cross the brain stem to terminate in the
nuclei of the contralateral inferior colliculus. All the fibers
of the inferior colliculus project to the ipsilateral medial
geniculate body (MGB), the thalamic auditory nucleus.
Whereas early views of the MGB identified it as a simple
‘gateway’ to the cortex, numerous studies have
demonstrated that thalamic neurons in the MGB actively
and dynamically shape the auditory representations that
reach the cerebral cortex (Bartlett, 2013). Projections
from the MGB proceed then to the primary auditory cortex
(PAC) (Kaas & Hackett, 2000) located in humans along
the Heschl's gyrus (HG), running from the superior
temporal gyrus into the lateral sulcus. The central PAC
area (core region) presents a tonotopic organization in
stimuli processing with a continuous representation of
frequency in a mirror symmetry along the rostral-caudal
direction (Formisano et al., 2003). The central core region
is surrounded by a belt region that is subsequently
surrounded by a parabelt region. Each of these regions
differs based on its cellular architecture, response to
stimuli, as well as their input and output pathways
(Hackett, 2015; Mangold & M Das, 2020). The major
inputs to the core area came from the MGB, then serial
connections proceed to the belt region, to finally the
parabelt region. The belt and parabelt regions form
connections to various auditory associated regions in the
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cortex which receive complex signals from multiple
sources, integrate them and provide meaningful
information that can be relayed to other areas (Hackett,
2015; Musiek, 1986). Each PAC has connections with
areas within the same cerebral hemisphere as well as
between cerebral hemispheres. The main associated
auditory areas that receive projections from the primary
auditory cortex are regions of the superior temporal lobe
surrounding HG, inferior parietal lobe, inferior-posterior
frontal lobe, insula, amygdala, and basal ganglia. The
destination of the outputs from the primary auditory cortex
determines what higher-order and more complex
cognitive functions take place with the incoming acoustic
information. For example, auditory information traveling
to the amygdala has profound impacts on the emotional
and behavioral response of an individual, whereas
information destined for the premotor cortex will be
utilized for planning and controlling speech (Hackett,
2015; Musiek, 1986).

1.4 Age-related hearing loss

Around 466 million people worldwide have disabling
hearing loss, and it is estimated that by 2050 over 900
million people will have disabling hearing loss (World
Health Organization, 2020). Hearing loss may result from
genetic causes, complications at birth, certain infectious
diseases, chronic ear infections, use of drugs, exposure
to excessive noise, and aging. In the latter case the World
Health Organization estimates that in 2025, there will be
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more than 500 million individuals who will suffer
significant impairment from hearing loss related to aging.
Age-related hearing loss (ARHL) or presbycusis
manifests itself as a gradually progressive bilateral
symmetrical hearing loss that prevalently affects mild to
high frequencies (2-8 kHz). The entire phenomenon is
characterized by audiometric threshold shift, but also
degradation in speech understanding, and speech-
perception difficulties in adverse listening conditions such
as reverberant and noisy environments or speech in
noise (Gates & Mills, 2005; Howarth & Shone, 2006; Lee,
2013).

The ARHL is traditionally considered caused by the loss
of hair cells in the basal portion of the cochlea (Engle et
al.,, 2013; Ramadan & Schuknecht, 1989; H. F.
Schuknecht, 1955, 1964; H. F. Schuknecht & Gacek,
1993), particularly, outer hair cells are affected most and
the changes begin in the basal end of the cochlea,
spreading toward the apex as the condition progresses.
However, the pathophysiology is not unique but can be
different among different people and the first systematic
analysis on ARHL is attributable to professor Schuknecht
in 1974. In his seminal work professor Schuknecht
(Harold F. Schuknecht, 1993) described four main types
(excluding the mixed forms) of human presbycusis: (1)
sensory, mainly affecting the cochlear hair cells and
supporting cells, (2) neural, characterized by the loss of
neurons in the cochlea, (3) metabolic, with atrophy of the
stria vascularis (the secretory tissue in the lateral wall of
the cochlear duct) and (4) mechanical, with the stiffening
of the basilar membrane and organ of Corti. Different
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types of presbycusis are found to manifest with different
types of loss and then different audiogram shapes.
Considering, the two most common forms, sensorial and
metabolic, the former is characterized by down-sloping
pure tone audiogram, while the latter presents a pantonal
audiogram shape.

Yet, perception of sounds is a complex process
comprising not only the inner ear but also all the nuclei of
the auditory pathway and the cerebral auditory cortex as
well as the interaction of the auditory cortex with other
parts of the brain. In this context, it is evident that the
quality of hearing depends not only on the state of the
peripheral receptors but also on the integrity of the central
auditory system so that any limitations in the number of
receptors or their quality must influence the functions of
the central auditory system (linked to a diminished input)
but the central auditory system can also have its
pathological evolution in terms of morphological and
physiological changes induced by the biological effects of

aging.

1.5 Presbycusis and brain

Age-related hearing deficits for most people remain a
relatively unremarkable part of the aging process, but
some individuals experience effort and difficulties in
understanding speech, hindering communication, and
socialization (Cardin, 2016). The increased listening
effort may lead older adults to avoid social interaction,
exacerbating loneliness and depression, and reducing
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the quality of life (Rutherford et al.,, 2018). Recent
research further shows that hearing loss is associated
with cognitive decline and dementia (Livingston et al.,
2017; Uchida et al., 2019). In fact, extensive pieces of
evidence link midlife hearing loss to the more rapid
progression of cognitive decline (Davis et al., 2016;
Fortunato et al., 2016; Golub, 2017) supporting the
hypothesis of an important brain involvement in the
pathophysiology of ARHL. Essentially, studies examining
the association between ARHL and cognitive impairment
or dementia date back to at least the 1980s, but the type
of association between these two phenomena is still
nowadays not clear. Two possible scenario have been
proposed (Golub, 2017): a casual scenario, where ARHL
causes (or increases the risk of) cognitive impairment,
directly or indirectly affecting brain integrity and
influencing normal brain cognition interfering in the quality
of life, socialization and cognition, or decreasing the brain
resources intended for understanding processes since
the increased effort in the decoding stage (Tun et al.,
2009).

Alternately in another type of scenario (the non-causal
scenario), we can postulate that ARHL does not induce
cognitive impairment, instead, there is a common etiology
for the two, for example, a microvascular disease might
cause ischemic injury to the cochlea and also ischemic
injury to neural tissue involved in cognition.

Due to the lack of clear evidence, we are not able to
individuate which of the two scenarios is true but in recent
years numerous studies have focused on analyzing
possible brain damages caused/linked to ARHL using
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various neuroimaging methodologies. In particular,
magnetic resonance imaging (MRI) is a multimodal and
noninvasive tool that allows for morphological, metabolic,
and functional brain monitoring and analysis. In this
sense, functional analyses have investigated both the
brain response to a stimulus (task-based fMRI) and the
global brain connections at rest (resting-state fMRI) and
its eventual pathological-related alteration in brain
function of ARHL patients.

Evidence indicates that older adults with hearing loss
show a series of changes in the PAC. For example,
diminished grey matter (GM) volume in the primary
auditory cortex was revealed in ARHL population
(Alfandari et al., 2018; Husain et al., 2011; Peelle et al.,
2011; Qi et al., 2019; Ren et al., 2018) and eventually
linked to the level of hearing loss (HL) expressed using
audiometric thresholds. One longitudinal study, with a
relatively long follow-up time (~6.4 years) has been
carried out providing evidence to support the idea of a
causal relationship between ARHL and neural atrophy
and underling the main effect concentrated in the right
hemisphere (F. R. Lin et al., 2014).

Changes in white matter (WM) integrity has also been
observed in middle-aged and older adults with mild to
moderate hearing loss (Husain et al., 2011) and in a large
dataset of elderly with moderate to severe hearing loss
(Croll et al., 2020) in auditory-related areas.

Some studies have also investigated baseline neuronal
metabolism using quantitative measures such as 18F-
fluro-deoxyglucose PET, and particularly, Verger et al.
(2017) have revealed a specific pattern of decreased
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regional cerebral blood flow (CBF) in the associative
auditory cortex of deaf patients (mainly in the right
hemisphere).

In addition to structural and metabolic changes, older
adults with clinically hearing loss also display functional
differences in auditory processing as revealed by fMRI
studies compared to both age-matched and younger
normal hearing controls. Regarding the task-based
activity in response to an auditory stimulation, Profant
and colleagues (Profant et al., 2015) show increased
activity in the auditory cortex related to aging, even if it is
not related to the hearing status. On the other hand, task-
free brain activity, as measured by local parameters as
regional homogeneity (ReHo) and amplitude of low-
frequency fluctuations (ALFF), was found locally altered
in hearing loss patients in auditory centers (Y.-C. Chen et
al., 2018).

However, the perception, and, particularly, the
comprehension of auditory information is strongly
dependent on the integration among various brain areas.
Studies have found important differences in functional
connectivity among brain areas involved in auditory
processing in older adults with ARHL. Specifically,
findings show reduced connectivity between visual and
auditory sensory cortices in ARHL (Liu et al.,, 2015;
Puschmann & Thiel, 2016), as well as in non-sensory
related brain areas such as the attention and default
mode networks (Husain et al.,, 2014; Schmidt et al.,
2013).
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1.6 Hearing rehabilitation

Given the association between hearing loss and brain
damage and/or increased rate of cognitive decline, there
has been developing interest in the possible effects of
hearing loss rehabilitation through hearing aids. A
hearing aid is simply a microphone: sound waves strike
into it, they are amplified and ‘piped’ into the external ear
canal. The acoustic energy delivered to the ear is always
greater than that received by the microphone and the
battery provides the additional energy needed for the
amplification.

Current research demonstrates the advantages of
hearing amplification devices in at least partially restoring
hearing abilty and improving overall cognitive
performance in older adults (Cherko et al., 2016). Several
large studies show these benefits in the elderly
population, with reported improvements in quality of life,
general health, mental health (Boi et al., 2012), social and
emotional function (Boi et al., 2012; C.D. Mulrow et al.,
1992; Cynthia D. Mulrow et al., 1990; Vuorialho et al.,
2006) and symptoms of depression (Cacciatore et al.,
1999; Cherko et al., 2016). Recently Deal and colleagues
(Deal et al., 2017) found a contribution of hearing aids in
reducing the risk of dementia (even if the result did not
achieve statistical significance). Few longitudinal studies
have analyzed the long-term effects of daily hearing aid
usage in ARHL and some of those showed unclear
results. For example, hearing aid use was associated
with slightly lower rates of cognitive decline and risk of
incident cognitive impairment, but the results were not
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statistically significant (Lee, 2013). Over a 25 years
follow-up a difference was revealed in the rate of change
in cognitive performances between participants with
hearing loss not using hearing aids and controls but not
between ARHL subjects using hearing aids and normal
hearing controls (Amieva et al., 2015). Finally, at 18
months follow-up after hearing aid fitting, speech
perception in quiet, listening disability, quality of life and
executive functions had significantly improved in a group
ARHL elderly (Sarant et al, 2020). From the
neuroimaging perspective, only one study has
characterized the brain changes linked to hearing aid
usage by now, showing an increased fMRI activity in
auditory, language, and multimodal areas in HA users
using a task-based experimental design (Pereira-Jorge et
al., 2018).
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Chapter 2

Cortical pattern of
reduced perfusion in
hearing loss revealed
by ASL-MRI

Ponticorvo, S., Manara, R., Pfeuffer, J., Cappiello, A.,
Cuoco, S., Pellecchia, M. T., Saponiero, R., Troisi, D.,
Cassandro, C., John, M., Scarpa, A., Cassandro, E., Di
Salle, F., & Esposito, F. (2019). Human brain
mapping,40(8), 2475-2487.
https://doi.org/10.1002/hbm.24538
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2.1 Introduction

Pathological changes associated with HL are mainly
observed in the auditory periphery, as HL typically
presents an irreversible loss of sensory hair cells and
neurons in the cochlea (Huang & Tang, 2010; Kidd & Bao,
2012; H. F. Schuknecht & Gacek, 1993). However,
concomitant functional and structural changes along the
central auditory pathway and in the cerebral cortex have
been repeatedly reported in HL populations.

Recently, using 18F-fluro-deoxyglucose positron
Emission Tomography (PET), Verger et al. (2017) have
revealed a specific pattern of decreased regional cerebral
blood flow (CBF), a quantitative measure of baseline
neuronal metabolism, in the associative auditory cortex of
HL patients (mainly in the right hemisphere). While HL is
frequently caused by accumulated noise and ototoxic
experiences that produce a loss of sensory cells in the
cochlea (Kurabi et al., 2017), a possible reduction in the
regional CBF in the auditory cortex may also indicate the
presence of a vascular dysfunction, which could lead
itself to neuronal deficits. In fact, because CBF is
regulated according to local neuronal activity and
metabolism (i.e., neurovascular coupling; (ladecola,
2017)), if CBF deficiency is prior to neurodegeneration, a
reduced CBF in the central auditory system of HL patients
could be linked to a reduced dilatory capacity of cerebral
vasculature in upregulating perfusion, with an increased
risk for vascular disease and a higher vulnerability for
neurological disorders in aging (Gao et al., 2013).
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In the light of these evidences, it has become of outmost
importance to search for functional alterations of the
auditory “baseline” activation as possible early functional
markers of central damage associated with HL, and to
link these signs with structural and audiological measures
as well as other clinical signs of neuronal degeneration.
Although PET imaging provides the clinical gold standard
for the absolute quantification of regional brain
metabolism at baseline, analogous regional CBF images
can be nowadays acquired, even during routine MRI
examinations, using arterial spin labeling (ASL)
techniques (Alsop et al., 2015; Detre et al.,, 2012;
Telischak et al.,, 2015). Differently from PET, which
requires the injection of radioactive tracers, ASL-MRI
uses arterial blood water as an endogenous tracer to
provide regional CBF (perfusion) measurements over the
whole brain on a voxel-by-voxel basis at the same spatial
resolution of BOLD-fMRI, yielding an alternative fMRI
marker of the baseline neuronal metabolism of brain
tissues (Telischak et al., 2015). Moreover, compared to
BOLD-fMRI contrast, regional CBF mapping with ASL-
MRI has a higher spatial specificity for baseline neural
activity and, similar to PET, allows an absolute
guantification of this parameter (J. J. Chen et al., 2015),
which makes it well suited to detect early changes in
neuronal function without any specific stimulation applied.
For example, using ASL-MRI, Chao et al. (2010) have
shown that brain hypoperfusion can predict clinical,
functional, and cognitive decline, and is therefore
particularly useful for an early detection of the presence
of a neurodegenerative disease. Moreover, even without

33



any external specific acoustic stimulation (apart from the
intrinsic acoustic stimulation provided by MRI scanner
noise), and using the pseudocontinuous ASL (PCASL)
variant, Gardumi et al. (2017) have nicely delineated an
extended high-perfusion signal in the human primary
auditory cortex of NH subjects, suggesting that the
primary sensory areas of the auditory cortex are likely
characterized by a relatively high density of
microvascularization, which could in principle make the
PCASL technique particularly sensitive to detect early
HL-related functional changes in the primary auditory
cortex. At present, due to its higher labeling efficiency, the
PCASL is also the recommended ASL implementation for
clinical studies (Alsop et al., 2015; Dolui et al., 2017) and
can be suitably combined with a 3D readout acquisition
scheme (3D-PCASL) to achieve optimal signalto-noise
ratio performances (Vidorreta et al., 2013).

The main purpose of this study was to investigate the
possible relation between an early diagnosed HL
condition (i.e., first symptoms reported in the first
audiological examination dated back to less than a few
months) and baseline perfusion of the brain. Using a
clinical implementation of the 3D-PCASL on a 3T MRI
scanner, the regional CBF was assessed in a group of HL
patients and NH controls and the obtained perfusion
measurements were related to structural MRI and
audiological parameters.

2.2 Materials and Methods
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2.2.1 Subjects

Thirty-one HL patients (age mean = 63.4, SD = 8.4 years,
range = 47-77; 20 males) were enrolled in the study
without randomization. All patients involved were at the
stage of their first clinical diagnosis of HL. All of them
were complaining about hypoacusia since a few months
or less. None of them used hearing aids before taking part
in the study. HL was evaluated with pure-tone audiometry
(Davies, 2016) and audiometric thresholds for air
conduction were obtained at the frequencies of 0.25, 0.5,
1, 2, 4, and 8 kHz. The measurements were carried out
in a soundproof chamber using a clinical audiometer. The
audiogram curves with the full frequency characterization
of each patient are shown in Figure 2.1a. PTA was
calculated as recommended for the classification of HLs
by The Bureau Internacional d'Audiophonologie (BIAP,
2005) for 0.5, 1, 2, and 4 kHz (www.biap.org). The mean
PTA of the enrolled HL patients was 55.5 + 11.1 dB in the
right ear and 53.4 = 10.9 dB in the left ear. The
“steepness” of the audiogram in (dB/octave) was
computed for each pair of adjacent frequencies as the
difference in hearing level (measured in dB) divided by
the frequency difference (measured in octaves; (Koenig
et al., 2006):

_HT(fisn) = HT(f)

S@G) =
log, fi+1 —log, f;

Where HT(f;) is the HL threshold in dB at the frequency
fi and f; € [0.25, 0.5, 1, 2, 4, 8] kHz and S(i) is the
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steepness of the audiogram between frequency f;,, and
fi.

