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Abstract
Age-related hearing loss (HL) can be related to brain dysfunction or structural damage and may

result in cerebral metabolic/perfusion abnormalities. Arterial spin labeling (ASL) magnetic reso-

nance imaging (MRI) allows investigating noninvasively brain perfusion changes. Pseudocontinu-

ous ASL and T1-weighted MRI (at 3 T) and neuropsychological testing (Montreal Cognitive

Assessment) were performed in 31 HL (age range = 47–77 years, mean age ± SD = 63.4 ± 8.4

years, pure-tone average [PTA] HL > 50 dB) and 28 normal hearing (NH; age range = 48–78

years, mean age ± SD = 59.7 ± 7.4 years) subjects. Cerebral blood flow (CBF) and gray matter

volume (GMV) were analyzed in the cortical volume to assess perfusion and structural group dif-

ferences. Two HL subjects showing cognitive impairment were excluded from group compari-

sons. No significant differences in either global or local atrophy were detected between groups

but the HL group exhibited significant regional effects of reduced perfusion within the bilateral

primary auditory cortex, with maximal CBF difference (−17.2%) in the right lateral Heschl's

gyrus. For the whole sample of HL and NH subjects (n = 59 = 31 HL + 28 NH), the regional

CBF was correlated positively to the regional GMV (p = 0.020). In HL subjects (n = 31), the

regional CBF was correlated negatively to the audiogram steepness (frequency range: 2–4 kHz,

right ear: p = 0.022, left ear: p = 0.015). The observed cortical pattern of perfusion reduction

suggests that neuronal metabolism can be related to HL before the recognition of brain struc-

tural damage. This also illustrates the potential of ASL-MRI to contribute early functional

markers of reduced central processing associated with HL.
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1 | INTRODUCTION

Hearing loss (HL) is clinically characterized by audiometric threshold

shifts, possibly causing deterioration in auditory processing, for

example, speech perception and understanding, especially in noisy

environment (Lee, 2013). Pathological changes associated with HL

are mainly observed in the auditory periphery, as HL typically pre-

sents an irreversible loss of sensory hair cells and neurons in the

cochlea (Huang & Tang, 2010; Kidd & Bao, 2012; 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 (see,

e.g., Mazelová, Popelar, & Syka, 2003).

From the structural perspective, in a large longitudinal morpho-

metric magnetic resonance imaging (MRI) study, Lin et al. (2014)

reported an accelerated gray matter volume (GMV) reduction in HL

subjects, compared to normal hearing (NH) controls, a phenomenon

that occurred both globally (over the whole brain) and, locally, within

the right temporal lobe, suggesting how auditory deafferentation

eventually evolves toward a central (cortical) brain damage.

From the functional perspective, HL patients have been shown to

exhibit decreased cognitive performances (Lin, Thorpe, Gordon-Salant, &
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Ferrucci, 2011) and a higher risk for developing dementia and

neurodegenerative disorders (Gates et al., 2010; Golub, 2017; Lin

et al., 2011). Previous blood oxygen level dependent (BOLD) func-

tional MRI (fMRI) studies have shown a reduced cortical activation

in response to tonal stimulation in the tonotopic areas of the audi-

tory cortex (Langers, van Dijk, Schoenmaker, & Backes, 2007;

Zhang, Geng, Zhang, Li, & Zhang, 2006), especially at middle and

higher frequencies (3.2 and 6.4 kHz) (Wolak et al., 2017), substan-

tially mirroring the peripheral impairment of HL patients onto the

auditory central perception. More recently, BOLD-fMRI studies

conducted without stimulations (resting state; see, e.g., Chen et al.,

2018) have similarly highlighted a significant reduction of spontane-

ous neural activity in the primary and secondary auditory cortex of

HL patients which correlated with the reduced cognitive perfor-

mances (including, e.g., language processing).

