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Abstract

Objectives: To evaluate: 1) the peripheral hearing sensitivity and central auditory processing in 

persons living with HIV (PWH) and persons living without HIV (PWoH); and 2) the association 

between cognitive function and central auditory processing in PWH and PWoH.

Design: Cross-sectional, observational study.

Methods: Participants included 67 PWH (70.2% male; mean age=66.6 years [SD=4.7 years]) 

and 35 PWoH (51.4% male; mean age=72.9 years [SD=7.0 years]). Participants completed a 

hearing assessment and a central auditory processing assessment that included dichotic digits 

testing (DDT). Pure-tone air-conduction thresholds were obtained at octave frequencies from 0.25 

through 8 kHz. A pure-tone average (PTA) was calculated from 0.5, 1, 2, and 4 kHz thresholds 

for each ear. Participants also completed a neuropsychological battery assessing cognition in seven 

domains.

Results: PWH had slightly lower (i.e., better) PTAs compared to PWoH, but this was not 

statistically significant. Conversely, PWH and PWoH had similar DDT results for both ears. 

Poorer verbal fluency, learning, and working memory performance was significantly related to 

lower DDT scores, and those defined as having verbal fluency, learning, and working memory 

impairment had significantly poorer DDT scores (8–18% lower) in both ears.

Conclusions: Hearing and DDT results were similar in PWH and PWoH. The relationship 

between verbal fluency, learning, and working memory impairment and poorer DDT results did 

not differ by HIV serostatus. Clinicians, particularly audiologists, should be mindful of cognitive 

functioning abilities when evaluating central auditory processing.
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Introduction

Hearing consists of peripheral components (outer and middle ear, cochlea) and the central 

auditory system (cochlear nuclei to the auditory cortex). Speech discrimination and auditory 

temporal discrimination rely on peripheral hearing abilities (i.e., pure-tone thresholds) 

and central auditory processing and cognitive functioning. Specifically, working memory, 

executive function, attention, and verbal fluency allow for differentiating auditory stimuli. 

Thus, central auditory processing deficits can be a result of peripheral hearing loss and/or 

cognitive impairment. Assessing central auditory processing deficits can be difficult because 

of these complex interactions. It is unclear whether human immunodeficiency virus (HIV) 

impacts the audiologic system peripherally, centrally, or both.

Persons with HIV (PWH) are at higher risk for sensorineural (i.e., peripheral) hearing loss 

compared to persons without HIV (PWoH) [1,2], and this association remained significant 

after adjusting for age, sex, and noise exposure [1]. Others have not reported poorer hearing 

thresholds in PWH compared to PWoH [3,4]. In PWH, those with greater HIV disease 

duration or late-stage disease had poorer thresholds suggestive of some effect of HIV disease 

mechanisms on hearing [3]. The literature on central auditory processing deficits in PWH is 

limited, but PWH have poorer central auditory processing compared with PWoH [4,5].

Further, HIV is a risk factor for cognitive impairment. Cognitive deficits, typically mild, 

are a common feature of HIV, occurring in 40–45% of PWH [6,7]. The frequency of 

HIV-associated dementia (HAD), the severe form of cognitive deficit, has decreased with the 

advent of combination antiretroviral therapy (ART), while the prevalence of milder deficits 

have remained stable [8–10]. Although the specific cognitive domains impacted in PWH 

are highly variable, episodic learning and memory, executive function and working memory 

are most commonly impacted [9]. The effects of aging on the central nervous system are 

particularly significant in PWH. In PWH, there is accelerated aging based on brain integrity 

despite virologic suppression [11]. Additionally, neurocognitive performance in PWH aged 

50–65 years is worse than age-matched PWoH, but similar to PWoH ≥65 years [12], and 

older age among PWH is associated with higher odds of memory impairment compared 

to historical norms from PWoH [13]. Given that older age is associated with higher risk 

for hearing loss [14], more research is needed to understand the potential accelerated aging 

effect on hearing in PWH.

