Hearing Research 350 (2017) 91-99

journal homepage: www.elsevier.com/locate/heares

=

Hearing Research

Contents lists available at ScienceDirect

Hearing Research

Research Paper

Early cortical metabolic rearrangement related to clinical data in
idiopathic sudden sensorineural hearing loss

@ CrossMark

Alessandro Micarelli " ™1, Agostino Chiaravalloti ', Andrea Viziano ¢, Roberta Danieli ¢,
Orazio Schillaci © 9, Marco Alessandrini °

2 University of Rome Tor Vergata, Department of Clinical Sciences and Translational Medicine, Otolaryngology Unit, Italy
b University of Rome Tor Vergata, Department of Systems Medicine, Neuroscience Unit, Italy
€ University of Rome Tor Vergata, Department of Biomedicine and Prevention, Nuclear Medicine Unit, Italy

4 IRCCS Neuromed, Pozzilli, Italy

ARTICLE INFO

ABSTRACT

Article history:

Received 19 December 2016
Received in revised form

13 April 2017

Accepted 23 April 2017
Available online 25 April 2017

Keywords:

Sudden hearing loss

Positron emission tomography
Auditory scene analysis network
Frontoparietal control system
Tinnitus

Speech discrimination score

Results in studies concerning cortical changes in idiopathic sudden sensorineural hearing loss (ISSNHL)
are not homogeneous, in particular due to the different neuroimaging techniques implemented and the
diverse stages of ISSNHL studied. Considering the recent advances in state-of-the-art positron emission
tomography (PET) cameras, the aim of this study was to gain more insight into the neuroanatomical
differences associated with the earliest stages of unilateral ISSNHL and clinical-perceptual performance
changes.

After an audiological examination including the mean auditory threshold (mean AT), mean speech
discrimination score (mean SDS) and Tinnitus Handicap Inventory (THI), 14 right-handed ISSNHL pa-
tients underwent brain [ '8F]fluorodeoxyglucose (FDG)-PET within 72 h of the onset of symptoms. When
compared to an homogeneous group of 35 healthy subjects by means of statistical parametric mapping, a
relative increase in FDG uptake was found in the right superior and medial frontal gyrus as well as in the
right anterior cingulate cortex in ISSNHL patients. Conversely, the same group showed a significant
relative decrease in FDG uptake in the right middle temporal, precentral and postcentral gyrus as well as
in the left posterior cingulate cortex, left lingual, superior, middle temporal and middle frontal gyrus and
in the left insula. Regression analysis showed a positive correlation between mean THI and glucose
consumption in the right anterior cingulate cortex and a positive correlation between mean SDS and
glucose consumption in the left precentral gyrus.

The relative changes in FDG uptake found in these brain regions and the positive correlation with
mean SDS and THI scores in ISSNHL could possibly highlight new aspects of cerebral rearrangement,
contributing to further explain changes in those functions that support speech recognition during the
sudden impairment of unilateral auditory input.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

etiopathogenesis (Capuano et al., 2015), detailed investigations
based on medical and physical examinations, audiovestibular tests,

Sudden sensorineural hearing loss (SSNHL) is defined as a uni-
lateral loss of hearing occurring over 24—72 h with a loss of 30 dB or
more in at least 3 contiguous frequencies on pure-tone audiogram
(Alexander and Harris, 2013). In line with the uncertainties of its
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blood examinations and brain magnetic resonance imaging (MRI)
studies have not been able to identify a specific cause in over 70% of
patients, which are therefore (Alexander and Harris, 2013;
Berrettini et al., 2013) considered cases of idiopathic SSNHL
(ISSNHL).

Although the involvement of the hearing function in SSNHL
patients is usually unilateral with no side of preference (Fan et al.,
2015), these patients' hearing often does not even improve after
high-quality appropriate therapy (Fan et al., 2015). This may indi-
cate that some kind of irreversible structural brain damage has
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already occurred in these SSNHL patients (Fan et al., 2015).

