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1 Introduction 

1.1 Global relevance of hearing loss 

Hearing-loss is one of the health challenges with increasing relevance across all aging 

populations at the moment. According to World Health Organisation (WHO) projections 

from 2018, the estimated number of 466 million people worldwide with hearing loss can 

be expected to keep rising substantially within the next decades, as a result of 

demographic developments (World Health Organization, 2018). In the United States 

alone, numbers are estimated to rise from 38 million in 2016 to 73 million people in 2060 

(Goman and Lin, 2016, Goman et al., 2017). These numbers only consider “disabling 

hearing-loss” as part of the statistic, while a larger, but often overlooked number of people 

may already suffer from the consequences of developing hearing loss that does not fit into 

practical diagnostic criteria. While one may argue that hearing loss does not compare to 

other more acute illnesses, its long-term impacts on society cannot be ignored. The WHO 

estimates annual health costs from hearing loss at around 750 billion dollars worldwide, 

but it is clear that these health costs in the form of diagnostic and treatment are spread 

unevenly across countries. Not only does hearing-loss lead to decreasing quality of life 

of those affected but it is also thought to impact the development of other severe (and 

expensive) illnesses, such as depression or dementia. Livingston et al. identified hearing-

loss as the third most relevant factor for the development of dementia, while being the 

largest potentially modifiable factor (Livingston et al., 2017). Even subclinical hearing 

loss has been shown to correlate with dementia prevalence (Golub et al., 2020, Hoppe et 

al., 2022). While the exact mechanisms leading from hearing-loss to cognitive decline are 

yet to be proven  (Griffiths et al., 2020), common factors like aging, microvascular disease 

and education (Lin and Albert, 2014) could explain the association of hearing loss and 

dementia. Mechanistic pathways leading from hearing loss to dementia are also being 

evaluated, such as impacts on cognitive load (Tun et al., 2009), brain structure (Lin et al., 

2014) and reduced social engagement (Fratiglioni et al., 2000). Improved treatment of 

hearing-loss could contribute to decelerating the increasing prevalence of dementia 

(Montero-Odasso et al., 2020).  

One aspect of averting hearing loss is the reduction or prevention of modifiable risk 

factors. These have been shown to include smoking (Ferrite and Santana, 2005), 



2 
 

cardiovascular disease (Tan et al., 2018), fitness (Chen et al., 2015, Han et al., 2016), diet 

(Kopke et al., 2005), and ototoxic medication. Exposure to loud music or noise is another 

relevant, modifiable factor. Whether of recreational or professional nature, exposure to 

loud sounds over prolonged time can cause irreversible damage to inner-ear hair cells. 

Especially teenagers and young adults can significantly decrease their risk of developing 

noise-induced hearing loss by using hearing protection in disco/club and concert settings 

(Daniel, 2007). To fully understand the different aetiologies of hearing loss, and deriving 

how to treat them, one must first understand the physiological mechanisms involved in 

transmitting an acoustic sound wave from the outer ear to the auditory cortex.  

1.2 Physiology of hearing 

Sound waves reaching the auricle are channelled into the outer ear canal. This 

approximately 2-2.5 cm canal leads into the petrous bone of the skull and ends with the 

tympanic membrane. Here, the energy of the sound wave is transmitted as oscillations 

through the tympanic membrane and then onto the chain of ossicles – malleus, incus and 

stapes (Brandes et al., 2019). The ossicles mechanically couple the tympanic membrane 

with the oval window at the base of the cochlea, while improving the efficiency of 

transmission through amplification of the sound waves by lever action of the ossicles and 

the area reduction between both membranes. By this mechanism, the impedance is 

patched from air to liquid, and the sound waves are amplified at least 18-fold. The 

amplification can also be regulated, by contraction of two muscles within the eardrum, 

the musculus tensor tympani (tightens the tympanic membrane) and the musculus 

stapedius (reduces transmission to the oval window) (Brandes et al., 2019). The oval 

window leads to a fluid-filled system of three spiral ducts within the cochlea (Fig. 1). 

These are named the scala media, scala vestibuli and scala tympani, with the latter two 

being connected at the apex of the cochlea – the helicotrema. The scala vestibuli and scala 

tympani are both filled with perilymph, a fluid that resembles extracellular fluids and is 

rich in sodium ions (Na+). The scala media, situated in between scala vestibuli and scala 

tympani, holds the specialized potassium (K+) rich endolymph.  Endolymph is produced 

and maintained in its ion balance by the stria vascularis, a capillary loop in the outer wall 

of the cochlear duct (Brandes et al., 2019). Sound waves spread along the cochlea, from 

base to apex as a travelling wave. Sitting on top of the basilar membrane in the scala 

media is the Organ of Corti, the primary sensory organ within the cochlea (Fig. 1). The 
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Organ of Corti contains mechanical receptor cells, 3 rows of outer hair cells (OHCs) and 

a single row of inner hair cells (IHCs). Vibrations of the travelling wave along the 

tectorial- and basilar membranes of the cochlea deflect the tips of the stereocilia of hair 

cells, activating the opening of K+-channels. The flow of K+ into the hair cell depolarizes 

the hair cell. The cochlea is arranged tonotopically, meaning that each frequency of sound 

wave activates a different but specific group of cells along the cochlea. A gradient of 

increasing flexibility and width of the basilar membrane from base to apex is responsible 

for high frequencies to activate the hair cells at the base, and low frequencies to yield the 

highest deflection of hair cells at the apex. This tonotopic distribution of frequencies 

along the basilar membrane is projected on within the fibres of the auditory nerve into the 

auditory cortex (Brandes et al., 2019).  
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OHCs are responsible for the nonlinear pre-amplification of the travelling wave at the 

frequency-specific place along the cochlea, before the wave reaches the sensory receptors. 

Deflection of stereocilia on the three rows of OHCs causes an influx of K+-ions into the 

hair cell, depolarizing it. Depolarization of the OHC leads to fast conformation changes 

of prestin-molecules, which contracts the hair cell and amplifies the vibrations of the 
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tectorial membrane (Zheng et al., 2000). The loss of this cochlear amplifier leads to 

hearing losses of 40-60 dB in mice (Liberman et al., 2002). 

Deflection of stereocilia of the IHCs leads to depolarization of the hair cell, which 

activates voltage-controlled calcium (Ca2+) channels. The resulting Ca2+ inflow activates 

synaptic vesicles through exocytosis, releasing glutamate into the synapse. At the 

postsynapse, glutamate binds to α-amino-3-hydroxy-5-methyl-isoxazolepropionic acid 

receptors (AMPA receptors) of the bipolar sensory neurons, where the action potential is 

generated (Klinke, 1986, Eybalin, 1993, Puel, 1995). The approximately 35000 bipolar 

sensory neurons make up the human auditory nerve, their nuclei lie within the spiral 

ganglion, which is situated in the modiolus, the conical central axis of the cochlea. 

(Spoendlin and Schrott, 1989). Counts of innervation densities showed that 5% of these 

neurons are unmyelinated and connect the nuclei in the spiral ganglion with the OHCs in 

the organ of Corti (Spoendlin, 1972). Through these efferent fibres, neurons of the 

superior olivary complex exhibit inhibitory innervation of the OHCs. In response to loud 

sounds, the cochlear amplification at specific frequencies on the cochlea can be inhibited 

by regulating OHC function (Siegel and Kim, 1982).  The remaining 95% of fibres are 

responsible for afferent innervation of the IHCs (Spoendlin, 1972). Each IHC is 

innervated by approximately 16 ANFs (Wu et al., 2019). The axons of the spiral ganglion 

neurons transmit their electrical signal towards the neurons of the cochlear nucleus (CN). 

The signal is then transmitted across the superior nucleus olivaris (SOC), the lateral 

lemniscus, the inferior colliculus (IC), and the medial geniculate nucleus (MGN), before 

reaching the auditory cortex, situated in the temporal lobe. Starting at the CN, signals are 

crossed to the contralateral side. On the level of the superior olive, information from both 

ears is compared for the first time. This is especially relevant for directional hearing, 

where tiny delays between both ears and differences in sound pressure level give 

indications on the direction of the source of sound (Brandes et al., 2019). 

1.3 Distinction and aetiology of acquired hearing loss 

Hearing loss can be categorized in different ways, mainly by its onset – congenital, pre- 

or postlingual, adult or presbycusis – or by the affected components of the auditory 

pathway. Here we can distinguish conductive hearing loss, which takes place in the outer 

ear or the ossicles of the middle ear, from sensorineural hearing loss, which occurs as a 
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result of damaged components of the inner ear. Mixed hearing loss combines losses at 

levels of both conductive and sensorineural hearing, while central auditory dysfunction 

describes malfunctions at the level of auditory nerve, auditory brainstem or cerebral 

cortex. (Shearer et al., 1993).  

Hereditary factors also play a large role in the occurrence of hearing loss. There are 

currently more than 150 genes known to be related to hereditary hearing loss. These make 

up over 80% of prelingual hearing loss and can be associated with combination of other 

disabilities as syndromes (Shearer et al., 1993). Whole Exome Sequencing with targeted 

analysis of 120 gene panels can help identify the responsible loci (Zazo Seco et al., 2017).   

Unlike conductive hearing loss, where conservative and surgical treatments have long 

been used to improve or at least maintain a status quo of hearing levels, sensorineural and 

auditory pathway malfunctions remain difficult to treat. The reason being that diagnostics 

often lack the possibility of identifying the specific locus of the malfunction. Furthermore, 

there are no reliable ways to access or target the tiny anatomical areas of the inner ear, 

for drug application or surgical intervention. 

While there are certainly studies attempting to restore hair-cell function by injection of 

drugs into the cochlea through the oval or round window, there are no approved 

treatments in Germany as of yet. For this study, the focus will lie on hearing loss that 

originates from the cochlea and the auditory pathway, with onset in adult life.  

Noise-induced hearing loss (NIHL) is a significant, potentially avoidable cause for rising 

numbers of hearing loss across the globe. While occupational noise-exposure is 

controllable through occupational health and safety acts, recreational exposure through 

portable audio devices and attendance of noisy venues (concerts, festivals, clubs) 

frequently exposes listeners to harmful levels of sound for too long. The WHO estimates 

that this puts up to 50% of 12-35 year-olds at risk of hearing loss (World Health 

Organization, 2021). It is generally accepted, that when exposed to high noise for a 

limited time, the ear may experience temporary threshold shifts, which can be recovered 

by regeneration processes of the ear within hours to days and the initial loss of threshold 

sensitivity recovered back to the original level. Histologically, in these cases studies have 

made different observations of contributors to this temporary threshold shift. These 

include effects on the stereocilia bundles, observed as loss of tip-links (Zhao et al., 1996), 
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or disarray of stereocilia (Mulroy and Whaley, 1984), as well as collapse of supporting 

cells of the organ of Corti (Flock et al., 1999, Nordmann et al., 2000) and temporary 

swelling of afferent dendrites of the IHCs. The swelling is most likely caused as a 

consequence of overstressed activation by noise exposure, when mitochondrial activity is 

exhausted (Spoendlin, 1971, Liberman and Mulroy, 1982, Robertson, 1983).  

When repeated or prolonged exposure to such sounds eventually leads to structural 

damage of the cochlea, a permanent threshold loss is possible. Examinations of animal 

cochlea have shown that within minutes of the exposure, damage to hair-cells can be 

observed, followed by hair-cell death within several days (Wang et al., 2002). Meanwhile 

numbers of SGCs have also shown to deteriorate after noise-exposure, but this process 

happens much slower, even progressing for years (Spoendlin, 1971, Kujawa and 

Liberman, 2006). 

Permanent threshold loss most commonly occurs at the higher frequencies, with a 

characteristic dip at 4 kHz (Passchier-Vermeer, 1974, Imam and Hannan, 2017).  

Molecular and biochemical mechanisms of noise-induced cell-death of the cochlea are 

still being researched. One accepted approach is the mechanical destruction of hair-cell 

membranes and supporting structures within the Organ of Corti by the sound wave 

(Spoendlin, 1971). Metabolic mechanisms in response to noise exposure include the 

increased production of reactive oxygen species (ROS). These oxygen radicals are 

required for numerous cell signalling and homeostasis processes, their excess production 

in response to noise exposure (Ohlemiller et al., 1999, Yamane et al., 1995a, Yamane et 

al., 1995b) can however induce apoptosis and necrosis of cells in the organ of Corti when 

lipids of cell membranes undergo peroxidation by ROS (Henderson et al., 2006). ROS 

generation is also linked to reduced blood flow in the cochlea. The resulting ischemia 

provides further stress to cochlear cells, in turn promoting more ROS generation (Ohinata 

et al., 2000). 

Studies with application of glutamate or glutamate agonists have shown that another 

mechanism of auditory cell-death is that of glutamate excitotoxicity, especially at the 

SGC cells. Acoustic overstimulation releases toxic amounts of glutamate into the 

synapse, which activates large sodium and potassium influx at the post-synapse. 
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Eventually, the osmotic imbalance can cause the SGC neuron to swell and rupture 

(Janssen et al., 1991, Puel et al., 1994, Le Prell et al., 2001). 

In contrast to NIHL, presbycusis, or age-related hearing loss (ARHL) is diagnosed when 

hearing deteriorates in aging patients, without any responsible otologic diseases, genetic 

factors or ototoxins. It is difficult to differentiate the impact of lifelong noise exposures 

in relation to normal age-related hearing declines in hearing capabilities, especially since 

noise-overexposure has also been suggested to accelerate effects of ARHL (Kujawa and 

Liberman, 2006). In standard Otorhinolaryngology (ear-nose-throat; ENT) diagnostics, 

the classic pattern of ARHL is an increase and threshold loss with higher hearing 

thresholds at higher frequencies. Meanwhile low frequency hearing is mostly maintained. 

