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48 Abstract (350 words)

49 Purpose: Hearing loss (HL) is one of the most common age-related diseases. Here, we 

50 investigate the central auditory correlates of HL in people with normal cognition and mild 

51 cognitive impairment (MCI) and test their association with genetic markers with the aim of 

52 revealing pathogenic mechanisms.

53 Methods: Brain glucose metabolism based on FDG-PET, self-reported HL status, and genetic 

54 data were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort. 

55 FDG-PET data was analysed from 742 control subjects (non-HL with normal cognition or 

56 MCI) and 162 cases (HL with normal cognition or MCI) with age ranges of 72.2  7.1 and 77.4 

57  6.4, respectively. Voxel-wise statistics of FDG uptake differences between cases and controls 

58 were computed using the generalised linear model in SPM12. An additional 1515 FDG-PET 

59 scans of 618 participants were analysed using linear mixed effect models to assess longitudinal 

60 HL effects. Furthermore, a quantitative trait genome-wide association study (GWAS) was 

61 conducted on the glucose uptake within regions of interest (ROIs), which were defined by the 

62 voxel-wise comparison, using genotyping data with 5,082,878 variants available for HL cases 

63 and HL controls (N=817). 

64 Results: The HL group exhibited hypometabolism in the bilateral Heschl’s gyrus (kleft=323; 

65 kright= 151; Tleft=4.55; Tright= 4.14; peak Puncorr < 0.001), the inferior colliculus (k=219;T=3.53; 

66 peak Puncorr < 0.001) and cochlear nucleus (k=18;T=3.55; peak Puncorr < 0.001) after age 

67 correction and using a cluster forming height threshold P < 0.005 (FWE-uncorrected). 

68 Moreover, in an age-matched subset, the cluster comprising the left Heschl’s gyrus survived 

69 the FWE-correction (kleft=1903; Tleft=4.39; cluster PFWE-corr = 0.001). The quantitative trait 

70 GWAS identified no genome-wide significant locus in the three HL ROIs. However, various 

71 loci were associated at the suggestive threshold (p<1e-05).  
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72 Conclusion: Compared to the non-HL group, glucose metabolism in the HL group was lower 

73 in the auditory cortex, the inferior colliculus, and the cochlear nucleus although the effect sizes 

74 were small. The GWAS identified candidate genes that might influence FDG uptake in these 

75 regions. However, the specific biological pathway(s) underlying the role of these genes in 

76 FDG-hypometabolism in the auditory pathway requires further investigation.

77

78  
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79

80 Introduction

81 Hearing loss affects millions of people around the world and The Global Burden of Disease 

82 Study found that hearing loss is the fourth leading cause of disability globally1,2. The incidence 

83 and prevalence of hearing loss increases with age3–5. Presbycusis, or age-related hearing loss 

84 (ARHL), is the most prevalent form of hearing loss which affects 80% of adults over the age 

85 of 70 years4. It is characterised by reduced bilateral hearing sensitivity, impaired localization 

86 of sound sources, decreased ability to understand speech in background noise, and slowed 

87 central processing of acoustic input6. It is caused by dysfunction in the transduction of sound-

88 induced vibrations into electrical signals by sensory hair cells in the cochlea and central 

89 nervous system dysfunction in auditory signal pathway although the respective contribution of 

90 central and peripheral pathologies remain unclear7,8. Treatments include auditory training9, 

91 hearing aids and cochlear implants for severe hearing loss. Untreated hearing impairment 

92 contributes to social isolation, depression, and is a risk factor for dementia5. In midlife, hearing 

93 loss is the greatest modifiable risk factor for dementia, alongside hypertension and obesity 

94 early intervention might help in delaying or reducing the risk of developing dementia in later 

95 life10.

96

97 Age-related hearing loss is currently attributed to the decline of the peripheral auditory system 

98 or deficits in the processing of auditory signals along the central auditory nervous system. The 

99 latter cause can be investigated using brain imaging methods such as functional magnetic 

100 resonance imaging (fMRI) or fluorodeoxyglucose (18F) positron emission tomography (FDG) 

101 positron emission tomography (PET) imaging. However, PET is usually preferred over fMRI 

102 in functional auditory cortex studies of hearing as PET is a passive imaging technique that does 

103 not produce background noise11. Noise during fMRI acquisition can interfere with the results 
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104 and lead to false positive associations, however, specialized pulse sequences can be used to 

105 mitigate this effect12. The few existing neuroimaging studies focusing on hearing-related 

106 phenotypes typically involve a small number of participants (<50), and have suggested that 

107 primary auditory cortices are affected13–18. Sound processing begins in the cochlea itself, then 

108 via the auditory nerve to the cochlear nuclei and continues up to the inferior colliculi, the medial 

109 geniculate bodies and finally the auditory cortex14,19. Lack of stimulation resulting from 

110 dysfunction in the inner ear as well as the effect of ageing is likely to cause changes in brain 

111 grey matter density in the auditory cortex20. However, hearing loss-related changes in brain 

112 structures along auditory pathways have yet to be discovered in a neuroimaging study. Multiple 

113 factors such as genetics, brain structure and function contribute to auditory processing as well 

114 as auditory problems such as ARHL and their individual roles are challenging to untangle. One 

115 recent genetics study discovered 44 genomic loci for self-reported adult hearing difficulty21. 