Moreover, diverse brain structural changes have been reported
in patients with different kinds of auditory impairment such as
tinnitus, unilateral hearing loss, or deafness (Boyen et al., 2013; Fan
et al., 2015; Profant et al., 2014; Vanneste et al., 2015; Yang et al.,
2014), and results among ISSNHL are not homogeneous. This
aspect could be related to many experimental factors such as the
sample age and the side of the hearing impairment and especially
to disease duration and neuroimaging techniques (Bilecen et al,,
2000; Fan et al.,, 2015; Yang et al., 2014). Regarding this, up to
now, neither neuroimaging studies have been implemented in the
very first hours of the disease nor have metabolic techniques been
used in order to discover possible ISSNHL-related cortical changes.
In fact - amongst others - studies of the auditory system during
ISSNHL have been conducted exclusively by means of MRI-related
techniques (Berding et al., 2015; Boyen et al,, 2013; Fan et al,,
2015; Yang et al.,, 2014).

Starting from the 1980s, [ ®F]fluorodeoxyglucose (FDG) positron
emission tomography (PET)/computer tomography (CT) has been
used as a valuable tool for functional neuroanatomy imaging
(Berding et al., 2015; Frackowiak and Friston, 1994) and many
studies consider that it offers considerable advantages when
studying the auditory system (Berding et al., 2015; Talavage et al.,
2014). In fact, it has been demonstrated as a quiet and reliable im-
aging technique for overcoming possible unintended sensory
stimulations (Alessandrini et al., 2014a, 2016; Benjamin et al., 2010;
Gaab et al., 2008). Other neuroimaging techniques (i.e., MRI) — due
to time-consuming and noisy settings (Cardier et al., 2015) - may
have constituted a possible bias to the interpretation of the majority
of existing data (Alessandrini et al., 2016). Therefore, it remains
unclear to what extent discrepancies in the results of different
studies reflect unwanted attentional behaviour or the sensory-
specific engagement of different brain regions, rather than meth-
odological differences (Alessandrini et al., 2014a, 2016).

Although some studies have already reported brain atrophy and
impaired microstructure induced by unilateral SSNHL (Chang et al.,
2004; Lin et al., 2008; Yang et al., 2014 ), whether these changes had
already occurred during the acute period is still unknown (Fan
et al., 2015). Thus, considering i) the degree of inconsistency in
the literature regarding brain structure alterations during the acute
stage of unilateral ISSNHL and ii) the improved sensitivity of the
state-of-the-art PET cameras making it possible to create a defined
baseline condition for the exploration of auditory default and avoid
possible cortical activation related to unwanted attentional pro-
cesses (Alessandrini et al., 2014a), the aim of the present study was
to gain more insight into the neuroanatomical differences that are
related to the earliest stages of unilateral ISSNHL (Fan et al., 2015)
and particularly to focus on those ‘baseline’ metabolic and related
clinical-perceptual performance changes occurring during the early
onset of the disorder.

2. Materials and methods
2.1. Subjects and diagnosis

Sixteen patients with ISSNHL affecting the right ear were
recruited in line with the generally accepted criteria (Alexander and
Harris, 2013). We also enrolled a population of gender- and age-
matched right-handed healthy subjects serving as a control group
(HC). Both eligible ISSNHL patients and HC subjects were required
to report negative anamnesis for malignancy, head trauma,
neuropsychiatric disorders, metabolic, cardiovascular, endocrine,
infectious and otoneurological diseases. The peripheral blood of
ISSNHL patients and HC subjects was tested for the usual param-
eters and neurological disturbances were excluded by means of the

Mini Mental State Examination and T2-weighted and/or diffusion-
weighted brain MRI sequences with a 1.5 T clinical MRI scanner.
Moreover, we excluded all patients in treatment with drugs that
could interfere with '8F -FDG uptake and distribution in the brain
(Alessandrini et al., 2014b, 2016; Varrone et al., 2009) and with
medication possibly affecting inner ear function. Both brain MRI
and PET/CT, as well as audiological tests, were performed within
72 h from the onset of symptoms in all patients before treatment
with any drugs. Finally, no patient was pregnant or breastfeeding.

The Ethics Committee of the Tor Vergata University School of
Medicine approved the protocol research. The study adhered to the
principles of the Declaration of Helsinki and all of the participants
provided written informed consent after receiving a detailed
explanation of the study.

After collecting a thorough medical history and performing a
neuro-otological examination the subjects in both groups under-
went the following procedures:

2.2. Pure tone audiometry

ISSNHL and HC subjects underwent pure tone audiometry tests
(GSI 61 Clinical Audiometer, Grason-Stadler, United States). Sub-
jective auditory thresholds for 125, 250, 500, 1000, 2000, 4000 and
8000 Hz for both ears were included in the study (Micarelli et al.,
2016).