Twenty-eight NH controls (age mean = 59.7, SD = 7.4
years, range = 48-78; nine males) and with no medical
history of HL (or complain about their hearing) were
included in the study. Figure 2b shows the mean
audiogram curves (and SD bars) in the two groups in the
right and left ear, respectively. No randomization was
used. None of the subjects involved had any history of
neurological and/or psychiatric disorders, surgical
interventions in the ear, or MR contraindications.
Subjects with a previous report of vascular dysfunction or
with a history of stroke were not admitted to the study. As
generalized microvascular alterations are to be anyway
expected in these cohorts, a semiquantitative evaluation
of white matter hyperintensities (a routinely used clinical
marker of microvascular cerebral damage) was
performed on the T2-weighted fluid attenuation inversion
recovery (FLAIR) images of all individuals by two
experienced neuroradiologists blinded to the group
membership. The amount of these lesions was quantified
separately for the deep and periventricular white matter
on the four-stage Fazekas scale (Fazekas et al., 1987).
A list of daily taken medications (for chronic disorders)
was recorded from each subject, and thereby four major
categories were individuated: hypertension, prostate,
cholesterol, and heart medications. As even a simple
caffeine consumption can substantially decrease ASL-
derived global perfusion levels, and such decreased
levels can persist for about 75 min from intake before
returning to baseline (see, e.g., (Addicott et al., 2009;

36



Clement et al., 2018)), none of subjects was allowed to
take caffeine (or any other medications) for at least 120
min before MRI scan. As all subjects were engaged in
audiological and neuropsychological testing during the
time between their arrival at the center and the start of the
MRI scan, they could be closely and specifically
monitored for this aspect. The possible effect of daily
caffeine consumption was also controlled by asking for
the estimated quantity of coffee as mean number of cups
per day. All participants were submitted to the Montreal
Cognitive Assessment (MOCA,; (Nasreddine et al., 2005))
for screening of cognitive performances on the same day
of (immediately before) the MRI examination. The study
was carried out in accordance with The Code of Ethics of
the World Medical Association (Declaration of Helsinki)
for experiments involving humans and the local ethical
committee approved the study. A written informed
consent was signed by each participant before MRI
acquisition. All the investigators knew the group
allocation before (and during) the experiment and in
performing the neuropsychological testing and the image
data analyses (no blinding was done).
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Figure 2 (a) Hearing loss (HL) characterization of each patient in right
and left ear respectively. (b) Mean and SD across HL (red) and normal
hearing (NH; blue) subjects of the hearing thresholds for both ears.
The thresholds were assessed at six different frequencies with pure
tone audiometry.

2.2.2 MRI acquisition

Brain images were acquired using a 3 T MRI scanner

(Siemens MAGNETOM Skyra; Siemens Healthcare,

Erlangen, Germany), equipped with a head and neck

(16+4 channel) radiofrequency coil supplied by the

manufacturer. The imaging protocol included the

following sequences:

e 3D Ti1-weighted magnetization prepared rapid
gradient echo (MPRAGE) sequence with repetition
time (TR) = 2400 ms, echo time (TE) = 2.25 ms,
resolution = 1x1x1 mm?3, matrix size = 256x256,
anterior—posterior phase-encoding direction,
generalized autocalibrating partially  parallel
acquisitions (GRAPPAs) factor of 2 in phase-encoding
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direction. The MPRAGE scan was used for anatomical
reference and morphometric analyses.

A prototype 3D-PCASL sequence with TR = 4600 ms,
TE = 15.6 ms, field of view 192x192 mm?; slice
thickness 3 mm, resolution = 3x3x3 mm3, bolus
duration 1,500 ms, postlabeling delay 1500 ms, six
repetitions, MO prescan, 42 slices, turbo factor 14,
echo-planar imaging (EPI) factor 21, number of
segments 6 (total acquisition time = 6 min). The 3D-
PCASL sequence employs the 3D GRASE readout
module and implements a pseudocontinuous labeling
scheme with background suppression as described in
(Dai et al., 2008, 2012; Wu et al., 2007). In each
repetition of the sequence (TR), the tagging module
and the EPI train causes an acoustic stimulation with
a principal spectral contribution at 1 and 2 kHz (Figure
3). This series was acquired with the subject at rest
with eye open.

3D T2-weighted FLAIR sequence with TR = 5000 ms,
TE = 387 ms, inversion time (Tl) = 1800 ms, resolution
= 0.6x0.6x1 mm?3, matrix size = 384x384, sagittal
orientation, anterior—posterior phase-encoding
direction, GRAPPA factor of 2 in phase-encoding
direction. The FLAIR scan was used for white matter
hyperintensity analysis.
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Figure 3 3D-pseudocontinuous Arterial Spin Labeling (PCASL)
acoustic stimulation in each repetition time (TR); signal in time domain
(left); and frequency domain (right).

2.2.3 Image analysis

Single-subject whole-brain CBF maps were calculated
from the 3DPCASL raw images using the prescan MO
image and the perfusion weighted series using the
calibration formula in (Alsop et al., 2015) (provided by the
inline scanner software). For the group-level analysis, the
single-subject CBF maps were spatially normalized using
the SPM12 toolbox (www.fil.ion.ucl.ac.uk/spm/) running
on MATLAB R2017a (The MathWorks, Inc., Natick, MA,
www.mathworks.com) to the Montreal Neurological
Institute (MNI) standard template (Evans et al., 1993)
using a three-step procedure: First, the control images
from the 3D-PCASL series were averaged to obtain an
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image with enhanced contrast, which was aligned in each
subject to the corresponding anatomical 3D T1w image
with an affine transformation. Second, all Tlw images
were segmented and normalized into a study specific
template space with the nonlinear diffeomorphic DARTEL
approach (John Ashburner, 2007) and then transformed
to the MNI space. Third, the initial affine transformation,
the DARTEL estimated nonlinear deformation fields and
an isotropic 6-mm full width at half maximum (FWHM)
Gaussian kernel were applied to the CBF maps of each
subject. Besides CBF maps, GMV and white matter
volume (WMV) maps were also obtained in the MNI
space from the “unified” segmentation of T1w images
(also requested by the DARTEL procedure; (J. Ashburner
& Friston, 2005) by spatially smoothing (with the same
isotropic 6-mm FWHM Gaussian kernel) and modulating
(to compensate the effect of warping on the intensity) the
spatially normalized tissue probability images in such a
way to preserve the total amount of signal from each
region. From this segmentation, the total intracranial
volume (ICV) was also estimated for each subject using
the SPM12 utility function “tissue volumes.” In addition to
the absolute CBF maps, because differences in regional
CBF can also be attributable to differences in tissue
composition (partial volume effect), a partial volume (PV)
model was also considered to separate within-voxel gray
matter (GM) and white matter (WM) CBF components
and to account for the spatially variable mixing of GMV
and WMV at each voxel. To this purpose, a validated
spatial linear regression model of GM and WM CBF
components with a fixed 3D kernel of 3x3x3 voxels (Zhao
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et al., 2017) was applied (on the maps already in MNI
space) as described in (Asllani et al., 2008), thereby new
regional CBF values could be calculated from the
estimated GM CBF component. A more extended kernel
of 7x7x7 voxels was also considered to verify the impact
of the kernel setting on the results. For the PV
corrections, single subject GM masks were obtained by
applying a fixed threshold to the tissue probability maps.
For GM masking, only voxels with a GM probability higher
than 0.2 were selected. An analysis of covariance was
performed to assess the effect of age (as continuous
covariate) and group (NH vs. HL) on the size of the GM
masks. In the MNI space, general linear models (for post
hoc t tests) were computed voxel wise to compare GMV
maps between the two groups, while accounting for total
ICV, sex, and age of each subject. The resulting
statistical maps (t-maps) were thresholded at p=0.05 with
a family wise error correction for multiple voxel-level
comparisons using either the entire brain (whole brain
correction) or the bilateral auditory cortex as search
volume (small volume correction). For the “small volume”
correction, an anatomical mask was defined on the MNI
template according to a cytoarchitectonic atlas of the
auditory cortex (Kim et al., 2000). Besides the anatomical
masking of auditory cortical regions, this atlas provides a
detailed cortical parcellation of the primary auditory
areas. After spatial normalization, all individual CBF
maps were imported in BrainVoyager (Brain Innovation,
Maastricht, The Netherlands, www.brainvoyager.com)
and further transformed to the Talairach space. This step
allowed the analysis and presentation of group-level CBF
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data both in the volume and in the surface space on the
cortical surface meshes reconstructed from the
Talairach-transformed MNI template. The cortical
parcellation of the primary auditory cortex was also
overlaid to these meshes. In this common brain space,
using BrainVoyager tools and plugins, group-level
averaging, and general linear models (for post hoc t tests
with correction for global CBF, age, and sex effects) were
computed. The correction for global CBF was performed
by first computing the mean absolute CBF over the entire
brain mask in each subject and then adding the series of
individual global CBF values as confound in the GLM.
The t-maps resulting from the post-hoc t-tests were then
applied a minimum cluster size threshold estimated with
Monte Carlo simulations (Forman et al., 1995; Goebel et
al., 2006). This approach allowed setting the extension of
significant clusters using a nonparametric statistical
approach, that is, independently of the spatial distribution
of the estimated effects around each peak. In more detalil,
starting from either p=0.001 or p=0.005 as “cluster-
forming” voxel-level thresholds, the threshold was first
applied to all voxels; then, the minimum cluster size was
set in such a way that an average of 5% false positive
clusters falling within the search volume were counted in
1000 randomly generated images to which the same
threshold was applied. To match the level of smoothness
between the real map and the simulated maps, following
the random number generation at each voxel, the
resulting maps were spatially filtered with a Gaussian
kernel at the FWHM initially estimated from the real map
according to the 3D extension of the formula in Forman
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et al. (1995). The effect size, the level of variability in each
group (SD), and the % statistical power were obtained,
along with the peak of the effects, as post-hoc estimates
using the ClinCalc interactive web tool
(http://clincalc.com). Besides the above described atlas
from Kim et al. (2000) (here used for cortical masking and
for detailed cortical parcellation of the primary auditory
areas), other two atlases were imported. One, from
Mutsaerts et al. (2015) with the purpose to demarcate the
three main perfusion territories supplied by the anterior,
middle, and posterior cerebral arteries (MCA), each
divided into a proximal, an intermediate and a distal
vascular territory (according to previously estimated
arterial transit times). The other, the automated
anatomical labeling atlas (Tzourio-Mazoyer et al., 2002)
was imported and used to locate additional cortical
regions beside the auditory cortex. The voxel-wise
analysis (and the cluster-level correction for multiple
comparisons) was replicated using a mask (the medial
occipital cortex) of a cortical location potentially
unaffected by HL, as searching region. Region of interest
(ROI) analyses were also performed: (a) to assess the
coexisting effects of HL, age, and sex on the regional
CBF; (b) to assess the hemispheric laterality of the
regional CBF; (c) to correlate regional CBF with structural
(regional GMV) and clinical (HT, S) measures; and (d) to
analyze regional CBF outside of the auditory cortex. To
jointly test for the presence of age and sex effects in
combination with HL-related effects, the uncorrected
regional CBF values were entered into a 3-ANOVA model
with age, sex, and HL specified as separate as between-
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subject factors of interest. To assess the laterality, a two-
way ANOVA (2-ANOVA) model with side (left, right) and
HL condition, respectively, as within and between-subject
factors was applied to the mean regional CBF values in
the anatomically defined regions taken separately from
the right (mask size 38466 mm?®) and left (mask size
37368 mm?) primary auditory cortex. To investigate the
correlation between regional CBF and GMV in the whole
group, and the correlation between the regional CBF and
the audiogram thresholds and steepness (HT, S) in the
HL group, a robust (weighted) multilinear regression
model was applied, after accounting for sex and age. This
analysis was performed in MATLAB R2017a (The
MathWorks, Inc.) with the function robustfit and default
settings (iteratively reweighted least squares with a
bisquare weighting function). Finally, to assess the local
CBF alteration in a cortical area outside the auditory
cortex, the mean CBF values were calculated in the
medial occipital cortex (mask size 54297 mm?) and
compared (both the corrected and uncorrected data for
global CBF) between the groups in a 3-ANOVA with age,
sex, and group as factors.

2.3 Results

2.3.1 Clinical data

According to the available audiograms, the highest
steepness value was observed in the frequency range
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between 2 and 4 kHz in the (relative) majority of HL
patients (43.3% in the right ear, 36.7% in left ear).
According to the neuropsychological testing, 29/31 HL
patients were cognitively intact (MOCA total score>15.5,
after correction for age and education). Two HL patients
(and none of the NH controls) obtained a MOCA total
score below the clinical cut-off of 15.5 and were therefore
excluded from the voxel-wise group comparisons in the
neuroimaging data analysis. There were no significant
differences between groups in the daily amount of
caffeine consumption. The use of hypertension, prostate,
and heart medication was not more frequent in any of the
two groups compared to the other. Cholesterol
medications were more frequent in the HL group (n =12)
compared to the NH group (n = 1; chi-squared test: p =
0.007). In the semiquantitative MRI evaluation of white
matter lesions, compared to the NH group, the HL group
exhibited increased Fazekas scores in the deep white
matter (Wilcoxon rank-sum test: p = 0.025) but not in the
periventricular white matter.

2.3.2 Neuroimaging data

There were no significant differences between HL and
NH groups in the global perfusion level (mean CBF over
the whole brain) and global atrophy (mean GMV over the
whole brain). Similarly, when extending the voxel-wise
statistical comparisons to all brain voxels (i.e., with no
anatomical mask applied); there were also no significant
differences between HL and NH groups. To specifically
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test for any regional effects within the entire bilateral
auditory cortex, a bilateral anatomical mask was applied
to restrict to search volume of voxel-wise comparisons to
all primary auditory regions from both hemispheres
according to the atlas parcellation. Even in this case, no
clusters were found with significant regional GMV
differences. In contrast, one cluster (size 327 mm3) of
significant regional CBF differences emerged in the right
primary auditory cortex in which HL patients exhibited a
significantly reduced regional CBF in comparison to NH
subjects (peak effect size: -8.2 [mL/100 g/min]
corresponding to -17.2%, cluster-forming threshold
p=0.001). These regional CBF differences remained
statistically significant after applying individual GM masks
to the ASL images and correcting the individual CBF
maps at each voxel for partial volume effects prior to
recalculating the GM-specific CBF estimates for each
group. There was a significant effect of age (p=0.0009) in
the size of whole GM masks but this size was not
significantly different between NH and HL groups after
correcting for age, nor the number of GM voxels was
different across subjects in the detected cluster of
reduced CBF (all voxels in this cluster had a GM
probability higher than 0.2 in all subjects). After PV
correction, only the GM-specific CBF estimates in this
cluster, not the whole GM-specific CBF estimates, were
significantly different between NH and HL groups (Table
1). Moreover, a 3-ANOVA analysis of the age- and sex-
uncorrected regional CBF values confirmed a significant
main effect of both HL (p=0.0001) and age (p=0.0048),
as expected for age-related HL, but not a significant effect
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of sex (p=0.2074), ruling out that the reported HL effects
could be biased by the different proportions of males and
females in the two groups. The local peak of this
hypoperfusion effect, corresponding to the highest
regional perfusion reduction (see also Table 1) was
located inside the lateral Heschl's gyrus of the right
hemisphere (Figure 4). However, starting from a slightly
less conservative cluster-forming voxel-level threshold
(p=0.005), the same regional effects of reduced regional
CBF in HL patients emerged as two bilateral clusters in
the Heschl's gyri and one additional cluster in the left
superior temporal gyrus, encompassing both the proximal
and the MCA perfusion territories (Figure 5).

Data NH HL Difference
(p-value)
Local peak in right PAC CBF [ml/100g/min] 47.949.7 39.7+9.3 p=0.0017

GM CBF [ml/100g/min] 131.4=29.0  112.4%27.3 p=0.013
(PVC kernel 3 voxels)

GM CBF [ml/100g/min]  95.3x16.2 82.6x15.8 p=0.004
(PVC kernel 7 voxels)
Cluster in the right CBF [ml/100g/min] 47.8+£9.6 39.6+9.3 p=0.0019
PAC
GM CBF [ml/100g/min] 123.0£26.6  106.3+24.3 p=0.017
(PVC kernel 3 voxels)
GM CBF [ml/100g/min] 97.3+17.4 85.2+169 p=0.01
(PVC kernel 7 voxels)
‘Whole GM CBF [ml/100g/min] 36.6+8.1 33.3z82 p=0.13
(individual masks)
GM CBF [ml/100g/min] 87.7+18.5 79.4+20.3 p=0.11
(PVC kernel 3 voxels)
GM CBF [ml/100g/min]  79.3%17.5 71.7x18.9 p=0.12

(PVC kernel 7 voxels)

Table 1 CBF Mean values * standard deviation obtained from the
uncorrected CBF maps and the PV corrected (kernel 3 and 7 voxels),
calculated in the peak of the hypoperfused region in the right PAC, in
the entire cluster, and in the whole GM. In the last column the p-values
of the statistical comparison between the two groups (HL vs. NH).
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Contrariwise, no regional GMV differences emerged from
the comparison between NH and HL groups over the
same anatomical mask, using the same uncorrected
voxel-level thresholds (p=0.001 or p=0.005) and the
same minimum cluster size thresholds applied for the
detection of regional CBF differences.

