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Abstract 

Introduction 

The inner ear is most susceptible to the ageing effects. The anatomical changes 

like loss of sensory hair cells, loss of spiral ganglion cells and atrophy of stria 

vascularis lead to changes in cochlear functions and cause age-related hearing loss. 

Distortion Product Otoacoustic Emissions (DPOAEs) are a good indicator for 

interpreting the age effects but are usually recorded at up to 8000 Hz frequencies in 

routine audiometric testing. OAEs are proven more sensitive to cochlear insults than 

pure tone audiometry. The origin of both DPOAEs at EHF and conventional 

frequencies is via a similar biological mechanism in the inner ear. 

Aim of the study 

The present study aimed to see the effect of age on the DPOAEs at 

conventional extended high frequencies. 

Objectives 

This study assesses and compares the DPOAEs parameters at conventional 

frequencies to the DPOAEs parameters at extended high frequencies across different 

age groups and evaluates the association between the extended high-frequency 

thresholds and DPOAEs at conventional and extended high frequencies across 

different age groups.  

Materials and Methods 

Extended high-frequencies Audiometry (9000-16000 Hz) and DPOAEs from 

500-16000 Hz were recorded on eighty adult (160 ears) participants with normal 

hearing sensitivity.  The participants were 15-55 years old, with an equal number of 



2 
 

males and females. The participants were further categorised into four groups to see 

the age-related changes: Group I (15 – <25 years), Group II (25-<35 years), Group III 

(35-<45 years) and Group IV (45-55 years).  

Results 

The results showed a significant difference between the four groups for 

extended high-frequency thresholds and DPOAEs parameters (amplitude and SNR) at 

conventional and EHF (p <0.05). A statistically significant reduction in EHF 

thresholds was observed in group II than I at 16000 Hz frequencies. The decline was 

observed from group III onwards and became poorer in group IV for EHF thresholds.  

However, the thresholds were comparatively better for group III at frequencies 

9000,1000 and 11500Hz than group IV.  No significant difference was observed for 

EHF DPOAEs in Groups I and II (except at 16000 Hz) and III and IV. Group IV (45-

55 years) was significantly different from the other three groups for conventional 

frequencies. A weak negative correlation was observed between the DPOAE 

parameters and EHF thresholds.  

Conclusions 

This study suggests an effect of age on EHF DPOAEs before the EHF 

thresholds for frequencies 9000, 10000 and 11500 Hz.  The EHF thresholds and 

DPOAEs start deteriorating from below 30 years onwards, with a rapid decline above 

35 years. EHF DPOAEs can be used in clinics to identify early ageing signs and as a 

screening tool, as it is less time-consuming. 
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CHAPTER- I 

INTRODUCTION 

Otoacoustic emissions (OAEs) are the echoes produced by the cochlea. These 

emissions are transferred through the middle ear and then to the outer ear meatus, 

where they can be measured (Kemp, 1978). The generation of OAEs is a hallmark of 

inner ear health and OHCs' non-linearity. OAEs are the property of healthy cochlea, 

which usually function as they are generated by the selectivity of active frequency and 

the non-linear elements within the partition, for which the critical components are the 

outer hair cells (Kemp, 2002). The diagnostic importance of OAEs has been explained 

as a non-invasive objective measure used to forecast audiometric status when a 

behavioural audiogram is not easily obtained (Dorn et al., 1998). Because of their 

relative simplicity, better sensitivity, and objectivity of technique, the OAEs are a 

suitable means for monitoring cochlear function (Gates & Mills, 2005).  

Among the evoked OAEs, distortion product otoacoustic emissions 

(DPOAEs) are always produced when there is a mechanical non-linearity (Kemp, 

2002). It is a type of emission found in all normal-hearing individuals. The 

simultaneous presentation of two pure tones closely spaced in frequency elicits 

DPOAEs. DPOAEs responses are majorly considered distortion emissions since they 

originate from the cochlea at a frequency not present in stimuli that elicit OAEs. When 

DPOAEs overlap along the basilar membrane, they derive from the non-linear 

interaction between the travelling waves of the lower frequency (f1) and higher 

frequency primary tone (f2). The distortion product frequencies are computed 

combinations of the f1 and f2 frequencies, and the most remarkable and broadly 

studied DPOAEs occur at the 2f1-f2 frequency in humans (Dreisbach et al., 2006). 
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Additionally, it has been shown that decreased DPOAEs levels correlated with outer 

hair cell destruction, which is supported by histological findings and demonstrates that 

outer hair cells contribute to the production of DPOAEs (Brown et al., 1989). 

The DPOAEs recording has become a rapid and objective test to examine the 

cochlea and middle ear status and is widely used in hearing clinics. In humans, most 

DPOAEs studies have used conventional frequencies (≤ 8KHz); however, hearing at 

extended high frequencies (EHF) is most susceptible to cochlear damage. The origin 

of both DPOAEs at EHF and conventional frequencies is via a similar biological 

mechanism in the inner ear (Dreisbach & Siegel, 2001). Due to the emergence of EHF 

DPOAEs in the range of 9,000 to 16,000 Hz frequencies, changes in hearing preceding 

hearing loss in conventional audiometric frequencies (250 to 8000 Hz) could be ruled 

out in the initial stages (Dreisbach et al., 2006; Dreisbach & Siegel, 2005). Previous 

studies have shown that monitoring the cochlea's high-frequency regions is crucial for 

detecting noise-induced or ototoxicity-induced and age-related hearing loss, which 

initially affects the higher frequencies and then proceeds to lower frequencies. The 

emergence of EHF DPOAEs in clinical procedures directly correlates with these 

findings in clinical settings (Dunckley & Dreisbach, 2004). A novel objective 

approach for the early identification of high-frequency hearing loss may thus be 

established because EHF DPOAEs measurements assess the cochlear health in the 

basal region of the human cochlea. Jedrzejczak et al. (2022) showed that the decrease 

in EHF DPOAEs is related to hearing loss, and 16000 Hz can identify preclinical 

reductions in hearing levels. DPOAEs at EHF can also identify heterozygous 

individuals with Gap Junction Protein Beta-2 gene mutation even before clinical 

manifestation in audiometry is observed (de Mello et al., 2014). 
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Age-related changes are significantly associated with lower DPOAEs 

amplitude (Uchida et al., 2008a). The results of several studies also point out that the 

effect of age on DPOAEs measurements is independent of peripheral hearing loss, 

which is estimated by conventional audiometry (Ortmann & Abdala, 2016). A decline 

in the production of OAEs with ageing may reflect ongoing OHC deterioration 

brought on by the ageing process (Uchida et al., 2008b). According to a study by Lee 

et al. (2012), age-related cochlear damage starts as early as the third or fourth decade 

of life, more in the basal part of the cochlea that cannot be detected appropriately by 

conventional clinical measures. Threshold estimation using a standard audiometric 

frequency range (up to 8 kHz) showed no clinically significant reduction throughout 

life. Contradictory to that, DPOAEs growth functions measured in the identical 

frequency range showed apparent decay as early as the age of 30 years, mainly for the 

moderate stimulus levels (Glavin et al., 2021a). The basilar membrane displays linear 

response growth at low stimulus levels, a compression "knee" or bend-over section at 

intermediate stimulus levels, and compressive development at rising stimulus levels 

during the DPOAEs I/O test. The wide dynamic range of human hearing is primarily 

the result of this non-linear growth (Dorn et al., 1998). 

The authors conducted a study in the participants with an age range of 10-65 

years. The authors concluded that the ageing effect in DPOAEs is seen as a reduction 

in amplitude, which is more seen explicitly in the two highest test frequencies, 6 and 

8 kHz (Poling et al., 2012). Early ageing weakens non-linear cochlear expressions, 

such as the DPOAEs and the DPOAEs I/O functions, that become linearised. The 

findings imply that changes in compressive non-linearity with ageing may decrease 

hearing's dynamic range and worsen signal processing in older listeners (Ortmann & 

Abdala, 2016). Even though the DPOAEs distortion component is present, it is weaker 
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in older and middle-aged adults, especially at high frequencies. These level deductions 

are evident even in audiometrically similar groups, indicating that hearing loss is not 

the only contributor to reduced cochlear non-linearity with age (Abdala et al., 2021). 

Ortmann and Abdala (2016) reported a steeper DPOAEs growth rate at conventional 

frequencies in middle-aged listeners, indicating the cochlea’s compressive non-

linearity degradation. The remarkable ageing effect preserves the reflection-emission 

levels and significantly reduces distortion-emission levels. This relative pattern of 

OAEs loss with ageing might serve as a diagnostic indicator for cochlear 

abnormalities caused by ageing (Abdala et al., 2018). 

Age-related alterations in hearing levels occur significantly earlier in the EHFs 

range, greater than 8 kHz (Lee et al., 2012b). Recently, it has been shown that the 

EHFs (up to 20 kHz) temporal information can enhance speech-in-speech recognition 

associated with speech, which is bandlimited to 8 kHz (Trine & Monson, 2020). In 

the same study, Trine and Monson (2020) also found a significant relationship between 

speech recognition thresholds (SRTs) and EHFs thresholds. The EHFs temporal 

insights provide a 0.9 dB improvement in speech recognition. Hearing at EHFs 

exhibits signs of early auditory ageing (Aziz et al., 2020a). According to Mishra et al. 

(2022), hearing impairment at EHFs severely affects speech-in-noise recognition, 

independent of speech frequencies and age. The findings also suggest that the 

audibility of EHFs contributes to speech-in-noise recognition (Mishra et al., 2022). 

The early ageing effects are susceptible to the EHFs thresholds, and these threshold 

alterations are even observed in very young populations (Jilek et al., 2014). EHFs 

insights are essential for the decision of sound elevation and for resolving front/ back 

chaos (Trine & Monson, 2020). Many studies have reported a relationship between 

EHF impairment and loss of performance in speech-in-noise (Hunter et al., 2020; 
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Lough & Plack, 2022; Valiente et al., 2016). EHF thresholds are also helpful in 

providing knowledge about hair cell loss at lower frequencies (Valiente et al., 2016; 

Škerková et al., 2023). 