2.3. Tinnitus assessment

Because most of the ISSNHL patients complained of tinnitus and
its prevalence is also increased in the healthy population without a
positive history for audiological risk factors, we assessed the
tinnitus handicap by means of the Italian version of the Tinnitus
Handicap Inventory (THI) questionnaire (Monzani et al., 2008) in
both ISSNHL and HC subjects.

2.4. Speech discrimination score

We analysed speech perception performance at a comfortable
loudness level in both ISSNHL and HC subjects by means of the
speech discrimination score (SDS). Tests were performed for both
ears alternatively, with the non-tested ear masked with speech
noise. We performed a variation of the speech perception protocol
used by Berding et al. (2015). All subjects were asked to rate the
subjective loudness of a continuous 1000 Hz pure tone, initially
presented at an intensity of 25 dB above the mean threshold at
speech frequencies (Penrod, 1994), on a scale from 1 to 5, with 1
being a ‘very soft’ sound and 5 being ‘very loud’. We performed
speech audiometry at an intensity rated by the subjects as 3 on this
scale. A 110 dB SPL intensity ceiling was established, to avoid
acoustic trauma. Speech audiometry consisted in a list of 10 disyl-
labic, phonetically- and frequency-balanced words, which the
subjects had to repeat correctly. Three lists were presented for each
subject: the best out of the three performances, multiplied by 10,
represented the subjects’ SDS. Lip-reading was ruled out by
administering the stimuli with a prerecorded CD connected to the
audiometer.

2.5. PET/CT examination

The Discovery VCT PET/CT system (GE Medical Systems, Ten-
nessee, USA) was used to assess FDG brain distribution in all sub-
jects by means of a 3D-mode standard technique in a 256 x 256
matrix. Reconstruction was performed using the 3-dimensional
reconstruction method of ordered-subset expectation maximiza-
tion (OSEM) with 20 subsets and four iterations. The system
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combines a high-speed ultra 16-detector-row (912 detectors per
row), a CT unit and a PET scanner with 10080 bismuth germanate
crystals in 24 rings (axial full width at half-maximum 1-cm radius,
5.2 mm in 3D mode, 157 mm axial field of view). A low-amperage
CT scan of the head for attenuation correction (40 mA; 120 Kv)
was performed before PET image acquisition. All subjects fasted for
at least 5 h before the i.v. FDG infusion; the serum glucose level was
a minimum of 95 mg/ml in all of them. External acoustic stimula-
tion was eliminated by plugging both ears hermetically. All subjects
were administered i.v. infusions of 185—210 MBq of FDG and were
hydrated with 500 ml of NaCl 0.9%. (Alessandrini et al., 2013;
Chiaravalloti et al., 2013; Schecklmann et al., 2013; Alessandrini
et al,, 2014a; Alessandrini et al., 2014b, 2016; Chiaravalloti et al.,
2015).

2.6. Data handling and statistical analysis

2.6.1. Audiological tests

Mean and standard deviations (SD) were calculated for THI and
for both auditory threshold (mean AT) and SDS (mean SDS) in both
ears in ISSNHL and in HC subjects.

In order to assess that the data were of Gaussian distribution,
the D'Agostino K squared normality test was applied (where the
null hypothesis is that the data are normally distributed).

A ‘between-groups’ analysis of variance (ANOVA) was per-
formed for THI, mean PTA and mean SDS measures. Age and gender
were handled as continuous and categorical predictors, respec-
tively. The significant cut-off level (o) was set at a p value of 0.01. A
correlation analysis between mean AT, mean SDS and THI was
achieved by means of Spearman rank correlation. The Bonferroni
correction for multiple comparisons was used as a post-hoc test of
both significant main effects of ANOVA and Spearman rank corre-
lation analysis (STATISTICA 7 package for Windows).