Finally, from the metabolic perspective, using 18F-fluro-deoxy-

glucose (FDG) 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 metabo-

lism, 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, Keithley, Housley, Ryan, & Wong, 2017), a possi-

ble reduction in the regional CBF in the auditory cortex may also indi-

cate 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; Iade-

cola, 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 per-

fusion, with an increased risk for vascular disease and a higher vulnera-

bility for neurological disorders in aging (Gao et al., 2013).

In the light of these evidences, it has become of outmost impor-

tance to search for functional alterations of the auditory “baseline”

activation as possible early functional markers of central damage asso-

ciated 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, analo-

gous regional CBF images can be nowadays acquired, even during rou-

tine MRI examinations, using arterial spin labeling (ASL) techniques

(Alsop et al., 2015; Detre, Rao, Wang, Chen, & Wang, 2012; Telischak,

Detre, & Zaharchuk, 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 reso-

lution of BOLD-fMRI, yielding an alternative fMRI marker of the base-

line 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 quantification of this parameter

(Chen, Jann, & Wang, 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 any external spe-

cific acoustic stimulation (apart from the intrinsic acoustic stimulation

provided by MRI scanner noise), and using the pseudocontinuous ASL

(PCASL) variant, Gardumi, Ivanov, Havlicek, Formisano, and Uluda�g

(2017) have nicely delineated an extended high-perfusion signal in the

human primary auditory cortex of NH subjects, suggesting that the pri-

mary 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 signal-

to-noise ratio performances (Vidorreta et al., 2013).

The main purpose of this study was to investigate the possible rela-

tion between an early diagnosed HL condition (i.e., first symptoms

reported in first audiological examination dated back to less than a few

months) and baseline perfusion of the brain. Using a clinical implementa-

tion of the 3D-PCASL on a 3 T MRI scanner, the regional CBF was

assessed in a group of HL patients and NH controls and the obtained per-

fusion measurements were related to structural MRI and audiological

parameters.

2 | MATERIALS AND METHODS

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 random-

ization. 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 mea-

surements were carried out in a soundproof chamber using a clinical

audiometer. The audiogram curves with the full frequency characteri-

zation of each patient are shown in Figure 1a. PTA was calculated as

recommended for the classification of HLs by The Bureau Internacio-

nal 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 (mea-

sured in dB) divided by the frequency difference (measured in

octaves; König, Schaette, Kempter, & Gross, 2006):

S ið Þ = HT fi + 1ð Þ−HT fið Þ
log 2fi + 1 − log 2fi

where HT(fi) is the HL threshold in dB at the frequency fi and fi

2 [0.25, 0.5, 1, 2, 4, 8] kHz and S(i) is the steepness of the audiogram

between frequency fi + 1 and fi.
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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 1b shows the mean audiogram curves (and SD bars) in the two

groups in 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 dysfunc-

tion 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 hyperin-

tensities (a routinely used clinical marker of microvascular cerebral

damage) was performed on the T2-weighted fluid attenuation inver-

sion recovery (FLAIR) images (see Section 2.2) 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,

Chawluk, Alavi, Hurtig, & Zimmerman, 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 medica-

tions. 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; Clement et al., 2017), 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 audio-

logical 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 Assess-

ment (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 experi-

ments 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).

2.2 | MRI acquisition

Brain images were acquired using a 3 T MRI scanner (Siemens MAGNE-

TOM 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:

• 3D T1-weighted magnetization prepared rapid gradient echo

(MPRAGE) sequence with repetition time (TR) = 2,400 ms, echo

time (TE) = 2.25 ms, resolution = 1 × 1 × 1 mm3, matrix size =

256 × 256, anterior–posterior phase-encoding direction, general-

ized autocalibrating partially parallel acquisitions (GRAPPAs) fac-

tor of 2 in phase-encoding direction. The MPRAGE scan was used

for anatomical reference and morphometric analyses.