Right cluster Whole Brain a

Figure 4 (a) Statistical t-maps of the voxel-based comparison between
hearing loss (HL) and normal hearing (NH; p < 0.05, cluster-level
corrected for multiple comparison in the bilateral primary auditory
cortex as search volume) and bar plots of the mean cerebral blood
flow (CBF; PV uncorrected) with SD bars for the two groups in: (i) the
significant cluster in the right primary auditory cortex, (ii) the whole
GM, and (iii) the whole brain (i.e. WM + GM + CSF). (b) Projection of
the significant cluster, and of the anatomical location of the lateral
Heschl's gyrus, on the reconstructed surface mesh of right
hemisphere of the MNI template.
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B Left and Right PAC

Figure 5 Upper row: statistical t-maps of the bilateral effects in the
voxel-based comparison between hearing loss (HL) and normal
hearing (NH; p < 0.005). Bottom left: single slice view of the same
statistical t map showing the bilateral effect with the proximal (cyan)
and middle (blue) perfusion territories supplied by the middle cerebral
arteries (MCAs) superimposed in transparency. Bottom right:
projection of the same statistical t-map, on the MNI surface meshes
with the anatomical mask of the primary auditory cortex (PAC)
superimposed in green transparency.

Figure 6 displays the voxel-wise averaged whole-brain
CBF maps, calculated separately for the NH (n = 28) and
HL (n = 29) groups after spatial normalization to the
common brain (MNI template) and after correcting the
absolute values for the global CBF. To improve the
comparative display, an identical range and pseudocolor
scaling was applied to the perfusion values and the group
maps were overlaid both on a triplanar volumetric view
(centered at the exact peak of regional hypoperfusion)
and on the reconstructed cortical surface mesh of the
right hemisphere of the MNI template anatomy. In this
way, the maps were further reminiscent of a spatially
distributed cortical pattern of reduced perfusion levels in
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the HL group, with regional effects being maximal inside,
but also extending far beyond, the primary auditory
cortex. Namely, the trend of reduced averaged perfusion
seems to involve both secondary auditory regions (within
the temporal lobe) and multiple extra-auditory regions in
the parietal and prefrontal cortex. Moreover, relatively
higher average CBF levels are observed in the right
primary auditory cortex in both NH and HL groups in
comparison to the left primary auditory cortex. Thereby,
to further explore the possible “intrinsic” laterality of the
regional CBF, the entire left and right auditory cortex from
the same anatomical mask were also considered
separately and the regional CBF values from all subjects
in each group were averaged over the entire right and left
auditory cortex. In this case, a statistically significant
laterality effect was detected, with higher regional CBF
values in the right versus left hemisphere in both HL and
NH groups (p < 0.001) and no group by side interaction
(p > 0.05). To confirm that the local CBF alteration is only
confined in the auditory cortex, the whole-brain and ROI
analysis were replicated in the media occipital cortex. In
this case, no significant differences were found between
the two groups (mean absolute CBF right: HL = 34.12
mL/100/min, NH = 37.21 mL/100 g/min; mean absolute
CBF left: HL = 33.21 mL/100/min, NH = 37.00 mL/100
g/min, p > 0.05).
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Figure 6 Group-averaged whole-brain cerebral blood flow (CBF) maps
calculated after correcting the absolute values for the global CBF, for
the normal hearing (NH) group (left panel) and the hearing loss (HL)
group (right panel) displayed on a triplanar volumetric view after
scaling between 0 and 50 mL/100 g/min. In the left-bottom inset of
each panel, the same maps have been projected onto the surface
mesh of the right hemisphere and rescaled between 20 and 50 mL/100
g/min.

Finally, when extracting mean regional values from each
individual in the above cluster in the right primary auditory
cortex, the robust linear regression analysis highlighted a
positive correlation between regional CBF and GMV
(after correction for sex, age, and global values of both
measures). This effect was maximally significant in the
whole group of subjects (n = 59, p = 0.02), weakly
significant in the HL group (n = 31, p = 0.05) and not at
all significant in the NH group (n = 28, p = 0.37).
Moreover, when considering the same regional values for
all HL patients in combination with their own audiogram
features, the regional CBF, but not the regional GMV,
was negatively correlated with the HL steepness for both
the right (n = 31, r = -0.63, p = 0.022, r? = 0.21) and of
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the left (n =31, r=-0.71, p = 0.015, r> = 0.24) ears in the
2-4 kHz interval (Figure 7), whereas no significant
correlations were found with the absolute HT for any
frequencies and for both ears.
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Figure 7 Scatter plot and linear trends (and line equations) of the
correlations between the audiogram steepness (2—4 kHz) and the
cerebral blood flow mean value in the cluster of significant difference
between normal hearing and hearing loss (HL).

2.4 Discussion

The aim of the present study was to identify and
characterize the possible association between HL and
regional cerebral perfusion (CBF) using a clinical
prototype 3D implementation of the PCASL sequence,
and to possibly link such effects to structural MRI
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measurements (regional GMV) and audiogram features
(audiogram HL thresholds and steepness).

In other clinical applications (e.g., Alzheimer disease
[AD]), areas of reduced cerebral perfusion have been
detected with ASL-MRI which were largely overlapping
with regions of significant hypometabolism in 18F-FDG
PET study (Y. Chen et al., 2011, Verfaillie et al., 2015),
thereby suggesting that ASL-MRI might provide a useful
noninvasive alternative to PET imaging, to quantify
regional brain metabolism in neurodegenerative
diseases. In this study, the comparison between HL and
NH groups, when conducted over all voxels of the
auditory cortex, disclosed a significantly decreased CBF
in the right primary auditory cortex, with a peak of
perfusion reduction of 17.2% falling in the right lateral
Heschl's gyrus, even when no significant differences
were observed in the regional GMV from the same
regions. Moreover, no significant local CBF depression
was found when the analysis was conducted on the
voxels outside the primary auditory cortex (e.g., in the
visual cortex), suggesting the presence of a spatially
confined phenomenon. The statistical significance of
these differences was not substantially affected by the
correction of partial volume effects from each individual
CBF maps as calculated from the original 3D-PCASL
series (with a fixed kernel of 3x3x3 or 7x7x7 voxels), nor
it was biased by the different proportion of males and
females in the two groups (males typically have higher HL
rate than female). This distinctly suggests that the 3D-
PCASL sequence has the potential to display decreased
levels of functional activation or neuronal metabolism
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associated with the HL condition, even when structural
MRI is not providing sufficient evidence for brain atrophy
and beyond the impact of partial volume and gender
effects on the original ASL signal. However, larger
sample sizes and long-term follow-up (e.g., 6, 12, or 24
months) studies are, respectively, needed to validate the
observed hypoperfusion effects outside the primary
auditory cortex and to possibly address the prognostic
value of this information with respect to naturally
occurring or treatment-related modifications of the HL
condition. In agreement with the presented results, a
recent PET study (Verger et al., 2017) conducted on late-
onset deaf patients reported that the right auditory cortex
was hypoperfused in HL patients, the obvious (matching)
interpretation of these findings being that a functional
narrowing of auditory cortical activity is occurring in
association with the peripheral auditory dysfunction
(Irvine & Rajan, 1996; Rajan et al., 1993). However,
differently from the PET study, where the brain
metabolism was also shown to increase in other regions
outside the auditory cortex (especially at the vertex of the
brain), our whole-brain CBF analysis did not provide
evidence of CBF increase in HL patients and all
statistically significant CBF alterations were strictly
confined as regional effects within the primary auditory
cortex (and additional trends toward possible
hypoperfusion in parietal and prefrontal regions were also
visible on the cortical pattern of average perfusion levels).
One possible explanation of the divergent findings is that
the patients involved in the PET study were all deaf for 7
years or longer whereas all patients involved in the
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present study were scanned upon their very first clinical
assessment for possible HL. Thus, it seems plausible
that, given the early status of hearing impairment of our
patients, the neuroplastic reorganization of the whole
brain metabolism hypothesized previously would not be
manifest yet in our sample. In addition, our MRI study
involved healthy subjects that have been enrolled as
control group in the same study period of HL subjects,
thus minimizing the role of concomitant factors that might
have affected group comparisons. This might explain the
lack of hyperperfused cortical regions at the brain vertex
that have been found in the PET study. On the other
hand, although the selective reduction of ASL-derived
perfusion levels in the primary auditory cortex persists
after the correction for global CBF changes, it is not
possible to exclude that some HL individuals might have
confounding factors, related to a chronic pharmacological
treatment or to the general vascular conditions,
contributing to a more global reduction of ASL-derived
perfusion levels. Indeed, we found that 12 HL subjects
(vs. only one NH subject) made regular use of cholesterol
medications, whereas all other types of chronic
medications were balanced between groups. In addition,
the size and confluence of deep, albeit not periventricular,
white matter lesions were larger in HL, compared to NH,
subjects. In both cases, however, it is unlikely that these
factors might have biased the search for selective
reduction of ASL-derived perfusion toward the primary
auditory cortex. In fact, the only current evidence for ASL-
derived perfusion changes in relation to the chronic use
of cholesterol medication points, not to decreases, but
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rather to increases in regional CBF (not in the auditory
cortex) in persons at risk for AD (Carlsson et al., 2012).
Moreover, recent work reported that periventricular, but
not deep, white matter lesions were associated with
regional cortical CBF reductions in elderly subjects at risk
for cerebrovascular diseases (Bahrani et al., 2017). It
should be pointed out that the ASL settings used for the
present study were not optimized to provide the highest
sensitivity to regional CBF changes in relation to specific
perfusion territories encompassing auditory or extra-
auditory regions. Indeed, the highest effects of reduced
CBF were found to putatively encompass two adjacent
perfusion territories (middle and proximal MCA) whereas
other potentially affected (extra-auditory) regions
encompass different territories (i.e., with possibly
different arterial transit times). Therefore, a different
postlabeling delay would have potentially increased the
sensitivity of the analysis. Although we used both a
labeling duration (1500 ms) and a postlabeling delay
(1500 ms) shorter than the values recommended in
general for clinical (2D or 3D) PCASL studies (both 1800
ms) (Alsop et al., 2015), our labeling parameters were set
identically to a previous 3D-PCASL study reporting
hypoperfusion areas in AD patients and specifically
suggesting that a postlabeling delay of 1500 ms can be
sufficient to display CBF with this ASL variant (Liu et al.,
2015). Anyway, future and more advanced
implementations of the same 3D-PCASL sequence, for
example, allowing for multiple CBF images at different
postlabeling times and the contextual estimation of the
actual arterial transit times, will possibly contribute to
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increase the sensitivity of whole brain CBF analyses
(Johnston et al., 2015; Kramme et al., 2015).

The most significant reduction of the regional brain
perfusion was confined to the right hemisphere, albeit
additional effects were immediately visible within both the
left and the right primary auditory cortex when slightly
reducing the cluster-forming statistical threshold in the
voxel-level analysis. Lateralized hypoperfusion is in line
with the previous PET study (Verger et al., 2017) but also
with structural morphometric findings of a lateralized
atrophy in the right temporal lobe as emerging from a
structural MRI follow-up of a large HL cohort (F. R. Lin et
al., 2014). It should be also said, however, that, in line
with our structural MRI results, at least three previous
structural MRI cross-sectional studies did not report any
evidence of atrophy in the temporal lobe of different HL
cohorts (Alfandari et al., 2018; Boyen et al., 2013; Husain
et al., 2011). A strictly related aspect, which could also at
least partly explain this finding, is that the regional
perfusion of the primary auditory cortex was intrinsically
(and significantly) lateralized to the right hemisphere,
independently of the hearing condition. A likely
explanation for this lateralization is that the acoustic
stimulation produced by the MRI scanner noise during the
3D-PCASL sequence, which consisted of identically
repeated bursts of tonal sounds at the main frequency of
1 kHz, might have induced different baseline perfusion
levels between the right and the left auditory cortex.
Indeed, previous BOLD-fMRI activation studies have
exhaustively demonstrated that the left auditory cortex is
generally more specialized for the “temporal” processing
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required for the perception of complex acoustic sounds
(i.e., sounds that dynamically change their spectral
features, such as, e.g., voices), whereas the right primary
auditory cortex is more specialized for the “spectral’
processing required for the perception of tonal stimuli
(including music; (Schonwiesner et al., 2005; Sininger &
de Bode, 2008; Zatorre et al., 2002). Based on this notion,
the intrinsic lateralization of the regional perfusion in the
primary auditory cortex (in both HL patients and NH
subjects) to the right hemisphere, and, consequently, the
greater size of the regional CBF alterations in HL patients
(vs. NH subjects) observed in the right hemisphere, could
be linked to the higher sustained functional activation
elicited by the scanner acoustic noise produced by the
MRI gradient system during the ASL scans. On the other
hand, this explanation alone would not justify the above-
mentioned homologous PET and structural MRI changes.
More convincingly, it might be that the peripheral high-
frequency-specific HL typically observed in aging-related
HL can be related primarily to the cortical region
specialized for the “spectral” processing with relative
sparing of the left auditory cortex. The intrinsically
activated status of the auditory cortex during the MRI
scan can also explain the generally higher sensitivity of
ASL techniques in these regions, compared to other brain
regions. In this sense, the HL condition studied here
could in principle provide a (sort of) pathological model to
investigate the functional activation elicited by the MRI
scanner noise in relation to the ASL sequence settings
(see (Seifritz et al., 2006). However, as no significant
correlations were found between the regional CBF and
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the audiometric pure-tone thresholds, not even at the
most stimulated frequencies (1 and 2 kHz, see Figure 3),
it is also likely that the acoustic stimulation produced by
the MRI scanner only contributes to the right laterality of
CBF patterns (and therefore to the lateralized sensitivity
of CBF analysis) according to the above described
mechanisms, but not (or at least not exclusively) to the
observed reduction of the regional perfusion in the
primary auditory cortex of HL patients. To further
investigate the nature of the reduced regional CBF in the
primary auditory cortex, and to possibly highlight the
structural and clinical correlates of this effect, the regional
CBF values from all patients were correlated with the
corresponding regional GMV measures and with the HL
steepness of the audiometric curves. Although no
significant GMV differences were detected between HL
and NH groups, which rules out that early diagnosed HL
patients were significantly more atrophic than age-
matched NH subjects, and having excluded that the
observed differences were substantially driven by
(structural-only) partial volume effects, here we found a
statistically significant positive correlation between the
regional CBF and GMV values for the detected cluster of
hypoperfusion in the right primary auditory cortex. This
might suggest that the observed reduction of the regional
CBF could still be an early sign of neuronal loss in the
cerebral cortex (Madhyastha et al., 2015), rather (or
more) than simply being a reduced activation response to
the acoustic stimulation produced by scanner noise,
which would simply mirror an (irreversible) peripheral
auditory dysfunction. Moreover, when considering the
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steepness of the audiograms, a significant negative
correlation was found between the regional CBF values
and the audiogram steepness between 2 and 4 kHz, a
range of frequency that does not encompass the main
harmonic of the sound produced by the MRI scanner
during the 3D-PCASL scan (centered at 1 kHz). The
steeply sloping high frequency loss is a highly typical
audiological pattern of the age-related HL condition,
which is sometimes also called “sloping” sensori-neural
HL (see, e.g., (Wolak et al., 2017). This pattern most
frequently characterizes the HL impairment in the
frequency interval between 2 and 4 kHz (Huang & Tang,
2010), often with a notch or dip around the 4 kHz region
(H. F. Schuknecht & Gacek, 1993). A steep slope
between two adjacent frequencies is therefore spotted as
an audiological marker of discontinuity in the audiogram
shape that can reflect corresponding discontinuities in the
inner hair cells (Schecklmann et al., 2012), thereby it may
represent a more specific sign of the initial (frequency
selective) hearing damage. Indeed, this pattern was also
characteristic of the HL patients studied here, for which
the steepest slope occurred for the 2—4 kHz in the relative
majority of the subjects for both ears, albeit the absolute
pure tone thresholds were highly variable across subjects
and between ears (and not significantly correlated with
CBF). Thus, the observed patterns seem to reflect finer
aspects (and provide more advanced clinical features) of
the pathological HL condition, rather (or more) than
displaying the simple reduction of the peripheral input at
specific frequencies, thereby promoting the proposed
MRI-based technique as a promising tool to detect more
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fine-grained signs of the central effects of HL. In general,
when functional deficits are associated with reduced local
perfusion/metabolism in a brain region that is tightly
linked to the affected (cognitive or sensorimotor) domain,
it is not possible to mechanistically determine whether the
cortical (CBF or GMV) change causes the impaired
performance (as an effect of a neurovascular damage) or
it is the low functional regime of the brain metabolism that
triggers neuroplastic changes within the local tissue.
Although we excluded from the HL group, not only
subjects presenting overt dementia but also those with
significant subclinical cognitive impairment (MOCA score
< 15), to avoid the confounding effect of a primary diffuse
(neurovascular/degenerative) cortical involvement, the
possibility of a selection bias toward patients with a
selective primary (neurovascular/degenerative) auditory
cortex involvement cannot be ruled out completely.
Therefore, the observed local perfusion/metabolism in
the primary auditory cortex of the studied HL subjects
could be in principle either triggered by the sensory
deprivation implied by HL or vice versa. However, the
most recent large-scale MRI study on cognitive aging and
general cerebrovascular health conditions, using both
structural and perfusion MRI with 3D PCASL, and
properly accounting for age, sex, education, and
occupation, as well as controlling for PET-derived global
amyloid and composite tau burden as AD markers,
clearly showed how systemic vascular health was
associated with widespread cerebral hypoperfusion
throughout the brain, whereas the regional perfusion in
the primary auditory cortex (Heschl's gyrus) was not more
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associated with poorer cerebrovascular and metabolic
conditions than other cortical regions within the frontal,
cingulate, and parietal cortex (Vemuri et al., 2018).
Considering also that age-related HL is strikingly
common (affecting up to 70% of normal population aged
more than 70 years), the possibility of having selected a
specific sample of patients with a selective primary
vascular/neurodegenerative auditory cortex involvement
appears unlikely. For this reason, even though a more
reliable demonstration can be likely obtained only with a
follow-up evaluation of samples with treated and non
treated HL, our current opinion is that the observed
auditory cortical hypoperfusion reflects the peripheral
dysfunction.