2.6.2. PET/CT data

We used statistical parametric mapping (SPM8, Wellcome
Department of Cognitive Neurology, London, UK) implemented in
Matlab R2012b (Mathworks, Natick, MA, USA) for the analysis of
['8F]FDG PET data. Non-linear spatial normalization allows us to
transform the ['®F]FDG PET data into the Montreal Neurological
Institute space. A specific template for spatial normalization was
used (Della Rosa et al., 2014). The spatially normalized set of images
was then smoothed with an 8 mm isotropic Gaussian filter to blur
for individual variations in gyral anatomy and to increase the
signal-to-noise ratio. Images were globally normalized to 50 using
proportional scaling to remove confounding effects of global cere-
bral glucose consumption changes, with a masking threshold of 0.8.
The resulting statistical parametric maps, SPM][t], were trans-
formed into normal distribution (SPM[z]) unit. Correction of SPM
coordinates to match the Talairach coordinates was achieved by the
subroutine implemented by Matthew Brett (http://www.mrc-cbu.
cam.ac.uk/Imaging). Cerebral areas were identified at a range of
0—3 mm from the corrected Talairach coordinates of the SPM
output isocentres, after importing the corrected coordinates, from
the Talairach client (http://www.talairach.org/index.html). In line
with Bennett and colleagues (Bennett et al., 2009), SPMt-maps
were set at p < 0.05, corrected for multiple comparisons with the
False Discovery Rate option at voxel level, and at p < 0.01 corrected
for multiple comparison at cluster level. The clusters containing
more than 100 (5 x 5 x 5 voxels, i.e. 11 x 11 x 11 mm) contiguous
voxels were accepted as significant (Alessandrini et al., 2013;
Chiaravalloti et al., 2013; Alessandrini et al, 2014a, 2014b;
Chiaravalloti et al., 2015; Alessandrini et al., 2016). The ISSNHL
versus HC comparison and vice versa were performed by means of
the ‘two-sample t-test’ study design model, using age and sex as

covariates.

The relationships between FDG distribution in the brain and the
results of THI and SDS were evaluated in ISSNHL and HC using a
‘regression analysis’ design model. The cluster obtained by this
analysis was exported and further analysed after a normalization
process. In particular, the mean signal intensities computed by each
cluster were normalized within each subject to the average in-
tensities of the whole cerebellum volume of interest, as defined by
another similar report by our group in this field (Liguori et al.,
2016). Normalization based upon activity in the cerebellum,
instead of whole brain counts as in the reference region, was more
accurate in distinguishing patients from controls in neurodegen-
erative diseases (Soonawala et al., 2002). As proposed previously by
Pagani et al. (2015), a dataset including normalized FDG PET values
relevant to the examined cluster was exported. We generated Re-
gions of Interest masks based on the atlas that include the anatomic
label (Lancaster et al., 1997, 2000). For this purpose, WFU Pickatlas
was used (Lancaster et al., 1997, 2000; Maldjian et al., 2003).

3. Results
3.1. Patients

Among 16 consecutive right ear ISSNHL patients, 1 reported
diabetes and 1 a history of drug addiction and were excluded.
Therefore, 14 right-handed ISSNHL patients (8 males; 6 females;
48.3 + 7.6 years) met the eligibility criteria and were included in the
study. The HC consisted of 35 right-handed gender- and age-
matched healthy individuals (19 males; 16 females; 49.6 + 6.7
years).

3.2. Audiological testing

The mixed Group x Test ANOVA highlighted a significant
Group x Test interaction [F(2,94) = 1659, p < 0.01] which accounted
for the lower level significant main effects of Group [F(1,47) = 258,02,
(p = 0.0000)] and Test [F(2,94) = 300, 62, (p = 0.0000)]. The sig-
nificant double interaction was further investigated with post-hoc
comparisons, which highlighted a significant (p < 0.01, Bonferroni
corrected) decrease in right ear mean AT and mean SDS and a sig-
nificant (p < 0.01, Bonferroni corrected) THI score increase was found
in ISSNHL patients when compared to HC subjects (Fig. 1). No
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Fig. 1. Significant between-group effect found in Tinnitus Handicap Inventory (THI),
mean Speech Discrimination Score (mean SDS) and right mean ear auditory threshold
(mean AT) when comparing healthy (HC) and idiopathic sudden sensorineural hearing
loss (ISSNHL) subjects.
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statistically significant difference was found between left and right
ear mean AT and SDS results in HC.

A significant positive correlation was found in ISSNHL patients
between mean right AT and THI (r = 0.95, p < 0.01, Bonferroni
corrected) and negative significant correlations were found be-
tween mean right AT and mean right SDS (r = —-0.91, p < 0.01,
Bonferroni corrected) and between mean right SDS and THI
(r = —0.81, p < 0.01, Bonferroni corrected) (Table 1). No correlation
was found between left ear mean AT and SDS of ISSNHL patients
and HC subjects' audiological scores.