Across the entire frequency range, it has been reported that two different 

ageing processes impact the hearing thresholds: the slower process occurring at low 

frequencies and the faster process at higher frequencies. These findings suggest that 

extended high-frequency loss may have already happened when the initial traditional 

pure tone audiogram (0.25-8 kHz) indicates age-related hearing loss (Lee et al., 2012; 

Uchida et al., 2008). The rapid ageing process begins at ages 51, 47, 46, 36 and 30 

years for frequencies 6, 8, 10, 11, and 12.5 kHz, respectively (Lee et al., 2012a). EHFs 

have several roles in auditory disorders (Poling et al., 2012). Clinical hearing 

impairment can be identified early by EHFs hearing loss. It can hinder hearing and 

speech understanding, especially in noisy environments (Rodríguez Valiente et al., 

2014, 2016). EHFs are also related to age-related hearing loss, noise exposure and 

ototoxicity. With ageing, hearing levels gradually decline; this loss starts at the higher 

frequencies and travels down to the lowest frequencies. As a result, the EHFs become 

vital in age-related hearing impairment as a technique for early investigation of such 

failure (Best et al., 2005; Hunter, Blankenship, et al., 2020; Hunter, Monson, et al., 

2020). Additionally, it has been found that individuals' hearing at EHF deteriorated, 

starting in their 30s and predominated in their 50s and beyond. Before age 30, EHF's 

hearing thresholds were less than 26 dB HL. The average threshold values with ageing 

were up to 75 dB HL (Wang et al., 2021). 

The EHF hearing thresholds show early auditory ageing signs. The third 

decade of human life leads to the deterioration of hearing function with age. In 

individuals with EHF hearing loss, decreased DPOAEs in the standard frequencies 
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may reflect preclinical cochlear damage (Mishra et al., 2022). DPOAEs can be applied 

as a preclinical tool to identify early ageing, which has already been reported in the 

literature. Before any alterations are detected by conventional pure tone audiometry, 

the decline or absence in DPOAEs amplitude implies hearing loss. According to a 

recent study, the EHF DPOAEs should be used to detect hearing loss in the extended 

high-frequency range (Jedrzejczak et al., 2022). 

1.1 Need of the study 

Early ageing starts from the basal frequencies and then progresses to the apical 

ones. OAEs can be used as objective tests, a sensitive tool for identifying the 

subclinical damages in the cochlea. DPOAEs values determine cochlear health as a 

function of frequency (Poling et al., 2012). Reduction in hearing sensitivity at 

extended high frequencies may signify preclinical hair cell loss in the conventional 

frequency range (Mishra et al., 2022). A reduction in the amplitude of DPOAEs 

reported with ageing is significantly seen even before any change is observed in the 

pure tone audiometry (Dorn et al., 1998).  

EHF DPOAEs are essential in identifying disorders like ototoxicity, noise-

induced hearing loss, and cystic fibrosis (de Mello et al., 2014; Dreisbach & Siegel, 

2001). Škerková et al. (2023) reported that hearing thresholds at EHF begin to 

deteriorate from 35 years onwards; initially, the effects are more observed in the high 

frequencies (14 &16 kHz), and as age increases, the result is observed more in low 

frequencies. The increase in hearing threshold rate is more rapid in males than 

females. On the other hand, it is unclear if ageing had a similar impact on the DPOAEs 

at EHFs. Therefore, further research was required to understand how ageing affects 

DPOAEs at conventional and EHFs. Understanding the effect of age on DPOAEs at 



9 
 

EHFs could help identify individuals with a greater risk of developing hearing 

impairment. It could further guide in counselling and follow-up assessments.  

1.2 Aim of the study 

The present study aimed to see the effect of age on the DPOAEs at 

conventional and extended high frequencies. 

1.3 Objectives of the study  

I. To assess and compare the DPOAEs parameters at conventional frequencies 

across different age groups. 

II. To assess and compare the DPOAEs parameters at extended high frequencies 

across different age groups. 

III. To assess the association between the extended high-frequency thresholds and 

DPOAEs at conventional and extended high frequencies across different age 

groups.    
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CHAPTER-II 

REVIEW OF LITERATURE 

2.1 Origin of DPOAEs 

Otoacoustic emissions (OAEs) are the echoes produced by the cochlea. These 

emissions are transferred through the middle ear and then to the outer ear meatus, 

where they can be measured (Kemp, 1978). The generation of OAE is a hallmark of 

inner ear health and OHC's non-linearity. The efferent innervations comprise many 

fibres that form the central and lateral efferent systems. The medial efferent system is 

connected to the innervations of outer hair cells, while the lateral system is related to 

inner hair cells. The release of acetylcholine in the synaptic cleft through the medial 

olivocochlear efferent tract modulates the motion of outer hair cells (Bonfils et al., 

1988). The diagnostic importance of OAEs has been explained as a non-invasive 

objective measure used to forecast audiometric status when a behavioural audiogram 

is not easily obtained (Gorga et al., 2005). 

Among the evoked OAEs, distortion product otoacoustic emissions 

(DPOAEs) are always produced when there is a mechanical non-linearity (Kemp, 

2002). DPOAEs can be recorded from the ear canal during continuous stimulation 

with pure tones at fl and f2 frequencies where fl < f2 and the intensity level L1 > L2. 

The DPOAEs have been linked to the functioning of outer hair cells on the basilar 

membrane corresponding to the locus 2fl-f2 (de Boer et al., 2005; Gibian & Kim, 

1982; Kim et al., 1980). The strongest 2f1- f2 DPOAE were produced by the stimulus 

frequencies about 20% apart in frequency and fl/f2 ratio of 1.22 (Petersen et al., 2017). 

It has been shown that decreased DPOAEs levels correlated with outer hair cell 

destruction, supported by histological analysis, demonstrates that outer hair cells 
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contribute to the production of DPOAEs (Brown et al., 1989). A decline in the 

production of OAEs with ageing may reflect ongoing OHC deterioration brought on 

by ageing (Uchida et al., 2008). 

2.2 Aging and Auditory System 

The prevalence of bilateral hearing loss is around 25% at 70 years of age and 

rises to 85% at the age of 85 years (Göthberg et al., 2020; Hoff et al., 2018, 2023). 

According to the latest Global Burden of Disease Studies (GBD 2019 Diseases and 

Injuries Collaborators, 2020), hearing loss is considered one of the six most important 

drivers of increasing burden (disability-adjusted life-years) in older adults. In 2015, 

hearing loss was one of the eight leading causes of chronic disease and injury (Chang 

et al., 2019). Livingston et al. (2020) show that hearing loss in elderly adults is a 

potentially modifiable factor that helps reduce the risk of dementia. 

According to Schmiedt (2010), the inner ear is more vulnerable to age-related 

changes among the three parts of the ear. The ageing cochlea has undergone the 

following two most noticeable physiological changes: an increase in the auditory 

nerve's action potential (CAP) and a decrease in cochlear endolymphatic potentials 

(EP) (Gates & Mills, 2005). According to recent research, the main contributing factor 

to age-related hearing loss (ARHL) is metabolic/strial presbycusis or degenerative 

alterations in the lateral wall and stria vascularis (Ohlemiller, 2009). Increased 

thresholds of the auditory nerve's compound action potential, a sign of asynchronous 

firing of the fibres, are another physiological defect in the ageing cochlea (Gates & 

Mills, 2005). The peripheral and central auditory systems experience pathological and 

physiological changes with age (Hoth, 1996). Further research is required to 

comprehensively address underlying mechanisms and determine whether early 

hearing loss detection can delay or arrest late-life cognitive decline or dementia 
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(Jayakody et al., 2018). Screening for hearing loss in a senior population could benefit 

hearing and general health (Gates & Mills, 2005). 

2.3 Ageing and DPOAEs 

The OAEs are a suitable means for monitoring cochlear function because of 

their relative simplicity, better sensitivity, and objectivity of technique (Gates et al., 

2002; Mills et al., 2000). According to Collet et al. (1990), ageing affects OAEs and 

is linked with the alteration of cochlear biomechanics and hair cell loss. There is a 

reduction in the DPOAEs amplitude with ageing because of the decrease in 

endocochlear potential, reduced prestin activity, and preserved hair cell bundle 

function (Lai & Bartlett, 2015). Several studies suggest that with an increase in age, 

the amplitude of DPOAEs decreases, mainly observed in the high frequencies (Bonfils 

et al., 1988; Brown et al., 1989; Lasky et al., 1992).  

In a study by Glavin et al. (2021), the authors aimed to see the effect of ageing 

on DPOAE in individuals with clinically normal hearing sensitivity. The authors took 

199 individuals with an age range of 10-65 years and found an apparent decline in 

DPOAE growth function beginning in the third decade of life, and this decline is 

greatest at the cochlear base. So, there is a need for further research where hearing-

related monitoring and treatment precede communication difficulties. Another study 

also found similar results that independent of the hearing thresholds, DPOAEs 

deteriorate with age. The authors concluded that in future, DPOAEs could be a 

promising tool to assess the ageing effects before any change in hearing sensitivity 

(Uchida et al., 2008). The ageing effect in DPOAEs is seen as a reduction in amplitude, 

which is more seen explicitly in the two highest test frequencies, 6 and 8 kHz. Early 

ageing weakens cochlear expressions of non-linearity, such as the DPOAE and the 
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DPOAE I/O functions that become linearised (Poling et al., 2012). The remarkable 

ageing effect conserves the reflection-emission levels and significantly reduces 

distortion-emission levels. This relative pattern of OAE loss with ageing might serve 

as a diagnostic indicator for cochlear abnormalities caused by ageing (Abdala et al., 

2018). 

2.4 Ageing and Extended High-frequency Thresholds 

 According to a study by Lee et al. (2012), age-related cochlear damage starts 

as early as the third or fourth decade of life, more in the basal part of the cochlea that 

cannot be detected appropriately by conventional clinical measures. Threshold 

estimation using a standard audiometric frequency range (up to 8 kHz) showed no 

clinically significant reduction throughout life. Brant and Fozard., (1990) conducted 

a longitudinal study with males aged 20 to 95 years and found that hearing loss in 

males 70 and older is greatest at the highest frequencies. Many older adults with 

hearing loss remain untreated or undiagnosed until the damage does not reach the 

conventional frequencies (Brant & Fozard, 1990). A cohort study was conducted with 

a mean age of 71.1 years by Rigters et al. (2018) and found that the mean progression 

of hearing loss was 0.29 and 1.35 dB/year at conventional audiometric frequencies. 

Pure tone audiometry is a standardised behavioural test to assess hearing acuity 

at conventional frequencies (250 to 8000 Hz). The frequency range for human hearing 

extends from 20 to 20,000 Hz, which explains that conventional pure tone audiometry 

(PTA) is not an effective tool for assessing the entire frequency range of human 

hearing. Due to this limitation of conventional audiometry, it is suggested to use 

extended high-frequency audiometry (EHF), which evaluates frequencies from 9,000 

to 20,000 Hz. Age-related alterations in hearing levels occur significantly earlier in 
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the EHF range, greater than 8 kHz (Lee et al., 2012). Across the entire frequency 

range, it has been reported that two different ageing processes impact the hearing 

thresholds: the slower process occurring at low frequencies and the faster process at 

higher frequencies. These findings suggest that extended high-frequency loss may 

have already occurred when the initial traditional pure tone audiogram (0.25-8 kHz) 

indicates age-related hearing loss (Lee et al., 2012; Uchida et al., 2008). The rapid 

ageing process begins at ages 51, 47, 46, 36 and 30 for frequencies 6, 8, 10, 11, and 

12.5 kHz (Lee et al., 2005). Recently, it has been shown that the EHF (up to 20 kHz) 

temporal information can enhance speech-in-speech recognition associated with 

speech, which is bandlimited to 8 kHz (Trine & Monson, 2020). In the same study, 

Trine and Monson (2020) also found a significant relationship between speech 

recognition thresholds (SRTs) and EHF thresholds. The EHF temporal insights 

provide a 0.9 dB improvement in speech recognition. Hearing at EHF exhibits signs 

of early auditory ageing (Aziz et al., 2020a). According to Mishra et al. (2022), hearing 

impairment at EHF severely affects speech-in-noise recognition, independent of 

speech frequencies and age. The findings also suggest that the audibility of EHFs 

contributes to speech-in-noise recognition (Mishra et al., 2022). The early 

consequences of ageing are highly sensitive to the EHF thresholds, and even in young 

populations, age-related EHF threshold alterations are observed (Jilek et al., 2014). 