The gold standard used to clinically determine peripheral hearing loss is to use pure-

tone thresholds [15]. Pure-tone threshold testing is not representative of real-world 

communication since pure-tone stimuli consist of single frequency energy and do not put the 

auditory system under strain. Dichotic digits testing (DDT) incorporates multiple frequency 

stimuli (i.e., numbers) and requires binaural processing, offering an assessment of central 

auditory processing. Any interruption in the transmission of the auditory signal along the 

central auditory system may result in perceptual deficits that are not always associated 

with hearing loss. These perceptual deficits include difficulty hearing in challenging 

listening environments, difficulty localizing sound sources, distorted auditory signals, and 

poor auditory discrimination. Even adults with normal peripheral hearing report hearing 

difficulties due to central auditory processing problems [16,17]. DDT is more sensitive and 
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specific to central auditory processing performance compared with other measures of central 

auditory processing [18] and has a low linguistic demand on the person under test.

Because comprehension of complex (i.e., multiple frequency) stimuli involves central 

auditory processing and cognitive function along with input from the periphery, an 

assessment battery that includes measures of these variables provides a more thorough 

evaluation of communication abilities. As a result, the purpose of this study was to evaluate: 

1) peripheral hearing sensitivity and central auditory processing in older (age ≥60 years) 

PWH and PWoH; and 2) the association between cognitive function measures and central 

auditory processing in older PWH versus PWoH. It was hypothesized that PWH will 

have poorer peripheral hearing sensitivity and central auditory processing compared to 

PWoH, and that those with poorer cognitive functioning will have poorer central auditory 

processing, especially among PWH.

Methods

Study Participants

Participants were from the longitudinal, observational DETECT study (A Virtual Reality 
Device to Assess How HIV Affects Neurocognitive Decline and Postural Instability in Older 
Adults), a multi-site collaboration between UC San Diego, San Diego State University 

(SDSU) and Emory University. Participants in San Diego were recruited from the broader 

San Diego community as well as from ongoing studies at the HIV Neurobehavioral 

Research Program (HNRP). Participants in Atlanta were recruited from metropolitan-area 

clinics including those affiliated with the Emory Center for AIDS Research (CFAR). 

Eligibility for the DETECT Study included PWH and PWoH, aged ≥60 years at enrollment, 

fluent in English, and ability to provide informed consent. Further, PWH were required to be 

on ART and virally suppressed (plasma HIV RNA <200 copies/ml for at least six months). 

PWoH included individuals who had a clinical diagnosis of mild cognitive impairment 

(MCI), given its similarities with milder forms of HIV-associated neurocognitive disorder. 

Exclusion criteria included diagnosis of HAD, persons with probably dementia, based on 

scores ≤10 on the HIV Dementia Scale, persons in hospice, plans to move out of the area 

within the following three years, serious mental illness (e.g., schizophrenia, bipolar disorder) 

or neurological confounds unrelated to HIV (e.g., head injury with loss of consciousness for 

more than 30 minutes, seizure disorder, stroke, dementia), and significant visual or hearing 

impairments that would impact ability to complete study assessments. Baseline data were 

used for this study. All study procedures were approved by the institutional review boards of 

the three sites.

Study Procedures

HIV Disease Characteristics.—HIV serostatus was confirmed in all participants with 

HIV/HCV antibody point-of-care rapid test (Miriad, MedMira, Nova Scotia, Canada) and 

confirmatory Western blot analyses and/or by HIV RNA testing. In a majority of cases, 

previous AIDS diagnosis, estimated duration of HIV disease, antiretroviral therapy regimen, 

and nadir CD4 count were obtained via the medical record. Self-report was only used if the 
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electronic medical record was not available. Plasma HIV suppression (<200 copies/mL) was 

confirmed on study entry and current CD4 count was also measured.