3.3. PET/CT examination

As depicted in Table 2 and Fig. 2 ISSNHL patients demonstrated a
significant relative increase of glucose metabolism in the right su-
perior (Brodmann's Areas; BA10) and medial (BA9) frontal gyrus as
well as in the right anterior cingulate cortex (BA24, 32) compared to
HC subjects. In the opposite comparison, ISSNHL showed a signif-
icant relative decrease of glucose metabolism in the bilateral pre-
central (BA4, 6), right middle temporal (BA19) and postcentral
(BA1) gyrus as well as in the left posterior cingulate (BA31) cortex,
left lingual (BA19), superior (BA22, 41) and middle (BA21) temporal
and middle frontal gyrus (BA6) and in the left insula (BA13)
(Table 2, Fig. 2).

In ISSNHL patients, SPM regression analysis showed a positive
correlation between mean THI and glucose consumption in the
right anterior cingulate cortex of BAs 24 and 32 (Table 3, Fig. 3).
Furthermore, a positive correlation between mean SDS and glucose
consumption in the left precentral gyrus of BA4 and 6 and left
insula (BA13) was found (Table 3, Fig. 3).

4. Discussion

Considering the lack of findings in this field (Boyen et al., 2013;
Husain et al., 2011; Suzuki et al., 2002; Yang et al., 2014), the pre-
sent study aimed at assessing early stages of cortical metabolic
changes following ISSNHL by using a resting state PET technique in
order to further examine the phenomena of plasticity possibly
affecting the ‘baseline’ metabolic condition of the brain. The major
findings highlighted here reside in the relative hypometabolism
depicted in the contralateral auditory (left BA21, 22, 41), in the
bilateral associative visual (BA 19) and left posterior cingulate
cortex (BA31), in the left insula (BA13), bilateral sensory-motor
(BA1,4) and supplementary motor area (SMA; BA6) in ISSNHL pa-
tients compared to in HC subjects. Conversely, relative hyperme-
tabolism in ISSNHL subjects compared to in HC subjects in
prefrontal (PFC; BA9,10) and anterior cingulate cortex (ACC; BA24/
32) was found during the acute stage of disease (Table 2, Fig. 2).

4.1. Metabolic decrease in auditory and associative areas

The relative reduction of the metabolism in the contralateral
auditory cortex in the present study could be the metabolic

Table 1
Significant correlation scores between audiological tests.
Mean AT Mean SDS THI
Mean AT 1
Mean SDS -0.91 1
THI 0.95 -0.81 1

Significant r values for positive correlation found between mean AT (auditory
threshold) and THI (Tinnitius Handicap Inventory) and for negative correlations
found between mean AT and mean SDS (speech discrimination score) and between
mean SDS and THL

counterpart of ipsilateral hemispheric dominance found in previ-
ous functional studies (Suzuki et al., 2002) and contralateral grey
matter reductions postulated in a recent resting-state neuro-
imaging study performed during the acute stage of ISSNHL (Fan
et al,, 2015). According to these authors, the hypothesized mecha-
nism behind this kind of impairment could be related to the
misrepresentation of the perception of intensity at the cortical level
(Musiek et al., 2013), where it could be affected by the interaction
between excitatory and inhibitory neurons (Fan et al., 2015; Musiek
et al.,, 2013; Phillips et al., 1994). Interestingly, this decrease in grey
matter volume (GMV) was found to correlate negatively with dis-
ease duration, which is in line with the studies in which a GMV
reduction was indeed found in the chronic phase of the disease
(Boyen et al., 2013; Yang et al., 2014).

These findings could further reinforce the relative cerebral
glucose metabolism (rCGM) or blood flow decrease found in the
auditory cortex and in many associative areas in previous studies on
patients with chronic deafness and tinnitus (Okuda et al., 2013;
Ueyama et al., 2015; Lanting et al., 2009), suggesting that reor-
ganizational behaviour also occurs during ISSNHL. One hierarchical
organization of primary and associative auditory cortex (Ruytjens
et al., 2006) involves carrying out demanding neural computa-
tions, performed automatically and efficiently by the normal brain.
This “auditory scene analysis” network has been shown to engage
brain mechanisms in the auditory association cortex in the poste-
rior superior temporal gyrus and its connections (Altmann et al.,
2008; Brunetti et al., 2008; Golden et al., 2016; Warren and
Griffiths, 2003; Zimmer et al., 2006), including the posterior
cingulate, precuneus and retrosplenial cortex (Golden et al., 2016;
Leech and Sharp, 2014).