As ARHL advances, the threshold loss at high frequencies begins to extend to lower 

frequencies as well. As Gordon-Salant evaluates from both the Framingham Heart Cohort 

study (Mościcki et al., 1985) and the Beaver Dam Hearing Loss Study (Cruickshanks et 

al., 1998), consistent declines in hearing thresholds can be observed across the whole 

study (Gordon-Salant, 2005). However, in unscreened cohorts, self-reported history of 

noise exposure, otologic disease and ototoxicity also played a role in developing hearing 

loss. ARHL generally includes a combination of conductive hearing loss from the middle 

ear, as well as sensorineural hearing loss. The decline in inner ear function has frequently 

been shown in humans and animals to be of metabolic character instead of hair-cell loss, 

with atrophy of the stria vascularis diminishing its capability of maintaining the electric 

potential of the cochlea through ion transport (Ramadan and Schuknecht, 1989, Schmiedt 

et al., 2002, Dubno et al., 2013). Wu et al. have contradicted these findings, stating that 

ARHL in humans only correlates with hair-cell loss (OHCs and IHCs)(Wu et al., 2020). 

According to their study, strial atrophy only occurs after OHC loss, when the effect of a 

dysfunctional cochlear amplifier greatly exceeds the hearing loss caused by reduced 

endolymphatic potentials. Hair-cell death generally begins at the basal, high-frequency 

end of the cochlea (Schuknecht, 1993). 

1.4 Cochlear synaptopathy as cause of hidden hearing loss  

Standard ENT-diagnostics mainly uses audiometric thresholds to evaluate hearing. While 

this method may be sufficient for many otologic diseases and hearing impairments, this 

is not the case for all patients. Gordon-Salant recognized that, while word recognition as 
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a measure of comprehension problems generally correlated with threshold losses, this 

does not apply for all participants (Gordon-Salant, 2005).  The so-called “hidden hearing-

loss” (HHL) (Schaette and McAlpine, 2011) has undergone more focused research since 

Kujawa and Liberman showed that noise-induced damage could be more prevalent within 

the population than expected (Kujawa and Liberman, 2009). Instead, hidden hearing-loss 

is masked by physiological thresholds, while affected patients experience significant 

comprehension difficulties during their everyday lives.  

This concept of cochlear synaptopathy without hair-cell loss has since then been shown 

both in animals (Kujawa and Liberman, 2009, Sergeyenko et al., 2013, Möhrle et al., 

2016) and humans (Bharadwaj et al., 2014, Plack et al., 2014, Liberman and Kujawa, 

2017). It is currently believed, that while HHL is associated with intact auditory 

thresholds, well synchronized ABRs and intact OHCs, the processing disorder originates 

instead from a subgroup of auditory fibres, called low spontaneous-rate (SR) fibres. ANFs 

can be divided into two subpopulations, those with a low SR and high threshold, and those 

with high SR and low thresholds (Liberman, 1978). In consequence, high-SR fibres are 

mostly required at threshold level stimuli and thus important for pure-tone audiometry 

(PTA) measurements, but are quickly saturated at louder stimulus levels, whereas low-

SR fibres are only sensitive at louder stimulus levels, such as when background noise is 

present (Winter et al., 1990). Animal studies have shown that low-SR fibres are more 

vulnerable to noise (Furman et al., 2013), aging (Schmiedt et al., 1996) and ouabain-

exposure, a cardiac glycoside used to study the effects Na+-K+-adenosinetriphosphatase 

(ATPase) inhibition on neurons (Bourien et al., 2014). While the exact reasons are still 

being discussed, this indicates that low SR fibres degenerate much earlier than high SR 

fibres, both due to noise exposure and aging (Liberman and Kujawa, 2017). As a result, 

PTA threshold sensitivity can stay normal for much longer, while speech-in-noise 

understanding deteriorates. 

The loss of ANFs was shown to be part of the ARHL-process, even though PTA-

thresholds are rarely affected (Wu et al., 2020), in fact, PTA-thresholds have been shown 

to only deteriorate when more than 80% of ANFs are destroyed (Schuknecht and 

Woellner, 1955, Lobarinas et al., 2013). The current understanding is, that different 

degrees of ANF-loss could therefore explain the varying performances in speech 

comprehension tests in noisy environments between people with the same PTA-
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thresholds (Plack et al., 2014). Counts of SGCs also do not accurately represent the extent 

of cochlear synapse loss, as spiral ganglion cell-bodies degenerate far later than their 

axons (Spoendlin and Schrott, 1989, White et al., 2000, Sergeyenko et al., 2013). 

Postmortem analysis of human temporal bones without hair-cell loss has shown that SGC 

degeneration rate seems to vary drastically between individuals, with environmental 

factors and noise exposure suggested as the reason (Makary et al., 2011), but overall age 

seems to play a big role in SGC counts (Otte et al., 1978). 

1.5 Audiometric methods to evaluate hearing loss  

Standard clinical practice for hearing diagnostics, but also studies claiming to test with 

“normal audiograms”, do not necessarily guarantee that no threshold elevation is present. 

In most clinical settings, thresholds are measured only at defined frequency steps, usually 

between 0.25 and 6-8 kHz. Furthermore, the definition of “normal hearing” includes 

audiograms up to threshold losses of 25 dB (World Health Organization, 1991), or with 

the newer classification suggested by the WHO, which includes hearing losses of up to 

20 dB as “normal” (Stevens et al., 2013). It should also be noted that different studies 

focus on different audiogram frequencies when matching groups by threshold sensitivity. 

Finally, audiometric thresholds can only provide some differentiation of the origins of the 

hearing loss. While conductive hearing loss and some other specific illnesses may be 

recognized from the combined diagnostics with bone-conduction or the shape of the PTA-

curve, it does not provide information if the loss originates from the OHCs, the IHCs, the 

ANF, auditory synapses or anywhere else along the auditory pathway. 

To further distinguish between types of hearing loss, different audiometric measurements 

can be used additionally. Tympanometry is used as a fast and sensitive method to 

diagnose middle-ear pathologies by measuring the impedance of the eardrum (Terkildsein 

and Thomsen, 1959)(see 2.3.2), Pathologic results are usually complemented by PTA-

thresholds, in the form of conductive hearing loss. Changes in pressure in the middle ear, 

or any pathologies altering the function of the eardrum or the ossicles would be 

recognized as discrepancy between the bone and air-conduction. Measuring PTA- 

thresholds is the standard clinical practice for any hearing-related question. Despite not 

being an objective measurement by nature, experienced medical technicians can provide 
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accurate measurements. Furthermore, most clinical diagnostic and therapeutic decisions 

are based on threshold losses in PTA. 

To test for speech comprehension, the German “Oldenburger Satztest” (OLSA) (Wagener 

et al., 1999b, Wagener et al., 1999c, Wagener et al., 1999a) was chosen for quantification 

of comprehension in quiet and noise conditions. The use of entire sentences compared to 

single words like in the “Freiburger Wörtertest” can be advantageous in its representation 

of day-to-day hearing situations (Wardenga et al., 2015). The Speech Reception 

Threshold of 50% comprehension (SRT50 ) was measured in quiet, ipsilateral and 

contralateral noise, each with an unfiltered “broadband” speech condition (OLSA-BB), a 

low pass filtered speech condition (OLSA-LP) and a high-pass filtered condition (OLSA-

HP), where frequencies above 1.5 kHz (OLSA-LP) or below (OLSA-HP) are removed 

from the frequency spectrum of the stimulus (Schirmer et al., 2024). The filtered stimulus 

speech aims to separate temporal fine-structure (TFS) cues (Lorenzi et al., 2006) from 

temporal envelope (TENV) cues (Shaheen et al., 2015, Parthasarathy et al., 2019) to 

evaluate their individual impacts on speech comprehension.  

Otoacoustic emissions (OAEs) are used in clinical and scientific settings as an objective, 

non-invasive method to selectively measure OHC function. Intact cochlear amplifier 

function of the OHCs is required for normal hearing thresholds (Dallos, 2008). OAEs are 

created by an active source in the ear as a response to external acoustic stimulation and 

can be measured as mechanical sound energy in the outer ear canal. Upon discovery in 

1978, OAEs were attributed to be a by-product of the active cochlear amplifier, located 

at the OHCs (Kemp, 1978). Otoacoustic emissions can be grouped into spontaneous 

OAEs (SOAE) and evoked OAEs. SOAEs can be recorded in the outer ear canal without 

external stimulation. These narrow-band signals are stable in frequency in repeated 

measurements over months. However, their amplitude can vary substantially between 

each measurement (Probst et al., 1991). Recent studies suggest SOAEs to be prevalent in 

30-40% of ears, with decreased prevalence in participants with increased hearing loss. 

(Kuroda, 2007, Jedrzejczak et al., 2016). 

Distortion product otoacoustic emissions (DPOAEs) are detectable in humans up to a 

hearing loss of 50 dB and present additional diagnostic options for higher frequency 

ranges when comparing to transient evoked otoacoustic emissions (TEOAEs) (Hoth and 

Neumann, 2006). The DPOAE signal is created by presenting two primary tones with 
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frequencies f1 and f2 simultaneously. When stimulus parameters are presented with 

f2/f1=1.2 and L1 ≥ L2, the travelling waves overlap on the cochlea near the f2 frequency 

due to the nonlinear output mechanics of the cochlea(Zelle et al., 2017a). Upon deflection 

of OHC stereocilia, the mechano-electrical transducer propagates the receptor voltages 

into cochlear fluids. While its purpose is to modulate and amplify the signal for the IHCs, 

some of the vibration travels retrogradely through the tympanum and is then detectible in 

the outer ear canal as the OAE (Avan et al., 2013). For humans, the largest DPOAE 

response can be recorded at the cubic difference frequency fDP = 2f1-f2 (Goldstein, 1967). 

The measurement of this DPOAE response can then be used to analyse the function of 

the cochlear amplifier. 

Auditory steady-state responses (ASSRs) are recorded in order to obtain a metric for the 

early stages of sound transmission around the stimulus onset which is not reflected in 

pure-tone thresholds (PTTs). Repeated stimuli evoke a phase locked neural activity that 

is mainly coded by TENV (Rance, 2008)(see 2.4.4 for details). 

ABRs originate from the summed neuronal activity of the ascending auditory pathway 

(Buran et al., 2010) as a response to short auditory stimulations and are used to assess the 

functional integrity of the auditory pathway in the brainstem. In the clinical setting, ABRs 

can be used in newborn hearing screening for auditory pathway deficits, to detect 

retrocochlear pathologies such as acoustic neuromas or for intraoperative and intensive 

care monitoring (Habib and Habib, 2021). These potentials of short latency can be 

recorded within 10 milliseconds (ms) after stimulus onset. When filtering and averaging 

the recorded ABRs over many repeated stimuli clicks, distinct waves I-VI can be 

identified in humans (Møller et al., 1994). Wave I represents potentials in the distal parts 

of the auditory nerve (AN) (Portmann et al., 1980), wave II is thought to be generated by 

globular cells of the cochlear nucleus (CN) (Melcher and Kiang, 1996), wave III 

originates from the superior olivary complex (SOC) and the lateral lemniscus (Melcher 

and Kiang, 1996). Wave V and VI originate from the inferior colliculus (IC) (Møller et 

al., 1994) and the medial geniculate body (MGB) (Hashimoto et al., 1981, Melcher and 

Kiang, 1996). 

In contrast to the utilized click stimuli, which usually rely on either TENV or TFS coding 

separately depending on the stimulus frequencies, language comprehension can be broken 
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down into the correct discrimination of vowels (Won et al., 2016) and consonants 

(Hornickel et al., 2009). These require both TFS coding and TENV coding to correctly 

understand the phonemes above and below the PLL (phase-locking limit) (Verschooten 

et al., 2019). By creating a phoneme discrimination task, we aimed to link different 

comprehension performances to varying TFS or TENV coding (Huet et al., 2018). The 

measurement used different decomposed narrowband signals representing phoneme pairs 

with formant frequencies either above or below the expected PLL of 1.5 kHz in humans 

(Schirmer et al., 2024). 

1.6 Aim of the study 

The aim of this study is to identify factors that contribute to decreased speech 

comprehension, apart from the commonly known factors of age and threshold shifts. 

Establishing a cohort of participants of different ages and hearing levels for measurements 

of the standard hearing diagnostics, as well as more experimental measurements could 

help to assess the impact of these other factors that can reduce speech comprehension. 

This may in the future help to improve hearing diagnostics of developing speech 

comprehension impairments. 

2 Methods  

2.1 Ethics application 

The ethics application with project number 392/2021BO2 was approved by the Ethics 

Committee of the University of Tübingen in accordance with the Declaration of Helsinki 

for human experiments. All study participants were informed before examinations about 

risks, privacy protection and study processes. Written consent and informed consent of 

every participant was required. All digital data was anonymized, consent forms and other 

non-anonymized data was stored in a locked cabinet in the lab. The participants received 

compensation for their participation effort. Methods and inclusion/exclusion criteria were 

predefined as listed below. 

2.2 Recruitment of the cohort  

Participants were recruited locally, by contacting target groups through mailing lists of 

the university and the university hospital in Tübingen, Germany (Appendix A) and a 

poster at the shared entrance of the ENT and eye clinic Tübingen. Participants were 
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awarded 100€ as compensation for the participation in all four sessions of the study (total 

measurement time of 8 hours). Participants were recruited between 18 (lowest age 

permitted by ethics application) and 76 years so that age dependent changes in hearing 

can be discerned. Study plans aimed for a cohort size of 90 participants, with 30 

participants per age group to allow adequate statistical analysis of results. Volunteers 

were recruited with subjective comprehension deficits, as well as participants with 

subjective good hearing. 

2.2.1 Inclusion and exclusion criteria  

Exclusion criteria, defined in the ethics application (392/2021BO2) were verified for all 

participants at different points of the study. During recruitment, potential participants 

were asked about tinnitus, previous hearing-related treatments (e.g. ear-surgery), other 

medical history and active medication through phone or email. As a further criterion, 

participants were verified to be of German mother tongue, due to the usage of a German 

matrix comprehension test. In cases where the participant had moved to Germany after 

birth, we required them to have joined the German education system in the first years of 

their school career. 

A list of elimination-criteria on the Q1 questionnaire at the beginning of session 1 was 

used to cover all exclusion criteria (Appendix B). Relevant hearing-related diseases as 

well as other comorbidities and medications (Appendix C) were recorded with the Q1 

questionnaire as exclusion criteria. 