116 Thus, using neuroimaging and imaging genetics to investigate effect of genetic variation on 

117 brain function may provide novel insights on the pathological processes underlying age-related 

118 hearing loss.

119

120 To date, only a few imaging studies that deal with normal hearing14 and  hearing-related 

121 problems have been undertaken and these have largely used small samples13,15–18. An FDG-

122 PET imaging study with 27 late-onset deafness participants and matched controls found only 

123 one cluster with reduced metabolism: the right associative auditory cortex, and increased 

124 metabolism within distant brain areasareas13. An MRI study of 49 older adults found reduced 

125 grey matter volume in the auditory cortex to be associated with high frequency hearing loss15. 

126 A study using voxel-based analyses to discriminate between tinnitus and hearing loss found no 

127 differences in grey matter volumes16. Reduced as well as increased grey matter volume in the 

128 primary auditory cortex and reduced glucose uptake in the inferior colliculus (IC) and primary 
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129 auditory cortex were observed using MRI and PET imaging on 42 and 13 unilateral hearing 

130 loss subjects, respectively17,18. Other FDG-PET studies have been undertaken in younger adults 

131 with early onset hearing loss with different aims17,22,23. All these studies found that auditory 

132 cortices are affected in hearing loss, however, they were not able to capture the complete 

133 auditory processing pathway probably due to lack of power from limited sample sizes. 

134

135 Here, we conduct the largest functional neuroimaging study to investigate glucose metabolism 

136 differences in ARHL compared to healthy subjects at rest and to investigate the central auditory 

137 correlates of hearing loss in aged adults. To this end we leverage FDG-PET imaging scans 

138 from more than 1,000 subjects collected as part of the Alzheimer’s Disease Neuroimaging 

139 Initiative (ADNI)24. Further, using these data we present the results of the first imaging genetics 

140 analysis of ARHL as well as investigating the longitudinal decline in glucose metabolism in 

141 ARHL. We hypothesize that brain regions concerned with auditory processing, such as the 

142 primary auditory cortex, would show reduced glucose metabolism in subjects with ARHL. Our 

143 findings contribute to a better understanding of the genetic influences of hearing loss as they 

144 effect central auditory function, a pre-requisite for the development of new prevention and 

145 treatment strategies.
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146 Materials and methods

147 Data used in this study were obtained from the Alzheimer’s Disease Neuroimaging Initiative 

148 (ADNI) database (adni.loni.usc.edu)24. Data used in the preparation of this article were 

149 obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database 

150 (adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led by 

151 Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test 

152 whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), other 

153 biological markers, and clinical and neuropsychological assessment can be combined to 

154 measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s disease 

155 (AD). The participants are adults aged 55-90 years and data in ADNI database are labelled as 

156 cognitively normal, MCI, or AD. 

157

158 Participants

159 All data including the baseline demographic characteristics, medical history, physical 

160 examination, and neurological examination were downloaded from ADNI database. In this 

161 study we only investigated subjects diagnosed as healthy cognition (HC) or MCI at their initial 

162 visit. Participants with AD were excluded from this study due to the heterogenous patterns of 

163 brain atrophy in AD25. Participants with HL were defined as having specific terms related to 

164 HL registered/reported in either physical examination, medical history, and neurological 

165 examination as previously defined in a study on hearing loss in ADNI cohort26. The search 

166 terms for screening for HL include “hear”, “auditory”, “ear”, “deaf”, “presbycusis” at baseline. 

167 Patients with deafness onset during birth/childhood or because of exposure to noise in 

168 war/working environment were excluded to maintain homogeneity of the study population. 

169 Participants with FDG-PET and MRI images available at baseline or one-year follow-up were 

170 considered.
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171

172 FDG PET acquisition and processing

173 At the time of this study, 1003 pre-processed 18F-FDG PET scans at baseline for HL and control 

174 subjects were available and downloaded from ADNI database (adni.loni.usc.edu) (date 

175 accessed 2/05/2019). Data pre-processing steps and details are accessible online 

176 (http://adni.loni.usc.edu/data-samples/data-types/) and described in detail elsewhere24. Briefly, 

177 185 MBq of [18F]-FDG was injected intravenously. Six 5-min frames were acquired 30 min 

178 post-injection. Each frame of a given baseline image series was co-registered to the first 

179 acquired frame and the image series was combined into a dynamic image set. The image set 

180 was then averaged, reoriented to a standard space (voxel grid size 160 x 160 x 96, voxel size 

181 1.5 x 1.5 x 1.5 mm3), intensity normalized, and smoothed with an 8 mm FWHM kernel. 

182

183 A total of 1003 pre-processed T1-weighted magnetic resonance scans were downloaded for the 

184 same subjects at the baseline. Details about the magnetic resonance pre-processing can be 

185 found in Jack Jr et al.27. PET images in nifti format were co-registered to their corresponding 

186 MRI T1-weighted image using normalized mutual information in SPM1228. The T1-MRI 

187 images were registered to Montreal Neurological Institute (MNI) space and transformation was 

188 then applied to the co-registered PET images using SPM12, thus providing PET images in MNI 

189 space. PET-T1 registrations were visually assessed to ensure correct alignment.  In order to 

190 remove inter-individual variability in tracer metabolism, standardized uptake value ratio 

191 (SUVR) was computed. To this end FDG-PET voxel intensity was divided by the intensity in 

192 a joint pons and vermis ROIs25, due to their preserved glucose metabolism in AD and MCI. 