4.2. Metabolic arrangement in the default mode network, insula
and frontoparietal control system

Many of the above-mentioned areas have been identified in
order to overlap neuroanatomical correlates, included in the core
regions of the so-called “default-mode network” (DMN): a brain
network linking mesial temporal, lateral parietal, and prefrontal
regions via a posterior medial cortical hub zone (Fransson and
Marrelec, 2008; Micarelli et al., 2013; Raichle et al., 2001;
Shulman et al., 1997).

In this scenario the insula — which is not entangled in the DMN -
is likely to act as a multimodal hub that integrates body state in-
formation with incoming sensory traffic from the external envi-
ronment (Golden et al., 2016; Husain and Schmidt, 2014). This
region is therefore in a position where it can link the DMN with the
brain networks that evaluate sensory stimuli and program behav-
ioural responses (Seeley et al., 2009; Zhou and Seeley, 2014).
Considering its multiple (however not fully defined) functions,
insular rCGM decrease here might be thought to reflect a “freezing”
behaviour in a multimodal region involved in processing
demanding sensory traffic during auditory scene changes in which
an unilateral auditory modality loss has abruptly occurred (Golden
et al., 2016).

On the other hand, a rCGM increase was found in PFC as well as
in ACC in ISSNHL patients but not in HC subjects. Previous meta-
bolic studies (Schecklmann et al, 2013) suggested that this
constellation of regions, which was found to be involved in the so-
called “frontoparietal control system” (Medalla and Barbas, 2014),
is commonly engaged by tasks that require controlled processing of
information (Botvinick, 2007; Crone et al., 2006; Dosenbach et al.,
2007), and this area is closely connected to limbic areas involved
in the autonomic responses and in pathophysiology of tinnitus
(Schecklmann et al., 2013). For instance, the ACC was found to
commonly increase activity during conflict monitoring (Botvinick,
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Table 2
Numerical results of SPM comparisons between ®F-FDG uptake in ISSNHL (N = 14) and HC (n = 36).
Comparison  Cluster level Voxel level
Cluster extent  Cluster p (FDR-corr)  Cluster p (FWE corr)  Z score of maximum  Talairach coordinates  Cortical region BA
ISSNHL-HC 5947 0.000 0.000 6.37 10, 70, 6 Right superior frontal gyrus 10
6.23 -2, 56, 40 Right medial frontal gyrus 9
1286 0.000 0.000 5.83 12,28, 16 Right anterior cingulate 24
5.59 20, 14, 34 Right cingulate gyrus 32
5.47 14, 22, 22 Right anterior cingulate 32
HC-ISSNHL 18022 0.000 0.000 7.37 62, —66, 18 Right middle temporal gyrus 19
6.51 -10, —66, 14 Left posterior cingulate 31
6.08 -12, -58,0 Left lingual gyrus 19
2565 0.000 0.000 5.99 34, -22,72 Right precentral gyrus 4
5.76 56, —24, 60 Right postcentral gyrus 1
5.62 46, -2, 48 Right precentral gyrus 6
731 0.001 0.001 5.50 —48, 26, 6 Left superior temporal gyrus 41
5.45 —48, —34, 20 Left insula 13
249 0.041 0.035 5.09 —68, —28,4 Left superior temporal gyrus 22
4.45 —68, —42,0 Left middle temporal gyrus 21
960 0.000 0.000 4.90 —38, -6, 42 Left middle frontal gyrus 6
414 —34, 2,56 Left middle frontal gyrus 6
4.09 —32, -18, 42 Left precentral gyrus 4

Threshold of p < 0.001, uncorrected for multiple comparisons at voxel level. A value of P < 0.05, corrected for multiple comparison at cluster level, was accepted as statistically
significant. In the ‘cluster level’ section on left, the number of voxels, the corrected P value of significance and the cortical region where the voxel is found, are all reported for
each significant cluster. In the ‘voxel level’ section, all of the coordinates of the correlation sites (with the Z-score of the maximum correlation point), the corresponding cortical
region and BA are reported for each significant cluster. BA, Brodmann's area. In the case that the maximum correlation is achieved outside the grey matter, the nearest grey
matter (within a range of 7 mm) is indicated with the corresponding BA.