Recruitment was targeted at persons with subjectively normal hearing, speech 

comprehension problems or known mild hearing impairment that had not yet led to 

treatment with hearing aids. The allocation of good and impaired hearing was done after 

pure-tone audiometry and OLSA comprehension, according to criteria described in 

results. 

In total, 112 participants between 18 and 76 years of age were initially recruited. After 

subsequent exclusion of a number of participants due to lack of compliance (failure to 

attend measuring sessions several times), hearing-related conditions (e.g. tinnitus, ear 

surgery) or systemic diseases known to affect hearing, 89 participants remained in the 

study, divided into 3 age-groups: young (18-29 years, n=29), middle-aged (30-55 years, 

n=32) and older (56-76 years, n=28) (Appendix C),.  
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2.3 Standard audiometric diagnostics for grouping of the cohort 

2.3.1 Otoscopy of the ear canal 

To begin with, each participant underwent a standard otoscopic ear examination by an 

ENT-specialist of the Department of Otolaryngology, Head and Neck Surgery Tübingen. 

Using a Zeiss ear-microscope, the outer and inner ear canal and the tympanic membrane 

were examined for intactness. Cerumen was removed when necessary to allow sufficient 

vision of the tympanic membrane and to prevent blockage of the earphone tubes by 

cerumen in the following measurements. Confirmation of intactness of the tympanic 

membrane was signed by the ENT-specialist before the next measurements were 

undertaken. 

2.3.2 Tympanometry for exclusion of ear ventilation disorders 

Evaluation of the condition of the tympanic membrane and the ossicles was conducted 

using the AT235 (Interacoustics, Middelfart, Denmark) tympanometry system. The probe 

tip, inserted into the outer ear canal, adjusts the pressure in the ear canal in relation to the 

middle ear and measures the reflection of a 226Hz pure-tone on the ear-drum at different 

pressures (Shanks, 1984). In a healthy ear, the best sound transmission (and least 

reflection) occurs when ambient air pressure and middle ear pressure are equal, this is 

named a type A tympanogram. Abnormal tympanograms may reveal fluid in the middle 

ear, perforations of the tympanic membrane or patent pressure equalization tube. In these 

cases, the peak in the tympanogram either disappears (type B), or shifts to either side, 

where the pressure on both sides of the tympanic membrane is not equal (Shanks and 

Shohet, 2009). Given that participants should have intact tympanic membranes and 

normal pressures in the middle ear, participants can be expected to show Type A 

tympanograms, otherwise rejection from the study must be considered. Since problematic 

ear canals can also lead to abnormal tympanograms when the probes do not fit tightly, an 

ENT-specialist was consulted, taking into account the audiogram and the otoscopy before 

making the final decision. 

2.3.3 Anamnesis for subjective hearing and exclusion criteria 

The custom Q1 questionnaire focuses on a subjective self-evaluation of individual 

hearing capabilities in different conversation situations, as well as some general 

anamnestic information such as education and handedness (Appendix B). A checklist to 
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inquire for any of the comorbidities mentioned in the ethics application as reasons for 

elimination from the study is included at the beginning of the questionnaire. This includes 

other hearing-related illnesses including tinnitus or previous ear surgery, as well as 

systemic diseases that could affect hearing or processing in the brain. (Appendix B) 

(Vande Maele et al., 2021). 

2.3.4 Questionnaires screening for depression and cognition for exclusion of depression- 

and dementia-associated hearing loss 

To eliminate hearing loss associated with depression or dementia (Livingston et al., 

2017), participants were screened for depression and dementia in the first measuring 

session. The Beck’s Depressionsinventar II (BDI-II) (Appendix D) and the Geriatric 

depression scale (GDS) (Appendix E) were sent to participants on the day before their 

first measurement. The BDI-II has shown to effectively screen for depression with 

sufficient sensitivity in a clinical setting (Beck et al., 1996). It consists of 21 items, with 

each item awarding 0-3 points. Mild depression can be expected at scores starting at 14 

points out of 63, medium depression at 20 and heavy depression above 29 points. 

Additionally, we used the Geriatric depression scale (GDS) (Yesavage et al., 1982). Each 

of the 15 items can award one point, at scores of 5-10 points, mild to moderate depression 

should be suspected, severe depression can be expected starting at 11 points. The GDS is 

deemed more suitable for older patients, because it does not include somatic criteria such 

as sexual interest, sleep, appetite, energy level but focuses on affective and cognitive 

domains like sadness, apathy, crying and hopelessness. Nonetheless, both questionnaires 

offer good internal consistency and high correlation with each other (Jefferson et al., 

2001). 

The Mini Mental Status Examination (MMSE, or MMST in German) was used as a 

screening test for cognitive impairment and developing dementia (Appendix F). 11 items 

test for memory, orientation in time, reading, writing, ability to communicate (Folstein et 

al., 1975). Patients with less than 27 of the possible 30 points should undergo further 

professional diagnostics as this could be an indication for beginning cognitive decline and 

were consequently excluded from the study and offered to contact a professional 

psychiatrist for advanced psychiatric diagnostics. 
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2.3.5 Pure-tone audiometry up to high frequencies to assess conductive and sensorineural 

hearing loss  

As gold standard audiometric measurement, pure-tone audiometry was conducted for all 

participants. The thresholds were measured at standard the frequencies of 0.25, 0.5, 1, 

1.5, 2, 4, 6, 8, 10 kHz, as well as additional 4 frequencies in the extended frequency 

region: 11.2, 12.5, 14, 16 kHz. The measurement was done by experienced Audiometrists 

of the ENT-clinic Tübingen using the AT 1000 Audiometer (Auritec, 

medizindiagnostische Geräte Gmbh, Hamburg, Germany). As headphones, 

Beyerdynamic AT1350A (Beyerdynamic, Heilbronn, Germany) were used for 

frequencies up to 10 kHz and the Sennheiser HDA300 (Sennheiser, Wedemark-

Wennebostel, Germany) for the extended frequency region. The participants were seated 

in a sound-proof chamber (Industrial Acoustics Company GmBH, Niederkrüchten, 

Germany). Participants activated a button as soon as the detection threshold was reached. 

To confirm the absence of conductive hearing loss, bone conduction was also measured 

using the B71Wbone transducer (Radioear, Middelfart, Denmark) at frequencies 0.25, 

0.5, 1, 1.5, 2, 4, 6 kHz. In both measurements, the tone volume was increased 

continuously until the button was activated. The uncomfortable loudness level (ULL) was 

measured at 0.25, 0.5, 1, 2, 4, 6 kHz, participants were asked to activate the button when 

they experienced the sound to be uncomfortable.  

Pure-tone averages were calculated from the right ear for low frequencies (PTA-LF) 

(0.125, 0.25, 0,5 and 1 kHz), high frequencies (PTA-HF) (6, 8, and 10 kHz), extended 

high frequencies (PTA-EHF) (11.2, 12.5, 14, and 16 kHz) and (PTA4) (0.5, 1, 2, and 4 

kHz). These specific PTA groups were chosen to simplify and analyse thresholds for 

specific frequency ranges: (i) PTA-LF, for hearing below the phase-locking limit (PLL) 

i. e. < 1500 Hz in humans, this is also the limit where we set the frequency filter on the 

syllable task (see 2.4.2) (ii) PTA4, because this is the worldwide standard for defining 

hearing loss severity, (iii) PTA-HF, because these frequencies are regularly measured in 

the clinical setting, but are partly above the frequency range of the PTA4, as well as above 

the PLL, and (iv) PTA-EHF, because those frequencies display a disputed role for speech 

perception (Hunter et al., 2020) and are above the standard frequency ranges measured in 

a clinical setting.  
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2.3.6 Speech reception thresholds with Oldenburger Satztest with high- and low-pass 

filter 

The Oldenburger Satztest (OLSA) (Wagener et al., 1999d), a German speech 

comprehension matrix test, was carried out with additional frequency filters and noise 

conditions for the study. The participant was seated in a sound-proof audiometry chamber 

(Industrial Acoustics company GmBH, Niederkrüchten, Germany). Stimuli were 

generated by a laptop with a sound card (Scarlett 8i6 3rd Gen, Focusrite, United 

Kingdom) using ER2 transducers and ER1-14A earpieces (Etymotic Research, Elk Grove 

Village, Illinois, USA). Transducers were shielded with µ-metal and calibrated to 70 dB 

(RMS). The entire setup was grounded to the measuring chamber. Due to the time-

limitations of the measurement sessions, only the right ear was presented with the 

sentence stimuli. The standard matrix word list of the clinical OLSA was used (Fig. 2 D). 

It consists of 5 categories of 10 words to make a total of 105 possible, random 5-word 

sentences. After presentation of each sentence, the participant repeats understood words 

and if possible, the entire sentence.  While the grammatical structure of the 5-word 

sentences remains the same - name, verb, number, adjective, noun - the random choice of 

words from the list guarantees that the rest of the sentence cannot be anticipated by the 

participant. Furthermore, there should be no additional learning effect after an initial 

training phase (Brand and Kollmeier, 2002). The adaptive volume of the presented 

sentences is automatically adjusted, depending on the number of correct words of the 

previous sentence, aiming to converge to a specific volume threshold at which 50% 

comprehension is achieved (Fig. 2 B). The participant speaks into a microphone, while 

the investigator selects all reproduced words from the matrix list. In order to reduce 

experimenter effects and increase objectivity, the investigator is blinded to the presented 

sentence. The speech recognition threshold (SRT50) is calculated from sentence blocks of 

20. The SRT represents the volume threshold, at which comprehension of 50% of the 

sentences is achieved. The adaptive volume typically converges towards a fixed volume, 

the SRT50 (Fig. 2 B), within several sentences and should be reached in all cases within 

20 sentences, thus each condition was presented for a fixed number of 20 sentences (same 

as in a clinical setting).  
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The test was divided into 4 condition blocks, namely the training block, quiet, 

contralateral noise and the ipsilateral noise blocks. The psychoacoustic phoneme-

discrimination task was moved between OLSA blocks 2 and 3 to keep up the participant’s 
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attention in this rather exhausting task (Fig. 2 A). Each block 2-4 consists of 3x 20 

sentences: a broadband speech stimulus, a high-pass (low cut-off) filtered and a low-pass 

(high cut-off) filtered part, with the filter division set at 1500 Hz (Fig. 2 C). The filter was 

picked in accordance to the syllables presented in 2.4.2 and is placed at the estimated 

human phase-locking-limit at approximately 1500 Hz (Brughera et al., 2013) allowing 

the differentiation of temporal processing through both temporal fine structure processing 

and temporal envelope coding (Oxenham, 2018, Verschooten et al., 2019, Dapper et al., 

2025) 

To eliminate learning effects that typically occur during the first few sentences (getting 

to know the stimuli words, structure of the task etc.) (Hörzentrum Oldenburg, 2019), 

participants were presented with 20 sentences of both the broadband and high-pass 

filtered speech in quiet to get used to the measurement. 

2.3.7 Pure-tone normalized threshold (PNOT) 

To evaluate the impact of speech comprehension factors other than age and PTT, we 

implemented the pure-tone normalized threshold, from here on referred to as PNOT 

(Schirmer et al., 2024). Three independent groupings were calculated, one for the quiet 

(n=89), ipsilateral noise (n=63) and contralateral noise (n=63) conditions each. OLSA 

thresholds were normalized for all 15 available frequencies between 0.125 and 16 kHz 

with a multivariate regression between the three OLSA thresholds (broadband, low-pass, 

high-pass) and the first five principal components of the pure-tone thresholds (Schirmer 

et al., 2024). A principal component analysis was performed using a singular-value 

decomposition algorithm (MatLab Version 2021b), which captured approximately 93% 

of the variations in threshold when using the first five components. OLSA predictions 

were then evaluated for each participant individually based on the linear regression 

model. The three OLSA threshold predictions were then subtracted from measured OLSA 

SRTs and averaged. The so-called “PT-normalized OLSA threshold” (PNOT) in quiet, 

ipsilateral noise and contralateral noise were each used to divide the cohort into 3 groups 

of equal size, aiming to maximize the spread of speech performance across them as 

“good”, “standard” and “poor” performance (Schirmer et al., 2024).  
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2.4 Audiometric measurements to analyse cochlear amplifier efficiency and 

synchronicity changes 

2.4.1 Distortion product otoacoustic emissions to measure cochlear amplification 

Distortion product otoacoustic emissions (DPOAE) allow the objective evaluation of the 

transduction mechanism of the cochlea (Kemp, 1978). The DPOAE were measured on 

the setup described by Vetesnik et al. and Zelle et al. (Vetešník et al., 2009, Zelle et al., 

2015, Zelle et al., 2017b). 

Participants were seated in a double-walled soundproof chamber (Industrial Acoustics 

Company, Niederkrüchten, Germany) and stayed awake during the 50-minute 

measurement. Input/Output-function were performed on one ear at a time. A DPOAE 

probe system ER-10C (Etymotic Research, Elk Grove Village, Illinois, USA) was used 

as earphone and microphone. Flexible tubes and Etymotic foam ear tips ER10C-14A 

connected the probe system with the ear-canal. The compressible foam allows for 

sufficient sealing of the ear canal when positioned at around 1.5-2 cm from the eardrum. 

Calibration of probe sound sources was carried out before measurement of the right ear 

as well as when switching to the left ear by correcting for probe-to-tympanic membrane 

transfer function, based on an artificial ear simulator (B&K type 4157, Bruel & Kjær, 

Nærum, Denmark). A custom-designed software (NI LabViewTM Full Development 

System, Version 8.01; LabViewTM, National Instruments, Austin, Texas, USA) was used 

for stimulus generation and data acquisition. Signal post-processing and data analysis 

were done in MATLAB (Version 2021b, MathWorks, Natick, MA). 

Utilizing short-pulse DPOAE (pDPOAE) for the second primary tone (f2), the artefactual 

interference of primary and secondary DPOAE source can be reduced, allowing relatively 

easy acquisition of the primary-source DPOAE (as described by Zelle et al., 2017). 