193 These SUVRs were then used as normalized measurement of voxel-level cortical glucose 

194 uptake for each subject. 

195
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196 Statistical analysis 

197 The backbone of the statistical analysis is the voxel-wise comparison of FDG SUVR between 

198 HL subjects and controls using the two-sample t-test framework of the generalized linear model 

199 in SPM12. All tested models were adjusted for sex and education. Moreover, age (at PET 

200 imaging) represents a potential main confounder for investigating age-related HL in this cohort. 

201 Correctly accounting for age as a confounder when investigating age-related disorders is a 

202 challenge. In order to avoid only picking up age-related effects on glucose metabolism, we 

203 followed three strategies to address this: (1) age as covariate, (2) matching case and control 

204 group on age, and (3) adjusting voxel-level SUVR for age prior to the SPM analysis. For the 

205 latter strategy we followed the methodology introduced by Dukart et al.29. Briefly, GLMs were 

206 calculated for all SUVR voxels  separately across the set of control subjects (non-HL), c  𝑦𝑐

207 using only age as the explanatory variable,  : 𝑋𝑐

208   (1) 𝑦𝑐 =   𝑋𝑐 +  𝜀𝑐

209 Regression coefficients   from the voxel-wise linear regressions were extracted providing a 𝑐

210 voxel-wise map of the effect of age on SUVR. Corrected SUVR values   were  𝑦𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

211 calculated for every voxel in each participant (controls and HL cases) by subtracting the 

212 expected effect of age ( ) from the participant voxel SUVR value ( ): 𝛽𝑐𝑋𝑐  𝑦𝐴

213   (2) 𝑦𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =   𝑦𝐴 ―  𝑐 𝑋𝐴

214 We report uncorrected as well as FWE-corrected p-values (based on random field theory) for 

215 peaks and clusters. Furthermore, SPM statistical analysis results are reported in an image 

216 highlighting the significant set of voxels and accompanied by the list of clusters and their 

217 statistical significance. For follow-up analyses, ROIs associated with HL were defined as 

218 clusters of voxels with cluster-level uncorrected p-value <0.005 as cut-off for cluster building. 

219 The average SUVR in each of these ROIs was later used for genetic analysis (see below). In a 

220 complementary analysis to investigate the effect of normal aging on cortical glucose uptake, a 
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221 voxel-level map of beta values  resulting from method (4) were extracted and later visualised 𝑐

222 together with hearing loss effects to illustrate the aging effects on glucose uptakes.

223

224 Longitudinal analysis

225 In order to test whether ARHL leads to a faster decline in glucose metabolism in the ROIs 

226 associated with HL, we leverage the available longitudinal FDG-PET imaging data within 

227 ADNI. Briefly, a total of 1515 subsequent PET scans for 618 of the 1003 subjects were 

228 extracted and registered to the baseline FDG-PET scan, which was already registered to MNI 

229 space as described above. Average glucose metabolism was computed for the HL ROIs, which 

230 were identified in the voxel-wise cross-sectional analysis, and intensity normalized to the joint 

231 pons-vermis ROI. A linear mixed effect model with random intercept and random slopes for 

232 time since baseline was used to analyse the timeseries data. The target was the SUVR in the 

233 HL ROI and fixed effects were age at baseline, sex, cognitive diagnosis, MMSE, ARHL status 

234 and time since baseline. We tested for an interaction between time since baseline and ARHL 

235 status on regional glucose metabolism.

236

237 Genetic data acquisition and processing

238 Single nucleotide polymorphism (SNP) genotyping data is available for n = 1674 subjects 

239 across all ADNI phases. The 1674 samples were genotyped on three Illumina platforms: 

240 Human610-Quad, HumanOmniExpress and Omni 2.5M. Details on data processing quality 

241 control and imputation have been described previously30. Briefly, QC steps were conducted at 

242 subject and SNP level. At subject level, call rate at 10% and concordance between chip-inferred 

243 and self-reported sex were performed. At SNP level, standard QC steps were conducted to 

244 ensure consistency with the Haplotype Reference Consortium (release 1.1) reference panel 

245 used for imputation. These included strand consistency, allele names, position, 
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246 reference/alternative allele assignments and minor allele frequency (MAF) deviations from the 

247 reference panel following QC steps. The imputation was performed using the Sanger 

248 Imputation Server (https://imputation.sanger.ac.uk/) with SHAPEIT for phasing31 and the 

249 entire Haplotype Reference Consortium (release 1.1) reference panel32 on data from the three 

250 platforms separately. Genotypes were hard-called using a threshold of > 0.9. Next, genotypes 

251 from the three platforms were merged and SNPs with MAF > 5% and genotyping rate > 0.9 

252 were retained. Finally, subjects with predicted Central European ancestry of 80% or more 

253 (determined using SNPweights33) were retained; the relatedness matrix between subjects was 

254 computed using the remaining autosomal SNPs and the dataset was trimmed to remove subjects 

255 with relatedness > 0.1. For the remaining subjects the first five PCA components were 

256 computed in PLINK v1.934 and were used to account for population structure in the genome-

257 wide analyses. Overall, 5,082,878 variants were available for genotyping data in cases and 

258 controls.