Audiology Evaluation.—A certified audiologist (author AB) or fully trained research 

assistant (author JD), blinded to HIV status completed all hearing procedures. The hearing 

examination consisted of bilateral otoscopy, tympanometry, speech recognition thresholds 

(SRTs), pure-tone air-conduction audiometry, and DDT. Otoscopy and tympanometry were 

completed to evaluate potential impairment in the conductive mechanism of the auditory 

system that would impact further testing results. For pure-tone testing, SRTs, and DDT, 

participants were seated in a sound-treated room with insert earphones comfortably placed 

in their ear canals. Pure-tone audiometry was completed using procedures recommended by 

the American Speech-Language-Hearing Association [19]. Air conduction thresholds were 

obtained at octave frequencies from 0.25–8 kHz as well as inter-octave frequencies of 3 

and 6 kHz. The SRT is the lowest level, in decibels (dB), at which a person can repeat a 

two-syllable word correctly. For DDT, two numbers are presented (1 through 10, except 7) 

in each ear simultaneously (4 numbers total) and the task is to repeat all the numbers heard. 

The test was completed at 50 dB above the SRT to ensure a comfortable listening level and 

maximum performance. The test consisted of 20 dichotic stimulus presentations, or 80 total 

digits (40 per ear).

Neuropsychological Evaluation.—Participants completed the HNRP’s 

neuropsychological test battery which assesses seven cognitive domains: learning, recall, 

verbal fluency, working memory, speed of information processing, executive function, and 

complex motor function. The specific cognitive tests are presented in Table 1 and have 

been described in detail elsewhere [20]. Raw test scores were transformed into scaled scores 

(SSs), with a mean of 10 and standard deviation of 3. SSs from all tests within each domain 

were averaged together to create domain-specific SSs, and all SSs were averaged together to 

create a global SS. The study began prior to the COVID-19 pandemic and, due to evolving 

restrictions on in-person data collection during the height of the pandemic, site-specific 

modifications to neuropsychological testing were made. UCSD had more preventative 

restrictions on in-person visits during the pandemic than Emory, and thus remote visits 

were implemented. For a portion of the testing (Table 1), assessments were administered 

remotely via video conferencing. This method of teleneuropsychological evaluation has been 

validated against in-person neuropsychological evaluations among both PWH and PWoH 

[21]. Participants were asked to complete the remote visit in a quiet environment away from 

distractions and to refrain from utilizing any performance aids or seeking help from others. 

All data collected at Emory and SDSU were collected in-person.

Outcome Measures

A pure-tone average (PTA) was calculated from 0.5, 1, 2, and 4 kHz thresholds for each ear, 

from which a better ear and worse ear PTA was defined. Hearing loss was defined as a better 

ear or worse ear PTA >25 dB. The outcome of DDT was percent correct for each ear.
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Statistical Analyses

Worse ear and better ear PTA and DDT percent correct are presented as medians and 

interquartile ranges due to the skewness of the distributions. Linear models (PROC GLM 

and PROC REG; SAS, Version 9.4) were used to examine how HIV serostatus relates to 

PTA and DDT and the association between cognitive outcomes (global and domain-specific 

SSs) and DDT while adjusting for age, sex, race, and years of education. HIV by cognitive 

outcome interaction terms were included in all models to test the moderating role of HIV 

serostatus in the cognition and DDT association.

Global and domain-specific cognitive performance were examined as continuous SSs and 

as dichotomous variables of impaired versus non-impaired, with impairment defined as a 

SS more than 1 standard deviation below the mean (i.e., SS<7). In all analyses, PTA was 

evaluated separately for the better and worse ear and DDT were evaluated separately for 

each ear (i.e., DDT-right and DDT-left).