Furthermore, onset decomposition was applied, a technique to capture the primary source 

component at a single pre-defined time instant, before the secondary source component 

begins to interfere (Vetešník et al., 2009). 8 frequencies (f2=0.8, 1.2, 1.5, 2, 3, 4, 6, 8 kHz) 

were measured for input-output functions (I/O), with f1 frequency consequently chosen 

to satisfy the constant frequency ratio of f2/f1=1.2. An adaptive algorithm aimed to 

measure at least four pDPOAE values for a frequency. From these, estimated distortion-

product thresholds (LEDPT) were calculated based on a linear regression of the semi-

https://www.evident-shop.de/en/audiometer-headphones/etymotic-research-in-ear-headphones/833/er10c-14a-foam-eartips-regular-13mm
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logarithmic I/O functions (Zelle et al., 2017b, Boege and Janssen, 2002). The LEDPT (level 

of the estimated distortion product threshold) derived from said I/O-function pDPOAEs 

have been shown in previous studies to correlate in an almost 1:1 relationship with 

auditory thresholds with a consequently exceptionally small standard deviation of the 

residual of approximately 6 dB (Zelle et al., 2017b, Zelle et al., 2020) and to be highly 

reproducible (Bader et al., 2021). The previously mentioned 8 frequencies were presented 

as two sets of four two-tone pulse pairs. The first set consisted of f2=0.8, 1.5, 3, and 6 

kHz in a block of 180 ms length, while the second set had f2=1.2, 2, 4, and 8 kHz in a 

block of 120 ms length. The sets were averaged over 100 ensembles, where one ensemble 

consists of 4 blocks with primary-tone phase variation technique, where phase-shifts 

deliver a time-domain DPOAE response, while contribution of the two stimulus tones 

vanishes by averaging (Whitehead et al., 1996). The adaptive procedure started with 

L2=45 dB SPL (sound pressure level) for each f2-pulse, followed by lower or higher 

stimulus levels depending on SNR (signal-to-noise ratio), a minimum L2 step size of 3 

dB, and estimations based on population data of I/O slopes (Krokenberger, 2019). As 

acceptance criteria for the subsequent DPOAE threshold estimation, each single DPOAE 

value was required to have SNR  10 dB. L1 values are chosen according to a frequency-

specific scissor paradigm (Zelle et al., 2017b) aimed to equalize both travelling-wave 

amplitudes of the stimulus tones f1 and f2 at the f2-place in the cochlea (Zelle et al., 2020). 

The f2-pulses were followed by presentation of the corresponding f1-pulse 2.5ms later, 

each pulse with a width of 40 to 10 ms, adjusted so that the intracochlear travelling wave 

may reach a steady state before the f2-pulse is presented. The f2-pulse half-maximum 

width was decreased between 11.9 and 3.0 ms for frequencies from 0.8 to 8 kHz to permit 

settling of the DPOAE nonlinear-distortion component before the second coherent-

reflection DPOAE component builds, in order to allow visual distinction of both 

component in the time domain (Zelle et al., 2013). 

To avoid large extrapolations errors for the estimated thresholds, acceptance criteria were 

applied to the linear regressions. The squared correlation coefficient was limited to r2
I/O  

0.8, and the standard deviation of the LEDPT, σEDPT  10 dB (for further details, see Zelle 

et al., 2017). Based on these criteria, we calculated an acceptance rate in Results (3.2.5). 

This is the ratio between accepted I/O functions within groups of all members at all eight 

frequencies and both ears and the total number of measurements. Acceptance rate depends 
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on DPOAE amplitudes, background noise, and the linearity of the measured I/O 

functions, to mention some important contributors. Especially participants that struggled 

to keep still during the measurement often created a lot of background noise, reducing the 

quality of the measurement.  

 

2.4.2 Psychoacoustic phoneme-discrimination 

The phoneme discrimination task was established using analysis-re-synthesis as 

implemented in the WORLD vocoder (Morise et al., 2016), to generate the stimuli 

syllables from recordings of a male speaker. The two pairs of steady-state vowels were 

set to an average fundamental frequency (F0) of 116 Hz, matching the average F0 of the 

OLSA speaker. From the vowels /o/, /u/, /i/ and /y/ (Table 1), a total of 8 phonemes were 

used, two pairs of steady state vowels /ie/-/y/ and /o/-/u/ and two pairs of consonant-vowel 

syllables /di/-/bi/ and /du/-/bu/.  

The vowel pairs /o/ (like in oder, “or” in German) and /u/ (like in Du, “you” in German), 

that differed in their first formant (F1, see Table 1) and are located well below the 

supposed PLL in humans at 1.5 kHz, were synthesized with a 30 ms raised cosine ramp 

at the onset and offset, and had a total duration of approximately 414 ms (corresponding 

to 48 F0 cycles). Similarly, the differences in the /du/-/bu/ syllable pair only appeared at 

frequencies below the PLL, and only within the first 100 ms. No differences between the 

syllables were recognizable for the following 371 ms. We also made sure that the vowel 

segment of this syllable pair, /u/, was identical to the isolated steady-state /u/ used in the 

/o/-/u/ vowel pair, except that the duration was trimmed to an overall syllable duration of 

471 ms. The spectral differences of vowel pairs /i/ (like in sie, “she” in German) and /y/ 

(like in üben, “practice” in German) only appeared in their second and third formants (F2 

and F3, Table 1), which were above the human PLL of 1.5kHz. We can therefore expect 

that the encoding of the /i/-/y/ contrast could not rely on TFS, but on TENV coding 

instead. In accordance with /du/-/bu/, the /di/-/bi/ pair was built to only differ in 

frequencies above the PLL, with differences in spectral power only appearing in the first 

100 ms. Again, the /i/ from these syllables was identical in spectral shape to the /i/ used 

in the vowel pair /i/-/y/. Finally, all stimuli were spectrally tilted to ensure similar signal-

to-noise ratios above and below the PLL when presented in the speech-shaped noise used 

in the OLSA task (Schirmer et al., 2024). 
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Table: 1 Phoneme formant frequencies. Frequencies of the first four formants (F1-F4) of each individual 

vowel sound, in Hz. Table adapted from Schirmer et al., 2024 

 
/o/ /u/ /i/ /y/ 

F1 380 200 350 350 

F2 750 750 1950 1780 

F3 3500 3500 2800 2100 

F4 10000 10000 4000 3000 

 

During piloting stages, a 9-step continuum was generated for each of the four stimulus 

pairs, where formant frequencies were gradually modified on a log-scale. For each 

stimulus pair, a large and small contrast (indicated as “easy” and “difficult” respectively) 

was selected, aiming to best reduce floor and ceiling effects. Furthermore, the average 

stimulus levels were adjusted to 60 dB SPL. Stimuli were presented to the participant 

using the same Setup as for the OLSA task, using ER2 earphones, the noise was the same 

speech-shaped noise used during the OLSA measurement and presented at 0 dB SNR. 

Each syllable pair was tested at both difficulty levels and for the three different noise 

masking conditions (quiet, ipsilateral and contralateral noise). The resulting 6 conditions 

per syllable pair are each repeated 9 times, producing 54 total trials per syllable pair. The 

/ie/-/y/ and /o/-/u/ pairs were tested during Session 2 of the study, /di/-/bi/ and /du/-/bu/ 

took place as part of session 3. The syllables were measured using a three alternative 

forced choice paradigm, where two options were identical and one option presented the 

modified frequency contrast. The participant was asked to select the syllable that was 

identified as different from the other two syllables. 

To account for learning effects between both syllable pairs it is randomly decided whether 

the task begins with \i\-\y\ or \o\-\u\ in session 2 and /di/-/bi/ or /du/-/bu/ in session 3. 

Before each subsection of the test, a short training task is presented with feedback, so that 

the participant can get familiar with the task. These results were not used for analysis. 

During the main test, there is no feedback on correctness of answers. 

Recorded results include the number of correct answers in each noise condition and 

difficulty. Response time was also recorded, but finally not used for analysis, because 
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participants were not motivated to answer quickly. Therefore, response time could be able 

to indicate perceived difficulty of the task but showed large inter-individual differences. 

2.4.3 Evoked responses of the brainstem 

Brainstem auditory evoked potentials originate from the summed neuronal activity of the 

ascending auditory pathway (Buran et al., 2010) as a response to short auditory 

stimulations. These potentials of short latency can be recorded within 10 ms after stimulus 

onset. When filtering and averaging the recorded ABRs over many repeated stimuli 

clicks, distinct waves I-VI can be identified in humans (Møller and Jannetta, 1982). Wave 

I represents potentials in the distal parts of the auditory nerve (AN) (Portmann et al., 

1980), wave II is thought to be generated by globular cells of the cochlear nucleus (CN) 

(Melcher and Kiang, 1996), wave III originates from the superior olivary complex (SOC) 

and the lateral lemniscus (Melcher and Kiang, 1996). Wave V and VI originate from the 

inferior colliculus (IC) (Møller et al., 1994) and the medial geniculate body (MGB) 

(Melcher and Kiang, 1996, Hashimoto et al., 1981). 

The soundcard was used to generate both the trigger signal and auditory stimulation. In 

order to eliminate electrical interference by the trigger signal, the triggers were offset by 

-5ms. Recording of ABRs was carried out using the actiCHamp Plus64 (Brainproducts 

GmbH, Gilching, Germany). The sample rate was set to 48 kHz and fifty times 

preamplification (EP50Amp) was used. This two-channel system was used with 3 

Neuroline 720 electrodes (Ambu, Bad Nauheim, Germany), The active electrode was 

placed behind the right ear on the mastoid, one as ground electrode between the eyebrows 

and a reference electrode on the middle sagittal line near the hairline. Before electrode 

placement, the skin was cleaned, superficial skin rubbed off with fine sandpaper and 

defatted with disinfectant spray to reach a low impedance of < 2 kOhm on all electrodes. 

If the impedance was too high after electrode placement, the above-described procedure 

was repeated until satisfactory impedance levels were obtained. The participants were 

measured lying on an examination table and were asked to stay as relaxed as possible to 

reduce muscular artefacts. Electrodes were plugged into a pre-amplifier. The supra-

threshold ABR measurement consisted of two blocks of 3000 epochs (1500 positive peaks 

and 1500 negative peaks) of acoustic supra-threshold broadband click stimuli at 70dB 

and 80 dB SPL. The duration of a single click was set to 83 ms. 
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During the measurement, real-time averaging of all clicks was used for monitoring. If the 

measurement looked noisy or did not show typical appearance of ABR curves, the 

measurement was repeated, provided that this was possible within the permitted session 

time of two hours. In these cases, waves were examined after filtering, and the better 

measurement was chosen according to noise and especially distinctness of waves I, III 

and V. After the measurement, ABR signals were band-pass filtered between 30-2000 Hz 

(First order FIR filter, Hamming windowed) and averaged for the 3000 clicks of the same 

stimulus volume.  

 

For analysis, the ABR of a single ear and stimulus volume was averaged. Latency in ms 

was defined as time after stimulus onset (0 ms) and the window of 10 ms after stimulus 

onset was evaluated. Wave amplitudes were calculated in µV as the difference between 

leading positive and trailing negative deflections/peaks (Fig. 3). Their latency was 

determined at the leading positive peak. When available, Waves I, II, III, V and VI were 
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recorded at approximately 1-2 ms, 2-3 ms, 3-4 ms, 5-6 ms and 6-7 ms respectively. In 

cases where the negative peak of the wave was not properly distinguishable, only the 

positive peak was determined as to calculate the latency but not the amplitude of said 

wave. Inter-peak latencies I-III, III-V and I-V as well as V/I and III/I ratio were calculated 

(Hofmeier et al., 2018, Hofmeier et al., 2021). It was attempted to record wave IV as well, 

however only few measurements showed a distinct positive and negative peak, while 

most other measurements only presented two inflections suggesting the presence of 

another wave between III and V, but not allowing any exact values to be determined. 

2.4.4 Auditory steady-state response 

The 20-minute auditory steady-state response (ASSR) was measured immediately after 

the ABR measurement using the same setup, the participants remained lying down and 

was measured with a modulation frequency of 116 Hz. Two blocks of 800 clicks each 

were measured with a carrier frequency of 4 and 6 kHz at 70 dB SPL (rectangular 

modulation, i.e., RAM-EFR; described by Vasilkov et al., 2021). Stimulus duration was 

400ms and epoch duration was set to 500 ± 10 ms. All epochs were averaged to calculate 

the spectral power by FFT (Matlab 2021b). The peak amplitudes of the first three 

harmonics (Vasilkov et al., 2021) were averaged. Measurements with inadequate signal-

to-noise ratios (SNR below two) or ASSR peak amplitudes higher than 0.15µV, were 

excluded from the statistical evaluation. 

2.5 Procedure of the study 

Participants were invited for a total of 4 measuring sessions for this project. Sessions 3 

and 4 were conducted and analysed by a colleague, from these two sessions only the 

phoneme discrimination task is included in this thesis. The overall structure of the four 

measuring sessions with the individual measurements includes in each session is shown 

in Fig. 4. Per ethics application, each of the four sessions was limited to 120 minutes. 
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2.6 Calculation and statistical analysis 

Statistical analysis of group differences was calculated using tests for non-normally 

distributed data were applied. ABR wave amplitudes and latencies were compared for 

group differences using a one-way ANOVA (analysis of variance).  

Calculated p-values were compared against the criterion of α = 0.05, p ≤ 0.05 was 

considered as statistically significant, while p ≤ 0.1 was noted with an asterisk in brackets 

to inform for a trend in the distribution, though not reaching statistical significance. 

Correlations of two measurement parameters were verified with Pearson Correlation 

Coefficients (r).  

ASSR response amplitude differences between PNOT groups were compared using 

Mann-Whitney-U tests. A 1-sided hypothesis was applied between good and poor, good 

and standard, and standard and poor performers. Phoneme discrimination performance 

was also compared between the groups categorized for good, standard and poor 

discrimination performance based on PNOT, the percentage-correct score of answers was 

compared by Mann-Whitney-U tests with a 1-sided hypothesis: The group of 

poor/standard performers contains more participants with low percentage correct scores 

compared to the standard/good group. (Tab. 5). Statistical comparisons were done for the 

percentage of correct scores obtained for the “difficult” discrimination task (small 
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spectral and temporal syllable contrast) and for the scores obtained for the “easy” 

discrimination task (larger spectral and temporal syllable contrast).  