259

260 Association analysis

261 Genetic data was available for a subset of participants (815 out of 1003) with imaging data 

262 (Table 1). Genome-wide quantitative analysis was performed on all subjects in our hearing 

263 loss study for whom genome-wide data was available. As traits for the quantitative analysis, 

264 we used the average glucose uptake in regions of interest identified from the imaging statistical 

265 analysis. We used rank-based inverse normal transformation, implemented in the R package 

266 RankNorm (v.1.0.0), to ensure a gaussian distribution of the target phenotypes and to 

267 minimize the effect of outliers. We fitted additive genetic models using PLINK v1.9 

268 (www.cog-genomics.org/plink/1.9/34) linear regression on averaged and normalised voxel 

269 intensities within ROIs; models were adjusted for age, sex, years of education, three principal 

270 components of population structure, cognitive diagnosis and HL status. In the resulting 



13

271 summary statistics, we regarded genetic variants with p-value < 5e-08 as genome-wide 

272 significant and p-value < 1e-05 as suggestive. The SNP2GENE function of the FUMA web 

273 tool35 was used to identify independent signals within highly associated regions and to map 

274 them to the nearest gene, as well as to generate Manhattan, QQ and regional association plots. 

275 To access and control for population stratification, we examined the QQ-plots and genomic 

276 control inflation factors for all GWASs. 

277

278 Genetic Correlation analyses

279 A cross-trait LD Score regression method36 was used to evaluate the genome-wide genetic 

280 correlation between glucose intakes in region of interest GWAS from this imaging study, 

281 hearing difficulty with background noise GWAS and hearing aid GWAS. Unlike Mendelian 

282 randomization, which simply employs significantly associated SNPs, cross-trait LD Score 

283 regression makes use of the effects of all SNPs to estimate the correlation. 
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284 Results

285 Table 1 shows subgroup characteristics for HL and non-HL subjects. A total of 1003 

286 participants which include 261 cases of HL and 742 controls/non-HL were studied. Age at 

287 imaging was significantly different between HL and non-HL groups, with non-HL participants 

288 being on average 5.2 years younger (p-value < 2.2e-16). Male to female proportion was also 

289 different between HL and non-HL with higher prevalence of HL among males (2 = 36.224, p-

290 value = 1.759e-09). Furthermore, we observed slightly lower (on average -0.3) Mini Mental 

291 State Examination (MMSE) score in HL than in non-HL (p-value=0.047). On the other hand, 

292 the ratio of HC and MCI diagnoses, smoking, diabetes, hypertension, APOE Ɛ4 status between 

293 HL and non-HL did not show any difference (Table 1) with p-values > 0.05, likewise, years 

294 of education was not different between these groups. Cognitive status of subjects in our study 

295 within non-HL comprised of 71% with MCI and 29% healthy cognition, whereas in HL, 67% 

296 of subjects had MCI and 33% were HC.

297

298 Due to a significant difference in age between HL and non-HL groups, the voxel-wise 

299 comparison was done by adjusting for age using formulas (1) and (2). This resulted in four 

300 relevant clusters (Table 2; Figure S2; cluster forming height threshold p-value = 0.005 

301 uncorrected) at peak voxel-wise threshold p-value < 0.001 (uncorrected). These clusters 

302 formed the region of interest for follow-up analyses: ROIs 1 to 4 correspond to left Heschl’s 

303 gyrus (HG), right Heschl’s gyrus, inferior colliculus (IC) and cochlear nucleus (CN), 

304 respectively. The peak p-value for the left Heschl’s gyrus (p-value < 0.001, T = 4.55) missed 

305 the t-value cutoff for FWE-corrected brain-wide significance T=4.8. Overall, Heschl’s gyri, 

306 inferior colliculus and cochlear nuclei (Figure 1A) were affected by reduced glucose uptake at 

307 in HL compared to non-HL, followed by medial geniculate body (Figure S3). Similar results 

308 were observed when employing alternative age-correction strategies in method (1), i.e., age as 
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309 covariate (Figure S4) and (2) matching HL and control group on age (Figure S5), where the 

310 cluster comprising the left Heschl’s gyrus survived the FWE-correction (cluster PFWE-corr = 

311 0.001). 

312

313 To explore the effect of aging further, we investigated the effect of age correction on this result. 

314 The voxel-wise comparison between HL and non-HL subjects without adjusting for age 

315 revealed very large clusters (ranging from 1,000 – 15,900 voxels) surviving FWE-correction 

316 at p-value < 0.05 (Figure 1B; Figure S1; cluster forming height threshold p-value = 0.005 

317 uncorrected) and aging effects were not specific to the auditory cortex (Figure 1C). Regions 

318 related to auditory processing, Heschl’s gyrus and inferior colliculus, did not overlap 

319 substantially with regions showing age related effects in glucose metabolism. 

320

321 To rule out a driving effect of cognitive impairment on the results, we conducted a sensitivity 

322 analysis where the subjects were restricted to HC and early MCI diagnosis (as provided by 

323 ADNI). The results confirmed bilateral hypometabolism in HG as well as hypometabolism in 

324 subcortical ROIs (Figure S6).