• A prototype 3D-PCASL sequence with TR = 4,600 ms, TE = 15.6

ms, field of view 192 × 192 mm2; slice thickness 3 mm, resolu-

tion = 3 × 3 × 3 mm3, bolus duration 1,500 ms, postlabeling

delay 1,500 ms, six repetitions, M0 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 pseu-

docontinuous labeling scheme with background suppression as

described in Dai, Garcia, De, and Alsop (2008); Dai, Robson,

FIGURE 1 (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 [Color figure can be viewed at wileyonlinelibrary.com]
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Shankaranarayanan, and Alsop (2012); and Wu, Fernández-Seara,

Detre, Wehrli, and Wang (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 2). This series was acquired with the subject at rest

with eye open.

• 3D T2-weighted FLAIR sequence with TR = 5,000 ms, TE = 387

ms, inversion time (TI) = 1800 ms, resolution = 0.6 × 0.6 × 1 mm3,

matrix size = 384 × 384, 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.

2.3 | Image analysis

Single-subject whole-brain CBF maps were calculated from the 3D-

PCASL raw images using the prescan M0 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 proce-

dure: First, the control images from the 3D-PCASL series were aver-

aged 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 T1w images were segmented and

normalized into a study specific template space with the nonlinear dif-

feomorphic DARTEL approach (Ashburner, 2007) and then trans-

formed 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; 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 pre-

serve the total amount of signal from each region. From this segmen-

tation, 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 vol-

ume effect), a partial volume (PV) model was also considered to sepa-

rate 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 3 × 3 × 3 voxels (Zhao et al., 2017) was applied (on the

maps already in MNI space) as described in Asllani, Borogovac, and

Brown (2008), thereby new regional CBF values could be calculated

from the estimated GM CBF component. A more extended kernel of

7 × 7 × 7 voxels was also considered to verify the impact of the ker-

nel setting on the results. For the PV corrections, single subject GM

masks were obtained by applying a fixed threshold to the tissue prob-

ability maps. For GM masking, only voxels with a GM probability

higher than 0.2 were selected. An analysis of covariance was per-

formed 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

FIGURE 2 3D-pseudocontinuous arterial spin labeling (PCASL) acoustic stimulation in each repetition time (TR); signal in time domain (left); and

in frequency domain (right)
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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 compari-

sons using either the entire brain (whole brain correction) or the bilat-

eral 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 as shown in Figure S1, Supporting Informa-

tion (after projection on the cortical surface reconstruction of the

right hemisphere of the MNI template, see next paragraph).

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 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 lin-

ear 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 thresh-

old estimated with Monte Carlo simulations (Forman et al., 1995;

Goebel, Esposito, & Formisano, 2006). This approach allowed setting

the extension of significant clusters using a nonparametric statistical

approach, that is, independently of the spatial distribution of the esti-

mated effects around each peak. In more detail, 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 fall-

ing within the search volume were counted in 1000 randomly gener-

ated 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 ini-

tially estimated from the real map according to the 3D extension of

the formula in Forman et al. (1995). The effect size, the level of vari-

ability 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 arte-

rial 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 clini-

cal (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-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 38,466 mm3) and left (mask size 37,368 mm3) pri-

mary 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 steep-

ness (HT, S) in the HL group, a robust (weighted) multilinear regres-

sion 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 54,297 mm3) 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.

3 | RESULTS

3.1 | Clinical data

According to the available audiograms, the highest steepness value

was observed in the frequency range between 2 and 4 kHz in the (rel-

ative) 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
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scores in the deep white matter (Wilcoxon rank sum test: p = 0.025)

but not in the periventricular white matter.

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 test for any regional effects within the entire bilat-

eral 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 (see

Figure S1, Supporting Information). Even in this case, no clusters were

found with significant regional GMV differences. In contrast, one clus-

ter (size 327 mm3) of significant regional CBF differences emerged in

the right primary auditory cortex in which HL patients exhibited a sig-

nificantly 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 esti-

mates 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 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 3).