Analysis of variance for speech perception thresholds beyond pure tone thresholds was 

performed by least square multivariate linear fitting of the 5 added PCs (principal 

components) derived from pure tone thresholds and one additional observable which was 

tested for its contribution to total speech comprehension variance. To ensure uniqueness 

of the multivariate linear model, we first removed all linear correlations between the 5 

PCs and the tested observable. This can be understood as removing the influence of PTT 

on ABR wave amplitude or latency or other parameters like LEDPT thresholds, ASSR 

amplitudes or phoneme discrimination. An inherent risk of the increase of dimensions of 

the regression model is the possibility for overfitting. In order to eliminate this effect, we 

compared the observed increase in explainable variance in the observed 6-dimensional 

model to the variance of 10.000 pseudo-models in which we randomly shuffled the 

additional observable before fitting the model. This gives us a reliable estimate of what 

gain in explained variance was achieved based on chance (Schirmer et al., 2024).  

 

3 Results  

3.1 Pre-screening participants and final recruited cohort 

After pre-screenings, 112 participants were invited to participate in the first session of the 

study as described under methods (see 2.2). Using questionnaires and pure-tone 

audiometry as described under methods, a final 89 participants were included in the study, 

as seen in Appendix C. 

3.1.1 Otoscopy of the ear canal and tympanic membrane to exclude pathologies 

Otoscopy examinations of both ears, as described under methods (see 2.3.1) for all 89 

participants showed no relevant pathologies, with only few participants showing sclerosis 

of the tympanic membrane after childhood paracentesis or otitis media (number not 

recorded, as this was not considered rejection criteria). Cerumen was removed by an 

ENT-specialist if complete vision of the tympanic membrane was not possible. When no 

relevant pathologies were evident, the consent form was signed by the ENT-specialist 

(which was the case for all participants, including those that were later excluded) and 

advancing to the audiometric measurements. 
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3.1.2 Questionnaires screening for depression and cognition for exclusion of depression- 

and dementia-associated hearing loss show increased depression scores for young 

participants. 

To gain insight into any depressive-like behaviour of the study participants, BDI-II and 

GDS were used as questionnaires to evaluate its potential impact on hearing, as described 

in 2.3.4. BDI-II and GDS scores placing participants at “moderate depression” or higher 

could provide insight in contributions to hearing (see 2.3.4). Both Depression 

questionnaires BDI-II (Fig. 5 A) and GDS (Fig. 5 B) showed that the young group had an 

overall higher mean depression score than the middle-aged or older group, while the 

median BDI and GDS scores between young and older groups are equal and the standard 

error of the mean (SEM) shows a higher variance for the young group (Table 2). This 

makes it unlikely that our cohort results are skewed by interactions between depression 

level and hearing capabilities, elevated mean scores occur as a result of few individual 

elevated scores. Looking at individual depression scores, four participants from the cohort 

scored above 19 points in the BDI, indicating moderate depression: CS008, CS023, 

CS053 and CS074 (middle-aged, older, young and young respectively, Fig. 5 A). All four 

participants also showed elevated scores in the GDS (> 5). They were identified and 

marked in red in Fig. 5 and will be observed individually for the following measurements.  

 

The MMSE did not detect any relevant cognitive decline, with no participant of the 

otherwise included cohort testing below the 27-point score, which would otherwise 

indicate cognitive declines (Fig. 5 C). A single participant, who was excluded after 

session 1 due to insufficient proficiency in the German language (participant provided 
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incorrect information during recruitment) scored 27 points. This could have been due to 

not being fluent in German, he was offered further diagnostics nonetheless. 

In conclusion, 4 participants stand out as exhibiting moderate depression according to 

BDI-II, while on average the young group scores higher in both depression scores than 

the older cohorts. Screening for cognitive decline using MMSE indicated intact cognitive 

functions of the entire study cohort.  

Table 2: Questionnaire results grouped by ages. Mean, median and SEM values of BDI, GDS and 

MMSE questionnaires, divided by age group. 

 BDI    GDS    MMSE   

 mean median SEM  mean median SEM  mean median SEM 

young 6.06 4 1.18  1.96 1 0.47  29.46 30 0.11 

middle 3.96 2 1.01  0.93 0 0.27  29.56 30 0.12 

older 4.75 4 0.84  1.41 1 0.34  29.62 30 0.10 

 

3.1.3 Tympanometry for exclusion of Eustachian tube dysfunction 

Out of the 89 participants that went through both measuring sessions1 and 2, 73 showed 

regular type A tympanograms (Fig. 6 A, B, C peak shows between -100 and 100 daPa, 

amplitude within dotted box), while 7 right ears showed a type AS tympanogram (Fig. 6 

D lower compliance, but peak appears around 0 daPa), 6 ears showed type AD 

tympanograms (elevated compliance centre peak), 2 ears with type B (no visible peak) 

and 1 ear with a type C tympanogram (peak appears at negative pressure <100 daPa) 

(Lehnhardt and Laszig, 2009). These results were discussed individually with a clinically 

experienced doctor to evaluate study inclusion. In combination with inconspicuous 

otoscopic examination and pure tone audiometry measurements, these findings were 

deemed to rather be caused by badly fitting earphones and no action to exclude said 

patients was taken. Tympanograms did however support the decisions to exclude 

individual participants when PTA or checklist criteria found reasons suggesting such 

exclusion from the study. In conclusion, 73 out of 89 participants showed normal type A 

tympanogram middle-ear function. 
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3.1.4 Pure-tone audiometry thresholds to assess conductive and sensorineural hearing loss 

Pre-screening during recruitment of participants (through e-mail and phone), aimed to 

filter out participants with any relevant previous medical history, especially related to 

hearing. Thus, only few exclusions from the study took place after or during 

measurements. Only one participant was excluded for hearing related problems, namely 

a conductive hearing loss of approximately 20 dB on both ears (CS055, Appendix C).  

3.1.5 Final cohort of participants included in the study 

The final cohort of participants included in the study consists of 89 participants, with an 

overall gender ratio of 29:60 (m:f) and a median age of 47 years. Grouped by age, 29 

young participants (18-29 years) with a median of 24 years and gender ratio 11:18 (m:f), 

32 middle-aged (30-55 years) participants at median 48 years and gender ratio 8:24 (m:f) 

and 28 older (56-76 years) participants at median 62 years old and gender ratio 10:18 

(m:f) were included in the study. A more equal gender-ratio was not possible within the 

given study-timeframe, without reducing the total number of participants. Appendix C 

shows the complete list of 89 included participants with their age, gender, handedness, 

questionnaire and tympanometry results (Schirmer et al., 2024). 
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3.2 Audiometric measurements  

3.2.1 Pure-tone audiometry shows age-dependant increases in thresholds, most 

pronounced in the extended high frequency region 

Pure-tone audiometric thresholds were measured as the first-line hearing exam, as 

performed in a clinical setting (see 2.3.5). The recruited cohort shows the range of hearing 

loss that could be expected for a healthy, but aging group of participants, with the largest 

differences at higher frequencies but only small threshold differences at the lower 

frequencies. In the young group (Fig. 7 A left), variation between participants is minimal 

at lower frequencies. Only at high frequencies, above approximately 8-10 kHz, some 

participants do diverge towards higher thresholds. Middle-aged participants (Fig. 7 A 

middle) behave similarly to the young group, but more participants show threshold 

increases towards the high frequencies at higher ages. Furthermore, there are some 

participants with visible threshold losses at the lower frequencies as well. As expected 

for an older population group where ARHL can be suspected, the older group shows more 

pronounced high-frequency hearing losses (Fig. 7 A right). While thresholds at low 

frequencies do not differ greatly from younger participants, threshold elevations begin at 

lower frequencies when going up to frequency scale and are more pronounced (Schirmer 

et al., 2024). 
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To expand the standardized PTA4 average (International Organization for 

Standardization, 2010), we similarly calculated three more frequency range averages to 

also represent low and high frequencies. PTA-LF includes low frequencies 0.125, 0.25, 

0.5 and 1 kHz, PTA4 range includes 0.5, 1, 2 and 4kHz, PTA-HF includes high 

frequencies 6, 8 and 10 kHz and PTA-EHF includes the extended high frequency region 

of 11.2, 12.5, 14 and 16 kHz. All mentioned averages are calculated as the mean threshold 

of the right ear across said frequencies. Since the remaining tests were only conducted on 

the right ears, thresholds for the left ear were not considered for pure-tone averages. 

While all averages demonstrate a correlation with age, PTA-HF and PTA-EHF show the 

strongest correlations with R2(PTA-HF) = 0.84, p < 0.00001 and R2(PTA-EHF) = 0.82, p 

< 0.00001. Regression lines depicting the correlation between age and the average 

thresholds PTA-LF, PTA4, PTA-HF and PTA-EHF (Fig. 7 B) were then used to group 

participants into “low threshold” and “high threshold” groups of each frequency range 
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(above and below the regression line). The aim is to be able to quantify 

hearing/comprehension losses while eliminating the effects of age. The groups contain 

between 37 and 52 participants, with median age difference being within 3 years 

difference for PTA4, PTA-HF and PTA-LF, while for PTA-EHF, the “low threshold” 

group is 9.5 years older than the “high threshold” group (Table 3) (Schirmer et al., 2024).  

These groupings will be referred to for some of the following analysis. 

Table 3: PTA groups. Overview of PTA groups, with n, median age, mean PTA’s and Pearson 

correlations. Cells comparing mean threshold at a certain frequency range with low or high threshold groups 

at the same frequency range are highlighted.  

  n 
median  
age 

mean  
PTA-LF 

mean  
PTA4 

mean  
PTA-HF 

mean  
PTA-EHF Pearson's r p 

PTA-LF PTA-LF low Thr 52 49 9.1 11.2 21.8 34.0 

0.4392 0.000017 (0.125, 0.25, 0.5, 1 kHz) PTA-LF high Thr 37 46 16.0 15.7 23.5 35.1 

PTA4 PTA4 low Thr 50 47 9.7 9.6 19.0 33.4 

0.5641 < .00001 (0.5, 1, 2, 4 kHz) PTA4 high Thr 39 47 14.9 17.4 27.0 35.7 

PTA-HF PTA-HF low Thr 50 47.5 11.4 11.4 15.1 32.8 

0.9179 < .00001 (6, 8, 10 kHz) PTA-HF high Thr 39 45 12.7 15.2 32.1 36.5 

PTA-EHF PTA-EHF low Thr 45 52 11.0 11.7 19.9 29.5 

0.9047 < .00001 (11.2, 12.5, 14, 16 kHz) PTA-EHF high Thr 44 41.5 13.0 14.4 25.2 39.6 

 

To sum up, thresholds correlate with age across all frequencies measured, increasing 

towards the higher frequencies, supporting the notion that ARHL is most pronounced as 

a high-frequency hearing-loss. 

3.2.2 German word matrix test Oldenburger Satztest 

Implementation of the OLSA allows to expand the hearing measurements to analyse 

additional factors that affect speech comprehension other than pure-tone thresholds. 

Preliminary analysis showing the adaptive volume progress along the 20 sentences for 

each measurement showed that the algorithm used in the clinical OLSA was mostly 

accurate for broadband and low-pass filters, but the high-pass filter curves sometimes 

calculated the SRT50 too far off from the last presented sentences when the adaptive 

volume curve still showed a gradient after 20 sentences. Alternatively, the mean volume 

of the last 3 sentences showed a more promising approach to calculating the SRT50 and 

was thus used for all calculations.  
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Qualitative analysis of results of individual performances almost always shows very 

similar performance in quiet and with contralateral noise between corresponding 

frequency filters, as is the case for all four example participants in Fig. 8. For the entire 

cohort, the mean SRT50 for broadband stimulus with contralateral noise masking is only 

0.950 ±0.255 dB (SEM) worse than in quiet. Furthermore, broadband and low-pass 

performance is very close to each other, the mean comprehension in quiet is only worse 

by 0.163 dB ± 0.340 dB (SEM) for low-pass SRT50 compared to quiet. For most 

participants, high-pass filtered stimuli are the hardest to understand, resulting in a large 

gap in SRT between broadband/low-pass and high-pass. However, some participants, 

such as CS076 also performed equally well (or even better) in high-pass filtered speech 

than with the other filters (Fig. 8., CS076).  

When plotted against participant’s age (Fig. 9), OLSA performance decreased the most 

and therefore correlations are most pronounced with the high-pass filter. Here, the highest 

correlation is observed for high-pass contralateral noise stimulus, with Pearsons r = 

0.6562, p < 0.0001. This goes in agreement with the pure-tone audiometric correlations 
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over age, which are also more pronounced at the higher frequencies. Ipsilateral noise 

affected comprehension performance in a way that there is almost no difference observed 

in OLSA performance at all ages (Fig. 9 D, E, F), yet there remains a significant 

correlation for each. 

 

It is important to note that while the quiet condition includes the 89 participants 

mentioned earlier, it was only possible to evaluate 63 of them for ipsi- and contralateral 

noise. This was due to an error in the measurement protocol, where noise volume was 

incorrectly presented for the first 26 participants that underwent measurement session 2, 

before this problem was fixed. All following measurements had the correct noise level 

and were included in the cohort of 63 participants for ipsilateral and contralateral noise. 
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Comparing the mean OLSA differences between different conditions (Table 4), it can be 

concluded that the contralateral noise masking had little impact on speech 

comprehension, with the average SRT50 being 1.67 ± 0.28, 1.01 ± 0.52 and 2.75 ± 0.29 

dB (± SEM) higher for contralateral noise compared to quiet for broadband, high-pass 

and low-pass filtering respectively. Furthermore, low-pass filtering similarly did not have 

a large impact on speech comprehension overall, with exception of the condition with 

ipsilateral noise masking, where low-pass filtered speech had a 4.21 ± 0.15 dB higher 

SRT50 (±SEM). Finally speech comprehension shifted the most when applying the high-

pass filter, compared to broadband stimulus, as seen qualitatively in Fig. 9. The largest 

threshold increase occurred in quiet, with a 16.52 ± 1.72 dB-shift, followed by a 13.25 ± 

0.68 dB in ipsilateral noise and a 12.30 ± 1.74 dB (± SEM) shift in contralateral noise 

shift (Table 4). 