325

326 ARHL did not consistently accelerate decline in glucose metabolism

327 A total of 618 of the 1003 subjects with HC or MCI had more than one PET scan in the ADNI 

328 database. The number of follow-up scans ranged from one to nine, with an average of 2.4 

329 follow-up scans. There were 158 and 460 participants with and without ARHL, respectively. 

330 In the linear mixed effect model the HG (beta=0.006653; t= 1.267, p-value=0.21) and IC 

331 (beta=-0.0016414; t=-0.517; p-value=0.6) ROIs did not show accelerated decline in subjects 

332 with ARHL. However, the CN ROI showed a nominally significantly accelerated decline in 

333 glucose metabolism (beta=-0.004067; t=-2.312; p-value= 0.021).
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334

335 GWAS of regional glucose metabolism

336 We used the four ROIs identified after age adjustment in the imaging analysis (Table 2) for 

337 the genome-wide association analysis on all 815 participants with available genotyping and 

338 imaging data (Table 1). ROIs 1 and 2 representing the left and right Heschl’s gyri, respectively, 

339 were combined into a bilateral ROI: HG; ROI 3 representing the bilateral inferior colliculus 

340 (IC) was used as is for GWAS. ROI 4 representing the Cochlear nucleus (CN) was excluded 

341 from the post-GWAS analysis due to small cluster size and resulting unreliable statistics. Three 

342 independent GWAS were conducted by testing each genetic variant (5,082,878 available 

343 SNPs) for an association with HG, IC and CN respectively. Any systematic biases that may 

344 present in the association results were investigated by calculating the genomic inflation factor, 

345 also known as lambda gc ( ). We did not observe evidence for widespread inflation in 𝜆𝑔𝑐

346 both HG and IC GWAS with   of 0.999, 0.994 and 1.001, respectively, in all samples 𝜆𝑔𝑐

347 (Figure S7). 

348

349 From the GWAS analyses, we did not identify any genome-wide significant association signals 

350 (p-value < 5e-08), but there are some loci harboring genome-wide suggestive SNPs (p-value < 

351 1e-05) in bilateral Heschl’s gyrus GWAS and inferior colliculus GWAS. Each of these SNPs 

352 was mapped to the nearest gene (Table 3). The top SNP from Heschl’s gyrus GWAS was 

353 mapped to the INPP5A protein coding gene (rs4880413, chr10:134354639, intron of INPP5A, 

354 p-value = 1.33e-06). The top SNP from inferior colliculus GWAS was mapped to the 

355 FAM181B protein coding gene (rs59570576, chr9: 124391684, downstream of FAM181B, p-

356 value = 1.77e-07) and also located within MIR4300HG long non-coding RNA gene (Figure 

357 2B). Additional suggestive SNPs for HG, IC, and CN GWAS are listed in Figure 2 and Table 

358 3. Overall, 10, 15 and 13 independent loci were identified in HG, IC and CN GWAS at the 



17

359 suggestive level, respectively (Figure 2 and Table 3). In addition, we investigated whether 

360 there was any shared genetic architecture between HG from our GWAS analysis and self-

361 reported hearing difficulty and hearing aid phenotypes from Wells et al. 21. We found no 

362 significant genetic correlation (rg) for HG glucose metabolism with hearing difficulty (rg= -

363 0.055, p-value=0.641) and with hearing aid use (rg=-0.047, p-value=0.679) and thus, no 

364 inferable genetic architecture overlap between our hearing loss neuroimaging genetic 

365 phenotype and hearing difficulty with background noise and hearing aid phenotypes by Wells 

366 et al.21 could be identified.

367
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368 Discussion

369 Glucose metabolism of older adults with hearing loss was lower compared to controls in 

370 regions of the auditory pathway, including bilateral Heschl’s gyri and inferior colliculus and 

371 right hemisphere cochlear nucleus. The brain regions primarily involved in auditory processing 

372 such as the Heschl’s gyri, inferior colliculus, cochlear nucleus and medial geniculate bodies 

373 showed the strongest associations with HL (Figure S3), but below the brain-wide FWE-

374 corrected significance threshold. Of note, an analysis focusing a priori on the bilateral primary 

375 auditory cortices using an appropriate mask, led to a cluster in the left HG surviving the FWE 

376 correction (FWE-corr p-value=0.039). To the best of our knowledge, this is the first 

377 demonstration in a cross-sectional study that hypometabolism of glucose is observed in both 

378 primary auditory cortex and brain stem nuclei of ARHL participants using FDG-PET scans; 

379 with 1003 participants it is the largest study of its kind so far. 

380

381 In this neuroimaging study, we also attempted to dissociate the effect of normal aging from 

382 hearing loss. Hearing loss is common in older adults of over 65 years of age, and in this 

383 secondary data analysis the two groups of interest, i.e., older adults with and without hearing 

384 loss, exhibited a significant age difference. Applying the age-correction using aging effects 

385 learned in non-HL subjects substantially improved detection of disease related FDG 

386 metabolism in HL (Figure 1A). Thus, glucose uptake of structures specific to the auditory 

387 pathway appeared to be affected. Age-correction eliminated the wide-spread detected clusters 

388 (Figure 1B). The age difference between the HL and non-HL groups likely influenced the 

389 exact delineation of the HL effect. In principle, the spatial pattern in this analysis still resembles 

390 that of our main result (Figure 1A) once a more stringent cut-off is applied. Moreover, without 

391 age-correction (Figure 1B), the HL effect and general aging effects become difficult to 

392 discriminate. Hence, during cluster generation the HL-effect clusters get merged with the aging 
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393 effect clusters emphasizing the need for adequate age adjustment in this cohort. Overall, the 

394 effects of normal aging (Figure 1C) appear not to be specific to the auditory cortex. 