In conclusion, this study has presented the first
application of an ASL-MRI technique to the brain
perfusion analysis of the HL condition. The reported
cortical pattern of reduced perfusion and the observed
regional effects of central hypoperfusion within the
primary auditory cortex associated with an early HL
condition suggests that there is a link between cortical
activation and neuronal metabolism and HL even if no
structural damage (atrophy) is evident. Although further
technical improvements are possible, and longitudinal
studies on possibly larger samples of patients are
required to validate this tool for the clinical application, the
reported results from the currently available
implementation of the 3D-PCASL may potentially
contribute novel and early functional markers of reduced
central processing associated with HL. Future studies are
needed to combine this information with BOLD-fMRI
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activation experiments and a longitudinal investigation of
the reported effects will be essential to monitor the HL
condition over time in parallel with the neuropsychological
outcome.
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Chapter 3

Hearing Loss in Aging:
Is the Audiogram shape
linked to Auditory
Cortex perfusion
changes?

Cassandro E., Manara R., Ponticorvo S., Brotto D.,
Cappiello A., Cuoco S., Pellecchia M.T., Cassandro C.,
Cantone E., Scarpa A., Pfeuffer J., Di Salle F., Esposito
F.(2020), Submitted.
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3.1 Introduction

Presbycusis is the hearing loss determined by aging
mechanisms affecting the inner ear (Gates & Mills, 2005).
Presbycusis not only affects communicative skKills,
favoring social isolation and depression in the elderly, but
it also might impact on cognitive functions accelerating
the involutive decline of the aging brain (Gates & Mills,
2005). Recently, many audiological studies have
highlighted the strong association between presbycusis
and mild cognitive impairment or overt dementia
suggesting a possible causal role of age-related hearing
loss in cognitive deterioration and providing the rationale
for investigating the brain in presbycusis (Castiglione et
al., 2019; Jayakody et al., 2018; Frank R. Lin et al., 2011,
2011; Quaranta et al., 2014; Ren et al., 2019).

Right auditory cortex hypoperfusion was shown in our
previous work (see Chapter 2) in early phases of
presbycusis, confirming a regionally selective metabolic
vulnerability associated with a peripheral loss of function
(Ponticorvo et al., 2019). Accordingly, PET quantitative
data revealed a decreased regional cerebral blood flow in
the associative auditory cortex of presbycusis patients
(mainly in the right hemisphere) (Verger et al., 2017). As
a whole, literature data convergingly report a profound
multifaceted structural, functional and metabolic brain
remodeling associated with presbycusis.

However, the term presbycusis encompasses different
conditions that share a relatively advanced subject’s age
with a usually bilateral hearing loss, regardless of the
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heterogeneous underlying pathogenesis. Schuknecht (H.
F. Schuknecht, 1955) first classified presbycusis in (six)
subtypes according to audiogram profile and cochlear
histopathological findings: sensorial, metabolic, neural,
cochlear conductive, mixed and indeterminate. Excluding
the mixed and indeterminate forms, the main prototypical
subtypes were the sensorial and metabolic forms, that
are remarkably different in terms of pure-tone audiogram
profile. The first form is characterized by down-sloping
hearing loss affecting the high frequencies, while the
second one presents a pantonal hearing loss. These two
forms also differ regarding the underlying pathogenesis:
the sensorial subtype seems to be due to the age-related
loss of the outer hair cells of the basal cochlear turn, while
the metabolic subtype was found to be associated to
microvasculature changes with atrophy of the stria
vascularis of the cochlea leading to endolymph content
changes and consequently to global hearing dysfunction
(H. F. Schuknecht & Gacek, 1993). While the distinctive
audiological and histopathologic features of inner ear
involvement in the two forms has been described by
several studies, (H. F. Schuknecht, 1955; H. F.
Schuknecht & Gacek, 1993) little is known about
differences in the concomitant morphostructural,
functional and metabolic brain involvement. The latter
encompasses not only the possible impact of progressive
selective or pantonal deafferentation but also a possible
direct effect of the underlying pathogenic mechanisms on
the central components of the auditory pathway. In this
study, patients were stratified according to the audiogram
profiles and both conventional and advanced MRI
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guantitative analyses based on perfusion weighted
imaging have been applied to allow a finer
characterization of brain changes in the primary auditory
cortex and possibly pave the way towards novel
characterization of different forms of presbycusis.

3.2 Materials and Methods

3.2.1 Subjects

Sixty-two newly diagnosed HL patients (age range: 47-78
years, PTA>50dB) were enrolled in the MRI study. All
have been complaining about HL since a few months or
less. None of them had been using hearing aids before
participating in the study. HL was evaluated with standard
pure-tone audiometry in a soundproof chamber using a
clinical audiometer: audiometric thresholds for air-
conduction were obtained at the frequencies of 250, 500,
1000, 2000, 4000, and 8000 Hz. Pure Tone Average
(PTA) was calculated as recommended for the
classification of hearing losses by The Bureau
Internacional d’Audiophonologie (BIAP, 2005) for 0.5, 1,
2 and 4 kHz (www.biap.org). In addition, the “steepness”
of the audiogram in [dB/octave] was computed for each
pair of adjacent frequencies as the difference in hearing
level (measured in dB) divided by the frequency
difference (measured in octaves) (Koenig et al., 2006).

In order to independently characterize the shape of the
audiogram, we first analyzed the audiograms from a
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separate group of 55 HL patients (pure tone average
(PTA) loss >50 dB), in the age range between 45 and 80
years, who accepted to participate to the study but later
refused to proceed with (or could not successfully
complete) all the required MRI scans. Using k-means
clustering based on both the average pure tone loss at
lower frequencies (250Hz, 500Hz, 1000Hz) and on the
audiogram steepness [db/oct] at higher frequencies
(1000Hz-2000Hz, 2000Hz-4000HZz), we defined two
subgroups (clusters) of HL patients that we respectively
labeled as low-loss-high-slope (Cluster 1: LLHS) and
high-loss-low-slope (Cluster 2: HLLS) according to the
audiogram centro-types. A line was traced between the
two centro-types to derive a combined average loss-
slope threshold for the classification of HL patients. The
same audiograms centro-types were used to classify the
HL patients participating in the MRI study: for each
subject, the euclidean distance between patient and the
centro-types was computed to assign the subject to the
group wherewith it shows the minimal distance.
Thirty-two normal hearing (NH) subjects (age-range 48-
78 years) with no medical history of hearing loss (or
complain about their hearing) were also included in the
study.

No randomization was used. None of the subjects
involved had any history of neurological and/or
psychiatric disorders, surgical interventions in the ear, or
MR-contraindications. All participants underwent the
Montreal Cognitive Assessment (MOCA (Nasreddine et
al., 2005)) for evaluating cognitive performances on the
same day of MRI examination.
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The study was carried out in accordance with the
Declaration of Helsinki for experiments involving humans
and the local Ethical Committee approved the study. A
written informed consent was signed by each participant
before MRI acquisition.

The investigators knew the group allocation before the
experiment and while performing the neuropsychological
testing and the image data analyses (no blinding was
done).

3.2.2 MRI acquisition

Brain scans were performed by means of a 3T MRI

scanner (Siemens MAGNETOM Skyra, Siemens

Healthcare, Erlangen, Germany), equipped with a 20-

channel radio-frequency head and neck coil. The imaging

protocol included the following sequences:

e 3D Ti1-weighted MPRAGE sequence with repetition
time (TR)=2400 ms, echo-time (TE)=2.25 ms,
resolution=1x1x1 mm?3, matrix Ssize=256x256,
anterior-posterior  phase  encoding  direction,
GRAPPA factor of 2 in phase-encoding direction. The
MPRAGE scan was used for anatomical reference
and morphometric analyses.

e A prototype 3D-PCASL sequence with TR=4600 ms,
TE=15.6 ms, field of view 192x192 mm?; slice
thickness 3 mm, resolution=3x3x3 mm?3, bolus
duration 1500 ms, post-labeling delay 1500 ms, 6
repetitions, MO prescan, 42 slices, iPAT GRAPPA 2,
turbo factor 14, EPI factor 21, number of segments 6
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(total acquisition time: 6 min). The 3D-PCASL
sequence employs the 3D GRASE readout module
and implements a pseudo-continuous labeling
scheme with background suppression as described in
(Dai et al., 2008, 2012; Wu et al., 2007). In each
repetition of the sequence (TR), the tagging module
and the EPI-train causes an acoustic stimulation with
a principal spectral contribution at 1 and 2 kHz. This
series was acquired with the subject at rest with eye
open.

e 3D fluid FLAIR, TR/TE/TI 5000/387/1800ms; voxel-
size 1x1x1 mm; echo-train length 278; field of view
230; acquisition-time 4min 32s). Axial, coronal and
sagittal multiplanar reconstructions of the whole brain
were obtained (slice thickness 3mm without interslice
gap). The FLAIR scan was used for vascular-like
lesion analysis.

3.2.3 Image analysis

Single-subject whole-brain CBF maps were calculated
from the 3D-PCASL raw images using the prescan MO
image and the perfusion-weighted series using the
calibration formula in (Alsop et al., 2015) (provided by the
inline scanner software with calibration parameters:
lambda = 0.9 mL/g, alpha = 98%, T1a = 1650 ms).

For the group-level analysis, the single-subject CBF
maps were spatially normalized using the SPM12 toolbox
(www.fil.ion.ucl.ac.uk/spm/) running on MATLAB R2017a
(The MathWorks, Inc., Natick, Massachusetts, United
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States, www.mathworks.com) to the Montreal
Neurological Institute (MNI) standard template (Evans et
al., 1993) using a three-step procedure: First, the control
images from the 3D-PCASL series were averaged to
obtain an image with enhanced contrast, which was
aligned in each subject to the corresponding anatomical
3D T1w image with an affine transformation. Second, all
T1lwimages were segmented and normalized into a study
specific template space with the non-linear diffeomorphic
DARTEL approach (John Ashburner, 2007) and then
transformed to the MNI space. Third, the initial affine
transformation, the DARTEL estimated non-linear
deformation fields and an isotropic 6-mm full width at half
maximum (FWHM) Gaussian kernel were applied to the
CBF maps of each subject.

After spatial normalization, all individual CBF maps were
imported in BrainVoyager (Brain Innovation, Maastricht,
The Netherlands, www.brainvoyager.com) and further
transformed to the Talairach space for subsequent
analyses. In this common brain space, using
BrainVoyager tools and plugins, group-level averaging
and general linear models (for post-hoc t-tests with
correction for global CBF, age and sex effects) were
computed and the resulting t-maps were applied a
minimum  cluster size threshold estimated with
Montecarlo simulations (Forman et al., 1995; Goebel et
al., 2006). Particularly, Talairach-transformed CBF maps
were compared between HL (sub)groups vs. NH over the
entire primary auditory cortex, and average CBF data
were calculated for statistically significant regional effects
(p<=0.05, cluster-level corrected for multiple
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comparisons over the bilateral primary auditory cortex,
initial voxel-level p-value 0.005). To define the search
region, an anatomical mask was defined based on the
cytoarchitectonic atlas of the auditory cortex (Kim et al.,
2000).

Parenchymal brain lesions (silent strokes and white
matter lesions) were evaluated on FLAIR images; in
particular, white matter lesion burden was graded
according to the well-validated semi-quantitative Fazekas
Score (Fazekas et al., 1987). Occurrence of Fazekas
Score > 1 was compared between HL and NH with a chi-
square test.

3.3 Results

HL patients and controls did not differ in terms of age and
gender. According to the neuropsychological testing, all
HL patients and NH controls were cognitively intact
(MOCA total score > 15.5, after correction for age and
education). No significant differences were detected in
total MOCA score between HL and NH (two sample t-test,
p>0.05).

The entire HL group (n=62) undergoing MRI was equally
stratified in LLHS (n=31) and HLLS (n=31) patients
according to the audiogram features by applying the
combined loss-slope threshold previously obtained from
the independent sample of n=55 HL patients (Figure 8).
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Figure 8 Left panels: Scatter plot of hearing loss at lower frequencies
(Y axis) and slope at higher frequencies (X axis) of the entire sample
of HL patients (n=62) and its translated and rotated version
highlighting the separation of patients in two clusters (Cluster 1: LLHS
(n=31), Cluster 2: HLLS (n=31)). The separation line was obtained
from the centrotypes (highlighted in cyan and violet on the plot).of the
K-means clustering applied to an independent set of HL patients
(n=55). Right panels: Average audiograms of LLHS and HLLS patients
for the right and left ears.

When comparing CBF maps from all HL patients
(regardless of cluster membership) to NH controls over
the entire primary auditory cortex, a compact area
(extension = 763 mm?, voxel-level p<0.005, cluster-level
p<0.05) with statistically significant CBF reduction was
obtained encompassing the right transverse temporal
gyrus (BA41). This regional effect was significant in both
LLHS (effect size = -8.6%, p = 0.003) and HLLS (effect
size = -6.5%, p=0.030) patients (Figure 9).
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Figure 9 Cluster of reduced perfusion in the right primary auditory
cortex resulting from the comparison between HL patients (n=62) and
NH controls (n=33). The average reduction in the CBF (standardized
score with respect to NH subjects) in this region is shown for LLHS
(clusl) and HLLS (clus2) patients.

When comparing cluster 1 LLHS patients to NH subjects,
a slightly more extended compact region (extension =
1046 mm?, voxel-level p<0.005, cluster-level p<0.05) with
statistically significant CBF reduction was detected,
extending from BA41 towards the boundary between
BA41 and BA40. In this more extended region, a
statistically significant negative correlation between the
regional CBF reduction and the audiogram slopes at 2-4
KHz was observed in LLHS (p=0.0002), but not in HLLS
(p=0.15), patients (Figure 10).
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Figure 10 Cluster of reduced perfusion in the right primary auditory
cortex resulting from the comparison between LLHS patients (n=31)
and NH controls (n=33). The average reduction in the (standardized)
CBF in this region is shown for LLHS (clusl) and HLLS (clus2)
patients. The box plot (vs. groups) and the scatter plot (vs. slope) of
the age, sex, and global CBF corrected CBF values are shown for all
patients and controls with separate linear trend lines estimated for
LLHS (clusl) and HLLS (clus2) patients and the 95% confidence
interval for the NH subjects.

When comparing cluster 2 HLLS patients to NH subjects
over the entire primary auditory cortex, a smaller region
with CBF reduction was also detected (cluster size: 399
mm?, voxel-level p<0.005, cluster-level p>0.05) albeit not
reaching the minimum cluster size threshold required to
meet the employed criterion for the correction of multiple
voxel-level comparisons. Descriptively, compared to the
previous clusters, the localization of this cluster was more
confined towards the transverse temporal gyrus (BA41)
(Figure 11). NH, LLHS and HLLS subgroups did not differ
in terms of presence and severity of cerebral
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vasculopathy (Fazekas score >1 in 9/32 NH, 13/31 LLHS
and 13/31 HLLS, p>0.5).

Nl HLvs N

Figure 11 Multiple overlay of three compact regions of reduced
perfusion in the right primary auditory cortex resulting from the
comparison of LLHS patients (n=31) vs. NH controls (n=32) (red),
HLLS patients (n=31) vs. NH controls (n=32) (blue) and all HL patients
(n=62) vs. NH controls (n=32) (yellow).

3.4 Discussion

The present non-invasive perfusion MRI study confirms,
on a larger study sample compared to the previous study
(Ponticorvo et al., 2019), our finding that presbycusis is
associated with significant central auditory cortex
hypoperfusion. These perfusion changes, observed in the
right hemisphere, correlate, rather than with the absolute
hearing loss, with the audiogram profile, as they are more
evident in patients with a prominent 2-4 kHz frequency
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slope. In addition, the audiogram profile seems to be
associated with spatially distinct regions of cortical
hypoperfusion, thus highlighting the heterogeneity of
presbycusis not only in terms of pathogenesis but also
when considering the associated brain metabolic
changes.

The term presbycusis is known to encompass disparate
conditions featured by different audiograms and
histopathologic findings (H. F. Schuknecht & Gacek,
1993) and, most likely, a different pathogenesis. Indeed,
presbycusis is generally classified into sensorial, neural,
metabolic, cochlear conductive, mixed and indeterminate
(H. F. Schuknecht & Gacek, 1993), although this
distinction is often neglected in clinical practice and in
research settings. The first (classic) four forms are
characterized by different audiogram profiles: the
sensorial subtype presents low-frequency sparing and
high-frequency loss; the neural subtype presents loss of
word discrimination in spite of a relatively preserved pure-
tone audiogram; the metabolic subtype presents flat
pure-tone audiogram while the cochlear conductive
shows low-frequency loss and high-frequency sparing
(Fetoni et al., 2011). In contrast, the pure-tone audiogram
profile of the last two forms by definition results from the
concomitance of different pathogenesis (mixed form) or
from the impossibility to classify the hearing loss among
the above-mentioned classic forms likely because of
confounding factors (indeterminate form).