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 terri-

tories (Figure 4). Contrariwise, no regional GMV differences emerged

from the comparison between NH and HL groups over the same ana-

tomical mask, using the same uncorrected voxel-level thresholds

(p = 0.001 or p = 0.005) and the same minimum cluster size thresh-

olds applied for the detection of regional CBF differences.

Figure 5 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. In addition, two rep-

resentative single-subject CBF maps (one per group) are shown in

Figure S2, Supporting Information. To improve the comparative dis-

play, 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 hypoperfu-

sion) and on the reconstructed cortical surface mesh of the right hemi-

sphere of the MNI template anatomy. In this way, the maps were

further reminiscent of a spatially distributed cortical pattern of

reduced perfusion levels in 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 cor-

tex. Moreover, relatively higher average CBF levels are observed in

the right primary auditory cortex in both NH and HL groups in com-

parison 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 cor-

tex. In this case, a statistically significant laterality effect was detected,

with higher regional CBF values in the right versus left hemisphere in

TABLE 1 CBF mean values ± SD from the uncorrected CBF maps and the PV corrected (kernel 3 and 7 voxels), respectively, calculated in the

peak of the hypoperfused region in the right PAC, over the entire cluster in the right PAC, and over the whole GM (using individual masks). In the
last column, the statistical significance (p-value) of the difference between the two groups (HL vs. NH) is also reported

Data NH HL Difference (p-value)

Local peak in right PAC CBF (mL/100 g/min) 47.9 ± 9.7 39.7 ± 9.3 p = 0.0017

GM CBF (mL/100 g/min; PV kernel 3 voxels) 131.4 ± 29.0 112.4 ± 27.3 p = 0.013

GM CBF (mL/100 g/min; PV kernel 7 voxels) 95.3 ± 16.2 82.6 ± 15.8 p = 0.004

Cluster in the right PAC CBF (mL/100 g/min) 47.8 ± 9.6 39.6 ± 9.3 p = 0.0019

GM CBF (mL/100 g/min; PV kernel 3 voxels) 123.0 ± 26.6 106.3 ± 24.3 p = 0.017

GM CBF (mL/100 g/min; PV kernel 7 voxels) 97.3 ± 17.4 85.2 ± 16.9 p = 0.01

Whole GM (individual masks) CBF (mL/100 g/min) 36.6 ± 8.1 33.3 ± 8.2 p = 0.13

GM CBF (mL/100 g/min; PV kernel 3 voxels) 87.7 ± 18.5 79.4 ± 20.3 p = 0.11

GM CBF (mL/100 g/min; PV kernel 7 voxels) 79.3 ± 17.5 71.7 ± 18.9 p = 0.12

CBF = cerebral blood flow; GM = gray matter; HL = hearing loss; NH = normal hearing; PAC = primary auditory cortex.
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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 repli-

cated 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).

FIGURE 4 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
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 (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 [Color figure can be viewed at wileyonlinelibrary.com]
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Finally, when extracting mean regional values from each individ-

ual 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, r2 = 0.21) and of the left (n = 31, r = −0.71, p = 0.015,

r2 = 0.24) ears in the 2–4 kHz interval (Figure 6), whereas no signifi-

cant correlations were found with the absolute HT for any frequen-

cies and for both ears.

4 | DISCUSSION

The aim of the present study was to identify and characterize the possi-

ble 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 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 (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 sig-

nificant local CBF depression was found when the analysis was

FIGURE 5 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 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 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) [Color figure can be
viewed at wileyonlinelibrary.com]
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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 substan-

tially 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 3 × 3 × 3 or 7 × 7 × 7 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 dis-

tinctly suggests that the 3D-PCASL sequence has the potential to dis-

play decreased levels of functional activation or neuronal metabolism

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. How-

ever, 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 pos-

sibly 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 nar-

rowing of auditory cortical activity is occurring in association with the

peripheral auditory dysfunction (Irvine & Rajan, 1996; Rajan, Irvine,

Wise, & Heil, 1993). However, differently from the PET study, where

the brain metabolism was also shown to increase in other regions out-

side 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 prefron-

tal 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 present study were scanned upon