EHF insights are essential for the decision of sound elevation and for resolving front/ 

back chaos. Many studies have reported a relationship between EHF impairment and 

loss of performance in speech-in-noise. EHF hearing loss is believed to be a hallmark 

of subclinical hair cell loss in the conventional frequencies and often precedes 

threshold elevation in the traditional frequencies. EHF thresholds are also helpful in 

providing knowledge about hair cell loss at lower frequencies. 
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EHFs have several different roles in auditory disorders. Clinical hearing 

impairment can be identified early by EHF hearing loss. It can hinder hearing and 

speech understanding, especially in noisy environments (Valiente et al., 2014). EHFs 

are also related to age-related hearing loss, acoustic trauma, and ototoxicity. With 

ageing, hearing levels gradually decline; this loss starts at the higher frequencies and 

travels down to the lowest frequencies. As a result, the EHFs become vital in age-

related hearing impairment as a technique for early investigation of such failure (Best 

et al., 2005a; Hunter et al., 2020). The study also showed that speech localisation cues 

are provided by audible speech energy at EHF to eliminate front/back confusion (Best 

et al., 2005b). Additionally, it has been found that individuals' hearing at EHF 

deteriorated, starting in their 30s and predominated in their 50s and beyond. Before 

age 30, EHF's hearing thresholds were less than 26 dB HL. The average threshold 

values with ageing were up to 75 dB HL (Wang et al., 2021). Several authors reported 

a significant hearing threshold deterioration above 8000 Hz and its effect on speech 

in noise performance (Rigters et al.,2018; Vielsmeier et al., 2015; Yueh et al., 2010).  

2.5 Extended High-frequencies DPOAEs 

The origin of both EHF DPOAEs and DPOAEs at conventional frequencies is 

via a similar biological mechanism in the inner ear (Dreisbach & Siegel, 2001). 

Dreisbach et al. (2006) and Wagner et al. (2008) checked for the replicability of high-

frequency DPOAEs in normal-hearing adults and concluded that higher frequencies 

were repeatable. These results encourage the exploration of high-frequency DPOAEs 

measures to be used as an objective test for monitoring ototoxicity in humans. Testing 

subjects receiving ototoxic therapies is necessary to determine if monitoring high-

frequency DPOAEs will successfully predict ototoxic effects.  
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The findings imply that changes in compressive non-linearity with ageing may 

decrease hearing's dynamic range and worsen perceptual deficits in older listeners 

(Ortmann & Abdala, 2016). Even though the DPOAEs distortion component is 

present, it is weaker in older and middle-aged adults, especially at high frequencies. 

The cochlea's compressive non-linearity may degrade during early ageing, and the 

growth rate for DPOAEs amplitude is steeper in middle-aged people (Ortmann & 

Abdala, 2016). Lonsbury-Martin & Martin (1990) studied 44 ears of 22 adults aged 

21-30. It was found that five ears displayed significant decrements in DPOAE 

amplitudes. The eldest subjects, who were 30 years old, had four out of the five ears 

that showed high-frequency deficiencies in DPOAE magnitudes. As a result, ageing 

effects were evident in these older patients through decreases in the amplitudes of the 

high-frequency DPOAEs and corresponding increases in detection thresholds. 

Due to the emergence of EHF DPOAEs in the range of 9,000 to 16,000 Hz 

frequencies, changes in hearing preceding hearing loss in conventional audiometric 

frequencies (250 to 8000 Hz) could be ruled out in the initial stages (Dreisbach et al., 

2006). Previous studies have shown that monitoring the cochlea's high-frequency 

regions is crucial for detecting noise-induced or ototoxicity-induced and age-related 

hearing loss, which initially affects the higher frequencies and then proceeds to lower 

frequencies. The emergence of EHF DPOAEs in clinical procedures directly 

correlates with these findings in clinical settings. (Dunckley & Dreisbach, 2004). A 

novel objective approach for the early identification of high-frequency hearing loss 

may thus be established because EHF DPOAE measurements are associated with the 

properties of the basal region of the human cochlea (Ohlms et al., 1990; Tanaka et al., 

1990). Jedrzejczak et al. (2022) showed that the decrease in EHF DPOAEs is related 

to hearing loss, and 16000 Hz can identify preclinical reductions in hearing levels.  
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2.6 High-frequency audiometry and DPOAE 

      Early detection and identification of hearing loss can improve quality of 

life with practical and timely remediation and rehabilitation. In individuals with EHF 

hearing loss, decreased DPOAEs in the standard frequencies may reflect preclinical 

cochlear damage (Mishra et al., 2022). A combination of both EHF PTA and high-

frequency DPOAEs enables us to evaluate specifically pre-neural peripheral function 

as well as evaluation of the cochlear base (high-frequency audiometry) (Aziz et al., 

2020). According to a recent study, the EHF DPOAEs should be used to detect hearing 

loss in the extended high-frequency range (Jedrzejczak et al., 2022). Presbycusis of 

the high frequencies was likely present in the background, which might go unnoticed 

until the speech frequencies are impacted. EHF PTA is a sensitive and practical 

method that can diagnose sensorineural impairment earlier than traditional PTA and 

effectively evaluate cochlear function (Aziz et al., 2020). The authors further 

concluded that EHF DPOAE should be used as a screening tool, followed by extended 

PTA testing for confirmation. Valiente et al. (2014) conducted a study on 11 

individuals suffering from disorders like Fabry disease; Sinonasal Ca treated with 

RT+cisplatin, lack of understanding in noisy surroundings, suspicion of genetic 

hearing loss, etc. The authors performed conventional and extended high-frequency 

audiometry and found that although these patients showed normal thresholds in 

conventional PTA, their EHF audiometry was affected. 

2.7 Summary 

DPOAEs can be applied as a preclinical tool to identify early ageing, which 

has already been reported in the literature. Before any alterations are detected by 

conventional pure tone audiometry, the decline or absence in DPOAEs amplitude 
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implies hearing loss. According to a recent study, the EHF DPOAEs should be used 

to detect hearing loss in the extended high-frequency range (Jedrzejczak et al., 2022). 

EHF DPOAEs are essential in identifying disorders like ototoxicity, noise-induced 

hearing loss, and cystic fibrosis (de Mello et al., 2014; Dreisbach & Siegel, 2001). 

DPOAEs at EHF can also identify heterozygous individuals with Gap Junction Protein 

Beta-2 gene mutation even before clinical manifestation in audiometry is observed. 

(de Mello et al., 2014). Elderly persons with hearing loss have higher rates of 

hospitalisation, death (Fisher et al., 2014), dementia (Fisher et al., 2012) and 

depression even when known risks for these disorders are considered (Lin et al., 2011). 

A causal relationship between high-frequency sensorineural hearing impairment and 

diabetes mellitus has been found (Demeester et al., 2005). EHF loss may indicate 

impending impairment and can help with diagnosis and hearing health monitoring. 

There is evidence between EHF loss and issues with speech perception, albeit this 

relationship may not be causative as EHF loss may instead be a marker for subclinical 

damage at lower frequencies. In some circumstances, speech perception may depend 

on EHF information. If a causal relationship exists, amplification in the EHF region 

would be advantageous if the technological challenges can be resolved (Lough et al., 

2022). Škerková et al. (2023) reported that hearing thresholds at EHFs begin to 

deteriorate from 35 years onwards; initially, the effects are more observed in the high 

frequencies (14 &16 kHz), and as age increases, the result is observed more in low 

frequencies. The increase in hearing threshold rate is more rapid in males than 

females. On the other hand, it is unclear if ageing has a similar impact on the DPOAEs 

at EHFs. Therefore, more research is required to understand how ageing affects 

DPOAEs at conventional and EHFs. 
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CHAPTER III 

 

METHOD 

 

  The present study aimed to investigate the effect of age on Distortion 

Product Otoacoustic Emissions (DPOAEs) at conventional and extended high 

frequencies. 

 3.1 Participants 

The study was conducted on eighty adult (160 ears) participants aged 15-55 

with an equal number of males and females. The participants were further categorised 

into four subgroups to see the age-related changes. The four subgroups of study 

participants include Group I (15– <25 years), Group II (25-<35 years), Group III (35-

<45 years) and Group IV (45-55 years).   

3.1.1 Subject Selection Criteria       

The following Inclusion criteria were followed for the selection of participants 

in all four subgroups: 

 The participants with normal otoscopic findings were selected for the study. 

 The selected participants had pure tone hearing thresholds of ≤ 25dBHL (ANSI, 

1969) in both ears for both Air conduction (250Hz- 8000Hz) and Bone 

conduction thresholds (250Hz-4000Hz).  

 The air-bone gap (ABG) is less than 10 dB. The mean hearing thresholds are 

shown in Figure 3.1. 

 Speech identification scores (≥ 90%) as measured with speech audiometry.  

 Participants with no history of any middle ear pathology (ear discharge, ear pain, 

etc.) 
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 Individuals with no noise exposure history and no medical conditions like 

hypertension and diabetes mellitus.  

 Individuals with no history of any relevant otological problems or retro-cochlear 

pathologies. 

 Participants with no history or presence of any neurological conditions. 

Participants who fulfilled the above criteria were included in the study. 

3.2. Test Environment 

All the selected participants underwent testing in an acoustically treated room, 

which satisfies the standards for ambient noise level specified by ANSI S3.1-1999 

(R2018). 

3.3 Ethical Consideration 

           All the testing procedures in the present study were performed using a non-

invasive approach. The test procedures were clearly explained to the participants 

before the testing, and written informed consent was also taken from all the 

individuals for their participation in the study. 

3.4 Instrumentation 

The following instruments were used for the present study: 

 An otoscopic examination was conducted to observe the external auditory 

meatus and eardrum status. 