Table 4: OLSA SRT50 mean differences. Comparison of different OLSA conditions shown as absolute 

mean differences in OLSA SRT50, comparing either noise condition (top row), or filter conditions (middle 

and bottom row) 

  
Mean (dB) n SD (dB) SEM 

(dB) 

Difference between contralateral 

noise and quiet condition 

broadband 1.67 63 2.20 0.28 

high-pass filtered 1.01 63 4.10 0.52 
 

low-pass filtered 2.75 63 2.30 0.29 

Difference between low-pass and 

broadband condition 

in quiet 0.16 89 16.27 0.34 

in ipsilateral noise 4.21 63 1.21 0.15 

in contralateral noise 1.29 63 2.22 0.28 

Difference between high-pass 

and broadband condition  

in quiet 16.52 89 16.27 1.72 

in ipsilateral noise 13.25 63 5.40 0.68 

in contralateral noise 12.30 63 13.82 1.74 

 

When plotting the same OLSA SRTs against the corresponding pure-tone average (Fig. 

10 – A, D, G: broadband against PTA4, B, E, H: low-pass against PTA-LF and C, F, I: 

high-pass against PTA-HF or PTA-EHF), the strongest correlation appears for OLSA 

low-pass in contralateral noise (Fig. 10 H, r = 0.7908, p < 0.00001, n = 63). All three 

ipsilateral conditions, while still significant, show very weak correlations with their 

corresponding pure-tone threshold. 
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At this point it was deemed reasonable to establish another grouping, this time focusing 

on the OLSA performance, not just pure-tone thresholds to consequently allow the 

comparison of performance in the subjective comprehension measurement (OLSA) with 

objective measurements such as ABR and ASSR (see methods 2.4.3 and 2.4.4).  
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Table 5: PNOT group characteristics. Pure tone normalized speech comprehension (PNOT) groups for 

quiet, contralateral and ipsilateral noise OLSA conditions shown for age and averaged hearing thresholds. 

Sub-group sizes, mean age, and PTA4 and PTA-EHF thresholds (dB HL) for the participants with good, 

standard and poor speech comprehension, Standard error of the mean (SEM) added behind thresholds.  

Table adapted from Schirmer et al., 2024 

  
n 

mean age  

(SEM) 

mean PTA4  

(SEM) 

mean PTA-EHF  

(SEM) 

speech-deficit (PNOT) quiet good 30 45.40 +- 2.87 12.33 +- 1.21 36.22 +- 3.24 

 
standard 29 38.48 +- 3.10 13.41 +- 1.44 28.67 +- 3.73 

 
poor 30 47.60 +- 3.25 13.40 +- 1.18 38.28 +- 3.73 

speech-deficit (PNOT) contra good 21 45.52 +-3.67 12.69 +- 1.65 36.85 +- 4.30 

 
standard 21 40.24 +- 3.44 12.36 +- 1.38 29.85 +- 4.09 

 
poor 21 42.62 +- 4.04 14.57 +- 1.75 33.01 +- 4.70 

speech-deficit (PNOT) ipsi good 21 45.24 +- 3.64 14.02 +- 1.49 36.00 +- 4.19 

 
standard 21 41.05 +- 3.87 13.21 +- 1.53 29.42 +- 4.67 

 
poor 21 42.10 +- 3.70 12.38 +- 1.78 34.30 +- 4.25 

 

Table 5 shows characteristics of PNOT groups. Average PPTs of the groups were well 

matched, as well as participant age. While poor and good performers showed almost the 

same mean age, the standard PNOT-group was on average slightly younger (most 

pronounced for PNOT quiet) and exhibited better PTA-EHF-thresholds, with differences 

that were not significant however: PNOT-quiet: p(age) = 0.100; p(PTA-EHF) = 0.150; 

PNOT-contra: p(age) = 0.606; p(PTA-EHF)  = 0.529; PNOT-ipsi: p(age) = 0.713; p(PTA-

EHF) = 0.547 (one-way ANOVA) (Schirmer et al., 2024).  

Comparing the groupings of individual participants with themselves for the other noise 

conditions, 77.8% with good, standard or poor speech comprehension in quiet were also 

grouped into the same tier in contralateral noise. However, only 39.9% with good, 

standard or poor speech comprehension in quiet were also grouped into the same tier for 

their comprehension with ipsilateral noise, implying that participants that performed good 

or poorly in quiet (independent of PTT and age), are not the same participants that 

performed equally good or poor when presented with ipsilateral masking noise (Schirmer 

et al., 2024). Together with the previously mentioned observation that OLSA in 

contralateral noise generally does not differ much from OLSA in quiet comprehension, 

results with OLSA contra or PNOT contra were from here on not shown for simplification 
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purposes. Interestingly, none of the 4 participants with elevated BDI/GDS scores (Fig. 5 

A), were grouped in the good PNOT in quiet group or the good PNOT in ipsilateral noise 

group (not shown).   

To sum up, OLSA SRT50 showed significant age-dependant correlations under all 

filtering conditions, with the strongest correlations occurring for the high-pass filtered 

OLSA. Similarly, OLSA SRT50 also correlated with the PTT’s themselves. 

3.2.3 Principle-component analysis to calculate variance of speech-comprehension 

contributors 

Speech-in-quiet comprehension, which was essentially used here as a control, depended 

strongly on PTT with a slope of more than 0.6 dB/dB.  When removing the effect of PTT 

on PNOT (Appendix G), the multivariate regression of PTT on OLSA thresholds returned 

R² = 0.49. The remaining variance of speech intelligibility in quiet, not explained by PTT 

was attributed by 38.7% of the variance to OLSA-BB, which corresponds to 3.7 dB SD 

in SRT (Schirmer et al., 2024). In contrast, broadband speech-in-noise comprehension 

depended on PTT only with a slope of approximately 0.1 dB/dB, leaving 51.4% of 

variance unexplained when removing the effect of PTT, corresponding to 1.0 dB SD in 

SRT.  

To explain the remaining variance of OLSA-SRT after removal of age and PTT 

dependance, diagnostic approaches with identification of changes in signal transmission 

at stimulus onset were used. Participants with good or poor speech performance based on 

PNOT grouping were measured with respect to (i) subjective speech understanding, (ii) 

ASSR, (iii) cochlear amplifier function using short-pulsed DPOAEs, (iv) click-evoked 

central suprathreshold auditory brainstem responses (ABR) and (v) phoneme 

discrimination ability (Schirmer et al., 2024). Their respective shares of the contribution 

to variance in speech comprehension of each of these measurements are depicted in 

Appendix G and calculated as the percentage of significant contributions to the variance 

of OLSA SRT (Schirmer et al., 2024). 

 

3.2.4 Subjective hearing assessment with custom questionnaire 

Using the custom questionnaire described in methods, subjective self-evaluation of 

participants was acquired. Question 6 rates subjective hearing into 5 categories of 
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excellent, very good, good, moderate and bad hearing (Fig. 11 A, B). Overall, no 

participant rated themself as having “bad” hearing. On the other extreme, only 4 out of 

89 participants rate their hearing as “excellent” (Schirmer et al., 2024). Comparison of 

self-assessment when grouped by age (Fig. 11 A), where we could expect young 

participants to self-rate better than older participants, coheres much worse with actual 

hearing performance, than by PNOT quiet (Fig. 11 B), where a clear difference in self-

rating between good, standard and poor performers can be seen (good group with inverted 

pyramid, poor comprehension performance with normal pyramid spread). This is, 

however, not statistically significant (Fig. 11 B, p = 0.10, one-sided Fisher Probability 

Test for “very good” and “good” assessments). When grouped for PNOT in ipsilateral, 

no significance was found (P = 0.50) but again more congruent for contralateral noise (P 

= 0.02, one-sided Fisher Exact Probability Test for “very good” and “good” assessment, 

not shown in Fig. 11).  In an attempt to reproduce results from Motlagh Zadeh et al. (Fig. 

11 C), we were not able to show a relation of EHF hearing loss with self-reported hearing 

difficulty in noisy environments as previously suggested, a feature which is possibly best 

explained by the different content quality of the questionnaire used in the present study 

(Motlagh Zadeh et al., 2019). 
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Zadeh et al. were able to show that increased threshold in the extended frequency region 

in relation to PTA4 thresholds made it more likely for participants to report problems 

understanding with background noise (Motlagh Zadeh et al., 2019). Our data does not 

support this result (Fig. 11 C), neither in high frequencies below 10 kHz, nor in extended 

high frequencies. The participants reporting problems understanding in background noise 

(Appendix F) are equally spread above and below the population regression line for both 

PTA-MF and PTA-HF.  

Overall, subjective hearing evaluation showed few correlations with comprehension 

measurements. Nonetheless, when grouping by PNOT comprehension in quiet, 

participants showed the most accurate self-rating compared to their peers.  

3.2.5 Distortion product otoacoustic emissions correlate with speech comprehension 

The next step was to look at more objective variables of the auditory pathway. To 

establish the possible contribution of cochlear amplifier performance on speech 



44 
 

comprehension regardless of PTT and age, we analysed the pDPOAE responses. For 

speech recognition in quiet, when comparing only good (Fig. 12 A-D, blue) and poor 

performers (Fig. 12 A-D, orange) four of the ten factors (slope of I/O functions not shown 

here – no significances with one exception for ipsilateral noise) show significant 

differences, plus one tendency (Fig. 12 D right). (i) Comparing the acceptance rates of 

extrapolated LEDPT’s, participants with good speech recognition had a significantly higher 

rate than participants with poor speech recognition, for both left (n = 60 ears; p = 0.039) 

and right (n = 60 ears; p = 0.039) ears (Fig. 12 A) (Schirmer et al., 2024). This was tested 

using a chi-squared test, with the two speech performance groups as the first dimension, 

and above or below-average LEDPT acceptance rate as the second dimension. (ii) Overall, 

the PTT was not different between groups for left (n = 60 ears; p = 0.86) and right (n = 

60 ears; p = 0.61), despite some visible differences towards the higher frequencies being 

observable (Fig. 12 B). (iii) Only the left ear showed significantly higher LEDPT (n = 60; 

p = 0.012) for the poor group compared to the good group (Fig. 12 C), keeping in mind 

however, that the left ear was measured only in DPOAE, whereas the grouping relies 

solely on right ear hearing. (iv) When normalizing the LEDPT for PTT (i.e. the PTT was 

subtracted from the LEDPT), again participants of the poor comprehension group show a 

significantly higher threshold for their left ears (n = 60; p = 0.017), whereas on the right 

ear, a tendency (n = 60; p = 0.084) can be observed (Fig. 12 D) (Schirmer et al., 2024) 

The difference in normalized thresholds (Fig. 12 D: LEDPT-PTT) between both groups was 

calculated as 2.8 and 3.1 dB for the right and left ear, respectively. When excluding the 8 

kHz frequency - where the largest differences between both groups, but also the lowest 

acceptance rates occurred - higher LEDPT-PTT differences are observed for participants 

with poor speech performance, again showing significant differences in the left ear and a 

tendency in the right ear.  

So, semi-logarithmic DPOAE I/O functions, which correlate with cochlear amplification 

at sound pressure levels near the threshold (LEDPT) and the acceptance rate, which is 

indicative of cochlear amplification at stimulus levels up to 55 dB SPL, demonstrate a 

more robust cochlear amplifier (lower LEDPT values, higher acceptance rates) for 

participants with strong speech-in-quiet recognition, or a weaker amplifier for those with 

poor speech-in-quiet recognition. It is noteworthy however, that with respect to LEDPT 

results and the normalized LEDPT (LEDPT – PTT), the left ear (contralateral ear to which 
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OLSA speech recognition was measured) showed the more significant results. 

Disregarding the absence of absolute consistency, it may be concluded that a more potent 

pre-neural input signal is advantageous for performance in speech-in-quiet recognition 

for participants with comparable PTTs and could therefore unveil the “hidden” impact of 

cochlear amplification of speech recognition in quiet (Schirmer et al., 2024). 

 

When looking at DPOAE differences between participants that performed good (Fig. 12 

E-H, blue) or poor (Fig. 12 E-H, orange) in speech-in-ipsilateral-noise recognition, five 

out of ten factors became significant, plus one tendency (slope of I/O functions not shown 

here – non-significant with one exception) (Schirmer et al., 2024). Unlike the quiet 

conditions, poor performers showed a significantly higher acceptance rate for the right 
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ear (Fig. 12 E; p = 0.031). The PTT (Fig. 12 F) was significantly lower for poor 

performers on the right ear (p = 0.023) but only showing a tendency for the left ear (p = 

0.066). Poor performers showed significantly lower LEDPT (Fig. 12 G) for both left (p = 

0.0022) and right ears (p = 0.00015). Though not shown as a figure, the slope of the I/O 

function of the right ear was significantly steeper for the poor performers (p = 0.041). 

When normalized for PTT, the LEDPT (Fig. 8H) did not show any significant differences 

between good and poor performers. Thus, we might conclude that both the acceptance 

rate and the LEDPT represent stronger cochlear amplification (lower LEDPT, higher 

acceptance rates) for participants with poor speech-in-ipsilateral-noise (Schirmer et al., 

2024). 

When classified by speech recognition performance in contralateral noise (not shown in 

figures), only the slope of the I/O function for the left ear was significantly steeper for 

good performers (p = 0.039). Thus, we could conclude that speech recognition in the 

contralateral noise conditions shares no correlation with the performance of the cochlear 

amplifier (Schirmer et al., 2024). 

Finally, for each of the three OLSA filter versions, we calculated the DPOAE 

contributions to total speech comprehension performances. Of the DPOAE contributors, 

the I/O function acceptance rates (Fig. 12 A) and PTT corrected LEDPT (LEDPT – PTT) 

(Fig. 12 D) survived the most restrictive post hoc linear mixed model after permutation. 

This explained 2.0 - 8.3% of the variance, or 0.8 dB, and 3.2 - 4.8 dB of SRT variation in 

the broadband and high-pass condition, respectively (Appendix G). Acceptance rates of 

LEDPT measurements for the ipsilateral noise setting were significant for explaining SRT 

variance in broadband and high-pass conditions, but not quite significant for the low pass 

condition (p = 0.051). Acceptance rates accounted for 3.1-5.5% of the variance, or 0.3 – 

1.0 dB in SRT. The LEDPT – PTT thresholds explained up to 7% of variance, or 0.3 dB in 

SRT in the low pass condition (Schirmer et al., 2024). 