395

396 The longitudinal component of this study investigated whether HL diagnosis at baseline 

397 accelerates the decline in glucose metabolism. The results were inconsistent in that only one of 

398 the three ROIs showed a nominally significantly accelerated decline in people with HL (p-

399 value=0.021). However, longitudinal studies with PET imaging are challenging owing to issues 

400 with registration and intensity normalization and thus may have masked any effect in the other 

401 two ROIs. In addition, lack of HL-diagnosis at follow-up visits in the ADNI cohort may further 

402 obscure the effect of HL on metabolic decline.

403

404 The sample size of GWAS has been constantly increasing over the last years in order to 

405 increase the statistical power to detect small effect sizes and reach genome-wide significance 

406 (p-value <5e-08). For a GWAS, our imaging genetics is rather small, thus, due to the lack of 

407 genome-wide significant findings, we discuss loci at the suggestive level (p-value <1e-05). In 

408 this study, we found that the rs4880413 variant (Figure 2A) within intron of the Inositol 

409 polyphosphate-5-phosphatase A (INPP5A) gene is suggestively associated with FDG 

410 metabolism in the HG (ROIs 1 and 2 from our imaging study; Table 2). Although not much is 

411 known about relationship between INPP5A and hearing loss, Inpp5a shares protein domains 

412 with Synaptojanin 2 (Synj2), both proteins belong to the inositol polyphosphate 5-phosphatase 

413 family alongside eight other proteins that remove the 5-position phosphate from 

414 phosphoinositides. Phosphoinositides are signaling molecules on cell membranes and essential 

415 for normal hearing, and mutant Mozart mice (Synj2N538K/N538K) exhibit progressive hearing 

416 loss37. Mutation in genes affecting phosphoinositide metabolism can be expected to have 

417 important consequences in cell function such as disruption in inositol-triphosphate-mediated 
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418 Ca2+ release38. Interestingly, disruptions in Ca2+ signaling are also to play a role in Alzheimer’s 

419 disease39. 

420

421 The top SNP rs59570576 in the GWAS with inferior colliculus FDG metabolism is located in 

422 an intron of MIR4300HG, host gene of microRNA (MIR4300) and some distance downstream 

423 of the nearest protein coding gene, FAM181B (Family With Sequence Similarity 181 Member 

424 B). Mutations in MIR4300HG are associated with adolescent idiopathic scoliosis40 but neither 

425 gene has an established role in hearing loss. However, another suggestive SNP, rs10957077 

426 located within an intron of the TOX gene (encoding thymocyte selection-associated high 

427 mobility group box) is particularly interesting: knockout of this gene in a mouse model 

428 Toxtm1b(KOMP)Wtsi resulted in a severe hearing loss affecting all frequencies as well as alterations 

429 in heart morphology and bone mineral density 

430 (https://www.mousephenotype.org/data/genes/MGI:2181659). The inferior colliculus is the 

431 main nucleus of the auditory system, receiving information from both ascending and 

432 descending sources of the auditory pathway and is the primary source of input to the medial 

433 geniculate body within the auditory thalamus, and thus ultimately dictates what information 

434 reaches the auditory cortex. Another suggestive-level association of interest is LRIG3 (leucine 

435 rich repeats and immunoglobulin like domains 3) (rs2124517; P-value=7.7e-06): LRIG genes, 

436 including LRIG3, play an important role during inner ear morphogenesis41.

437

438 In our imaging results, cluster sizes for effects in the left Heschl’s gyrus were always larger 

439 than the right Heschl’s gyrus. Moreover, only the right cochlear nucleus was affected. Similar 

440 to visual processing, auditory signals from the ear travel to the auditory cortex mostly 

441 contralaterally as majority of fibers taking a contralateral pathway from each ear. Age-related 

442 hearing loss is defined as bilateral, progressive hearing loss. Therefore, the asymmetry in 
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443 hypometabolism in HL cannot be a direct result from unilateral peripheral lack of input to the 

444 right cochlear nucleus. Asymmetric differences in microanatomy and volume between left and 

445 right Heschl’s gyrus have been noted previously and likely relate to subtle differences in 

446 function, although these distinct functions are not yet well defined42–45. Our findings suggest 

447 that there might be a bigger effect on the left Heschl’s gyrus in ARHL which is responsible for 

448 language processing and learning 46,47. 

449

450 The small effect sizes observed for voxel-wise analysis are similar to those detected in previous 

451 and smaller studies 13,17. This may imply that the effect of hearing loss on the brain are small 

452 in general or, alternatively, are consistently underestimated, due to the need for age-adjustment 

453 during the statistical analysis. Therefore, more work is needed (e.g., using large age-matched 

454 cohorts) to properly delineate effects of aging and gearing loss on the brain.