  The two-channel calibrated Grason-Stadler Inc. AudioStar Pro™ (GSI 

Audiostar Pro) Audiometer was used to perform threshold estimation in dBHL 

at the octave frequencies in the conventional frequency range and to carry out 

speech audiometry.  
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 The calibration was done in dB SPL to measure the pure tone thresholds at 

extended high frequencies (9000-16000 Hz). 

  The Pure tone audiometry for air conduction threshold estimation was obtained 

using calibrated TDH 39 headphones at frequencies 250 Hz to 8000 Hz and bone 

conduction thresholds through a calibrated B-71 bone vibrator at 250 Hz to 4000 

Hz. 

 The Extended high-frequency audiometry was performed using Sennheiser 

HDA-200 headphones at 9000 Hz to 16,000 Hz. 

 A calibrated Grason-Stadler Inc. Tympstar Pro (GSI Tympstar Pro) Immittance 

meter was used to perform tympanometry and the acoustic reflex threshold 

measurements with the probe tone frequency of 226 Hz. Ipsilateral and 

contralateral acoustic reflexes were measured at 500, 1000, 2000, and 4000 Hz. 

 A calibrated Starkey Mimosa OAE DP2000 system measured DPOAEs at 

conventional and extended high frequencies. 

3.4. Procedure 

3.4.1 Case History and Otoscopic Evaluation 

A detailed case history was obtained from all the subjects to rule out any 

pathological conditions of the auditory system, noise exposure, and associated 

medical or neurological history. Visual examination of the external auditory meatus 

and the eardrum was done using a handheld otoscope to rule out the presence of wax, 

foreign bodies in the ear canal or external or middle ear pathologies. 

3.4.2   Pure Tone and Speech Audiometry 

A Dual-channel calibrated GSI Audiostar Pro audiometer was used for 

estimating the hearing thresholds in dBHL using the modified Hughson and Westlake 
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procedure (Carhart & Jerger, 1959) for all the participants. TDH 39 headphones were 

used to obtain the air conduction thresholds at octave frequencies from 250 to 8000 

Hz. B-71 bone vibrator was used to measure bone conduction thresholds at 250 to 

4000 Hz octave frequencies. The participants were instructed to raise their fingers 

whenever they heard minimal sound via the transducers.  

The participants were asked to repeat the words they heard for speech 

audiometry. Standardised test materials (spondee words and phonemically balanced 

words) were used to carry out speech audiometry and to measure both ears' speech 

identification scores (SIS) presented at 40 dBSL (Ref: SRT level).  

Figure 3.1 

Mean and SD of air conduction thresholds across age groups 
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3.5.3 Immittance Evaluation 

A calibrated Garson Stadler Inc. Tympstar Pro immittance meter was used to 

carry out tympanometry and ipsilateral and contralateral acoustic reflex using a probe 

tone frequency of 226 Hz. External auditory meatus pressure varied from +200 to -
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400 daPa. Pure tones recorded ipsilateral and contralateral reflexes at 500, 1000, 2000 

and 4000 Hz. The participants were instructed not to move and to swallow during the 

testing. Immittance audiometry was done to rule out the presence of any middle ear 

pathology. 

3.5.4 Extended high-frequency audiometry 

A dual-channel calibrated GSI Audiostar Pro audiometer was used to estimate 

the extended high-frequency thresholds in dBSPL using the modified Hughson-

Westlake procedure (Carhart & Jerger, 1959) for all the subjects. Sennheiser HDA-

200 headphones were used to measure the thresholds at 9000, 10,000, 11250, 12500, 

14000 and 16000 Hz for both ears. The participants were instructed about the 

procedure before the threshold estimation and were asked to listen attentively and 

respond by raising their fingers whenever they heard the tone.  

3.5.5 DPOAEs Recording 

DPOAEs measurements were carried out using a calibrated Mimosa Acoustics 

OAE system in a sound-treated room. After ensuring the appropriate probe fitting, 

each time in ear calibration was performed prior to recording both the conventional 

and high-frequency DPOAEs. The instrument provided a chirp stimulus via 

transducers for in-the-ear calibration. The two calibration curves overlapping were 

required to ensure proper probe fit and reasonable calibration, as shown in Figure 3.2. 

The probe needed to be fitted again if the reproducibility of the two curves was below 

95 per cent, and the test was aborted in between. In the current study, 95 per cent or 

more reproducibility was considered for all the DPOAE measurements. DPOAEs 

recording was carried out using the two frequencies, f1(lower frequency) and 

f2(higher frequency), and two intensities, L1(65 dB SPL) and L2 (55 dB SPL). In 
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humans, the most common distortion product ear occurs at 2f1-f2 with an f2/fl ratio 

of 1.22. The DPOAEs measurements at 12 frequencies, which includes 500, 1000, 

1500, 2000, 4000, 6000, 8000, 9000, 10250, 12500, 14000, and 16000 Hz, were 

carried out for both ears. 

Figure 3.2 

In-the-ear calibration for Right and Left ear 

 

 

 

 The participants were instructed to relax and were informed about the test 

procedure. They were asked to minimise body movements and not to speak while 

recording the DPOAEs. The measurements were taken twice, and the average of both 

was considered as a response. All DPOAEs recordings were analysed using standard 

OAEs parameters like OAEs amplitude and signal-to-noise ratios (SNRs). The 

response levels were expressed in dB SPLs, and the SNRs were calculated as the 

difference in the DPOAEs response level and the noise floor in dB 
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CHAPTER- IV 

RESULTS 

The present study investigated the effect of age on extended high-frequency 

DPOAEs in adults aged 15-55. The study was conducted on eighty adults (160 ears) 

with an equal number of male and female participants, and they were further divided 

into four groups based on age. No significant difference in age was observed for the 

male and female participants across four age groups. The mean, median, standard 

deviation and interquartile range (IQR) of the participants across different age groups 

are depicted in Table 4.1. The DPOAEs amplitude, signal-to-noise ratio (SNR) and 

noise floor measurements were carried out in ten different frequencies across 500–

16000 Hz to accomplish the study's objectives. The DPOAEs amplitude and SNR 

were compared across four groups as a part of the between-group analysis. The 

relationship between pure tone thresholds, DPOAEs amplitude, and SNR was 

compared via within-group analysis. 

Table 4.1:  

Mean, Median, Standard deviation and Interquartile range (IQR) of participants 

across four groups 

  

Groups 

Age 

range 

(years) 

Number of 

subjects 

Mean Age (SD) Median (IQR) 

Male Female Male Female Male Female 

Group I 15- <25  10 10 21.4 (2.19) 20.7 (2.34) 21.7 (3.73) 20.6 (4.07) 

Group II 25 - <35  10 10 29.4 (2.10) 29.9 (2.27) 29.4 (3.98) 29.8 (3.32) 

Group III 35 - <45  10 10 40.5 (4.38) 39.7 (2.76) 39.6 (5.80) 39.4 (4.95) 

Group IV 45 - 55  10 10 50.6 (3.69) 49.3 (2.48) 49.9 (7.49) 49.5 (5.13) 
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4.1 Statistical Analysis  

Statistical Package for the Social Science (SPSS) version 26 software was used 

for descriptive and quantitative data analysis. The statistical tools that were used to 

analyse the data were as follows: 

 The normality of the data distribution was assessed using the Shapiro-Wilk test. 

  Descriptive statistics were conducted to obtain the median and Interquartile 

range for various parameters of extended high-frequency DPOAEs and EHF 

thresholds. 

 The results of the Shapiro-Wilk test showed that the data was not normally 

distributed (p < 0.05), so non-parametric inferential statistics were administered 

to the data. 

 Between-group comparisons were made using the Kruskal-Wallis test to study 

the effect of age on DPOAEs amplitude, SNR, extended high-frequency (EHF) 

PTA and gender across the four age groups. 

 A pairwise comparison across all age groups to see which groups differ 

significantly in DPOAEs amplitude, SNR and extended high-frequency (EHF) 

thresholds. 

 Correlation analysis was conducted using Spearman's rho Coefficient to see the 

relationship between the EHF PTA and the DPOAEs amplitude and SNR. 

          The results obtained via different statistical tools are discussed below for all 

four groups. 
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4.2.  Between-Group Comparison 

4.2.1 Noise floor 

The Kruskal-Wallis test was used to determine whether there was an effect of 

age on the DPOAEs noise floor across four groups. The results showed no significant 

difference (χ2(3) =4.69, p=0.83) at all conventional frequencies from 500 to 8000 Hz 

and EHF from 9000 to 16000 Hz across four age groups (p > 0.05).  

4.2.2. Extended High-frequency Audiometry (EHF) 

The hearing thresholds at extended high frequencies were compared in 

different age groups (Figure 4.1), and the results showed a significant difference at all 

frequencies from 9000 to 16000 Hz (p < 0.05). The hearing thresholds were better at 

9000 for all the groups and worsened across frequencies as the age increased, with no 

responses in Group III (35-<45 years) and Group IV (45-55 years) participants at 

16000 Hz. 

Figure 4.1  

The median and interquartile range of EHF hearing thresholds in SPL across four age 

groups 
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The EHF thresholds lie within the 20-95 dB SPL range across four age groups. 

The Kruskal-Wallis test showed that EHF hearing thresholds across frequencies 

(9000-16000 Hz) were significantly different across four age groups (p <0.05). 

Therefore, a pairwise comparison was conducted to see which group differed 

significantly from the other groups across extended high frequencies. The data 

analysis showed that Groups I and II significantly differed from Groups III and IV 

(p<0.05). There was no significant difference between Group I (15- <25 years) and 

Group II (25 - <35 years) except at 16000 Hz frequency (p>0.05). The last two groups, 

Group III (35 - <45 years) and Group IV (45 - 55 years), also showed no significant 

difference across frequencies except at 9000,10000 and 11500 Hz frequency (p>0.05) 

since the thresholds at 12500, 14000 and 16000 Hz reached near the maximum limits 

of the audiometer. The details of the pair-wise comparison are shown in Table 4.2 

Table 4.2 

Pairwise comparison across age groups at extended high frequencies 

Note- Group I: 15- <25 years, Group II: 25 - <35 years, Group III: 35 - <45 years, Group IV: 45 - 55 

years, p< 0.05* (significance difference) 
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4.2.3. DPOAEs Amplitude and SNR at Extended High Frequencies 

Figures 4.2 and 4.3 show recording samples of DPOAEs amplitude and noise 

floor for two age groups. 

Figure 4.2  

The DPOAEs amplitude and noise floor for Group II: 25 - <35 years 

 

Figure 4.3  

The DPOAEs amplitude and noise floor for Group IV: 45 - 55 years 

 

The DPOAEs amplitude for EHF lies within the range of -32 to 17 dB SPL 

and SNR within -30 to 23 dB across frequencies. The Kruskal Wallis test showed a 

significant difference across all the extended high frequencies (9000 to 16000 Hz) for 

DPOAEs amplitude (χ2(3) = 78.19, p=0.000) and SNR (χ2(3) = 79.32, p=0.000). The 
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results depicted decreased DPOAEs amplitude and SNR across frequencies with 

increased age (Figures 4.4 & 4.5). 