.,'\\"‘.' 5

= ISSNHL > HC

® = HC > ISSNHL

Fig. 2. Frontal (a), bottom(b), right(c) and left(d) view of 3D rendering of data presented in Table 2. In red we reports the significant hypermetabolism of idiopathic sudden
sensorineural hearing loss (ISSNHL) as compared to healthy (HC) subjects in right Brodmann areas 10, 9, 24 and 32. In yellow we report the significant hypometabolism in ISSNHL as
compared to HC in a wide portion of temporal, occipital and frontal lobe bilaterally. Threshold P < 0.01 corrected for multiple comparisons with false discovery rate at the voxel
level. Coordinate and other regional details are presented in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

2007; Dosenbach et al., 2006, 2007) and the PFC has been associ-
ated with the coordination of information processing and infor-
mation transfer between multiple brain regions during the

performance of concurrent tasks (Ramnani and Owen, 2004;
Medalla and Barbas, 2014). In particular, the frontopolar area
BA10 - previously dubbed frontal “auditory field” (Medalla and
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Table 3
Numerical results of SPM regression analysis between ®F-FDG uptake in ISSNHL (N = 14), THI and SDS.
Comparison  Cluster level Voxel level
Cluster extent  Cluster p (FDR-corr)  Cluster p (FWE corr)  Z score of maximum  Talairach coordinates  Cortical region BA
+THI 334 0.014 0.016 5.92 -6, 28, 16 Left anterior cingulate 24
5.39 12, 34, 22 Right anterior cingulate 32
5.11 6, 28, 10 Right anterior cingulate 24
+SDS 5.88 —46, —10, 42 Left precentral gyrus 4
5.79 -62, -10, 32 Left precentral gyrus 6
5.18 —38, —20, 66 Left precentral gyrus 6
491 -32,-12,70 Left precentral gyrus 6
5.04 33, -52, —42 Left superior temporal gyrus 13

Threshold of p < 0.001, uncorrected for multiple comparisons at voxel level. A value of P < 0.05, corrected for multiple comparison at cluster level, was accepted as statistically
significant. In the ‘cluster level’ section on left, the number of voxels, the corrected P value of significance and the cortical region where the voxel is found, are all reported for
each significant cluster. In the ‘voxel level’ section, all of the coordinates of the correlation sites (with the Z-score of the maximum correlation point), the corresponding cortical
region and BA are reported for each significant cluster. BA, Brodmann's area. In the case that the maximum correlation is achieved outside the grey matter, the nearest grey
matter (within a range of 7 mm) is indicated with the corresponding BA. Tinnitus Handicap Inventory, THI; Speech Discrimination Score, SDS.

Fig. 3. 3D rendering of data presented in Table 3 in (a) showing the positive correlation between THI and brain glucose consumption in right limbic lobe (Brodmann areas 32 and
24). In (b) we report the positive correlation with SDS in left Brodmann areas 4 (green), 6 (red) and 13 (blue). Threshold P < 0.01 corrected for multiple comparisons with false
discovery rate at the voxel level. Coordinate and other regional details are presented in Table 3. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Barbas, 2014) - demonstrated rich and varied bidirectional con-
nections with auditory association cortices (Medalla and Barbas,
2014). In this light and in line with previous metabolic findings
(Berding et al., 2015), the rCGM increase found during the acute
stage of ISSNHL could be interpreted as an attempt in conflict
monitoring and in informative trace integration coming from sen-
sory error detection, such as those represented by an unexpected
unilateral auditory input impairment. Furthermore, although no
lateralization of rCGM increase in auditory cortex was found in this
study, compared to previous studies (Arnold et al., 1996; Wang
et al,, 2001; Langguth et al., 2006), the present findings could
further reinforce the hypotheses that postulate activity changes in
PFC and ACC as encompassed in the tinnitus network (Schecklmann
et al., 2013; Lanting et al., 2009).