Actually, the cochlear conductive form existence is
guestioned in the literature, while, in the neural form, the
pure-tone audiogram abnormalities are usually
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negligible. Therefore, the audiogram prototypes of the
classic forms seem to be summarized in two main pure-
tone audiogram patterns that represent the ideal
extremes of a continuous spectrum: the downsloping high
frequency hearing loss (LLHS) and the flat pantonal
hearing loss (HHLS). Accordingly, we investigated a
group of 55 presbycusis patients and defined the salient
audiogram features for clusterizing the spectrum of
presbycusis into one of the two above mentioned
prototypical shapes (either LLHS or HHLS).
Subsequently, we applied this clusterization on a different
cohort of presbycusis patients undergoing MRI perfusion
showing that these clusters present a nonidentical
regional pattern of central acoustic pathway
hypoperfusion.  Differences in  auditory  cortex
hypoperfusion might either be a simple consequence of
selective cortical deafferentation (due to audiogram
profile differences) or highlight differences among
hearing loss pathogenetic mechanisms, some of which
might primarily involve the auditory cortex.

Regarding the spatially distinct cortical hypoperfusion
pattern, the prevalent involvement of the lateral Heschl’s
gyrus in high-sloping patients is intriguing, since, in the
tonotopic map, this region corresponds to the high
frequencies (Formisano et al., 2003). The perfusional
data seem therefore to suggest the direct role of selective
deafferentation on the primary auditory cortex
metabolism. On the other hand, according to our
perfusion analysis, the restricted loss of the high
frequencies seems to be associated with a more
pronounced cortical remodeling than in patients with a
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pantonal and globally more severe hearing loss. This
unexpected finding unveils the complexity of the human
cortex plasticity where global unisensorial deafferentation
likely leads eventually to a readaptation of the cortical
function and, consequently, of its metabolic demand.
Ongoing studies on the auditory network connectivity at
rest will possibly help to define whether the less
compromised cortical perfusion in the pantonal
subgroups reflects a functional remodeling of the auditory
cortex.

A few satellite aspects deserve to be mentioned. Firstly,
even doubling the sample size compared with the
previous work of our group (Ponticorvo et al., 2019),
significant perfusion changes confirmed to be restricted
to the right auditory cortex. Right temporal cortex
changes were observed also in previous metabolic and
structural morphometric studies (F. R. Lin et al., 2014;
Verger et al., 2017) confirming the higher vulnerability of
the right hemisphere in age-related hearing loss. Notably,
in the present study right auditory cortex hypoperfusion
was more pronounced in patients with a sloping hearing
loss. As the right hemisphere is mainly involved in
spectral analysis (Schonwiesner et al., 2005; Sininger &
de Bode, 2008; Zatorre et al., 2002), our findings seem to
suggest that the selective high frequency hearing loss
impacts more severely on the perfusion of the auditory
cortex compared to a pantonal hearing loss. Prospective
longitudinal studies will help unravel whether the
increased metabolic cerebral effect of sloping hearing
loss could represent a major risk factor for age-related
dementia. On the other hand, the audiogram profile does

80



not seem to be associated with other signs of
microvasculature impairment at cerebral level. In fact, the
two different audiogram-related clusters showed similar
microvascular white matter involvement. This seems to
be in contrast with histopathologic findings that primarily
distinguish the metabolic form from the sensorial form of
age-related hearing loss, i.e. the intracochlear
microvascular involvement with atrophy of the stria
vascularis (H. F. Schuknecht & Gacek, 1993). Therefore,
either the metabolic hearing loss does not primarily
depend on microvasculature impairment or the
microvascular involvement of the cochlea follows a
different independent path than the microvascular
impairment in the brain. Indeed, according to some
authors  both microvascular involvements might be
epiphenomena of a common age-related frailty that might
variably affect the neural tissue and/or the inner ear
structures (Castiglione et al.,, 2019). Yet, the
neuroradiological analysis of cerebral vasculopathies in
the studied HL patients did not provide any evidence for
a possible correlation between increased brain white
matter changes and an audiogram profile consistent with
a microvascular pathogenesis of presbycusis. This lack
of correlation remarks that the link between these
conditions remains elusive and further effort is needed to
investigate possible common pathogenic mechanisms.
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3.5 Conclusion

The present study shows that presbycusis is associated
with metabolic perfusion changes in the brain, at least in
the primary auditory cortex, with a different pattern
according to the audiogram profile. Future studies will
define whether presbycusis subjects with different
audiogram profiles have a different outcome in terms of
progressive cognitive deterioration and/or of benefit after
hearing rehabilitation.
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Chapter 4

Long-range Auditory
Functional Connectivity
In Hearing Loss and
Rehabilitation

Ponticorvo S., Manara R., Pfeuffer J., Cappiello A.,
Cuoco S., Pellecchia M.T., Troisi D., Scarpa A,
Cassandro E., Di Salle F., Esposito F. Brain Connectivity.
2021 Jan 21. doi: 10.1089/brain.2020.0814. Epub ahead
of print. PMID: 33478362.
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4.1 Introduction

Age-related sensorineural hearing loss (HL) symptoms
are typically ascribed to the impairment of the peripheral
auditory system (i.e. outer, middle and inner ear and
cranial nerves) with reduced collection, amplification and
transduction of sound waves causing reduced input into
the central nervous system. However, more recently, HL
has been also linked to morphological (Eckert et al.,
2019; Frank R. Lin et al., 2011), functional (Wolak et al.,
2019; X.-M. Xu, Jiao, Tang, Lu, et al., 2019) and
metabolic (Ponticorvo et al., 2019; Verger et al., 2017)
changes in the central auditory pathway (i.e. subcortical
nuclei and auditory cortex) resulting in reduced
perception and integration of acoustic information
streams (Golub, 2017).

HL patients may benefit from rehabilitation with cochlear
implant and acoustic hearing aids (HA) devices. Although
patients must adapt to their use (Chang et al., 2016;
Dawes & Munro, 2017), these devices allow to
experience significant auditory input amplification during
work-related and social activities and an improvement in
general hearing (Barbosa et al., 2015; Pichora-Fuller &
Singh, 2006) and cognitive abilities (Amieva et al., 2015)
has been previously observed in HA users. Particularly,
the use of HA may improve, not only speech perception,
listening abilities and quality of life (Sarant et al., 2020),
but also working memory, executive functions, attention
and visual learning (Anderson, 2019). Consequently, it
has become crucial to address if, and eventually
understand how, the prolonged exposure to HA-mediated
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auditory input amplification would also trigger functional
changes in the brain, both locally, within the primary
auditory cortex (i.e. the cortical entry point of
sensorineural signals), and globally, within the whole-
brain pattern of neural communications between primary
auditory and higher order brain regions. To tackle the first
part of this issue (i.e. HA-mediated local functional
changes), a longitudinal MRI study has recently
examined HL patients undergoing HA-based auditory
rehabilitation (Pereira-Jorge et al., 2018). In this work,
locally increased blood oxygen level dependent (BOLD)
functional MRI (fMRI) responses to naturalistic acoustic
stimuli (alternating blocks of narrative listening and
silence) were observed within auditory, language, and
multi-sensory integration regions, after one year of HA
usage. However, this study did not investigate the
auditory long-range functional connectivity (FC), i.e. the
functional coupling between primary auditory regions and
anatomically distant brain areas throughout the whole
brain.

Local functional alterations in the primary auditory cortex
have been recently shown in cognitively intact HL
patients (Ponticorvo et al., 2019). More specifically, using
three-dimensional pseudo-continuous arterial  spin
labeling (3D-PCASL) MRI, a compact region in the right
Heschl’'s gyrus (HG) was highlighted, where HL patients
exhibited reduced absolute levels of cerebral blood flow
(CBF), in comparison to age- and sex-matched normal
hearing (NH) healthy controls. As these effects were
largely confined to the primary auditory cortex, we
hypothesized that a possible brain involvement in the
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pathophysiology of HL, as well as subsequent HA-
mediated adaptive changes, at the larger scale of whole-
brain functional networks, might eventually originate
from, or at least be closely linked to, this local perfusion
deficit at the cortical entry point of auditory signals. To
test this hypothesis, we acquired both 3D-PCASL and
BOLD resting-state fMRI (rs-fMRI) data, from a larger
sample of 62 HL patients, across two successive time
points (at baseline and after 6 months). During the follow-
up period, about half of the HL patients used an HA
device during normal daily life activities. We anticipated
that: (i) long-range whole-brain FC changes from a seed
region of reduced perfusion in the primary auditory cortex
could be associated with the general HL condition and/or
its HA mediated peripheral correction, and (ii) an altered
brain FC could be related to audiological and neurological
features of the patients, eventually to speech recognition
and cognitive abilities..

4.2 Materials and methods

4.2.1 Subjects

Eighty-seven HL patients (29 females) aged 64.4 + 7.7
years (mean + standard deviation) were consecutively
enrolled for the study. All patients had a recent clinical
diagnosis of HL (less than a month) and all of them were
complaining about hearing problems for a few months or
less. None of them used HA before taking part in the
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study. Prior to MR, all patients underwent audiological
and neurological assessments (for details, see sections
4.2.2 and 4.2.3).

After completion of the first (baseline, t0) audiological
assessment, upon HL diagnosis confirmation, the
otorhinolaryngologist suggested to each patient to
consider the use of a HA device albeit the patient was left
free to decide about whether to use it or not, which center
to refer to, and which type or model to take. 39 HL
patients initially accepted to wear a HA device. During the
first weeks after the enrollment, these patients had
several meetings with an audioprosthetist to adapt the
device to their specific needs. These patients were
instructed to wear HA daily during normal activities (e.g.,
work-related activities, free time, social activities, etc..).
Among non-users, commonly reported reasons
supporting their choice included personal, social and
economic issues, but also some prejudiced
disappointment in HA effectiveness, which probably
masked little perceived need of, or fear of social stigma
associated with, this kind of prosthetics. After completion
of the first neurological assessment, 4 patients were
excluded due to neurological issues (2 patients were
excluded for head trauma, 1 patient reported symptoms
of epilepsy and 1 patient was excluded because of right
maxillary malignant neoplasm). At follow-up (t1), 21
patients did not return to the planned visit and were
therefore excluded from the study. In total, sixty-two HL
patients (22 female) aged 64.4 + 7.6 years completed the
study with a second audiological and neurological
assessment and a second MRI exam. Within the final
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sample, a sub-group of 31 HL patients (aged 63.4 + 7.5
years) had been effectively using a HA device daily
(mean HA usage 9.5 + 3.8 hours/day, range 1-17
hours/day) (yHA group), whereas the remaining 31
patients (aged 65.3 £ 7.7 years) had not (nHA group).
Both patient subgroups came to the follow-up visit (t1)
after a period of ~6 months (198 + 24.3 days). Patients
characteristics (age, sex, educational level) were
statistically compared between the two groups (yHA vs.
nHA) with two sample t-test (age, education) and chi-
square test (sex). Neuropsychological (33 independent
scores in total) and audiological (4 independent scores in
total) clinical scores were compared at each time point
(two sample t-test) and longitudinally (tO vs. t1, paired t-
test). Thirty-two normal hearing (NH) controls (22 female)
aged 59.3 £+ 7.3 years, with no medical history of hearing
loss (or complain about their hearing), were included in
the study.

None of the subjects enrolled had any history of
neurological and/or psychiatric disorders, surgical
interventions in the ear, or MR-specific contraindications.
20/62 HL patients and 29/32 NH controls had been also
included in the sample of our previous metabolic study
(Ponticorvo et al., 2019).

The study was carried out in accordance with The Code
of Ethics of the World Medical Association (Declaration of
Helsinki) for experiments involving humans and the local
ethical committee approved the study. Written informed
consent was signed by each participant before MRI
acquisition.
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4.2.2 Neuropsychological assessment

All  subjects underwent the Montreal Cognitive
Assessment (MOCA) (Nasreddine et al., 2005) for the
screening of cognitive performances. 56/62 HL patients
also performed a more accurate neuropsychological
battery including the Attentional Matrices (ATT) and the
Trail Making Test (TMT) to investigate the attentional
domain, the Rey’s auditory 15-word learning test to
assess verbal memory (immediate recall and delayed
recall; 15-RAWLT), the Stroop Color and Word Test
(SCWT), the Rey-Osterrieth Complex Figure Test
memory (ROCF memory) to investigate visuospatial
memory, the ROCF copy, the Raven’s Progressive
Matrices (RPM) and the Clock Drawing Test (CDT) to test
frontal/executive functions and the Short Form 36 (SF-
36), the Hearing Handicap Inventory (HHI), the Beck
Depression Inventory Il (BDI 1) and the Dimensional
Apathy Scale (DAS) to assess quality of life and levels of
depression and apathy.

4.2.3 Audiological assessment

In both visits, HL was evaluated with pure-tone
audiometry and speech audiometry. All the audiometric
measurements (tonal/speech) presented here were
performed in unaided conditions, i.e. without hearing
aids. The audiometric thresholds for air-conduction in the
pure tone audiometry were obtained at the frequencies of
0.25,0.5,1, 2, 4, and 8 kHz in a soundproof chamber with
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headphones using a clinical audiometer. Pure tone
average (PTA) was calculated as recommended by The
Bureau Internacional d’Audiophonologie (www.biap.org)
as average loss at 0.5, 1, 2, and 4 kHz. Patients’ ability to
recognize speech sounds was evaluated in 57/62 HL
patients and the speech reception threshold (SRT) for
disyllables was calculated. Speech audiometry was
performed in a soundproof chamber with the patient
wearing headphones to receive the stimuli. The standard
routine entails with the examinator delivering blocks of 10
disyllabic words that the patient needs to repeat aloud.
The intensity level is increased across blocks with steps
of 10 dB from 10 to 100 dB and the number of correct
words at each intensity is recorded. The SRT is
determined as the level at which the patient is able to
repeat correctly at least 50% of the words delivered
(Bronkhorst & Plomp, 1989).

4.2.4 Image acquisition and preprocessing

Brain images were acquired using a 3T MRI scanner
(Siemens MAGNETOM Skyra, Siemens Healthcare,
Erlangen, Germany), equipped with a 20-channel radio-
frequency head and neck coil.

The imaging protocol included a 3D T1-weighted
MPRAGE sequence with repetition time (TR)=2400 ms,
echo-time (TE)=2.25 ms, resolution=1x1x1 mm3, matrix
size=256x256, anterior-posterior phase encoding
direction, GRAPPA factor of 2 in phase-encoding
direction. A prototype 3D-PCASL sequence with
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TR=4600 ms, TE=15.6 ms, field of view 192x192 mm?2,
resolution=3x3x3 mm3, bolus duration 1500 ms, post-
labeling delay 1500 ms, 6 repetitions, MO prescan, turbo
factor 14, EPI factor 21, number of segments 6 (total
acquisition time: 6 min). The 3D-PCASL sequence
employs the 3D GRASE readout module and implements
a pseudo-continuous labeling scheme with background
suppression as described in (Dai et al., 2008, 2012; Detre
et al.,, 2012; Wu et al.,, 2007). A resting-state Blood
Oxygenated Level Dependent (BOLD) multi-band
accelerated echo-planar (MB-EPI) fMRI sequence (rs-
fMRI) (Feinberg et al., 2010; Moeller et al., 2010; J. Xu et
al., 2013) with TR=1000 ms, TE=30 ms,
resolution=2.5x2.5x2.5 mm?3, MB factor=4, acquisition
matrix=96x96, 400 dynamic volumes, anterior-posterior
phase encoding direction acquisition. The MB-EPI
sequence was repeated two more times with only five
dynamic scans and opposite (anterior-posterior,
posterior-anterior) phase encoding directions for the
purpose to correct the MB-EPI images distortions
(Andersson et al., 2003; Smith et al., 2004). During the
3D-PCASL and the MB-EPI the subjects were instructed
to stay still and with eyes open.

Single-subject whole-brain CBF maps were calculated
from the 3D-PCASL raw images using the prescan MO
image and the perfusion-weighted series in the 3D-
PCASL calibration formula (Alsop et al., 2015) (as
provided by the inline scanner software with calibration
parameters: lambda = 0.9 mL/g, alpha =98%, Tla = 1650
ms). Using BrainVoyager QX (Brain Innovation,
Maastricht, The Netherlands, www.brainvoyager.com)
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each individual rs-fMRI time series was first corrected for
the different slice scan acquisition times (via trilinear/sinc
interpolation) and for rigid head motion effects (via
realignment of all volumes to the first). At this stage, a
careful analysis of motion parameters was performed to
possibly exclude subjects exhibiting excessive amounts
of motion. In particular, at this stage the six estimated
head motion parameter (3 translation and 3 rotation)
series were considered and subjects exhibiting head
translations > 3 mm and/or head rotations > 3 degrees in
at least one of the scans were excluded from successive
analyses. Subsequently, the image time series were first
high-pass filtered (with cut-off frequency set to 0.008 Hz)
and then exported to NIFTI format for geometrical
distortion correction via the TOPUP tool of FSL
(Andersson et al., 2003; Smith et al., 2004). Finally, to
reduce the residual effects of head motion (micromotion),
as well as the effects of respiratory and cardiac signals,
second-order motion and physiological nuisance
correction was performed using a linear regression
approach. The regression model included 24 motion-
related predictors (Friston et al., 1996) (6 head motion
parameter time-series, their first-order derivatives and the
12 corresponding squared parameter time-series) and
the mean time-courses from a white matter mask and a
cerebrospinal fluid mask (as obtained from 3D-T1lw
spatial segmentation) as two additional predictors.