Figure 4.4 

The median and interquartile range for DPOAEs Amplitude at EHF across different 

age groups 
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Figure 4.5  

The median and interquartile range for SNR at EHF across different age groups 
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A pairwise comparison was done to see which group differed significantly 

from the others. For extended high frequencies (9000-16000 Hz), there was no 
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significant difference in DPOAEs amplitude and SNR between Groups I and II (except 

at 16000 Hz) and Groups III and IV (except at 9000 Hz) (p>0.05). However, Group I 

and Group II differed significantly from Group III and Group IV for DPOAEs 

amplitude and SNR in all the test frequencies (p<0.05). The results of pair-wise 

comparisons are shown in Tables 4.3 and 4.4.  

Table 4.3 

Pairwise comparison at EHF for DPOAEs Amplitude across the four age groups 

 

Note- Group I: 15- <25 years, Group II: 25 - <35 years, Group III: 35 - <45 years, 

Group IV: 45 – 55 years, p< 0.05* (significance difference) 
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Table 4.4 

Pairwise comparison at EHF for SNR across the four age groups  

 

Note- Group I: 15- <25 years, Group II: 25 - <35 years, Group III: 35 - <45 years, 

Group IV: 45 - 55 years, p< 0.05* (significant difference) 

 

4.2.4. DPOAEs Amplitude and SNR at Conventional Frequencies (CF) 

The DPOAEs amplitude for CF lies within the range of -15 to 30 and SNR 

within -8 to 34 SPL. The Kruskal Wallis test showed a significant difference across all 

the conventional frequencies (500 to 8000 Hz) for DPOAEs Amplitude (χ2(3) = 47.83, 

p=0.000) and SNR (χ2(3) = 69.34, p=0.000). The results depicted decreased DPOAEs 

amplitude and SNR across frequencies with increased age (Figures 4.6 & 4.7). 
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Figure 4.6  

The median and interquartile range for DPOAE Amplitude at CF across different 

age groups 

 

 

Figure 4.7  

The median and interquartile range for SNR at CF across different age groups 

 

A pairwise comparison was done to see which group differed significantly 

from the others. For conventional frequencies (500-8000 Hz), the data analysis 

showed no significant difference between Groups I and II (p>0.05) for the DPOAEs 

parameters. Group III differed significantly from Group I and Group II (except at 500, 



34 
 

1000 and 1500 Hz) for DPOAEs amplitude and SNR. Similarly, Group IV differed 

significantly from other groups for DPOAEs amplitude and SNR (p<0.05). Except for 

frequencies 500, 1000 and 1500 Hz, Group IV and Group III showed no significant 

difference (p > 0.05) (Tables 4.5 and 4.6). 

Table 4.5  

Pairwise comparison at CF for DPOAEs Amplitude across the four age groups 

 

Note- Group I: 15- <25 years, Group II: 25 - <35 years, Group III: 35 - <45 years, 

Group IV: 45 - 55 years, p< 0.05* (significant difference) 
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Table 4.6 

Pairwise comparison at CF for SNR across the four age groups  

 

Note- Group I: 15- <25 years, Group II: 25 - <35 years, Group III: 35 - <45 years, 

Group IV: 45 - 55 years, p< 0.05* (significant difference) 

 

4.2.5 Gender effect across age groups 

The present study reported a gender effect on the EHFs thresholds across the 

four age groups. There was a significant effect of gender on 9000 Hz in Group II to 

Group IV (p < 0.05). A significant difference was observed for EHF DPOAEs 

parameters at all frequencies except 16000 Hz in all groups, 12500 Hz in Groups II 

and III and 11500 Hz in Group IV (p < 0.05). Similarly, for conventional DPOAEs, a 

significant effect of gender was observed at frequencies 2000 and 8000 Hz in groups 

I and IV and 8000 Hz in Group II. 
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4.3. Within-group analysis  

4.3.1. Correlation Analysis 

4.3.1 EHF PTA and DPOAE amplitude  

Spearman's rho (ρ) coefficient was computed to assess the relationship 

between extended high-frequency hearing thresholds and DPOAE amplitude. The 

correlation analysis was carried out by excluding the hearing thresholds of 16000 Hz 

frequency for Group IV, as only 3 out of 20 participants showed a response. The results 

showed a weak negative correlation between the two variables across age groups (ρ 

(158) = -0.26). An exception with a strong negative correlation was observed for group 

four (45-55 years) at 10000 and 11500 Hz frequencies. 

4.3.2 EHF PTA and SNR 

Spearman's rho (r) coefficient was computed to assess the relationship between 

extended high frequency (except 16000 Hz in group four) and SNR. The results 

showed a weak negative correlation from 9000 to 16000 Hz for Groups I, II and III (ρ 

(158) = -0.27).  

4.3.3 EHF PTA and conventional frequency (CF) DPOAE Amplitude  

Correlation statistics were conducted to see the relationship between EHF PTA 

and DPOAEs parameters at conventional frequencies (500-8000 Hz). The results 

implied a weak negative correlation between DPOAE Amplitude and EHF PTA, ρ 

(158) = -.07, with exceptions observed for Group III at 1500 Hz for all the EHFs where 

a weak negative correlation was seen (Table 4.7). 
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4.3.4 EHF PTA and conventional frequency (CF) and SNR 

The correlation analysis between EHF PTA and SNR at conventional 

frequencies showed a weak negative correlation between SNR and EHF PTA, ρ (158) 

= -.15, with exceptions observed for Group III and Group IV at 1500 and 2000 Hz for 

all the EHF, where a weak negative correlation was seen (Table 4.8). 

Table 4.7 

Spearman correlation coefficients for DPOAE at conventional frequencies (CF) across age 

groups 

 

Note: *Correlation is significant at the 0.05 level (2-tailed), ** Correlation is 

significant at the 0.01 level (2-tailed) 
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Table 4.8 

Spearman correlation coefficients for SNR at conventional frequencies (CF) across 

age groups 

 

Note: *Correlation is significant at the 0.05 level (2-tailed), ** Correlation is 

significant at the 0.01 level (2-tailed) 
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CHAPTER-V 

DISCUSSION  

The present study aimed to investigate the effect of age on Extended high 

frequencies (EHF) across four groups ranging between 15-55 years. The study's 

objectives were to compare DPOAEs parameters at EHF and Conventional 

frequencies and to see the association between EHF thresholds and DPOAEs at EHFs 

and conventional frequencies across the four age groups. The results obtained in the 

present study are discussed below. 

5.1. Effect of age on Extended High Frequency (EHF) Pure tone thresholds 

Much literature has reported that hearing tends to deteriorate with age, and the 

effect is observed more on high frequencies than on low frequencies (Aziz et al., 2020; 

Gates & Mills, 2005; Kim et al., 2019; Silva & Feitosa, 2006). The human temporal 

bone's histopathological data also revealed a substantial age-related reduction of outer 

and inner hair cells, particularly in the cochlear base (Seidman et al., 2002; Wu et al., 

2021).  

The present study measured EHF hearing thresholds (9000, 10000, 11500, 

12500, 14000 and 16000 Hz) for four different age groups. This study showed a 

significant deterioration in hearing thresholds from Group III (35- < 45 years) in all 

EHFs with no response at 16000 Hz compared to Group I and II. The worst thresholds 

were observed for Group IV, aged 45 to 55, with no responses at 14000 and 16000 Hz. 

However, even for Group II (25-<35), the thresholds were significantly higher at 

16000 Hz than Group I. 

The study’s findings are similar to those previously reported in the literature. 

Wang et al., 2021 conducted a study measuring EHF thresholds for participants aged 
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21-70. The authors reported that subjects below 30 years have responses up to 16000 

Hz. EHF thresholds deteriorate from 35 years onwards and worsen above 50 years, 

with no responses for frequencies above 14000 Hz. A study that measured both 

conventional and EHF thresholds concluded that EHF thresholds decline as a function 

of age from 30 years onwards for frequencies above 16000 Hz (Maccà et al., 2015). 

As the age increases, the ability to respond to EHF decreases, and the decline is 

observed more from 35 years onwards (Škerková et al., 2023).  

According to Lee et al. (2012), two separate ageing processes exist, operating 

on two different time scales: slow and rapid. The slow process is primarily active for 

the lower frequencies below 8000 Hz. This is why the decline in hearing thresholds is 

not observed during early ageing for conventional frequencies. On the other hand, the 

rapid process is primarily active for frequencies beyond 11000 Hz and in subjects aged 

30 years. This phenomenon explains why ageing results in progressive degeneration 

of hair cells in the cochlea at EHF. Another reason for reduced hearing sensitivity at 

EHFs with ageing is devascularisation associated with atrophy and acellularity of the 

spiral ligament and stria vascularis. This devascularisation leads to the thickening of 

the walls of the associated structures, mainly at the extreme basal end of the cochlea 

(Johnsson & Hawkins, 1972; Jorgensen, 1961). Several authors reported that reduced 

endocochlear potential affects the inner ear's sensory structures and leads to altered 

physiology of the supporting structures. Due to this, oxidative stress is caused, 

affecting the mitochondrial membrane proteins and disturbing calcium homeostasis, 

which, in turn, accelerates the rapid process of deteriorating hearing at EHF (Jayakody 

et al., 2018; Roth, 2015; Tavanai & Mohammadkhani, 2017; T. et al., 2003). 

In summary, the results of the present study indicate EHF thresholds start 

deteriorating from 35 years onwards (Group III), with no responses in Group IV (45-
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55 years) for frequencies above 14000 Hz. However, the decline at 16000 Hz was also 

observed in Group II (25-<35). 

5.2 Effect of Age on Extended High Frequency (EHF) DPOAE Parameters 

 There is enormous literature that shows that the DPOAEs decline with age due 

to loss of compressive non-linearity of the cochlea, hair cells, spiral ganglion, etc., for 

conventional frequencies between 6000 and 8000 Hz (Murthy & Kalyan, 2013; 

Seidman et al., 2002; Uchida et al., 2008). The present study showed the significant 

effect of age on EHF DPOAEs. There was a significant difference at the extended high 

frequencies (9000 to 16000 Hz) for DPOAEs parameters (Amplitude and SNR). There 

is no observed significant difference in DPOAEs parameters for Group I and Group 

II (except at 16000 Hz) and Group III and Group IV (except at 9000 Hz). However, 

Group I and Group II differed significantly from Group III and Group IV regarding 

DPOAEs amplitude and SNR. 