To summarize, we find that poor speech comprehension in quiet conditions, independent 

of PTT and age, is linked to elevated pDPOAE thresholds. This could indicate a weaker 

pre-neural input signal at stimulus onset. On the contrary, a stronger pre-neural input 

signals at stimulus onset could be suggested by poor speech comprehension in ipsilateral 

noise which can be associated with lower pDPOAE thresholds.  
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3.2.6 Psychoacoustic Phoneme discrimination  

With the use of phoneme pairs that exhibit formant contrasts above and below the PLL, 

we attempted to examine the connection between TFS or TENV coding and good or poor 

speech comprehension independent of PTT and age. The formant pairs with contrasts 

below the PLL /o/-/u/ and /du/-/bu/ require TFS coding, while the formant pairs /i/-/y/ and 

/di/-/bi/, due to their frequency spectrum (Table 1), require TENV coding. All pairs were 

tested with a “difficult” and an “easy” contrast, with each of the three masking noises 

(stimuli explained in 2.4.2). 

Plotting discrimination ability in percentage as a function of age for discrimination in 

quiet and ipsilateral noise only shows a weak correlation for /di/-/bi/ in the quiet condition 

and for /du/-/bu/ with ipsilateral masking noise (data not shown). Instead, syllable 

discrimination was plotted against the corresponding PNOT groups (Fig. 13) established 

in 3.2.3. Here, discrimination ability from easy and difficult conditions were averaged. 

Table 6 shows statistical differences for discrimination ability between PNOT groups in 

quiet and ipsilateral noise.  

Table 6. Phoneme discrimination statistical analysis. P-values of phoneme discrimination score 

differences between poor, standard, and good speech performers in quiet and with ipsilateral noise. Easy 

and difficult task items are shown separately. Significance calculation by 1-sided Mann-Whitney U2 test 

for syllable discrimination scores between good, standard, and poor speech performers, classified by PNOT. 

Values in bold highlight p ≤ 0.05. Table adapted from Schirmer et al., 2024 

Listening condition quiet Ipsilateral noise masking 

Group 

comparison 

 poor  

vs.  

good 

poor  

vs. 

standard 

good  

vs.  

poor 

poor  

vs.  

good 

poor  

vs. 

standard 

good  

vs.  

poor 

/o/-/u/ (difficult) 0.059 0.011 0.159 0.032 0.337 0.035 

/i/-/y/ (difficult) 0.496 0.444 0.041 0.081 0.031 0.433 

/du/-/bu/ (difficult) 0.0314 0.0584 0.334 0.248 0.448 0.233 

/di/-/bi/ (difficult) 0.291 0.102 0.264 0.042 0.187 0.189 

/o/-/u/ (easy) 0.007 0.001 0.264 0.212 0.337 0.125 

/i/-/y/ (easy) 0.014 0.084 0.236 0.129 0.248 0.356 

/du/-/bu/ (easy) 0.076 0.284 0.271 0.179 0.061 0.245 

/di/-/bi/ (easy) 0.264 0.176 0.378 0.284 0.326 0.492 
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In general, all participants performed better for the discrimination of /di/-/bi/ than of /du/-

/bu/, seen by higher average performances (Fig. 13) (Schirmer et al., 2024).  
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Performance for the /du/-/bu/ pair (Figure 13 A, B, /du/-/bu/) showed the smallest 

variation in behavioral results across the cohort, with only a single participant of the group 

(CS083) performing above 66%. On average and regardless of age, 29.4% to 58.9% of 

the participants responded at or below chance level (33.3% correct - answers are merely 

guessed out of 3 options), depending on noise condition. The on average highest 

percentage correct results was achieved for syllable pairs /o/-/u/ and /di/-/bi/, followed by 

/i/-/y/ (Figure 13 A, B). Looking at differences between participants with 

good/standard/poor PNOT comprehension, the most notable and significant differences 

are shown for the /o/-/u/ syllable, where formant contrasts appear below the PLL, for both 

quiet and ipsilateral noise (Figure 13 A, B; Table 6). More specifically, even for the easy 

condition, participants with poor PNOT comprehension in quiet performed significantly 

worse for /o/-/u/ than both good and standard PNOT groups. Under ipsilateral masking 

noise, this difference was only observable for the difficult conditions (Table 6). For /i/-

/y/ syllables, participants with good PNOT comprehension in quiet performed 

significantly better than their peers with standard comprehension (Schirmer et al., 2024). 

For ipsilateral noise, this significant gap in performance can be seen between standard 

and poor PNOT performers. The discrimination of /du/-/bu/ and /di/-/bi/ syllables showed 

the least significant differences between different PNOT groups. Performance for /du/-

/bu/ was especially poor, with almost no participant exceeding 66% correct answers, and 

many participants scoring below chance level. Performance for /di/-/bi/ syllables almost 

always exceeded 90%, even for the difficult condition (Schirmer et al., 2024). Difficulty 

levels were set too high or low to achieve a sufficient dynamic range, thus no statistical 

differences could be found. 

Overall, data analysis shows that good and poor speech comprehension (PNOT) in quiet 

differs from comprehension in ipsilateral masking noise in its discriminatory ability of 

formant contrasts below the PLL of 1.5 kHz, thus requiring TFS coding, and above the 

PLL, thus requiring TENV coding. More specifically, under quiet conditions, poor speech 

comprehension was linked to worse phoneme discrimination of syllable pairs with 

formant contrasts below the PLL, as seen with the /o/-/u/ pair. Meanwhile good speech 

comprehension in quiet was rather beneficial for phoneme discrimination with contrasts 

above the PLL, seen for the /i/-/y/ pair. For ipsilateral noise masking, poor speech 

comprehension had a stronger impact on comprehension of the /i/-/y/ syllables, hence 
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formants above the PLL, but good comprehension was linked to better discrimination of 

the /o/-/u/ pair instead, hence below the PLL (Schirmer et al., 2024). 

3.2.7 Auditory brainstem response 

Individual peak-to-peak analysis was sometimes limited by too high levels of background 

noise on the measurement. When visible during monitoring of the measurement session, 

attempts to improve the measurement were undertaken, such as new electrodes for lower 

impedance, or restarting the measurement to give the participant the opportunity to stay 

still. Different methods of filtering were attempted, but this did not make a notable 

difference for the peak-to-peak analysis. If possible, all identifiable waves were recorded. 

If only the positive deflection was clearly identifiable, only the wave latency, but not the 

amplitude was recorded. Wave VI amplitude was difficult to accurately identify, because 

of interference between negative deflection and noise around 9-10ms after click onset. 

 

ABR waves, which represent the sum of all activity of neurons in the ascending auditory 

pathway (Buran et al., 2010) were then analysed according to the established groupings. 

The ability for precise synchronous firing of ANFs is critical for the amplitudes of the 
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ABR wave. In order to maintain synchronous firing rates, physiological function of high 

SR/low threshold ANFs is particularly important.  

To begin with, 70 dB and 80 dB stimuli were compared with respect to the expected 

amplitude and latency shifts. As anticipated, the evoked responses are weaker in 

amplitude (with exception of wave II) and have a latency shift at the 70 dB stimulus across 

all waves (data not shown), compared to the 80 dB stimulus. The comparison is however 

lacking with regard to the limited number of averaged waves at 70 dB stimulus that were 

accurately identifiable. For most participants, only wave V was clearly identifiable, while 

the remaining waves could not be properly distinguished from artefact noise.  

Consequently, data from the 70 dB stimulus was not used for further analysis from this 

point onwards. Examining the cohort when divided by age-group confirms the expected 

results (Fig. 14 A). Older participants are expected to have experienced more ARHL and 

lower amplitudes, especially in waves I and V (Schirmer et al., 2024). Comparing the 

young, middle-aged and older participant groups (circles, triangles and squares 

respectively), we observe that at the 80dB stimulus, the young group shows a significantly 

higher wave I amplitude compared to middle-aged and older (Fig. 14 A, wave I: young = 

0.203 µV, n = 27; middle-age = 0.111 µV; n = 30; older=  0.119 µV;  n = 19; p = 0.00029). 

This indicates an age-dependent cochlear synaptopathy, resulting in lower wave 

amplitude already at the level of the ANFs. At wave III, there is no significant difference 

between the three groups, yet the post-hoc Tukey test reveals a slight significance 

between young and older groups at wave III (Fig. 14 A, wave III amplitude post-hoc 

Tukey HSD young = 0.209; olde r= 0.136; p = 0.042). At wave V, the reduced amplitudes 

seem to have completely recovered statistically, even though the older group is still 

separated by a gap from the numerically almost identical young and middle-aged groups 

(Fig. 14 A; wave V amplitude; young = 0.413, n = 29; middle-aged = 0.409, n = 31; older 

= 0.344, n = 21; p = 0.202). This suggests a certain level of amplification through central 

gain, where the middle-aged and older group are able to fully, or at least partly 

compensate the reduced signal from the auditory nerve by amplification processes. 

Latency-wise, a significant difference between age-groups occurs only for wave III and 

V, where the older group has the largest delay (Fig. 14 A; latency wave III: p = 0.009497, 

latency wave V: p = 0.018063) (Schirmer et al., 2024). 
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The next step was to inquire whether these changes are also observable when eliminating 

the age factor. Applying the PTA groups from 3.2.1 and comparing good and impaired 

groups in each category, the most distinct observations can be made between the PTA4 

and PTA-EHF categories. PTA4 (Fig. 14 B) seems to have no impact on the ABR waves, 

with no significant differences between PTA4 good and impaired (groups normalized for 

age to distinguish “good for their age” compared to “bad for their age”). When dividing 

by PTA-EHF performance (Fig. 14 C), wave I does not differ between good and impaired, 

but the two waves diverge after wave II, resulting in a visible gap between the subgroups 

at wave V (Fig. 14 C wave V amplitude: n = 40, 41; p = 0.050773; latency: n = 41, 40; p 

= 0.003) and VI (Fig. 14 C wave VI amplitude: n = 38, 40; p = 0.040637; latency: n = 38, 

40; p = 0.328052). At the same time, the PTA-EHF impaired group has a significant 

latency delay at wave V compared to the good group (Fig. 14 C wave V latency: n = 38, 

40, p = 0.003).  This is interesting, considering that the click-stimulus does not reach up 

to the EHF-region at all, but the group with better hearing at those high frequencies still 

shows the mentioned gap. One might argue that the PTA-EHF good group also has better 

hearing at lower frequencies (Table 3), but if this was the case, similar shifts would be 

expected in the other groupings (Schirmer et al., 2024) 

When analysing ABR results for PNOT groups (Fig. 14 D-F), we observed significant 

wave differences for the PNOT in quiet grouping including an amplitude difference for 

wave II (Fig. 14 D, good: 0.0767 µV, n = 24, standard: 0.0905 µV, n = 22, poor: 0.0458 

µV, n = 16 , p = 0.0458), as well as for latencies of wave II (Fig. 14 D, good: 2.66 ms, n 

= 24, standard: 2.63 ms, n = 22, poor: 2.85 ms, n = 16,  p= 0.00771), for wave V (Fig. 14 

D, good: 5.63 ms, n =30, standard: 5.56 ms,  n  = 28, poor: 5.76 ms, n =28, p = 0.027) or 

wave VI (Fig. 14 D, good: 7.17 ms, n = 27, standard: 7.04 ms, n = 27, poor: 7.37 ms, n = 

24, p= 0.0011) (Schirmer et al., 2024).  Interestingly, in all cases of significance, it was 

not the PNOT quiet – good group, but the indifferent/standard group with the highest 

average amplitude or lowest latency compared to the poor group. This could be due to the 

slightly lower average age of the standard group compared to good and poor groups 

(Table 4). In comparison, ABR wave averages showed no significant differences when 

grouped by speech comprehension in ipsilateral (Fig. 14 E PNOT ipsi) or contralateral 

noise (Fig. 14 F PNOT contra). It is however important to recognize, that the size of the 

cohort for ipsilateral and contralateral noise is smaller than for the quiet condition. 
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To summarize the ABR analysis, the latency shifts of waves I and V showed the highest 

significances after restrictive post hoc linear mixed model analysis after permutation (p = 

0.004 - 0.030), explaining 2.2% and 2.2% of OLSA-BB variance and 4.6% and 3.2% of 

OLSA-LP variation in quiet, which corresponds to 0.8 - 1.3 dB of SRT50 variance 

(Appendix G) (Schirmer et al., 2024). 

3.2.8 Auditory steady state response 

A Fast-Fourrier transformation (FFT) analysis was done to show the spectral components 

of the recorded ASSR signal. As expected, peaks appear at the modulation frequency of 

116 Hz (the fundamental) and multiples of 116 Hz (the harmonics). The modulation 

frequency above 100 Hz allows the expectation that temporal processing of amplitude 

modulated stimuli in subcortical areas of the brain, rather than neocortical regions can be 

made (Engelien et al., 2000, Kuwada et al., 2002, Purcell et al., 2004, Lu et al., 2022). 

The absolute amplitudes of the fundamental as well as the first and second harmonic were 

averaged (Vasilkov et al., 2021). Results where the corresponding signal-to-noise ratio 

(SNR) was below 2 were not considered for our analysis. Furthermore, absolute values 

greater than 0.15µV were also excluded.  A slight negative correlation of lower amplitude 

with increasing age was noted for ASSR amplitudes at both 4 and 6 kHz carrier 

frequencies. At 6 kHz there was a slight positive correlation for participants by ipsi/contra 

PNOT grouping (shown for the average of 4 kHz and 6 kHz ASSR responses in Fig. 15 

A). However, these correlations are all minimal across age and most likely occur from 

individual outliers. The four participants who were outside the normal levels in the BDI 

and GDS tests (Fig. 5) were all distributed within normal levels for all ASSR conditions 

(data not shown). The grouped ASSR amplitudes were not found to show significant 

differences between group averages in speech comprehension between good, standard 

and poor groups (highest significance occurs for 4kHz, by PNOT in quiet: p  = 0.205) 

Interestingly, in the post hoc linear mixed model analysis after permutation, ASSR was 

the only electrophysiological measure that significantly explained a considerable amount 

(7%) of speech-in-noise comprehension (p = 0.012); this corresponded to 0.4 dB in the 

broadband condition (Appendix G). Therefore, correcting SRTs and ASSR amplitudes 

for PTT-related variance using the normalization by PCA revealed a significant 

association between ASSR amplitude and speech recognition threshold (Fig. 15 B, p = 

0.0037). 
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4 Discussion 

The aim of the study was to examine the factors that contribute to speech comprehension 

in quiet and in noise (here represented by the OLSA in noise measurements) on a cohort 

of participants between 18 and 76 years and with normal or mild hearing losses. 