In order to account for residual motion-related spikes, an
additional spike-related regressor was created from the
framewise displacement time-series i.e. a predictor with
a value of 1 at the time points of each detected spike and
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a value of O elsewhere (Lemieux et al., 2007,
Satterthwaite et al., 2013). The framewise displacement
(FD) was also used to estimate the number of potentially
corrupted volumes. A spike was identified as a volume in
the time series where the FD value exceeded a threshold
of 0.5 mm, and the spike-corrupted volumes were
calculated by taking the volume at that time point as well
as the two volumes before and after this time point. At this
stage, subjects for whom this percentage exceeded 50%
in at least one of the two scans were also excluded from
the analyses.

For the group-level analysis at t0, the single-subject CBF
maps and rs-fMRI time series were spatially normalized
using the SPM12 toolbox (www:.fil.ion.ucl.ac.uk/spm/)
running on MATLAB R2019a (The MathWorks, Inc.,
Natick, Massachusetts, United States,
www.mathworks.com) to the Montreal Neurological
Institute (MNI) standard template (Evans et al., 1993)
using a two-step procedure: First, the mean control
volume (for 3D-PCASL series) and the first volume (for
rs-fMRI) were aligned to the corresponding anatomical
3D-T1w image with an affine transformation. Second, all
Tlw images were normalized with the non-linear
diffeomorphic DARTEL approach (John Ashburner,
2007) and spatially smoothed with an isotropic 6-mm full
width at half maximum (FWHM) Gaussian kernel. The
initial affine transformation, the DARTEL estimated non-
linear deformation fields, and the Gaussian kernel were
also applied to the CBF maps and to the rs-fMRI time
series of each subject with a final resampling at 3 mm?3
and 2 mm? voxel size respectively.
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For the group-level analysis at follow-up, the two
anatomical 3D-T1w volumes of each subject (t0 and t1)
were combined into one 3D-T1w average volume (T1w-
avg) using the intra-subject longitudinal diffeomorphic
transformation as implemented in SPM12 (John
Ashburner & Ridgway, 2013). Then, the single-subject
CBF maps and rs-fMRI time series were first aligned to
the corresponding (same session) anatomical 3D-T1w
volume with an affine transformation and then to the T1w-
avg volume with the nonlinear warping calculated in the
longitudinal intra-subject alignment. Finally, all Tlw-avg
images were normalized to the MNI standard space with
the same approach performed for baseline analysis and
CBF maps and rs-fMRI time series were consequently
resampled to the standard space at 3 mm?® and 2 mm?
voxel size respectively.

After spatial normalization, all individual CBF maps and
rs-fMRI time series were imported in BrainVoyager and
transformed to the Talairach space for further analysis.

4.2.5 CBF Image Analysis

CBF analysis was conducted at the regional level
according to previous results (Ponticorvo et al., 2019) of
local hypoperfusion in the right primary auditory cortex
with the peak in lateral Heschl’'s gyrus (right HG). Mean
CBF values in right HG were extracted at tO for HL and
NH subjects and corrected with a linear regression for
age, sex, and global CBF value calculated as mean value
across all voxels in the brain (gray matter and white
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matter). Then, the two groups were compared in a one-
way analysis of variance (1-ANOVA) statistical model.

In the longitudinal processing, regional CBF was
extracted in HL group both at t0 and t1. Also, in this case,
regional values were corrected with a linear regression
model from age, sex, and global CBF confounds and then
statistically compared in a two-way ANOVA model (2-
ANOVA) with one within-subject factor (time: t1 vs. t0)
and one between-subject factor (yHA vs. nHA).

4.2.6 Rs-fMRI Data Analysis

The ROI in the right HG was used to analyze the whole
brain FC using a seed-based voxel-based approach.
Pearson r coefficient of correlation was calculated
between the mean time series in the seed region and
each voxel time-course in the brain at tO for HL and NH
subjects and, for the follow-up analysis, at t0 and t1 for
both yHA and nHA subjects. The resulting r values were
transformed to z scores by the Fisher's R-to-Z
transformation (Fisher, 1915).

At baseline, FC z-maps were compared between HL and
NH subjects in a one-way analysis of covariance
(ANCOVA) as implemented in the ANCOVA module of
BrainVoyager QX. In this model, group membership (HL,
NH) was specified as between-subject factor and age as
a continuous covariate.

In the follow-up analysis, FC z-maps of HL subjects were
compared in a two-way ANCOVA model with group
membership (yHA, nHA) as between-subject factor, time
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(t0, t1) as within-subject factor and age as continuous
covariate.

To protect against false positives and correct for multiple
comparisons, only statistically significant regional effects
were displayed for compact clusters surviving the joint
application of a voxel- and a cluster-level threshold to the
ANCOVA t/F statistics maps. These were chosen using a
non-parametric randomization approach based on Monte
Carlo simulations (Forman et al., 1995), as implemented
in BrainVoyager (Goebel et al., 2006). Namely, an
uncorrected threshold (p<0.001) was applied to all voxels
(Eklund et al., 2016); then, the minimum cluster size was
set in such a way that an average of 5% false positive
clusters were counted in 10000 randomly generated
images with smoothness matching to the original maps
(Forman et al., 1995).

Pearson correlation coefficients were also calculated to
explore the possible correlation between neural effects
(regional CBF and FC) and audiological characteristics.
Spearman's rank correlation coefficients (p) were
calculated between the variation in regional connectivity
z-scores (i.e. between time points) and the corresponding
variation in the neuropsychological scores, separately for
yHA and nHA subgroups. For this explorative analysis,
statistical significance (p-values) lower than 5% were
reported without and with Bonferroni correction (for all
correlation tests performed).

4.3. Results
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4.3.1 Clinical and CBF evaluation

Audiological and neuropsychological characteristics of
HL patients in the two subgroups at the two time points
are summarized in Table 2 and Figure 12. There were no
significant differences in sex, age, education, PTA and
SRT between yHA and nHA subgroups (p>0.05) in both
visits, and no audiological changes were detected over
time in each group between the two time points (p>0.05).
All patients were cognitively intact (total MOCA score >=
15.5, according to the normative data of the lItalian
version of the MOCA,(Santangelo et al., 2015)) and no
significant differences were detected in total MOCA score
(after correction for age and education) between yHA and
nHA (p>0.05) in both visits, or in each group between
time points (p>0.05). No significant differences were
detected between yHA and nHA both at t0O and tl
(p>0.05) in any neuropsychological test. Significant
differences between time points (t0 vs. t1) were detected,
with an increase for the nHA group in 15-RAWLT
immediate recall (p=0.018) and RPM (p=0.0013) test
scores, an increase for the yHA group in 15-RAWLT
delayed recall (p=0.0087) and SF-36 sub-score of
physical pain (p=0.017) and a decrease for the yHA group
in HHI (p=0.035). However, none of these differences
remained significant after Bonferroni correction for all 66
comparisons.
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Figure 12 Hearing loss characterization of each patient (black line) in
right and left ear respectively at the baseline visit (t0) and at the follow-
up visit (t1). Overlayed in bold the mean lines, and standard deviation
bars, hearing loss of the yHA group (dark red line), and nHA group
(pink line) at each visit (t0 and t1). To avoid bars overlapping pink lines
were shifted of 0.1 on x-axis. yHA=hearing aids users, nHA=patients
not using hearing aids.

The results of the CBF analysis are shown in Figure 13.
At baseline (t0), mean regional CBF level in right HG was
significantly reduced in HL patients, compared to NH
controls, after correction for age, sex, and global mean
CBF level (t-value=-2.64, df=92, p=0.009). The mean (z
standard deviation) CBF levels as well as the variations
between time points (t1-t0) in right HG are reported in
Table 3 respectively for HL and NH groups. The regional
follow-up CBF analysis in the right HG did not reveal any
significant difference between time points (t1 vs. t0, yHA:
t=1.26, df=30; nHA: t=-0.44, df=30; p>0.05) and between
subgroups (YHA vs. nHA, t0: t=-0.23, df=60; t1: t=-0.43,
df=60; p>0.05).
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Figure 13 Left panel: Location of the right HG hypoperfused cluster (in
green), superimposed on an anatomical Tlw image. Right panel:
Violin plots indicating median (white circle) and relative frequency
distributions of the CBF levels in the right HG for the three groups
(NH=blue, yHA=pink, and nHA=dark red) and the two time points (t0
and t1). HG=Heschl’s gyrus, NH=normal hearing, yHA=hearing aids
users, nHA=patients not using hearing aids, CBF=cerebral blood flow
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yHA - t0 nHA - t0 yHA -1 nHA -t1
(mean £sd) (meansd) (mean  sd) (mean  sd)

PTA right ear [dB] 53.6+108 481177 53.0+112 49.7+17.2
PTA left ear [dB] 53.8+11.9 47.4+133 53.1+£10.7 49.3+11.3
SRT right ear [dB] 40.0 +17.1 45.7+208 42.0+147 42.2+207
SRT left ear [dB] 471+16.4 43.4+183 47.8+155 40.7+ 14.6
Education [years] 10.6 4.7 10.8+53 NA NA
MOCA — total 21.8+39 221386 227+35 228+42
MOCA — visuospatial ability 3507 33+08 3.2+£1.0 3.3+07
MOCA — executive functions 1.6+1.3 1.7+£1.2 1.7+£1.0 19+1.2
MOCA — language 48+12 51+1.0 48+11 50+09
MOCA — orientation 58+04 58+05 6.0+0.2 57109
MOCA — attention 48+1.0 47+18 51+1.0 49+1.3
15-RAWLT — immediate recall = 35.8 £ 11.1 34.4+10.3 37.1+£103 3821104
15-RAWLT — delayed recall 69+28 7227 82+35 81+33
RPM 274+43 245163 262+53 269+46
SCWT — word reading 55.8+16.6 56.4+192 574+16.3 53.1+206
SCWT — color naming 414+79 36.8+103 412+103 385+88
SCWT — color-word 183+57 172+79 191+64 175+51
TMT—A 38.0+258 31.7+2086 346+251 343+17.8
TMT-B 95.9+58.2 91.5+50.2 95.6 +69.4 98.4+88.0
TMT —B-A 619+444 67.1+466 65.0+609 644+814
ATT 471+62 454+80 43.9+117 43.8+97
ROCF — copy 31.2+686 208+78 30.3+6.7 28470
ROCF — memory 145+6.3 15.5+54 181+7.3 158464
coT 95+1.0 92+11 94+£13 94+13
SF-36 — physical activity 77.0+278 73.8+249 755+254 727+269
SF-36 — limits of physical act. 54.9+40.3 58.3+440 66.3+404 61.4+455
SF-36 — physical pain 51.3+30.8 56.4+31.3 63.0+268 53.5+334
SF-36 — general health 49.5+232 482+26.0 46.7+223 49.3+258
SF-36 — vitality 47.7+248 51.0+19.9 49.8+229 56.4+ 236
SF-36 — social activity 63.6 + 30.1 57.6+281 70.9+19.0 61.8+322
SF-36 — limits emotional role 51.3+420 61.0+447 66.6 +449 66.6 + 46.0
SF-36 — mental health 5761257 5271224 57.7+16.9 60.5+224
HHI 445+286 37.0+283 287+251 355+313
BDI Il 8.1+68 83+99 7.0+7.2 66165
DAS — total 231+74 198+112 221+80 227+115
DAS — executive functions 68+39 62+50 656+37 61+49
DAS — emotional 87+35 66+45 72+42 94+48
DAS — cognitive 76+39 71+50 85+45 81+52

Table 2 Audiological and neuropsychological characteristics of each
of the two HL subgroups (yHA, nHA) at baseline (t0) and at 6-month
follow-up (t1). PTA=pure tone average on four frequencies (0.5, 1, 2,
4 kHz); SRT=speech recognition threshold; yHA=hearing aids users;
nHA=patients not using hearing aid; MOCA=Montreal Cognitive
Assessment; ATT=Attentional Matrices; TMT=Trail Making Test; 15-
RAWLT=Rey’s auditory 15-word learning test; SCWT=Stroop Color
and Word Test; ROCF=Rey-Osterrieth Complex Figure Test;
RPM=Raven’s Progressive Matrices Test; CDT=Clock Drawing Test;
SF-36=Short Form 36; HHI=Hearing Handicap Inventory; BDI lI=Beck
Depression Inventory-ll; DAS=Dimensional Apathy Scale; NA=not
available.
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vHA (n=31) nHA (n=31) NH (n=32)

Mean + sd Mean + sd Mean + sd
t0 41.76 = 7.36 42,75 £ 8.51 4928 +£9.73
tl 3920+ 6.29 4221 +£7.91 NA
t1-t0 -2.56 £ 8.98 -0.54+7.42 NA

Table 3 First two rows absolute mean + standard deviation CBF
levels [ml/100g/min] in the seed region in right Heschl’s gyrus for the
three groups and the two time points. Third row mean (+ standard
deviation) CBF variation over time (t1-t0) for the two hearing loss
sub-groups.

4.3.2 Seed-based Functional Connectivity

Prior to FC group analysis, ten HL patients and two NH
subjects were excluded due to either excessive rigid head
motion (two HL subjects) or excessive local motion (8 HL
and 2 NH subjects), in at least one session, thereby,
whole-brain FC group analyses were performed on 52 HL
(25 yHA, 27 nHA) patients and 30 NH subjects.

At baseline, the whole brain ANCOVA of FC z-maps (with
seed region in the right HG) revealed a significant
negative connectivity (anti-correlation) in HL patients,
compared to NH controls (see Table 4 for details), with
peaks in the right precuneus and right cerebellum crus |
(Figure 14). Within the whole HL group, the mean
regional FC in the precuneus was found to negatively
correlate with the mean PTA (Pearson r=-0.28, p=0.04)
and the mean SRT (Pearson r=-0.32, p=0.027) from the
right ear (supplementary figure 2). In addition, the right
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HG-Precuneus FC was negatively correlated with the BDI
Il score (Spearman p=-0.33, p=0.032) and with the
performance at the executive sub-test of the DAS
(Spearman p=-0.31, p=0.049), albeit none of these
correlations remained significant after correction for
multiple comparisons.

Figure 14 T-maps of the statistical comparison at baseline between
HL and NH and violin plots with median (white circle) and relative
frequency distribution of the functional connectivity in the two detected
clusters for the two groups (HL=red, NH=blue).
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Label Peak Coordinate Peak Peak Statistics
x v, 2] p-value
Baseline (t0) analysis, HL vs. NH
Right Precuneus [1,-67, 50] p<0.001 1=4.05, df=79
Right Cerebellum (crus 1) [41, -89, -22] p<0.001 t=5.31, df=79
Follow-up analysis, interaction group (yHA vs. nHA) by time (t0 vs. t1)
Right Superior Frontal Gyrus [7, -3, 68] p<0.001  F=29.49, df = (1,50)

Right Middle Temporal Gyrus (55, 69, 18] p<0.001  F=15.88, df = (1,50)

Table 4 Results of the functional connectivity analysis. First column:
Peak location region label; Second column: spatial coordinate (TAL)
of the peak location; Third column: p-value of the statistical
comparison respectively between groups (HL vs. NH) for the baseline
analysis and in the interaction group (yHA vs. nHA) by time (tO vs. t1)
for the follow-up analysis; Fourth column: details of the statistics in the
peak with respectively the t-value and the degree of freedom in the
baseline analysis and the F-value and the degree of freedom in the
follow-up analysis for the interaction contrast. HL=hearing loss,
yHA=hearing aids users, nHA=patients not using hearing aids,
NH=normal hearing, df=degree of freedom.

At follow-up, the FC analysis revealed two clusters with
significant time by HA use interaction effects (Figure 15).
These were located in the right superior frontal gyrus
(SFG) and in the right middle temporal gyrus (MTG)
(cluster-level corrected, minimum cluster size 96 mm3,
see Table 4 for details).

In the right SFG cluster, a significant positive difference
in the regional FC z-score between t0 and tl1 was
observed in the comparison between yHA and nHA
groups. This was due to a statistically significant increase
in the yHA group (one-sample t-test on delta values, t1-
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t0, p<0.001) and a statistically significant decrease in the
nHA (one-sample t-test on delta values, t1-t0, p<0.001).
For the yHA group, but not for the nHA group, a significant
positive correlation was observed between the variation
in the regional FC score (between time points) and the
variation in the MOCA score for the executive domain
(Spearman p=0.72, p=0.00012, corrected for multiple
comparison on all 66 performed tests) (Figure 16).

A similar regional effect was observed, albeit with
opposite polarity, in right MTG. For this region, none of
the correlation tests with audiological characteristics and
neuropsychological performances was statistically
significant for any of the two HL subgroups.

For both SFG and MFG, no significant correlations were
found between the regional FC z-scores and the mean
HA usage (hours/day).