 In humans, most DPOAEs studies have used conventional frequencies (≤ 

8KHz); however, hearing at extended high frequencies (EHF) is most susceptible to 

cochlear damage. The origin of both EHF DPOAEs and DPOAEs at conventional 

frequencies is via a similar biological mechanism in the inner ear (Dreisbach & Siegel, 

2001). Several authors have reported the effect of age at conventional frequencies for 

DPOAEs parameters (Cilento et al., 2003; Glavin et al., 2021; Uchida et al., 2008; 

Ueberfuhr et al., 2016). According to Ortmann & Abdala (2016), due to the changes 

in compressive non-linearity of the cochlea, there is reduced amplitude in the middle-

aged group (mean age 52) for conventional DPOAEs. The authors, Uchida et al. 

(2008), state a deterioration in DPOAEs amplitude with ageing independent of hearing 

sensitivity. It has also been reported that the decline in conventional frequencies 
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DPOAEs amplitude begins around 40 years of age before any observed changes in 

hearing thresholds (Husen & Author, 2020; Murthy & Kalyan, 2013).  

Aziz et al. (2020) reported that the sensitivity and specificity of EHF DPOAEs 

in detecting high-frequency presbycusis were 72.3% and 49.3%, respectively. The 

details regarding the clinical utility of EHF DPOAEs are very well explained in a 

study by (Poling et al., 2012). The authors have also reported a good repeatability of 

EHF DPOAEs to provide preclinical information regarding disorders like ototoxicity, 

NIHL, and so on (Dreisbach et al., 2006; Dreisbach & Siegel, 2005; Dunckley & 

Dreisbach, 2004). However, limited studies have been conducted to show the effect 

of age on EHF DPOAEs.  

 The present study's findings showed that the deterioration in DPOAEs 

parameters started as early as 35 years. However, a statistically significant decline at 

extremely high frequency (16000 Hz) was also observed for Group II (25-<35).  

 The present study reported a gender effect on the EHFs threshold across the age 

groups. There was a significant effect of gender on 9000 Hz in Group II to Group IV 

(p < 0.05). A significant difference was observed for EHF DPOAE parameters at all 

frequencies except 16000 Hz in all groups, 12500 Hz in Groups II and III and 11500 

Hz in Group IV (p < 0.05). Similarly, for conventional DPOAEs, a significant effect 

of gender was observed at frequencies 2000 and 8000 Hz in groups I and IV and 8000 

Hz in group II. According to Lee et al. (2012), the gender effect was observed on pure 

tone thresholds at EHF, DPOAEs at conventional and extended high frequencies could 

be due to the differences in the ear canal length and volume in males and females, 

which could have led to such differences. 
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5.4. Relationship between EHF Pure tone Thresholds and DPOAEs at 

conventional and extended high frequencies  

 The present study showed a weak negative correlation between EHF thresholds 

and the DPOAEs parameters for conventional and EHFs. A similar finding was 

reported by Schmuziger et al. (2005). The authors reported a weak negative correlation 

between EHF PTA and conventional DPOAEs. This weak negative correlation was 

due to the level of the primary tones used in the study for DPOAE recording (65/55). 

Because of this level, the sensitivity of the basal region increases for potential minor 

pathologies and further increases the strength of association between high-frequency 

threshold and DPOAE. Hunter et al. (2020) did a study by compiling different findings 

on EHFs and reported a low correlation between DPOAEs and EHF thresholds. The 

authors stated that age-related changes in the cochlea alter DPOAE levels before their 

manifestation in hearing threshold change.   

 Most studies compared EHF Pure tone Thresholds and DPOAEs at conventional 

and extended high frequencies for the normal and disordered population. According 

to Reavis et al. (2008), the EHF audiometry is more precise in identifying disorders 

associated with high-frequency hearing loss than the conventional DPOAEs. A similar 

finding was reported by Maccà et al. (2015). In a study by Arnold et al. (1999), the 

authors found out about the influence of EHF audiometry on conventional DPOAEs. 

The authors reported that with early ageing, there is a decline in EHF hearing 

thresholds and conventional DPOAEs at frequencies 6000 and 8000 Hz.   

Poling et al. (2012) measured the EHF thresholds and the EHF DPOAEs. The 

authors concluded that EHF DPOAEs are a good tool for diagnosing early ageing 

hearing loss, and the strength increases when combined with EHF audiometry. Aziz 
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et al. (2020) and Valiente et al. (2016) also reported that a combination of both EHF 

audiometry and EHF DPOAE help us to evaluate the cochlear base, specifically pre-

neural peripheral function. The authors further concluded that EHF DPOAEs can be 

a good screening tool with a confirmation via EHF audiometry. The effect of early 

ageing is more pronounced in EHF DPOAEs, followed by EHF audiometry (Mishra 

et al., 2020).  The present study reported a weak negative relationship between EHF 

thresholds and DPOAE parameters at conventional and extended high frequencies.  

The results of the present study suggest that age's effect is similar for EHF 

DPOAEs and EHF thresholds. Both start deteriorating from Group II (25-< 35 years) 

at 16000 Hz. However, the deterioration was observed more from Group III (35-<45 

years) onwards, with no responses at 16000 Hz. A significant decline for Group IV 

was seen from 14000 Hz with no response at 16000 Hz. Also, the thresholds for Group 

III were comparatively better at 9000, 10000 and 11500 Hz than Group IV, while there 

was equal deterioration for DPOAEs parameters for both groups. There is a weak 

negative correlation between EHF thresholds and DPOAEs parameters. Also, there 

exists a gender effect for EHF thresholds and DPOAEs parameters at EHF and CF 

across age groups. 

To conclude, the deterioration in EHF thresholds starts from 16000 Hz (25-

<35 years), followed by 14000 Hz (35-<45) and worse above 45 years of age. The 

DPOAEs amplitude and SNR were better for Group I > II> III and Group IV, almost 

similar to Group III. This proves that EHF DPOAEs can be a good tool to assess the 

age effects and for early diagnosing the disorders affecting the basal region of the 

cochlea. EHF DPOAEs can be a good screening tool as it is less time-consuming, and 

the findings can be further confirmed with EHF audiometry. EHF DPOAEs can 
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predict basal part damage of the cochlea way before the conventional DPOAEs. 

Follow-ups will be earlier and can further help in early management.  
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CHAPTER-VI 

SUMMARY AND CONCLUSION 

The present study is conducted to see the effect of ageing on extended high 

frequencies (EHF) DPOAEs in individuals having normal hearing sensitivity in 

Conventional/standard pure tone audiometry. There were 80 (160 ears) participants, 

aged 15-55 years, and further divided into four subgroups. The three objectives of the 

study were: a) assess and compare the DPOAE parameters at conventional frequencies 

across different age groups, b) assess and compare the DPOAE parameters at extended 

high frequencies across different age groups, and c) assess the association between the 

extended high-frequency thresholds and DPOAEs at conventional and extended high 

frequencies across different age groups.    

EHF audiometry (9000-16000 Hz) and the DPOAEs at 500-16000 Hz 

frequency are conducted to achieve the study's objectives.  

The results of the present study showed significant differences for every 

parameter except noise floor at all frequencies across age groups. For EHF 

audiometry, a significant difference is observed across the age groups. Group I and 

Group II differed significantly from Group III and Group IV. The first two groups, 

Group I (15- <25 years) and Group II (25 - <35 years showed no significant difference 

across frequencies, except at 16000 Hz. There was no observed significant difference 

between Group III (35 - <45 years) and Group IV (45 - 55 years) (p>0.05) except at 

9000, 1000 and 11500 Hz frequency. Similarly, there was no significant difference in 

DPOAEs Amplitude and SNR between Group I and Group II (except at 9000 Hz) and 

Group III and Group IV (except at 16000 Hz). However, Group I and Group II differed 

significantly from Group III and Group IV for DPOAEs amplitude and SNR. For 
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conventional frequencies (500-8000 Hz), the data analysis showed no significant 

difference between groups I and II (p>0.05) for the DPOAEs parameters. Group III 

differed significantly from Group I and Group II (except at 500, 1000 and 1500 Hz) 

for DPOAEs amplitude and SNR. Similarly, Group IV differed significantly from 

other groups for DPOAEs amplitude and SNR (p<0.05). Except for frequencies 500, 

1000 and 1500 Hz, Group III and Group IV showed no significant difference (p > 

0.05). Spearman correlation coefficient showed a weak negative correlation between 

EHF thresholds and the DPOAEs parameters at EHF and conventional frequencies 

across age groups. This reduction may be due to the rapid process of degeneration at 

EHF, devascularisation, reduced oxidative damage, or reduced endocochlear 

potential, as reported in the literature (Johnsson & Hawkins, 1972; Lee et al., 2012; 

Roth, 2015). 

The conclusions of the present study suggest that age affects EHF DPOAEs 

before the EHF thresholds and can be used in clinics to identify early ageing signs. 

The deterioration can be seen before any change appears in the standard frequencies. 

The EHF thresholds and DPOAEs start deteriorating from below 30 years onwards 

for frequencies above 16000 Hz, with a rapid decline above 35 years. The study's 

clinical implications include early monitoring of EHF hearing loss caused by disorders 

like ototoxicity, noise-induced hearing loss, and cystic fibrosis. Also, understanding 

age's effect on DPOAEs at EHFs can help identify individuals with a greater risk of 

developing hearing impairment. It can further guide in early management, 

counselling, and follow-up assessments.  

 

 



48 
 

REFERENCES 

Abdala, C., Ortmann, A. J., & Guardia, Y. C. (2021). Weakened Cochlear Non-linearity 

During Human Aging and Perceptual Correlates. Ear and Hearing, 42(4), 832. 

https://doi.org/10.1097/AUD.0000000000001014 

Abdala, C., Ortmann, A. J., & Shera, C. A. (2018). Reflection- and Distortion-Source 

Otoacoustic Emissions: Evidence for Increased Irregularity in the Human Cochlea 

During Aging. JARO: Journal of the Association for Research in Otolaryngology, 

19(5), 493. https://doi.org/10.1007/S10162-018-0680-X 

Aziz, A., Md Daud, M. K., Nik Othman, N. A., & Abd Rahman, N. (2020a). Early 

Detection of High-frequency Presbycusis Among Normal Hearing Individuals. 