Results

One hundred and two participants (67 PWH and 35 PWoH) completed baseline pure-tone 

threshold testing. Table 2 summarizes the demographic characteristics and cognitive status 

of the study participants by HIV status. On average, participants were 69 years old (range: 

60–91 years) with 15 years of education. PWH were younger, more likely to be male, and 

had fewer years of education compared to PWoH. Further, PWH had higher percentages 

of Black and Hispanic adults, whereas the majority of PWoH were non-Hispanic White. 

PWH and PWoH did not differ on global or domain-specific SSs, rates of global or domains-

specific impairment, or rate of MCI. For example, 31.4% (11 of 35) of PWoH and 31.3% 

(21 of 67) of PWH were defined as having global cognitive impairment. This confirms that 

both globally impaired and unimpaired individuals were enrolled in this study. PWH had a 

median duration of HIV disease of 28 years.

PWH had similar median worse ear PTAs compared to PWoH but and significantly lower 

(i.e., better) better ear PTAs compared to PWoH (Table 3), although this difference was 

not significant after adjusting for demographic covariates (age, sex, race, and years of 

education). PWH also had a lower percentage (44.8%, 30 of 67) of worse ear hearing loss 

compared to PWoH (57.1%, 20 of 35), although this difference was also not statistically 

significant (X2(1)=1.41, p=0.23). However, a significantly lower percentage (28.4%) of 

PWH had better ear hearing loss compared to PWoH (51.4%; X2(1)=5.29, p=0.02). In the 

analyses with PWH only, none of the HIV disease severity variables were associated with 

any of the hearing outcomes.

Since DDT was conducted at a presentation level 50 dB above the participant’s SRT, some 

presentation levels would have been uncomfortably loud (e.g., 95–110 dB), therefore the 

assessment was not completed. As a result, 61 PWH and 29 PWoH had DDT data; median 

DDT percent correct in the right ear was slightly higher (i.e., better) than median DDT 

percent correct in the left ear in both PWH and PWoH. DDT percent correct was similar 

between PWH and PWoH (Table 3). There was no association between HIV status and DDT 

in the right ear or the left ear in the unadjusted model and adjusted models.
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All HIV by cognitive domain score interaction terms were not statistically significant and 

therefore removed from the final models. Global cognitive impairment was significantly 

associated with lower DDT-left percent correct (DDT-left; F[1,77]=16.22, p<0.05) while 

marginally associated with lower DDT-right percent correct (DDT-right; F[1,77]=3.58, 

p=0.06) in models adjusting for demographic covariates and HIV status (Table 4). The 

adjusted mean DDT-left was 89.2% in those without global impairment and 70.4% in those 

with global impairment. For DDT-right, the adjusted mean for those with global impairment 

was 90.2% and 82.7% for those without global impairment.

Verbal fluency impairment, learning impairment, and working memory impairment were 

significantly associated with lower DDT-left and lower DDT-right in adjusted models (Table 

4). The adjusted means for DDT-left and DDT-right were 8%−18% lower in those with 

impairments in those domains compared to those without impairment. Executive function 

and processing speed impairment significantly related to lower DDT-right and showed 

a trend association with lower DDT-left. Delayed recall and motor domains were not 

associated with DDT-left or DDT-right.

When examining continuous SSs, global SS was significantly and positively associated with 

DDT-left (F[1,77]=15.79, p<0.05) and DDT-right (F[1,77]=12.42, p<0.05) after adjusting 

for demographic covariates and HIV status. Verbal fluency, executive function, processing 

speed, learning, and working memory SSs were significantly and positively associated with 

DDT-left and DDT-right (Figure 1). DDT performance in either ear was not significantly 

associated with the other cognitive domains.

Discussion

Given the high rates of hearing problems reported in PWH and the potential accelerated 

aging effects that are emerging among PWH, more research is needed on hearing in this 

population. In the current study, a group PWoH that included a significant number of people 

with MCI diagnosis had symmetrical hearing loss such that slightly over 50% had worse 

ear and better ear hearing loss. Conversely, PWH had more asymmetrical hearing loss, with 

fewer participants having better ear hearing loss as compared to the worse ear hearing loss. 