455

456 Genetic correlation analyses using GWAS summary statistics revealed that genetics of bilateral 

457 Heschl’s gyrus hypometabolism were not correlated with genetics of hearing difficulty in 

458 background noise or hearing aid use identified from previous GWAS. However, the direction 

459 of the effect was as expected: both traits were negatively correlated with glucose metabolism 

460 in HG.  In addition, the genes identified related to these GWAS are not shared. This is likely 

461 because this GWAS on central auditory pathway structures reflects central processing of sound 

462 specifically, whereas the hearing aid and self-reported hearing difficulty GWAS21 reflect both 

463 peripheral inputs as well as central processing of sound.

464

465 Some limitations of our study include the relatively small sample size for GWAS which may 

466 have resulted in a lack of ability to detect genome-wide significant associations with glucose 

467 uptake in the HG, IC and CN regions. Secondly, objective pure tone audiometry might provide 
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468 better criteria for identifying damage to the inner ear and assessing quality of hearing instead 

469 of self-reported hearing problems and hearing aid(s) use. However, self-reported hearing data 

470 has been used successfully to identify ARHL genes in GWAS21 and it has enabled us to 

471 investigate HL in a very large imaging cohort. Thirdly, structural changes in grey matter may 

472 contribute to the observed differences in glucose metabolism. This may require a dedicated 

473 investigation. Further, there is big age difference between HL and non-HL subjects in this 

474 cohort, which may conflate aging effects and disease effects. However, we implemented 

475 different age-correction strategies resulting in similar FDG hypometabolism clusters and found 

476 that the most conservative approach best captured the auditory processing pathway. Lastly, due 

477 to the lack of available replication cohorts, there is no replication study possible for these 

478 GWAS.

479

480 In conclusion, our study has identified that FDG metabolic decline in structures along the 

481 auditory pathway such as Heschl’s gyri, inferior colliculus, and cochlear nucleus are associated 

482 with hearing loss. Our GWAS findings have identified a number of candidate genes that might 

483 influence FDG uptake in these regions. However, the specific biological pathway(s) underlying 

484 the role of these genes in FDG hypometabolism in auditory pathway requires further 

485 investigation. 
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642 Figure Legends
643
644 Figure 1: Effects of hearing loss on glucose metabolism. Glucose hypometabolism patterns in 

645 bilateral Heschl’s Gyrus and midbrain auditory pathway (e.g., inferior colliculus) are apparent 

646 in (A) with age correction and (B) without age correction at a cluster-forming height threshold 

647 p-value = 0.005 (uncorrected) with sagittal, axial and coronal sections at x = 0, y = 22, z = 1. 

648 Colour scale gives Student's t statistic for the comparison between HL and non-HL. Years of 

649 education and sex are included as covariates in SPM two-sample t-test for both. (C) shows 

650 comparison of effect of aging and the regions of interest selected for GWAS for right 

651 hemisphere (top) and left hemisphere (bottom). Regions of interest include bilateral Heschl’s 

652 gyrus in blue and inferior colliculus in magenta with sagittal, axial and coronal sections at x = 

653 50, y = 20, z = 2. Colour scale gives beta coefficient (βc) for age in linear regression model 

654 for glucose uptake SUVR in all subjects.

655

656 Figure 2: Genome-wide associations with metabolism in HL-related ROIs. Manhattan plots 

657 displaying GWAS results for (A) bilateral Heschl’s gyri/ROI 1&2 GWAS and (B) inferior 

658 colliculus/ROI 3 GWAS (C) right cochlear nucleus/ROI 4 GWAS of averaged SUVRs within 

659 ROIs for all subjects with genetics data available. The Manhattan plots display the -log10 P-

660 values of all SNPs tested for association with glucose uptake in ROIs. The threshold for 

661 genome-wide suggestive threshold (p-value < 1e-05) is indicated by a blue horizontal solid 

662 line. Loci that reached genome-wide suggestive level are annotated with gene symbol. Each 

663 Manhattan plot accompanied by the location of the top SNP with surrounding genes.

664

665
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666 Tables

667 Table 1: Subgroup characteristics for subjects with HL and non-HL. Mean  standard 

668 deviation, ARHL age-related hearing loss, MCI mild cognitive impairment, HC healthy 

669 cognition, MMSE Mini Mental State Examination, GI genetic information. * Included in the 

670 genetic study
671
672 HL Non-HL T-test (t, p) Chi2 test (2, df, p)673
674 Number 261 742 n/a n/a
675 Male/Female 190/71 379/363 n/a 36.22, 1, 1.759e-09

676 Age (years) 77.4 (6.4) 72.2 (7.1) 10.96, <2.2e-16 n/a

677 Age range (min-max) 56.5 - 91.5 55.1 - 89.1 n/a n/a

678 Years of Education 16.3 (2.8) 16.0 (2.7) 1.16, 0.246 n/a

679 Smoking (yes/no) 111/80 276/209 n/a 0.04, 1, 0.842

680 Diabetes (yes/no) 23/230 65/631 n/a 1.08e-30, 1, 1.0

681 Hypertension (yes/no) 124/129 331/365 n/a 0.10, 1, 0.747

682 APOE Ɛ4 (1/2/3) 163/82/16 415/256/65 n/a 3.59, 1, 0.166

683 MCI/HC diagnosis 174/87 526/216 n/a 1.44, 1, 0.230

684 MMSE (score) 27.9 (1.7) 28.2 (1.7) -2.0, 0.046 n/a

685 GI available* 228 587 n/a n/a
686
687

688
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689 Table 2: Group comparison between HL and non-HL. Data are from participants with HL 

690 compared to controls with adjustment of age prior to test and further corrected for sex, and 

691 years of education. L, left hemisphere; R, right hemisphere; Puncorr, cluster-level and peak-level 

692 uncorrected voxel-wise p-value.