Otology & Neurotology : Official Publication of the American Otological Society, 

American Neurotology Society [and] European Academy of Otology and 

Neurotology, 41(8), e989–e992. https://doi.org/10.1097/MAO.0000000000002725 

Best, V., Carlile, S., Jin, C., & van Schaik, A. (2005). The role of high frequencies in 

speech localisation. The Journal of the Acoustical Society of America, 118(1), 353–

363. https://doi.org/10.1121/1.1926107 

Bonfils, P., Bertrand, Y., & Uziel, A. (1988). Evoked otoacoustic emissions: normative 

data and presbycusis. Audiology: Official Organ of the International Society of 

Audiology, 27(1), 27–35. https://doi.org/10.3109/00206098809081571 

Brant, L. J., & Fozard, J. L. (1990). Age changes in pure‐tone hearing thresholds in a 

longitudinal study of normal human ageing. The Journal of the Acoustical Society of 

America, 88(2), 813–820. https://doi.org/10.1121/1.399731 



49 
 

Brown, A. M., McDowell, B., & Forge, A. (1989). Acoustic distortion products can be 

used to monitor the effects of chronic gentamicin treatment. Hearing Research, 

42(2–3), 143–156. https://doi.org/10.1016/0378-5955(89)90140-8 

Cilento, B. W., Norton, S. J., & Gates, G. A. (2003). The Effects of Aging and Hearing 

Loss on Distortion Product Otoacoustic Emissions. Otolaryngology–Head and Neck 

Surgery, 129(4), 382–389. https://doi.org/10.1016/S0194-59980300637-5 

de Boer, E., Nuttall, A. L., Hu, N., Zou, Y., & Zheng, J. (2005). The Allen-Fahey 

experiment extended. The Journal of the Acoustical Society of America, 117(3), 

1260–1266. https://doi.org/10.1121/1.1856229 

de Mello, J. M., Della-Rosa, V. A., & Carvallo, R. M. M. (2014). Distortion-product 

otoacoustic emissions at ultra-high frequencies in parents of individuals with 

autosomal recessive hearing loss. CoDAS, 26(1), 03–09. 

https://doi.org/10.1590/S2317-17822014000100002 

De Raedemaeker, K., Foulon, I., Vella Azzopardi, R., Lichtert, E., Buyl, R., Topsakal, V., 

Beyer, I., Bautmans, I., Michel, O., & Gordts, F. (2022). Audiometric Findings in 

Senior Adults of 80 Years and Older. Frontiers in Psychology, 13, 861555. 

https://doi.org/10.3389/FPSYG.2022.861555/BIBTEX 

Dorn, P. A., Piskorski, P., Keefe, D. H., Neely, S. T., & Gorga, M. P. (1998). On the 

existence of an age/threshold/frequency interaction in distortion product otoacoustic 

emissions. The Journal of the Acoustical Society of America, 104(2), 964. 

https://doi.org/10.1121/1.423339 

Dreisbach, L. E., Long, K. M., & Lees, S. E. (2006a). Repeatability of high-frequency 

distortion-product otoacoustic emissions in normal-hearing adults. Ear and Hearing, 

27(5), 466–479. https://doi.org/10.1097/01.AUD.0000233892.37803.1A 



50 
 

Dreisbach, L. E., Long, K. M., & Lees, S. E. (2006b). Repeatability of high-frequency 

distortion-product otoacoustic emissions in normal-hearing adults. Ear and Hearing, 

27(5), 466–479. https://doi.org/10.1097/01.AUD.0000233892.37803.1A 

Dreisbach, L. E., & Siegel, J. H. (2001). Distortion-product otoacoustic emissions 

measured at high frequencies in humans. The Journal of the Acoustical Society of 

America, 110(5), 2456–2469. https://doi.org/10.1121/1.1406497 

Dreisbach, L. E., & Siegel, J. H. (2005). Level dependence of distortion-product 

otoacoustic emissions measured at high frequencies in humans. The Journal of the 

Acoustical Society of America, 117(5), 2980–2988. 

https://doi.org/10.1121/1.1880792 

Dunckley, K. T., & Dreisbach, L. E. (2004). Gender effects on high frequency distortion 

product otoacoustic emissions in humans. Ear and Hearing, 25(6), 554–564. 

https://doi.org/10.1097/00003446-200412000-00004 

Gates, G. A., Mills, D., Nam, B. H., D’Agostino, R., & Rubel, E. W. (2002). Effects of 

age on the distortion product otoacoustic emission growth functions. Hearing 

Research, 163(1–2), 53–60. https://doi.org/10.1016/S0378-5955(01)00377-X 

Gates, G. A., & Mills, J. H. (2005). Presbycusis. Lancet (London, England), 366(9491), 

1111–1120. https://doi.org/10.1016/S0140-6736(05)67423-5 

Gibian, G. L., & Kim, D. O. (1982). Cochlear microphonic evidence for mechanical 

propagation of distortion products (ƒ2 - ƒ1) and (2ƒ1 - ƒ2). Hearing Research, 6(1), 

35–59. https://doi.org/10.1016/0378-5955(82)90006-5 

Glavin, C. C., Siegel, J., & Dhar, S. (2021a). Distortion Product Otoacoustic Emission 

(DPOAE) Growth in Aging Ears with Clinically Normal Behavioral Thresholds. 



51 
 

JARO: Journal of the Association for Research in Otolaryngology, 22(6), 659. 

https://doi.org/10.1007/S10162-021-00805-3 

Glavin, C. C., Siegel, J., & Dhar, S. (2021b). Distortion Product Otoacoustic Emission 

(DPOAE) Growth in Aging Ears with Clinically Normal Behavioral Thresholds. 

Journal of the Association for Research in Otolaryngology : JARO, 22(6), 659–680. 

https://doi.org/10.1007/S10162-021-00805-3 

Gorga, M. P., Dierking, D. M., Johnson, T. A., Beauchaine, K. L., Garner, C. A., & Neely, 

S. T. (2005). A validation and potential clinical application of multivariate analyses 

of distortion-product otoacoustic emission data. Ear and Hearing, 26(6), 593–607. 

https://doi.org/10.1097/01.AUD.0000188108.08713.6C 

Göthberg, H., Rosenhall, U., Tengstrand, T., Rydén, L., Wetterberg, H., Skoog, I., & 

Sadeghi, A. (2020). Prevalence of hearing loss and need for aural rehabilitation in 

85-year-olds: a birth cohort comparison, almost three decades apart. 

Https://Doi.Org/10.1080/14992027.2020.1734878, 60(7), 539–548. 

https://doi.org/10.1080/14992027.2020.1734878 

Hoff, M., Skoog, J., Bodin, T. H., Tengstrand, T., Rosenhall, U., Skoog, I., & Sadeghi, A. 

(2023). Hearing Loss and Cognitive Function in Early Old Age: Comparing 

Subjective and Objective Hearing Measures. Gerontology, 69(6), 694. 

https://doi.org/10.1159/000527930 

Hoff, M., Tengstrand, T., Sadeghi, A., Skoog, I., & Rosenhall, U. (2018). Improved 

hearing in Swedish 70-year olds—a cohort comparison over more than four decades 

(1971–2014). Age and Ageing, 47(3), 437. 

https://doi.org/10.1093/AGEING/AFY002 



52 
 

Hoth, S. (1996). The influence of inner ear hearing loss on transitory evoked and 

distortion product otoacoustic emissions. Laryngo- Rhino- Otologie, 75(12), 709–

718. https://doi.org/10.1055/s-2007-997664 

Hunter, L. L., Blankenship, C. M., Lin, L., Sloat, N. T., Perdew, A., Stewart, H., & 

Moore, D. R. (2020). Peripheral Auditory Involvement in Childhood Listening 

Difficulty. Ear and Hearing, 42(1), 29–41. 

https://doi.org/10.1097/AUD.0000000000000899 

Hunter, L. L., Monson, B. B., Moore, D. R., Dhar, S., Wright, B. A., Munro, K. J., Zadeh, 

L. M., Blankenship, C. M., Stiepan, S. M., & Siegel, J. H. (2020). Extended high 

frequency hearing and speech perception implications in adults and children. 

Hearing Research, 397, 107922. https://doi.org/10.1016/J.HEARES.2020.107922 

Husen, I., & Author, C. (2020). Age Related Changes in Fine Structures of DPOAE. 

International Journal of Health Sciences and Research, 10(3), 185–190. 

https://www.ijhsr.org/IJHSR_Vol.10_Issue.3_March2020/IJHSR_Abstract.029.html 

Jayakody, D. M. P., Friedland, P. L., Martins, R. N., & Sohrabi, H. R. (2018). Impact of 

aging on the auditory system and related cognitive functions: A narrative review. 

Frontiers in Neuroscience, 12(MAR), 308306. 

https://doi.org/10.3389/FNINS.2018.00125/BIBTEX 

Jedrzejczak, W. W., Pilka, E., Ganc, M., Kochanek, K., & Skarzynski, H. (2022). Ultra-

High Frequency Distortion Product Otoacoustic Emissions for Detection of Hearing 

Loss and Tinnitus. International Journal of Environmental Research and Public 

Health 2022, Vol. 19, Page 2123, 19(4), 2123. 

https://doi.org/10.3390/IJERPH19042123 



53 
 

Jilek, M., Šuta, D., & Syka, J. (2014). Reference hearing thresholds in an extended 

frequency range as a function of age. The Journal of the Acoustical Society of 

America, 136(4), 1821. https://doi.org/10.1121/1.4894719 

Johnsson, L. G., & Hawkins, J. E. (1972). Vascular changes in the human inner ear 

associated with aging. Annals of Otology, Rhinology & Laryngology, 81(3), 364–

376. 

https://doi.org/10.1177/000348947208100307/ASSET/000348947208100307.FP.PN

G_V03 

Jorgensen, M. B. (1961). Changes of Aging in the Inner Ear: Histological Studies. 

Archives of Otolaryngolog, 74(2), 164–170. 

https://doi.org/10.1001/ARCHOTOL.1961.00740030169007 

Kemp, D. T. (1978). Stimulated acoustic emissions from within the human auditory 

system. The Journal of the Acoustical Society of America, 64(5), 1386–1391. 

https://doi.org/10.1121/1.382104 

Kemp, D. T. (2002). Otoacoustic emissions, their origin in cochlear function, and use. 

British Medical Bulletin, 63(1), 223–241. https://doi.org/10.1093/BMB/63.1.223 

Kim, D. O., Molnar, C. E., & Matthews, J. W. (1980). Cochlear mechanics: non-linear 

behavior in two-tone responses as reflected in cochlear-nerve-fiber responses and in 

ear-canal sound pressure. The Journal of the Acoustical Society of America, 67(5), 

1704–1721. https://doi.org/10.1121/1.384297 

Lai, J., & Bartlett, E. L. (2015). Age-related shifts in distortion product otoacoustic 

emissions peak-ratios and amplitude modulation spectra. Hearing Research, 327, 

186–198. https://doi.org/10.1016/J.HEARES.2015.07.017 



54 
 

Lasky, R., Perlman, J., & Hecox, K. (1992). Distortion-product otoacoustic emissions in 

human newborns and adults. Ear and Hearing, 13(6), 430–441. 

https://doi.org/10.1097/00003446-199212000-00009 

Lee, J., Dhar, S., Abel, R., Banakis, R., Grolley, E., Lee, J., Zecker, S., & Siegel, J. 