The reason for this asymmetry is not known at this time and requires additional study.

The prevalence of hearing loss in the current study is higher than what has been reported in 

PWH [2,3]. Around 50% of PWH and PWoH had worse ear hearing loss while others have 

reported hearing loss between 14% [2] and 17.6% [3] among PWH. This is likely due to 

participant age; all participants in the current study were ≥60 years, whereas in other studies, 

mean ages were in the 30s [2] or 40s [3]. Given that the prevalence of hearing loss increases 

with age [14], this difference was not unexpected.

Prevalence of hearing loss did not differ by HIV serostatus. The lack of an association 

between HIV status and hearing loss is consistent with some research [3,4], but not with 

other research [1,2]. Although the adjusted models in the current study, included age, sex, 

race, and years of education, noise exposure (either occupational or recreational) was not 

included in the models. PWoH in this sample were significantly older than PWH, it is 
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possible that PWoH also had more occupational noise exposure than PWH resulting in a 

higher prevalence of worse ear and better ear hearing loss. Sample sizes in the current study 

may not be large enough to detect relatively small differences between groups.

There was no difference in central auditory processing between PWH and PWoH who were 

matched on cognitive impairment status. Others have used different measures of central 

auditory processing [4,22,23], the current study is the first to evaluate DDT in PWH. Others 

have used central auditory processing measures including speech in noise testing and gap 

detection. For speech in noise testing, researchers either only tested PWH [22] or compared 

young adults living with HIV with those young adults who were perinatally HIV exposed, 

but uninfected [23]. In the latter study, results were similar to those in the current study 

such that the ability to identify speech in noise was similar between the two groups [23]. 

Gap detection thresholds were similar between PWH and PWoH [4] suggesting that central 

auditory processing may be spared the effects of HIV, although more research is needed in 

this area.

Certain types of hearing loss are known to herald the development of cognitive problems; 

this has been examined in mostly PWoH populations. Hearing loss has been shown to 

predict decline in global cognitive measures as well as learning and memory [24,25] and 

age-related hearing loss was identified as the largest potentially modifiable risk factor for 

dementia by the Lancet Commission on Dementia Prevention, Intervention and Care [26]. 

Central auditory processing impairment has also been found among those with clinical or 

biological evidence of early-stage Alzheimer’s disease [27,28]. In light of the higher rates 

of cognitive impairment and some evidence of accelerated aging in PWH, the question 

of how hearing ability could potentially signal current or incipient cognitive decline is 

particularly important. In this sample, a majority of participants met criteria for cognitive 

impairment in at least one domain and over 30% of both PWH and PWoH were defined 

as having global cognitive impairment. In the current study, there was poorer performance 

on a measure of central auditory processing in both ears related to poorer global cognitive 

function although only a statistical trend with DDT-right. A study of young men with 

HIV in China also showed a relationship between poorer central auditory processing and 

worse cognition; those with cognitive impairment had poorer speech in noise outcomes [22]. 

However, cognition was assessed using a singular global cognitive screen, the brief Montreal 

Cognitive Assessment. This study further informs these prior findings by including a PWoH 

group and examining whether this relationship is driven by specific cognitive domains.

Poorer central auditory processing performance in both ears was associated with working 

memory, verbal fluency, learning and executive function and processing speed impairment. 

Although the associations between DDT-left and executive function and processing speed 

were statistical trends. Most of the domains that related to central auditory processing 

performance were higher-order cognitive domains regulated by frontal lobe function. This 

is likely due to the multi-tasking component of the DDT that involves frontal-regulated 

executive processes. Central auditory processing also related to the hippocampal-based 

learning domain. Learning is one of the earliest domains impacted in Alzheimer’s disease. 