4.2.1. Correlation analysis

These aspects are further corroborated by the positive correla-
tion found between right ACC and THI scores (Table 3, Fig. 3). In fact,
considering the debated mechanistic origin of tinnitus, it is unclear
whether hyperactivity along the auditory pathway is a direct
consequence of cochlear cell damage or whether it results from
hyperactivity in other neuronal pathways (Jastreboff, 1990; Job
et al, 2012; Roberts et al, 2010; Xu et al,, 2016). The above-
mentioned positive correlation between THI scores and ACC could
further highlight the theories that concentrate on bidirectional

influences between tinnitus and sub-components of a general
emotional limbic network (e.g. ACC was previously identified as
part of the tinnitus affective network) (Adamchic et al., 2014; Job
et al,, 2012; Roberts et al., 2010; Vanneste et al., 2010). This could
indicate that the activation of ACC - due to a general feature of
stress responses and its wide connections with auditory system and
associative areas (Job et al., 2012; Medalla and Barbas, 2014; Xu
et al., 2016) - may be concurrent in tinnitus triggering also during
acute stages of sudden loss of auditory inflow.

A further interesting finding is the positive correlation between
mean SDS scores and rCGM found in left BA4/6 and left insula
(Table 3, Fig. 3). These areas were found to be affected by a relatively
decreased metabolism in ISSNHL patients, compared to healthy
subjects and SDS scores were also found to be significantly reduced
in the affected ear. In addition to the anatomical connections with
Besides the fact that confined anatomical grounds are depicted for
the wide range of “higher” functions of these regions (Nachev et al.,
2007), these structures were identified as commonly involved in
the case of degraded speech processing, considering that discrim-
ination is clearly not specific to auditory envelope processing, but
has been suggested to be involved rather in top-down executive
processes (Erb et al., 2013).

Since previous studies demonstrated these regions (Eckert et al.,
2009) as engaged when tasks become increasingly difficult, their
involvement was found to be pivotal for a wide range of challenging



A. Micarelli et al. / Hearing Research 350 (2017) 91-99 97

listening situations, such as when listening to speech (Erb et al.,
2013; Wild et al., 2012).

Considering that experimental data were gathered in absence of
controlled sound stimulation, the relative rCGM decrease found in
these regions and the positive correlation with mean SDS scores in
ISSNHL could highlight new aspects of the plasticity of these areas.
This could contribute to further explain changes in the executive
functions underpinning speech recognition during the sudden
impairment of unilateral auditory input.

Finally, a significant positive correlation was found between
mean AT and THI as well as negative correlations between mean AT
and mean SDS and between mean SDS and THI (Table 1). This
confirms the association between loss of auditory input, tinnitus
onset and speech discrimination impairment in the acute phase of
the disease (Muhlmeier et al., 2016).

5. Conclusions

The present study might be the first attempt to further examine
the neuroanatomical metabolic changes that may induce the
clinical-perceptual rearrangements occurring at the very early
stage of unilateral auditory impairment. However, a possible limi-
tation of the study could be related to the small sample size,
increasing the likelihood of Type II statistical errors. In fact, acute
otoneurological patients, due to their very severe symptomatology,
often (Alessandrini et al., 2013, 2014b) refused or delayed the PET
examination due to the discomfort in lying still in the gantry,
which, together with the relative high costs of the PET/CT meth-
odology, makes the recruitment of an adequate number of subjects
to be investigated a common limitation in functional neuroimaging
studies.

Finally, a possible limitation of our study could be the choice of
the cerebellum for the normalization of PET data used later for
regression analyses with audiological tests (Table 3). In a study
using manganese enhanced MRI, Brozoski et al. reported the
changes in the cerebellum of animals with tinnitus. In particular,
the authors found that in rats with evidence of tinnitus, activity was
generally elevated in the auditory brainstem, with significant
elevation in the cerebellar paraflocculus, the posterior ventral
cochlear nucleus, and the inferior colliculus (Brozoski et al., 2007).
Chen et al. reported changes in the cerebellum of rats shortly after
tinnitus was induced with a high dose of salicylate (Chen et al.,
2014). This evidence could limit the use of the cerebellum for
normalization, resulting in a sub-optimal structure for data
normalization in certain circumstances and in particular when
variations in brain activity in this structure are detectable during
tasks or pathological conditions. On the other hand, as pointed out
in Table 2, we did not find significant differences when comparing
ISSNHL vs. HC and vice versa in the cerebellum thus supporting the
choice of this subcortical structure for the normalization of PET
data for regression analyses. These aspects could be kept in mind
when devising future research for acquiring more insights into
early and delayed brain metabolic changes of larger sample sizes of
ISSNHL patients., also considering the clinical outcomes of the pa-
tients enrolled in the present study (Table 4, Supplementary
Material).
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