(2012a). Behavioral hearing thresholds between 0.125 and 20 kHz using depth-

compensated ear simulator calibration. Ear and Hearing, 33(3), 315–329. 

https://doi.org/10.1097/AUD.0B013E31823D7917 

Lee, J., Dhar, S., Abel, R., Banakis, R., Grolley, E., Lee, J., Zecker, S., & Siegel, J. 

(2012b). Behavioral Hearing Thresholds between 0.125 and 20 kHz Using Depth-

Compensated Ear Simulator Calibration. Ear and Hearing, 33(3), 315–329. 

https://doi.org/10.1097/AUD.0B013E31823D7917 

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., Brayne, 

C., Burns, A., Cohen-Mansfield, J., Cooper, C., Costafreda, S. G., Dias, A., Fox, N., 

Gitlin, L. N., Howard, R., Kales, H. C., Kivimäki, M., Larson, E. B., Ogunniyi, A., 

… Mukadam, N. (2020). Dementia prevention, intervention, and care: 2020 report of 

the Lancet Commission. Lancet (London, England), 396(10248), 413. 

https://doi.org/10.1016/S0140-6736(20)30367-6 

Lonsbury-Martin, B. L., & Martin, G. K. (1990). The clinical utility of distortion-product 

otoacoustic emissions. Ear and Hearing, 11(2), 144–154. 

https://doi.org/10.1097/00003446-199004000-00009 

Maccà, I., Scapellato, M. L., Carrieri, M., Maso, S., Trevisan, A., & Bartolucci, G. B. 

(2015). High-frequency hearing thresholds: effects of age, occupational ultrasound 

and noise exposure. International Archives of Occupational and Environmental 

Health, 88(2), 197–211. https://doi.org/10.1007/S00420-014-0951-8 



55 
 

Mills, D. M. (2000). Frequency responses of two- and three-tone distortion product 

otoacoustic emissions in Mongolian gerbils. The Journal of the Acoustical Society of 

America, 107(5), 2586–2602. https://doi.org/10.1121/1.428646 

Mishra, S. K., Saxena, U., & Rodrigo, H. (2022). Extended High-frequency Hearing 

Impairment Despite a Normal Audiogram: Relation to Early Aging, Speech-in-noise 

Perception, Cochlear Function, and Routine Earphone Use. Ear and Hearing, 43(3), 

822–835. https://doi.org/10.1097/AUD.0000000000001140 

Murthy, V. A., & Kalyan, G. K. (2013). Effects of Ageing on Otoacoustic Emission. 

Indian Journal of Otolaryngology and Head & Neck Surgery, 65(Suppl 3), 477. 

https://doi.org/10.1007/S12070-011-0349-9 

Ohlemiller, K. K. (2009). Mechanisms and Genes in Human Strial Presbycusis from 

Animal Models. Brain Research, 1277, 70. 

https://doi.org/10.1016/J.BRAINRES.2009.02.079 

Ohlms, L. A., Lonsbury-Martin, B. L., & Martin, G. K. (1990). The clinical application of 

acoustic distortion products. Otolaryngology--Head and Neck Surgery : Official 

Journal of American Academy of Otolaryngology-Head and Neck Surgery, 103(1), 

52–59. https://doi.org/10.1177/019459989010300108 

Ortmann, A. J., & Abdala, C. (2016). Changes in the compressive non-linearity of the 

cochlea during early aging: Estimates from distortion OAE input/output functions. 

Ear and Hearing, 37(5), 603. https://doi.org/10.1097/AUD.0000000000000319 

Petersen, L., Wilson, W. J., & Kathard, H. (2017). A systematic review of stimulus 

parameters for eliciting distortion product otoacoustic emissions from adult humans. 

International Journal of Audiology, 56(6), 382–391. 

https://doi.org/10.1080/14992027.2017.1290282 



56 
 

Poling, G., Lee, J., Siegel, J., & Dhar, S. (2012). Clinical Utilisation of High-frequency 

DPOAEs. ENT & Audiology News, 21(4), 91. /pmc/articles/PMC4519839/ 

Rigters, S. C., Cremers, L. G. M., Ikram, M. A., van der Schroeff, M. P., de Groot, M., 

Roshchupkin, G. V., Niessen, W. J. N., Baatenburg de Jong, R. J., Goedegebure, A., 

& Vernooij, M. W. (2018). White-matter microstructure and hearing acuity in older 

adults: a population-based cross-sectional DTI study. Neurobiology of Aging, 61, 

124–131. https://doi.org/10.1016/J.NEUROBIOLAGING.2017.09.018 

Roth, T. N. (2015). Aging of the auditory system. Handbook of Clinical Neurology, 129, 

357–373. https://doi.org/10.1016/B978-0-444-62630-1.00020-2 

Schmuziger, N., Probst, R., & Smurzynski, J. (2005). Otoacoustic emissions and 

extended high-frequency hearing sensitivity in young adults. International Journal 

of Audiology, 44(1), 24–30. https://doi.org/10.1080/14992020400022660 

Seidman, M. D., Ahmad, N., & Bai, U. (2002). Molecular mechanisms of age-related 

hearing loss. Ageing Research Reviews, 1(3), 331–343. 

https://doi.org/10.1016/S1568-1637(02)00004-1 

Silva, I. M. D. C., & Feitosa, M. Â. G. (2006). High-frequency audiometry in young and 

older adults when conventional audiometry is normal. Brazilian Journal of 

Otorhinolaryngology, 72(5), 665. https://doi.org/10.1016/S1808-8694(15)31024-7 

Škerková, M., Kovalová, M., Rychlý, T., Tomášková, H., Šlachtová, H., Čada, Z., Maďar, 

R., & Mrázková, E. (2023). Extended high-frequency audiometry: hearing 

thresholds in adults. European Archives of Oto-Rhino-Laryngology : Official Journal 

of the European Federation of Oto-Rhino-Laryngological Societies (EUFOS) : 

Affiliated with the German Society for Oto-Rhino-Laryngology - Head and Neck 

Surgery, 280(2), 565–572. https://doi.org/10.1007/S00405-022-07498-1 



57 
 

Stelrnachowicz, P. G., Beauchaine, K. A., Kalberer, A., & Jesteadt, W. (1989). Normative 

thresholds in the 8- to 20-kHz range as a function of age. The Journal of the 

Acoustical Society of America, 86(4), 1384–1391. https://doi.org/10.1121/1.398698 

Tanaka, Y., Suzuki, M., & Inoue, T. (1990). Evoked otoacoustic emissions in 

sensorineural hearing impairment: Its clinical implications. Ear and Hearing, 11(2), 

134–143. https://doi.org/10.1097/00003446-199004000-00008 

Tavanai, E., & Mohammadkhani, G. (2017). Role of antioxidants in prevention of age-

related hearing loss: a review of literature. European Archives of Oto-Rhino-

Laryngology, 274(4), 1821–1834. https://doi.org/10.1007/s00405-016-4378-6 

Trine, A., & Monson, B. B. (2020). Extended High Frequencies Provide Both Spectral 

and Temporal Information to Improve Speech-in-Speech Recognition. Trends in 

Hearing, 24. 

https://doi.org/10.1177/2331216520980299/ASSET/IMAGES/LARGE/10.1177_233

1216520980299-FIG2.JPEG 

Uchida, Y., Ando, F., Shimokata, H., Sugiura, S., Ueda, H., & Nakashima, T. (2008a). The 

effects of aging on distortion-product otoacoustic emissions in adults with normal 

hearing. Ear and Hearing, 29(2), 176–184. 

https://doi.org/10.1097/AUD.0B013E3181634EB8 

Uchida, Y., Ando, F., Shimokata, H., Sugiura, S., Ueda, H., & Nakashima, T. (2008b). 

The effects of aging on distortion-product otoacoustic emissions in adults with 

normal hearing. Ear and Hearing, 29(2), 176–184. 

https://doi.org/10.1097/AUD.0B013E3181634EB8 



58 
 

Ueberfuhr, M. A., Fehlberg, H., Goodman, S. S., & Withnell, R. H. (2016). A DPOAE 

assessment of outer hair cell integrity in ears with age-related hearing loss. Hearing 

Research, 332, 137–150. https://doi.org/10.1016/J.HEARES.2015.11.006 

Valiente, A., Roldán Fidalgo, A., Villarreal, I. M., & García Berrocal, J. R. (2016). 

Extended High-frequency Audiometry (9000–20000Hz). Usefulness in Audiological 

Diagnosis. Acta Otorrinolaringologica (English Edition), 67(1), 40–44. 

https://doi.org/10.1016/J.OTOENG.2015.02.001 

Vielsmeier, V., Lehner, A., Strutz, J., Steffens, T., Kreuzer, P. M., Schecklmann, M., 

Landgrebe, M., Langguth, B., & Kleinjung, T. (2015). The Relevance of the High 

Frequency Audiometry in Tinnitus Patients with Normal Hearing in Conventional 

Pure-Tone Audiometry. BioMed Research International, 2015. 

https://doi.org/10.1155/2015/302515 

Wagner, W., Heppelmann, G., Vonthein, R., & Zenner, H. P. (2008). Test-retest 

repeatability of distortion product otoacoustic emissions. Ear and Hearing, 29(3), 

378–391. https://doi.org/10.1097/AUD.0b013e31816906e7 

Wang, M., Ai, Y., Han, Y., Fan, Z., Shi, P., & Wang, H. (2021). Extended high-frequency 

audiometry in healthy adults with different age groups. Journal of Otolaryngology - 

Head and Neck Surgery, 50(1). https://doi.org/10.1186/s40463-021-00534-w 

Wu, P. Z., O’Malley, J. T., de Gruttola, V., & Liberman, M. C. (2021). Primary Neural 

Degeneration in Noise-Exposed Human Cochleas: Correlations with Outer Hair Cell 

Loss and Word-Discrimination Scores. The Journal of Neuroscience : The Official 

Journal of the Society for Neuroscience, 41(20), 4439–4447. 

https://doi.org/10.1523/JNEUROSCI.3238-20.2021 

https://doi.org/10.1016/J.HEARES.2015.11.006


59 
 

Wu, T., & Marcus, D. C. (2003). Age-Related Changes in Cochlear Endolymphatic 

Potassium and Potential in CD-1 and CBA/CaJ Mice. JARO: Journal of the 

Association for Research in Otolaryngology, 4(3), 353. 

https://doi.org/10.1007/S10162-002-3026-6 

Yueh, B., Collins, M. P., Souza, P. E., Boyko, E. J., Loovis, C. F., Heagerty, P. J., Liu, C. 

F., & Hedrick, S. C. (2010). Long-Term Effectiveness of Screening for Hearing 

Loss: The Screening for Auditory Impairment—Which Hearing Assessment Test 

(SAI-WHAT) Randomised Trial. Journal of the American Geriatrics Society, 58(3), 

427–434. https://doi.org/10.1111/J.1532-5415.2010.02738.X 

  

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