693
694 Cluster-level Peak-level MNI coordinate Cohens’s d Region
695 Puncorr size   Puncorr x y z
696
697 ROI 1    0.029      323 <0.001 -48 -24 2 0.144 L  Heschl’s gyrus 14,46

698 ROI 2    0.120      151 <0.001 46 -24 4 0.131 R Heschl’s gyrus 14,46

699 ROI 3    0.066      219 <0.001 -4 -32 -14 0.112 Inferior colliculi 14

700 ROI 4    0.598      18 <0.001 10 -36 -38 0.112 R cochlear nucleus 14

701

702
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703 Table 3: Summary statistics for lead SNPs that reached a suggestive threshold of p-value <1e-

704 05, ordered by chromosome for bilateral Heschl’s gyrus, inferior colliculus and cochlear 

705 nucleus GWAS. Chr, chromosome; bp, base position; SNP, lead SNP; refA, reference allele; 

706 altA, alternative allele; beta, effect size; se, standard error of the beta; P, association test p-

707 value.

708 Chr bp SNP altA refA beta se P    Nearest
709     gene
710 Bilateral Hescl’s gyrus GWAS
711 10 134354639 rs4880413 C T 0.267 0.048 1.33e-06 INPP5A
712 9 124391684 rs78424955 A G 0.315 0.066 2.38E-06 DAB2IP
713 7 92687498 rs11980100 A C -0.308 0.065 3.30E-06 SAMD9
714 11 131816630 rs511311 A G 0.225 0.048 4.25E-06 NTM
715 9 78581102 rs17061846 C G 0.341 0.074 5.48E-06 PCSK5
716 20 50201728 rs73133002 C T -0.494 0.108 5.50E-06 ATP9A
717 18 44040660 rs17766830 C T 0.239 0.052 6.83E-06 RNF165
718 4 185874623 rs12502026 A G -0.237 0.052 8.50E-06 HELT
719 2 238822161 rs75026491 A C -0.279 0.062 9.06E-06 RAMP1
720 8 95736479 rs28523271 A G -0.475 0.106 9.10E-06 DPY19L4
721 Inferior colliculus GWAS
722 11 81661751 rs59570576 A C -0.280 0.053 1.77E-07 FAM181B
723 3 111819524 rs12053863 A C -0.255 0.051 7.10E-07 C3orf52
724 17 30953776 rs321157 A G -0.255 0.051 7.19E-07 MYO1D
725 8 59934166 rs10957077 A G -0.247 0.051 1.73E-06 TOX
726 19 7101673 rs35207600 C T -0.521 0.109 2.30E-06 INSR
727 13 45905074 rs11618819 G T 0.437 0.092 2.49E-06 TPT1
728 21 45617328 rs2032327 A G 0.231 0.049 2.88E-06 GATD3A
729 17 55731466 rs17762121 A G -0.279 0.059 3.71E-06 MSI2
730 1 63941202 rs6588035 A G -0.258 0.055 4.61E-06 ITGB3BP
731 13 37038562 rs73534366 C T 0.262 0.057 5.40E-06 CCNA1
732 3 141407056 rs6798834 A G -0.221 0.048 5.61E-06 RNF7
733 6 94679686 rs1352378 G T -0.223 0.049 6.79E-06 EPHA7
734 12 59179375 rs2124517 C T -0.229 0.051 7.70E-06 LRIG3
735 11 75277628 rs584961 A G -0.010 0.080 9.51E-06 SERPINH1
736 18 5099428 rs60475118 A G -0.230 0.051 9.74E-06 AKAIN1
737 Cochlear nucleus GWAS
738 9 26457170 rs1328425 C T 0.23 0.047 9.24E-07 CAAP1
739 4 41793147 rs6851412 C T -0.243 0.049 1.12E-06 PHOX2B
740 16 88453759 rs4782515 C T -0.250 0.053 3.20E-06 ZNF469
741 15 67460009 rs11638064 A G -0.264 0.056 3.58E-06 SMAD3
742 4 27739484 rs990966 A C -0.106 0.052 3.64E-06 STIM2
743 6 68578367 rs59067831 G T 0.532 0.115 4.29E-06 ADGRB3
744 12 78288587 rs2045989 C T 0.243 0.052 4.44E-06 NAV3
745 4 41744499 rs73139112 A G -0.316 0.068 5.02E-06 PHOX2B
746 14 51568946 rs12589468 A G 0.229 0.050 5.70E-06 TRIM9
747 4 121479398 rs6856719 A G -0.414 0.091 7.27E-06 PRDM5
748 16 78857425 rs56209917 A G 0.298 0.066 8.03E-06 WWOX
749 16 8607848 rs74007850 C T 0.374 0.083 8.28E-06 TMEM114
750 7 11619598 rs2189639 C T -0.243 0.054 9.30E-06 THSD7A
751
752