Figure 15 F-maps of the interaction contrast (time by HA) in the
longitudinal analysis 2-ANOVA, p<0.05 after correction for multiple
comparison (cluster-forming threshold p<0.001). Left panel: Mean
connectivity values (and confidence intervals at 95% of the value

104



distribution bars) for the two groups (yHA=dark red line, and nHA=pink
line) in the clusters of significant interaction in the two time points.
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Figure 16. Scatter plots (with linear trend lines) of the functional
connectivity HG-SFG change (t1-t0) and the MOCA-executive score
change (t1-t0) and in the two groups (nHA=pink, yHA=dark red).
HG=Heschl’s gyrus, SFG=superior frontal gyrus, yHA=patients
hearing aids users, nHA=patients not using hearing aids.

4.4. Discussion

This study builds up on previous ASL-MRI findings
showing that, in the absence of cognitive impairment, HL
is associated with neural tissue hypoperfusion (i.e.
reduced CBF) within the primary auditory cortex
(Ponticorvo et al., 2019). By seeding whole-brain FC
analyses in the (hypoperfused and therefore potentially
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damaged) cortical entry point of the auditory system, here
we aimed at (i) exploring long-range auditory FC changes
associated with HL and its peripheral correction via the
usage of a HA device and (ii) relating such possible
neural effects with audiological deficits and
neuropsychological performances.

4.4.1 Regional CBF analysis

First of all, the CBF analysis at baseline (t0) extended to
an enlarged sample of HL patients, confirms the previous
observation of reduced neuronal metabolism in the right
HG. Moreover, as no longitudinal CBF changes (tO vs. t1)
were found significant in the right HG, we also added that,
for at least six months, HL-related hypoperfusion in the
right HG was neither reversed or worsened, regardless of
hearing rehabilitation by means of HA. This was in line
with the audiological condition of the HL patients, as
neither PTA or SRT was significantly changed between
time points in both yHA and nHA patients.

According to normative data (Clement et al., 2018), mean
CBF levels across the whole gray matter are expected to
be decreased by normal aging at the rate of 0.31
ml/100g/min per year. With these premises, we already
expected that pure age-related decrease in CBF levels
would be negligible during the 6-month follow-up period,
at least if compared to any clinically meaningful physio-
pathological effects. On the other hand, two previous
studies reported a SRT improvement in HL patients using
a HA device, respectively after twelve and eighteen
months (Pereira-Jorge et al., 2018; Sarant et al., 2020).
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Thus, although none of these studies included a control
cohort (i.e. HL patients not using a HA device) or CBF
measurements, we can not exclude that the 6-month
follow-up period might have been just too short to
disclose any significant changes in the clinical conditions,
as well as in the local perfusion of the primary auditory
cortex, of the HL patients. Notwithstanding these findings,
it remains plausible that the plain sensory input
amplification provided by an HA device, is simply not able
to reverse the central metabolic damage and future
studies are needed to possibly address this aspect as
well as the lack of systematic behavioural changes
associated with the experience of HA fitting.

4.4.2 Seed-based Functional Connectivity
Analysis (baseline)

The seed-based whole-brain FC analysis at baseline (t0)
revealed two regions with significantly negative (i.e. anti-
correlation) effects in the comparison between HL and
NH groups, which were located in the precuneus and in
the cerebellum.

It is well established that the active human brain is
intrinsically organized into task-positive and task-
negative functional networks (Smith et al., 2009) and that,
in the resting state, signal fluctuations in task-positive
regions are dynamically anti-correlated with signal
fluctuations in task-negative regions (Fox et al., 2005).
Particularly, signal changes within a sensory network are
found anti-correlated with signal changes within a
cognitive network (Zhu et al., 2016) reflecting the

107



(average) amount of mutual inhibitory synchronization
between remotely communicating neural populations
(Deco et al., 2011).

Among task-negative regions, the precuneus is often
targeted as the central hub of the default mode network
(DMN) (Raichle et al., 2001). The DMN plays a pivotal
role in the neural control of intrinsic cognitive processes,
such as consciousness, autobiographical memory, and
internal (self-directed) attention (see, e.g., (Mak et al.,
2017) for review). Thus, the emerging anti-correlation
between the right HG and precuneus may indicate that
the chronic state of reduced cortical input from the
auditory pathway, as induced by the HL condition,
abnormally increases the level of mutual inhibitory
influence between the auditory and the DMN system,
specifically via the (hypoactive) right HG. In this way, the
intrinsic neural processes handled by the DMN would be
directly impacted by the loss of sensory information along
the auditory pathway.

An impact of the HL condition on the DMN has been
already highlighted in previous works (Schmidt et al.,
2013; Wang et al., 2014; Zhang et al., 2015), and an
altered FC in the precuneus has been previously shown,
either as a within-network effect, i.e. secondary to
disruption of the whole DMN (Y.-C. Chen et al., 2018;
Husain et al., 2014; Schmidt et al., 2013) or as a between-
network effect, i.e. secondary to disruption of the coupling
between the DMN and the dorsal attention network (DAN)
(Rosemann & Thiel, 2019). Particularly, the latter study
reported a significant correlation between DMN-DAN FC
and listening effort in a sample of 19 HL patients.
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However, no previous FC study highlighted a direct
neural link between the auditory function and (any nodes
of) the DMN, in association with the HL condition.
Therefore, seeding whole-brain FC analyses from such
a specific region in the primary auditory cortex (possibly
damaged according to the CBF analysis), might have
been crucial to more directly probing into the long-range
communication mechanism by which HL affects the brain.
Indeed, this neural effect was found to significantly
correlate with the audiological deficit, both at the pure
tone level (PTA) and at the speech recognition level
(SRT), implying that, the more severe the clinical HL
condition is, the more (aberrant) negative coupling occurs
between the early auditory cortex and the DMN.

Albeit only explorative, we also observed that this
negative FC effect was correlated with two
neuropsychological measures: BDI Il and DAS-es. These
measures respectively reflect mood depression and
apathy and may therefore indicate a modified mental
state (Beck et al., 1961). Particularly, the DAS-es
measure is associated with impaired planning, attention
or organization (Radakovic & Abrahams, 2014). Thus, the
lack of complete information from the auditory
environment, by chronically inducing an aberrant
coupling between the primary auditory cortex and the
DMN, may eventually lead to increased risk of depression
and cognitive impairment in HL patients, as already
postulated in the current literature (Rutherford et al.,
2018).

An altered FC at baseline (t0) was also unveiled between
the right HG and the right posterolateral portion (crus 1) of
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the cerebellum. This was not surprising as (i) previous
task-based fMRI studies had shown already that
functional activity in right cerebellum (crus I/11) is normally
elicited during phonological processing and language
comprehension (King et al., 2019; Lesage et al., 2017)
and (ii) Xu and colleagues (X.-M. Xu, Jiao, Tang, Zhang,
et al.,, 2019) had pointed out the role of HL in the
disruption of the auditory cerebellar-cerebral
communication. Thus, our results would confirm the
presence of long-range FC changes in the auditory
cerebellar-cerebral communication, but also add that this
alteration may be vehicled by a damaged cortical center.

4.4.3 Seed-based Functional Connectivity
Analysis (follow-up)

In the longitudinal FC analysis (t0 vs. tl1), two compact
clusters were detected in which a time by HA use
interaction was statistically significant in the HL cohort.
More specifically, the FC of the right HG was found to be
increased in the right SFG and decreased in the right
MTG, in the yHA (vs. nHA) group, at 6-month follow-up.

In the context of large-scale (task-positive) functional
networks, the SFG plays an essential role in combining
information from external inputs with the (intermediate)
product of cognitive operations, thus enabling the
necessary neural control on cognitive processing
(Kamigaki, 2019). In this way, the SFG contributes to a
number of executive functions, including working memory
(du Boisgueheneuc et al., 2006; Owen, 2000; Owen et
al., 1998; Petrides, 2000), and modulates external
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attention (Fox et al., 2006). In chronic HL patients, Xu and
colleagues (X.-M. Xu, Jiao, Tang, Lu, et al.,, 2019)
reported a reduced FC in the SFG (at baseline), albeit
from a seed located in the anterior insula. However, no
previous studies observed longitudinal changes in the
whole-brain FC of the primary auditory cortex, before vs.
after a period of HA usage. Here we show that: (i) using
a seed in the right HG, the FC is not significantly altered
at baseline, but can be longitudinally increased, in the
SFG, of HL patients, (i) this neural effect only occurs in
HL patients employing a HA device for 6 months, and (iii)
this FC change positively correlate with an improvement
in the executive function, as indexed by the MOCA item
which specifically evaluates this cognitive performance.
Altogether, these findings may suggest that auditory input
amplification could help HL patients to more efficiently
allocate neural resources for cognitive tasks (Anderson,
2019) by up-regulating the long-range FC between right
HG and SFG.

It is noteworthy that a different coupling of the auditory
cortex with SFG between yHA and nHA HL patients
existed before the intervention. While no prior hypotheses
were formulated for the comparison of whole-brain FC
patterns at baseline between yHA and nHA groups, and
none of the investigated parameters (both clinical and
neuropsychological) explain this difference, it is possible
that such preexisting difference might be due to an
unmatching of the two subgroups in the absence of
randomization and that this aspect might have weakened
the observed neural and behavioral changes after
hearing aid fitting.
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The observed increase in the HG-SFG FC of yHA HL
patients was mirrored by a parallel increase in the HG-
MTG FC of nHA HL patients. The MTG is located at the
junction between temporal and occipital cortex and can
be activated during audio-visual integration tasks
(Naumer et al, 2009), including, e.g., language
perception (Nakamura et al., 2005). Notably, the MTG is
significantly activated in deaf individuals engaged in
interpreting sign language (Trumpp & Kiefer, 2018).
Thereby, our data might suggest that the use of HA, and
the consequential improved sensory input, may lead to a
decreased need for yHA, compared to nHA, patients, of
extra audio-visual integration of the auditory input in order
to improve understanding and communication.

Finally, none of these FC changes correlated with the
mean daily HA usage (in hours), suggesting that other
variables, including, e.g., the acoustic characteristics of
the living environment or the content of auditory
stimulations (e.g. music, speech, noise) might eventually
contribute to the full experience (and therefore the overall
effectiveness) of the HA amplification.

4.4.5 Study limitations

Even though this was the first fMRI study reporting long-
range auditory FC changes in an HL population
undergoing a period of HA mediated rehabilitation, there
were two limitations to consider: First, the longitudinal
part of the study did not include a NH control arm, thereby
the follow-up analysis lacks an external normative control
on age-related neural effects. However, according to

112



literature, possible within-subject (healthy) aging neural
effects would be likely negligible within a time window of
6 months. Second, HL patients were left free to use (or
not) a HA device, and not (randomly) assigned to a yHA
or nHA subgroup. Moreover, yHA patients were referred
to the HA centre of their convenience, and not to a unique
centre (nor this choice was oriented towards a specific
HA type or model), thereby we cannot exclude that, taken
together, these choices might have introduced a bias
between the resulting subgroups. Nonetheless, we
observed no significant differences in all clinical scores
between yHA and nHA subgroups at baseline, indicating
that this subdivision did not result in a bias with respect
to any of the monitored variables. Thus, although
additional (unknown) factors, other than the experience
of hearing aid fitting, might have also changed differently
between yHA and nHA groups, the HA experience was
the only known factor in this longitudinal study.

4.5. Conclusions

In conclusion, this study highlighted an impact of the HL
condition (and its subsequent HA mediated rehabilitation)
on the long-range neural communication between the
primary auditory cortex and higher-order brain regions,
suggesting that the hypoperfused early auditory cortex
could be a seed place where different (maladaptive or
protective) neuroplastic changes in the whole-brain FC
originate. These FC effects highlighted a mechanism of
long-range neural communication which could eventually
explain the audiological and neurological course of HL.
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Chapter 5

Neuropsychological
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Impaired patients and
the effect of hearing aid
on cognitive functions
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Barone P., Cassandro E., Pellecchia M.T. (2020)
Submitted

115



5.1 Introduction

As underlined in the previous chapters of this thesis, it is
of outmost importance to understand the link between
reduced auditory input due to a hearing impairment and
the declines in cognitive function in older adults (Wong et
al., 2014). Indeed, in chapter 4 it has been shown recent
results of a global brain involvement in the
pathophysiology of HL even outside of the primary
auditory processing, and the different evolution when a
rehabilitation strategy is performed. HL patients showed
a greater risk of developing dementia and a global
decrease of cognitive performances (Gates et al., 2010;
Golub, 2017; Frank R. Lin et al., 2011). Attention and
processing speed are the most affected functions in HL
patients, that appear to need more resources to complete
the tasks (Taljaard et al., 2016), but also auditory-verbal
memory is affected (Shahidipour et al., 2013). Various
hypotheses have been proposed to explain cognitive
decline associated with hearing impairment. Usually, HL
seems to speed up cognitive decline through the
combination of social and sensory isolation and through
an increased cognitive load (Hardy et al., 2016). Indeed,
peripheral HL is associated with structural and functional
brain alterations, consistent with more demanding
listening and a reduction of cognitive reserve (Hardy et
al., 2016).

Comprehensive hearing rehabilitative interventions, that
incorporate the use of sensory aids and rehabilitative
counseling to maximize the audibility of speech signals
and reduce the cognitive load, provide increased auditory
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stimulation, and promote social engagement. However,
only few studies have investigated the effects of hearing
rehabilitative interventions on cognitive decline.
Specifically, the tests used so far to measure cognitive
deficits in HL patients are very heterogeneous and only
recently more complete neuropsychological batteries
have been used on large samples (Sarant et al., 2020;
Taljaard et al., 2016). Differences in administered tests,
sample selection variables, and protocols for the use of
aids also led to heterogeneous results (Bernabei et al.,
2014; Guglielmi et al., 2020; Luan et al., 2019; Sarant et
al., 2020; Taljaard et al., 2016)

Therefore, following the extra-auditory investigations the
research exposed in this chapter is bidirectional: (i)
comprehensively investigate the neuropsychological
profile of patients with HL at baseline (t0) and (ii) to
compare the neuropsychological profiles of patients with
and without hearing aid at 6 months follow-up (t1).

5.2 Material and Methods

5.2.1 Patients

Fifty-six consecutive patients with a diagnhosis of HL and
40 normal hearing subjects (NH), matched for age and
education, were recruited. Inclusion criteria were the
following: patients older than 55 years without dementia,
which was evaluated by Montreal Cognitive Assessment
(MOCA) (correct score < 15.5). Exclusion criteria of
recruitment in the study were the following: (i) stroke or
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other neurological disorders, (ii) global cognitive
impairment, (iii) major psychiatric disorders, (iv) other
causes of hearing loss different from presbycusis (e.g.,
conductive hearing loss), (v) patients using hearing aids
and (vi) other causes of significant disability.

All the audiological evaluations were carried out by an
experienced audiologist in a double wall soundproof
room. Air conduction pure tone audiometric hearing
thresholds were evaluated at 0.125, 0.25, 0.5, 1, 2, 3, 4,
6 and 8 kHz for each subject in both ears using a clinical
audiometer. The Pure Tone Average (PTA) for each
subject in both ears and hearing impairment was ranked
based on PTA as mild, moderate, severe, or profound as
follows: mild loss, 26-40 dB; moderate loss, 41-70 dB;
and severe loss, 71-90 dB, profound, 90+ (Clark, 1981).
Given the reduced sample size of the PTA-groups, also
divided between with and without aids, we have
combined the profound and severe patients in one group.
Twenty-five patients accepted to use hearing aid.
Neuropsychological and emotional-behavioral
examination was repeated in patients with and without
hearing aids at 6-months follow-up. The
neuropsychological battery included the Montreal
Cognitive Assessment (MOCA) and its sub-components,
to investigate the global cognitive state. The Digit
Cancellation Test (DCT) and the Trail Making Test (TMT)
were administered in order to investigate the attentional
domain, The Rey’s auditory 15-word learning test to
assess verbal immediate recall and verbal delayed recall
(15-RAWLT) and the Rey-Osterrieth Complex Figure
Test memory (ROCF memory) to investigate visuospatial
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memory. The frontal/executive domain was investigated
by the ROCF copy, the Raven’s Progressive Matrices
(RPM) and the Clock Drawing Test (CDT).In order to
investigate the quality of life and the presence of
emotional disorders, such as depression and apathy,
Short Form 36 (SF-36), Beck Depression Inventory Il
(BDI II; cut-off>12) and Dimensional Apathy Scale (DAS)
were administered.

5.2.2 Statistical Analysis

Normality test was conducted for demographic,
neuropsychological and behavioral variables. Patients
were compared with NH for demographic and
neuropsychological data at baseline by Mann-Whitney U-
test.