their very first clinical assessment for possible HL. Thus, it seems plausi-

ble that, given the early status of hearing impairment of our patients,

the neuroplastic reorganization of the whole brain metabolism hypothe-

sized previously would not be manifest yet in our sample. In addition,

our MRI study involved healthy subjects that have been enrolled as con-

trol group in the same study period of HL subjects, thus minimizing the

role of concomitant factors that might have affected group compari-

sons. 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 condi-

tions, contributing to a more global reduction of ASL-derived perfu-

sion 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 cho-

lesterol medication points, not to decreases, but 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 periven-

tricular, but not deep, white matter lesions were associated with

regional cortical CBF reductions in elderly subjects at risk for cerebro-

vascular diseases (Bahrani et al., 2017).

It should be pointed out that the ASL settings used for the pre-

sent 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 adja-

cent perfusion territories (middle and proximal MCA) whereas other

potentially affected (extra-auditory) regions encompass different terri-

tories (i.e., with possibly different arterial transit times). Therefore, a

different postlabeling delay would have potentially increased the sen-

sitivity of the analysis. Although we used both a labeling duration

(1,500 ms) and a postlabeling delay (1,500 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 identi-

cally to a previous 3D-PCASL study reporting hypoperfusion areas in

AD patients and specifically suggesting that a postlabeling delay of

1,500 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 increase

the sensitivity of whole brain CBF analyses (Johnston, Lu, Maldjian, &

Jung, 2015; Kramme et al., 2015).

The most significant reduction of the regional brain perfusion was

confined to the right hemisphere, albeit additional effects were imme-

diately visible within both the left and the right primary auditory cor-

tex 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 mor-

phometric findings of a lateralized atrophy in the right temporal lobe

as emerging from a structural MRI follow-up of a large HL cohort (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 tempo-

ral lobe of different HL cohorts (Alfandari et al., 2018; Boyen, Langers,

de Kleine, & van Dijk, 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 cor-

tex was intrinsically (and significantly) lateralized to the right hemi-

sphere, 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
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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 “tempo-

ral” processing 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 percep-

tion of tonal stimuli (including music; Schonwiesner, Rübsamen, & Von

Cramon, 2005; Sininger & De Bode, 2008; Zatorre, Belin, & Penhune,

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, consequentially, 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 sus-

tained functional activation elicited by the scanner acoustic noise pro-

duced 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 tech-

niques 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 the audiometric pure-tone

thresholds, not even at the most stimulated frequencies (1 and 2 kHz,

see Figure 2), it is also likely that the acoustic stimulation produced by

the MRI scanner only contributes to the right laterality of CBF pat-

terns (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 mea-

sures 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 sta-

tistically significant positive correlation between the regional CBF and

GMV values for the detected cluster of hypoperfusion in the right pri-

mary 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 pro-

duced by scanner noise, which would simply mirror an (irreversible)

peripheral auditory dysfunction. Moreover, when considering the

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 audio-

logical 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 (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 spe-

cific 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 fre-

quencies, thereby promoting the proposed MRI-based technique as a

promising tool to detect more 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 impair-

ment (MOCA score < 15), to avoid the confounding effect of a pri-

mary 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/meta-

bolism 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 control-

ling 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 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
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normal population aged more than 70 years), the possibility of having

selected a specific sample of patients with a selective primary vascu-

lar/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 trea-

ted and nontreated HL, our current opinion is that the observed audi-

tory 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 condi-

tion. 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 asso-

ciated with HL. Future studies are needed to combine this information

with BOLD-fMRI activation experiments and a longitudinal investiga-

tion of the reported effects will be essential to monitor the HL condi-

tion over time in parallel with the neuropsychological outcome.
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