Given the evidence of central auditory processing deficits in early-stage Alzheimer’s disease 
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[27,28], it is possible that this relationship is driven by a subset of the sample with early-

stage Alzheimer’s pathogenesis.

The relationship between central auditory processing and cognition did not differ by HIV 

serostatus. It is possible that this relationship may be more impactful among PWH given 

the higher frequency of cognitive impairment in this population. Although this higher 

prevalence of cognitive deficits in PWH was not found in the current sample, meta-analytic 

studies report that frontal-based executive function is among the most commonly and 

severely impaired domain among PWH [9,29,30]. The high rates of executive function 

deficits and the current findings suggest that communication ability may be compromised 

among PWH.

There are some limitations in the current study. While certain cognitive domains and 

central auditory processing appear to be related, it is not clear if it is a casual 

relationship. If longitudinal studies show that DDT deficits precede cognitive impairment, 

then interventions for DDT such as dichotic interaural intensity difference training [31] 

may reduce the risk of cognitive decline. Further, this was an older sample, and many had 

cognitive impairment. While the focus of the study was older people, it is acknowledged that 

the study would have broader applicability if people across the age spectrum were included. 

Including a younger, unimpaired sample of PWH and PWoH as a reference cohort may 

better elucidate the relationships between aging, cognition, and central auditory processing. 

The lack of an assessment for substance use is another limitation since substance use 

impacts cognition. As mentioned previously, noise exposure is a risk factor for hearing loss 

that ideally should be accounted for in analyses; those data were not available. The current 

study did have smaller sample sizes compared to other studies [1,3], but the current study 

did include comprehensive neurocognitive and audiological assessments on all participants. 

Lastly, DDT data were not collected on all participants because the presentation level would 

have been uncomfortably loud for those with more hearing loss.

Conclusions

The current study provides novel data on peripheral hearing and central auditory processing 

comparisons in older PWH and PWoH and how central auditory processing relates to 

cognitive function. There were higher rates of hearing impairment (about 50%) than prior 

studies of hearing sensitivity among PWH likely due to the older sample in this study. 

These rates did not significantly differ between PWH and PWoH. There were no differences 

in central auditory processing between PWH and PWoH. Regardless of HIV serostatus, 

poorer central auditory processing was significantly associated with global cognition and the 

specific domains of working memory, verbal fluency, learning and executive function and 

processing speed. Measuring central auditory processing together with standard audiology 

evaluations provides more accurate evaluation of communication ability and can provide 

valuable insights for future treatment. It is hoped that this type of research will enable more 

comprehensive, multi-modal assessment methods for persons aging with HIV, and more 

accurately reflect targets for interventions.
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Figure 1. 
Dichotic digits percent correct as a function of domain-specific cognitive function scaled 

scores for left and right ears.
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Table 1.

HIV Neurobehavioral Research Program Neuropsychological Test Battery

Verbal Fluency Executive Functioning

 Controlled Oral Word Association Test (FAS)1  Wisconsin Card Sorting Test

 Category Fluency (Animals/Actions)1  Trail Making Test (Part B)

Speed of Information Processing  Stroop Color-Word trial1

 WAIS-III Digit Symbol Learning

 WAIS-III Symbol Search1  HVLT-R (Immediate Recall)1

 Trail Making Test (Part A)  BVMT-R (Immediate Recall)

 Stroop Color trial* Memory

Attention/Working Memory  HVLT-R (Delayed Recall)1,2

 WAIS-III Letter-Number Sequencing1  BVMT-R (Delayed Recall)2

 Paced Auditory Serial Addition Task1 Motor

 Grooved Pegboard (average of Dominant and non-dominant hand trials)

1
Assessments administered remotely at UCSD.

2
HVLT-R and BVMT-R delayed recall was assessed 25 minutes after learning trials.

HVLT-R = Hopkins Verbal Learning Test-Revised; BVMT-R = Brief Visuospatial Memory Test-Revised.
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