We assessed the relationship between depression and
quality of life (QoL) at baseline in HL patients by
Spearman’s  correlation  analysis. Changes in
neuropsychological and behavioral scores between tl
and t0 were calculated (Delta = t1 — t0) and compared
between patients with and without hearing aids using
Mann-Whitney's U-test. We also used the Mann-
Whitney’s U-test to compare neuropsychological and
behavioral parameters at baseline and changes at follow-
up between HL patients with and without hearing aid
divided according to the level of hearing impairment.
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5.3 Results

5.3.1 Comparison between NH and HL
subjects

HL patients and NH did not differ for age (p=0.405) and
education (p=0.749), (see Table 5 for more details)

A significant difference was found between the two
groups in the following tests: MOCA-total score
(p=0.004), MOCA-executive functions (p=0.009), MOCA-
attention (p=0.009), 15 RAWLT verbal immediate recall
(p=0.010), 15 RAWLT verbal delayed recall (p=0.010),
RPM (p=0.001), SF-36 physical role functioning
(p=0.043), SF-36 bodily pain (p=0.004), SF-36 general
health perception (p=0.001), SF-36 vitality (p=0.001), SF
-36 social role functioning (p=0.005), SF-36 emotional
role functioning (p=0.011) and SF-36 mental health
(p=0.000), with all average values resulting higher in NH
compared to patients. Trends towards significance were
also found on the MOCA language subtest (p=0.062) and
BDI-II scale (p = 0.064) with a higher score on the MOCA
language sub-score and a lower score on the BDI-Il scale
in NH compared to HL patients (Table 5). Specifically,
26% of HL patients showed a BDI-Il score higher than12
as compared to 8% of NH (p=0.077). Significant negative
correlations were found between BDI-Il and eight
domains of the SF-36: physical function(r=-0.362,
p=0.007), role limitations due to physical problems (r=-
0.490, p<0.001), social functioning (r=-0.426, p=0.001),
bodily pain (r=-0.515, p<0.001), general mental health
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perception(r=-0.492, p<001), role limitations due to
emotional problems (r=-.0438, p=0.001), emotional
wellbeing (r=-0.492, p<0.001), and general health
perception (r=-0.525, p<0.001).
HL patients HC
(N=56) (N=40) p-value
Median + IQR Median + IQR
Age, years U 64.26x7.97 63.2226.33 0.405
Age of education 10.92+4 87 11.27+4.69 0.749
RPM 25.606.05 29.94+6 34 0.001
MOCA-total 21.0524.6 23.67+3.45 0.004
MOCA-visuospatial 3.19+0.81 3.45+0,71 0.113
MOCA-executive 1.80+1.25 2.47£1.19 0.009
MOCA-language 4.60+1.30 5.10+1.03 0.062
MOCA-orientation 5.78+0.45 5.92+0.26 0.095
MOCA-attention 4.66+1.5 5.40+092 0.009
15-RAWTL 33.26¢11.11 38.97+10.03 0.010
15- RAWTL 6.41+2.83 8.00x3.05 0.010
ROCF memory 13.2146.55 13.7746.21 0.652
ROCF copy 29.49+7.30 32.10+4.55 0.170
CDT 11.01x13.54 9.55+0.98 0.406
T™MT-A 48.92+27.04 48.57+14.88 0.298
TMT-B 144 41+£74 08 124374270 0407
TMT-B-A 98 56+56.22 T6.40+37 65 0.083
Odct 49.07+8.30 50.56x7.01 0.493
BDI-lI 8.83x8.89 4843473 0.064
DAS-Total 21.21£9.77 18.69+7.96 0.231
DAS-Executive 6.28+4.72 5.00+4.58 0.174
DAS-Emotional 7.67+4.08 6.73+3.56 0.275
DA S-initiation 7.26+4.57 6.96+4.34 0.940
8f-36 Physical function T4.73+25 46 79202970 0.190
§f-36 Role limitations due to 55.03+40.76 T73.95+3793 0.043
physical problems
5f-36 Bodily pain 52.10£31.57 13952325 0.004
B8f-36 General health 47.67123.48 65.41£17.49 0.001
perception
$f-36 Emotional wellbeing 49.55+23.10 66.45£14.48 0.001
$f-36 Social functioning 63.75+28.93 84.62+19.25 0.005
8f-36Role limitations due to 59.96+42 36 84.62+31.12 0011
emotional problems
5f-36 General mental health 55.74+23.82 T4.91£13.12 0.000

perception

Table 5 Demographic, neuropsychological and behavioral features in
HL patients and NH controls at baseline (t0).
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5.3.2 Comparison of patients with and
without hearing aids

At baseline patients not accepting HA showed higher
average values on the DAS-Total (p=0.016) and the DAS-
emotional (p=0.048) scores as compared to patients
accepting HA. There was also a trend for the RPM (p =
0.053) to be lower at t0 in patients with HA than patients
without. Significantly different changes (t1-t0) were found
between patients with and without HA on the RPM (p =
0.002), the ROCF (p=0.032), the DAS-Total (p=0.016)
and DAS-emotional (p=0.048).In particular, patients with
HA improved on the ROCF and the DAS and worsened
on the RPM, as compared to patients without (Table 6).
At baseline patients with mild HL showed lower scores on
spatio-temporal orientation subtest of MOCA (p=0.015)
than patients with moderate HL. No other significant
differences in cognitive or behavioral parameters were
found at baseline among patients with mild, moderate, or
severe-profound HL. Among patients with mild HL,
patients with HA significantly improved on the CDT
(p=0.039) and the MOCA visuo-spatial subtest (p=0.037)
as compared to patients without hearing aid. Among
patients with moderate HL patients with HA showed a
trend towards a significant improvement on ROCF
memory (p=0.065), but worsened on RPM as compared
to patients without hearing aid (p=0.038). Among patients
with severe-profound HL, patients with HA significantly
improved on DAS (p=0.032), while worsening on RPM
(0.027) as compared to patients without hearing aid
(Table 7).
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HL patients HL patients

with HA Without HA
(N=25) (N=31)
Median +IQR  Medianxlqr  P-value

Age, years | 62.64+7.89 65.58+7.93 0.168

Age of education 10.80+4.83 11.004.98 0.822

MOCA-total -0.08+2.98 0.06+3.39 0.941

MOCA-visuospatial -0.08£0.99 0.00+0.73 0.942

MOCA-executive 0.20x0.91 0.323x1.24 0.317

MOCA-language -0.2520.80 0.00£1.15 0.236

MOCA-orientation 0.00+0.50 0.00£1.00 0.504

MOCA-attention 0.28+097 0.032+1.07 0217

15-RAWTL 1.80£8.39 3.35+6.87 0.525

15-RAWTL 1.20+1.82 0.80+2.54 0.893

ROCF memory 4.54+8.27 0.22+6.12 0.032

ROCF copy  -0.62+3.76 -0.50+£3.70 0.698

RPM -2 0446 42 15843 42 0.002

CDT 0.00+1.00 -3.16+18.25 0.962

TMT-A | -1.64+18.11 3.74£16.54 0.158

TMT-B |~ 0.92+56.88 4.03+62.17 0.828

TMTB-A | 1.12#65.11 -1.62+59.54 0.362

Odct ' 1.16+12.53 -122+6 87 0980

BDI-lI -2.9149.13 -1.90+9.61 0.518

DAS-Total | 14.29+19.32 0.31£25.98 0.016

DAS-executive 0.33+5.08 -0.44+4 21 0.222

DAS-emotional -1.37£3.93 1.82%5.55 0.048

DA S-initiation 0.95+4 81 072+533 0693

§f-36 Physical function | -3.80+23.64 -5.96+33.07 0.712

$f-36 Role limitations due to | g 15,40 33 2 41450 56 0.636
physical problems

5f-36 Bodily pain | 9.52+32.14 -4.22+35.82 0.077

8f-36 General health | 5 35,55 18 225+18.44 0.954
perception

§f-36 Emotional wellbeing -1.4£27 21 1.6121.77 0.690

§f-36 Social functioning | 4.84+33.82 -2.77£32.16 0.310

S§f-36Role Ilmltatlons due to 6.80+50.02 0.09+53.06 0.647
emotional problems

5f-36 General mental health 2.00+30.73 232499 71 0.707
perception

Table 6 Delta (4) values for neuropsychological and behavioral
variables in HL patients with and without HA

123



MILD HL

HL with HA HL without HA p-value
(N=4) (N=6)
MOCA-visuo-spatial 0.5 -05 0.037
cDoT 1 -1.66 0039
MODERATE HL
HL with HA HL without p-value
{N=6) HA
(N=5)
RPM -1 1.05 0.038
ROCF memory 6.11 -0.15 0.065
SEVERE- PROFOUND HL
HL with HA HL without HA p-value
(N=13) (N=20)
RPM -58 32 0027
DAS-Total 2533 -12.2 0.032

Table 7 Significant differences in Delta values for neuropsychological
and behavioral variables in HL patients with and without HA divided
according to the severity of HL.

5.4 Discussion

5.4.1 Comparison between healthy subjects
and HL-patients

The epidemiological evidence suggests a relationship
between HL and cognitive function in adults over the age
of 60, but there are still few studies on cognitive profile of
HL patients (Sarant et al., 2020; Taljaard et al., 2016).
This study was aimed to comprehensively evaluate the
cognitive and behavioral features of subjects with HL
compared with normal hearing and to assess the effect of
hearing aids, used for 6 months, on cognitive and
behavioral tests.
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HL patients, compared with NH, showed worse
performances on tests assessing the cognitive state,
such as the MOCA test, and in particular the attention and
executive function subtests influenced the overall score.
These data are in line with previous studies that reported
a relationship between hearing impairment and multiple
domain cognitive deficits, with attention and executive
functions mostly involved (Gussekloo et al., 2005; Tay et
al., 2006). Indeed, a recent study suggested that impaired
cochlear amplification mechanism could lead to cognitive
deficits; in fact, HL patients with greater impaired
cochlear amplification mechanism also had shown
greater cerebral atrophy in the cingulate and
parahippocampal cortex (Belkhiria et al., 2019), inefficient
modulation of salience network, that could contribute to
cognitive and emotional deficits (X.-M. Xu, Jiao, Tang, Lu,
et al.,, 2019). On the other hand, our data are not
consistent with a recent cross-sectional study, that found
no significant differences in  neuropsychological
performance with the exception of planning skKills,
however this study assessed a smaller group of patients
and a lower number of neuropsychological tests, mostly
different from ours were used to assess patients
(Loughrey et al., 2019). As compared to other recent
studies, we administered a more comprehensive
neuropsychological battery investigating the domains of
memory, attention and executive functions in a larger
sample, thus possibly explaining some discrepancies in
the results.

As regards the domain of memory, we found that HL
patients performed worse than NH on tasks assessing
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learning and recall of verbal material. This result is in line
with previous studies (Guglielmi et al., 2020; Frank R. Lin
et al., 2011; Shahidipour et al., 2013) showing lower
performances in long-term memory and learning. And
reporting a strong association between sensory deficit
and performance on tests investigating verbal auditory
memory suggesting that the extra efforts required to
achieve perceptual success in a hearing impaired listener
may affect processing resources usually available for
encoding the speech content in memory (Shahidipour et
al., 2013). Even if, we did not use linguistic tasks (in order
to reduce vocal stimuli), we suggest that hearing
impairment may affect the association of phonological
inputs, determining difficulty in accessing semantic
memory and reducing the coding of information from
long-term memory (Guglielmi et al., 2020).

In the behavioral-emotional variables, as expected, HL
patients showed a worse quality of life compared to NH
(physical and emaotional, pain, vitality, general health and
mental health domains); moreover, we found a trend
towards a significant difference also in BDI-Il, assessing
cognitive and somatic-affective symptoms of depression,
with a higher score for patients than NH. Previously Polku
et al. (2018) found that the perceived hearing difficulty
factors, was significantly associated with poorer scores
on the total quality of life, and Hyams et al. (2018) showed
that subjects without HA had significantly poorer quality
of life index than hearing-impaired with aids and NH.
Both cross-sectional and longitudinal studies indicate that
HL is related to increased depressive symptoms,
although the strength of the association varies across
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studies. Several methodological differences may explain
this heterogeneity, but overall the evidence clearly points
to an association between HL and reactive depressive
symptoms, confirmed in our study by a trend difference
between HL patients and NH on depression but not on
apathy scale (Cosh et al., 2019).

5.4.2 Comparison of patients with and
without hearing aid

At baseline HL patients that refused the hearing aids
were more apathetic, mostly on the emotional domain of
apathy, than those who accepted the rehabilitation.
Furthermore, at baseline, patients who accepted the HA
have a better performance on abstract logical reasoning.
At follow-up, patients with HA worsened on abstract
logical reasoning and improved on long-term spatial
memory and apathy as compared to patients not wearing
HA. To explain these results, we suggest that since HL
leads to a progressive disuse of long-term memory
(Rénnberg et al., 2011, 2014), which is compensated by
a strengthening of executive functions, patients without
HA may have needed more executive resources, such as
logical reasoning, to compensate for long-term memory
loss. Moreover, the different change at follow-up in
abstract logical reasoning might also be explained
according to the hypothesis of relocation of cognitive
resources, suggesting that in HL there is a concomitant
increased engagement of short-term memory and
executive functions (Loughrey et al., 2019).
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Our patients with hearing aids showed an improvement
in long-term spatial memory, that can be explained
according to the hypothesis of information degradation.
Indeed, since HL increases the cognitive load in the
auditory processing of information thus compromising the
perception phase, it is supposed that other brain
networks are recruited to overcome such difficulties
(Merten et al., 2020). According to this hypothesis, the
effects of hearing impairment on cognitive networks may
be extensive, but also temporary and reversible, thus
suggesting that a longer follow-up of our patients would
be needed to evaluate the long-term effects.

Since the association between HL and cognitive deficits
may have different pathogenic mechanisms, also the
effects of hearing aids on cognition could have different
explanations. Indeed, the literature on the use of hearing
aids gave mixed results; some studies found an improved
cognitive performance after HA use (Dawes et al., 2015;
Deal et al., 2015; Mahmoudi et al., 2019; Sarant et al.,
2020; Taljaard et al., 2016), while other studies found no
effect on cognition and cognitive decline (Frank R. Lin et
al., 2011; Saunders et al., 2018; Valentijn et al., 2005).
Indeed, Taljaard et al. (2016) performed a systematic
review with meta-analysis including 33 studies, and
reported that hearing impairment seemed to negatively
affect all cognitive domains, while any type of hearing
intervention significantly improved cognition, but they
also suggested that their results were not conclusive, due
to differences among studies, small sample sizes, and
the failure to control for premorbid and other health
factors in most studies.
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In our study, among patients with mild HL, patients with
HA significantly improved on the CDT and visuo-spatial
subtest of MOCA as compared to patients without HA;
both investigating the visuo-spatial abilities. This finding
suggests that mild HL responds well to HL treatment on
a short-term follow-up. On the other hand, among
patients with moderate or severe-profound HL, abstract
logical reasoning tended to worsen in patients with HA as
compared to patients without, suggesting that patients
without rehabilitation may have needed more executive
resources, as already discussed for the whole sample.
However, our subgroups were too small to draw firm
conclusions, and we can only speculate that long-term HL
treatment in mild HL patients could favor a lower cognitive
decline over time.

In conclusion, due to the prominent cognitive and social
consequences HL should be considered a social
emergency. Due to the increasing prevalence of HL,
associated with increasing age of the population,
research into the mechanistic pathways linking HL with
dementia and the potential of rehabilitative strategies to
mitigate this association is warranted. An extensive
interdisciplinary  collaboration among audiologists,
neurologists and neuropsychologists is deserved for
future studies.
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Chapter 6

Conclusions

The presented thesis has dug into the pathophysiological
brain changes related to sensory deprivation or
deterioration, particularly related to the aging of the
auditory system.

The first part focused on the evaluation of the auditory
processes in normal hearing subjects and on the
guantification of brain damages located in the primary
sensory cortical center in hearing loss patients; then in
the second part, the analysis is extended from the local
sensory center to a more global view on the entire brain
functioning investigating on long-range brain connections
and cognitive profiles.

More in details, in the first section, initially a description
of the state of the art about what is known regarding
auditory signal processing in human in both peripheral
and central pathway, is presented, along with the state of
the art of neuroimaging investigations in case of age-
related hearing deficit and rehabilitation. Then a
guantification of brain damage is presented, in the age-
related hearing loss population in terms of an alteration
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of basal neuronal metabolism exclusively located in the
primary auditory cortex. This result presents the first
application of a novel ASL-MRI technique to report a
cortical pattern of reduced perfusion in this particular
pathological early condition suggesting the presence of a
link between cortical activation and neuronal metabolism
and hearing loss even if no structural damage in terms of
atrophy is present. This result is crucial in demonstrating
that brain involvement in the early hearing deficit is mostly
related to the hearing deprivation due to the peripheral
damage. Additionally, the relation between perfusion
deficit and audiogram steepness may support the
hypothesis that the variation of the pure tone loss on the
frequencies is a most suitable feature for patient’s
characterization than absolute loss (e.g. PTA) and,
consequently more appropriate for categorization. On this
assumption, the second main finding of the thesis is the
innovative patient’s classification, based not on the
absolute mean loss but on the combination of two
audiogram features, the average pure tone loss at lower
frequencies and the steepness at higher frequencies.
Importantly, the novel characterization, it is shown to
reflect in a different hypometabolic pattern and can
probably be useful to individuate pathologic conditions
with different etiology or time course.

Finally, the third main finding has been the individuation
of a global brain reorganization in terms of functional
connectivity changes comparing to normal hearing
subjects and in the case of hearing aids rehabilitation.
Indeed, long-range neural communication between the
hyperperfused primary auditory cortex and higher-order
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brain regions was revealed suggesting that the
hypoperfused auditory cortex could be a seed place
where different neuroplastic changes originate and
influence the neuronal communication with multimodal
and high order regions outside the primary sensory
centers. Besides, the longitudinal investigation allows
revealing that while the basal metabolic activity is not
restored by the introduction of a rehabilitation device, the
functional connections can be influenced by their
continuous usage which can suggest the urgency of the
audiological and neuroimaging community to more
deeply investigate their use and their effects on brain
function with longer longitudinal studies and differential
cohorts of subjects.
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