Expectations that PTTs represent the largest contributing factor were met, but particular 

focus was put on the remaining variance that was not explained by PTT or age, which we 

calculated with the variance analysis explained in 3.2.3. In quiet, 38.7 % and in ipsilateral 
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noise, 51.4% of the SRT50 variance were not accounted for by PTT and age (Schirmer et 

al., 2024). In order to assess the influence of cochlear amplifier efficiency and 

synchronicity at stimulus onset, the cohort was split into 3 groups according to individual 

OLSA speech comprehension performance in relation to their PTT using the described 

PNOT method. These relative groupings of poor, standard and good speech 

comprehension were established for quiet and noise conditions separately (Schirmer et 

al., 2024).  

Pure-tone thresholds and OLSA comprehension deteriorate in aging participants. Effects 

of the aging ear were confirmed both with pure-tone audiometry, as well as by speech 

comprehension thresholds, as previously known (Füllgrabe et al., 2014, Monson et al., 

2014, Wu and Liberman, 2022). This effect was small at low frequencies (PTA-LF, 

PTA4), but increases at PTA-HF and even more so at PTA-EHF frequencies (Fig. 7) 

(Schirmer et al., 2024). Correspondingly, SRT’s in the OLSA also correlate significantly 

with age, in all tested filter conditions (Vasilkov et al., 2021, Garrett et al., 2024)(Fig. 9). 

Here as well, high-pass filtered speech (frequencies below 1.5 kHz removed) showed the 

strongest correlation with age (Fig. 9 C, F, I). As the consensus remains that frequencies 

> 8 kHz have a limited effect on overall hearing perception, standard clinical audiometry 

rarely includes the extended high frequency spectrum tested here. Previous observations 

on the relevance of EHFs should however be reconsidered, as they have been shown to 

provide highly directional cues for speech localization (Heffner and Heffner, 2008) and 

talker’s head rotation (Monson et al., 2014, Hunter et al., 2020). Furthermore, tests 

comparing comprehension showed a significantly better speech perception with broad 

filtered masking noise compared to a broadband masking noise (Schirmer et al., 2024), 

indicating that EHF frequencies do impact speech comprehension (Motlagh Zadeh et al., 

2019). Though we can show the expected correlations at extended high frequencies, the 

study cannot sufficiently discern the isolated impact of EHF threshold loss on speech 

comprehension (Schirmer et al., 2024). 

ABR wave amplitudes and latency shift with age and PTA-EHF thresholds. As shown in 

animal models, ABR wave I amplitudes are correlated with cochlear synapse numbers 

(Kujawa and Liberman, 2009, Sergeyenko et al., 2013). However this correlation is based 

on postmortem counts of temporal bone data, which is not realistically obtainable for 

humans (Bramhall, 2021). At a supra-threshold level, peak amplitudes are defined by 
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discharge rates of the IHCs (Buran et al., 2010), as well as the synchronicity of the ANF 

discharges at the stimulus onset (Johnson and Kiang, 1976). As stimulus intensity level 

is increased, higher frequency ANFs are recruited and the synchronicity increases, 

leading to reduced latency and increased amplitude of the peak (Harris et al., 2018). 

Whereas low-SR ANFs are mainly required at hearing threshold but provide little for 

ANF synchronicity, the synchronous firing rate relies on the sensitivity of the high-SR 

ANFs instead, as these are recruited at supra-threshold level when stimulus intensity level 

is increased (Liberman, 1978, Huet et al., 2019, Rhode and Smith, 1986, Meddis, 2006). 

Middle-aged and older participants are shown to have reduced ABR wave I amplitudes, 

when compared to the young group (Fig. 14 A), which suggests the presence of age-

dependent synaptopathy (Bramhall, 2021, Vasilkov et al., 2021, Schirmer et al., 2024). 

The observed amplitude reduction and latency delay of wave III-VI in older participants, 

compared to young and middle-aged participants (Fig. 14A) indicates that the older group 

is not able to compensate as effectively for the occurring synaptopathy (Schirmer et al., 

2024). Considering that the in-ear headphones used in this study were able to present a 

frequency bandwidth up to 8 kHz, but the most pronounced PTT differences between 

ages occurred at these high frequencies, a possible explanation could relate to previously 

observed influences of PTA-EHF losses on lower frequences (Märcher-Rørsted et al., 

2022). Märcher-Rørsted et al. used frequency-following responses (FFR), which are 

phase-locked evoked responses generated by the auditory brainstem in response to 

periodic stimuli. These FFRs, which are most robust at frequencies below 1.5 kHz and 

thus below the PLL (Kuwada et al., 2002, Batra et al., 1986), were nonetheless affected 

in their ANF synchronicity at lower frequencies when elevated thresholds were shown in 

the EHF region (Märcher-Rørsted et al., 2022). At the same time, OHC dysfunction did 

not affect the temporal coding of the phase-locked ANF response in the FFR 

measurements (Märcher-Rørsted et al., 2022) and since it is mainly the high-SR/low 

threshold fibers (compared to low-SR/high threshold fibers) that contribute to ANF 

synchronicity (Huet et al., 2019), we may infer that the high-SR fibers are responsible for 

the reduced central compensation when comparing the older with the middle-aged group. 

This raises the open question, if elevated PTA-EHF thresholds can have an impact on the 

possible transformation of high-SR low threshold auditory fibers to low-SR high 

threshold ANFs, as predicted by Liberman et al. in 1984 for the acoustic overexposure 
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damage to stereocilia when thresholds elevate (Liberman and Dodds, 1984). The current 

data could support this theory (Fig. 14 C), where the group with better PTA-EHF 

thresholds (and normalized for age) shows a significant increase in ABR wave V 

compared to the other half of the cohort. This question might in the future receive more 

attention in studies analysing the effect of the extended high frequencies on speech 

comprehension (Motlagh Zadeh et al., 2019, Hunter et al., 2020). 

By recording ABR waves at 2 supra-threshold fixed volumes of 70 and 80 dB, the study 

allowed comparison of brainstem responses between participants. During the study it was 

recognized that the 70 dB measurement was often not sufficiently loud to achieve reliable 

ABR wave results, as a result this measurement could not be used for analysis altogether. 

In hindsight, it was not sufficiently taken into account that young participants without 

hearing loss used for testing during the pilot phase would show better ABR results at 70 

dB than the later cohort composed of much older participants with developing hearing 

loss. As suggested by Bramhall et al., stimuli at 90-100 dB SPL could have yielded better 

results and allowed comparisons in individual wave latency shifts as the stimulus volume 

is increased (Bramhall, 2021). Alternatively, an individual threshold-dependent approach 

could also be considered.  

Self-rating of participants is not a good indicator or actual hearing ability. By recording 

the subjective hearing abilities in everyday settings, it was possible to compare perceived 

hearing disability with (more) objective audiometric measurements. Here it was shown 

that when grouped by age (which was shown to correlate well with hearing thresholds 

and SRTs), no relevant correlation was observed. Instead, the grouping by PNOT, 

especially in quiet, showed a statistical tendency for the self-assessment (Fig. 11) 

(Schirmer et al., 2024). While this result is in line with previous findings about self-

assessed hearing (Motlagh Zadeh et al., 2019, Shehabi et al., 2022), it does not fully 

support the hypothesis that the here identified factors affecting speech comprehension 

regardless of age and PTT are relevant for the self-rating of individual comprehension 

ability.  

ASSR amplitudes have a low impact on speech comprehension in quiet and in noise. 

Current study results did not quite meet previous studies showing that ASSR amplitudes 

decline with age (Boettcher et al., 2001, Rumschlag and Razak, 2021), even though 
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temporal coding war measured at relatively high envelope frequency (Grose et al., 2009). 

Instead, a slightly declining amplitude could only be shown with a statistical tendency 

(Fig. 15 A). Furthermore, there appeared to be no trend between PNOT grouping and 

ASSR amplitude (Fig. 15 A) (Schirmer et al., 2024) Surprisingly, participants with poor 

comprehension (PNOT quiet and ipsilateral noise, Fig. 15 C), provided higher ASSR 

amplitudes and correlated strongly with OLSA SRT in ipsilateral noise (Fig. 15 B) 

(Schirmer et al., 2024). Searching to explain this finding, it can be observed that the data 

correlation may mainly be created by a small subgroup within the poor performer group, 

which demonstrate comparatively much higher ASSR amplitudes (Fig. 15 C) and also 

significantly increased UCL (Appendix G), indicating a maladaptive loudness sensation. 

This could occur because of weakened compressive nonlinearity of the aging (Abdala et 

al., 2021), which is then perceived as steeper scaling loudness. This weakened 

compressive nonlinearity could be linked to changes in cochlear amplifier function, as 

observed in participants of poor PNOT comprehension in ipsilateral noise (as discussed 

next) (Schirmer et al., 2024). 

DPOAE responses show effects of cochlear amplification on speech comprehension. 

Using pDPOAE measurements, the current study was able to associate PNOT 

comprehension differences with varying levels of cochlear amplifier functionality. As 

seen in Fig. 14 D, participants with poor and good speech comprehension in quiet showed 

a significant difference for the LEDPT when normalized for PTT (LEDPT-PTT), which 

explains 2% and 8.3% of OLSA-broadband and OLSA-hp variance, respectively 

(Appendix G) (Schirmer et al., 2024). As a possible explanation, LEDPT, known to correlate 

well with PTTs (Kimberley et al., 1994, Boege and Janssen, 2002), do not depend on 

auditory fiber firing rate adaptation (Kiang et al., 1966). Since the pDPOAE stimulus 

pulse length used here for I/O-functions is much smaller than the time constant of the 

medial olivocochlear reflex (Kim et al., 2001), LEDPT should not be affected by its 

adaptation. DPOAE instead provide results of the pre-neural input signal that reaches the 

IHC, before adaptation (Zelle et al., 2017a). In contrast, PTTs as measured in a clinical 

setting are essentially integrated in an adapted state of nerve firing over approximately 

500 ms (Goutman, 2017)). Weakened nerve adaptation at stimulus onset is linked to 

vesicle depletion at the IHC synapse in mammals, which can cause synaptic fatigue or 

desensitization kinetics of postsynaptic receptors (Goutman, 2017, Moser and Beutner, 
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2000, Peterson et al., 2018, Willmore and King, 2023). Increased levels of synaptic 

fatigue at the IHC synapse would therefore present themselves as a reduced firing rate 

adaptation, which would be reflected as a smaller LEDPT-PTT difference (and poorer 

speech comprehension in Fig. 12 A, D) and vice versa (Schirmer et al., 2024), and should 

in future be considered as possible causes for detection of stimulus onset at speech 

presentation. The calculated variances of this study allocated 7.0% and 5.5% of the SRT50 

variance in OLSA-LP condition to the LEDPT-PTT difference and the acceptance rate of 

DPOAE growth functions under ipsilateral noise conditions (Fig. 12, Appendix G), which 

corresponds to 0.3 dB in SRT50 for both measurements. In the OLSA-HP condition, 

LEDPT-PTT and I/O-function acceptance rate make up 0.7% and 3.1% of the variance 

respectively, which corresponds to 0.5 dB and 1.1 dB (Schirmer et al., 2024). The 

acceptance rate variance sign switch between the quiet and ipsilateral condition 

(Appendix G) indicates that in ipsilateral noise condition, a larger pDPOAE growth 

function, higher acceptance rate and larger LEDPT-PTT correlates to poorer speech 

comprehension (Fig. 12 E-H). This could be caused by compression of the cochlear input 

signal to the auditory pathway. Considering that for the OLSA in noise task temporal 

information can only be utilized within a narrow dynamic range, a comparatively lower 

DPOAE I/O function acceptance rate would occur at a level where basilar membrane 

compression ends (Schirmer et al., 2024). At this level, the growth behaviour approaches 

to becoming linear. This effect could be advantageous for analysis, since the mostly linear 

dynamic range would give better modulation contrast during the measurement (Marrufo-

Pérez and Lopez-Poveda, 2022). This recruitment describes the phenomenon when 

subjective loudness perception increases abnormally with sound intensity (Fowler, 1936, 

Kubota et al., 2019, Denes and Naunton, 1950). Nonetheless, recruitment does not only 

affect DPOAE growth functions (Rasetshwane et al., 2013), but also loudness scaling 

(Abdala et al., 2021) and limits TENV coding (Schirmer et al., 2024).  

PNOT comprehension grouping is affected by ABR peak amplitudes and latencies. As 

mentioned earlier, amplitude reduction in ABR wave I and latency shifts of wave II-VI 

of participants of the poor PNOT in quiet group (Fig. 12) revealed a functional 

synaptopathy, keeping in mind that the poor PNOT in quiet group was of similar age as 

the corresponding good group (Table 4). ABR wave I explained 2.8% (1.0 dB) in 

amplitude and 4.6% (1.3 dB) in latency of OLSA-LP SRT50 (Appendix G). Previous 
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studies describe the impact of cochlear synaptopathy, independent of OHC loss, on OLSA 

SRT50 to lie at approximately 1 dB. A model to simulate loss of more than 50% of 

synapses showed an intensity level difference on basic perceptual tasks of 1.4 dB 

(Suthakar and Liberman, 2022, Oxenham, 2016). As evident by reduced amplitudes 

delayed latencies of early and late ABR waves in poor PNOT in quiet (Fig. 14 D), we can 

therefore show in this study that cochlear synaptopathy seems to be present and affect 

hearing, independent of age and pure-tone thresholds,  This contradicts studies arguing 

that speech comprehension deficits without background noise occur mainly in 

combination with elevated PTTs (Johannesen et al., 2016), and results, which assert that 

cochlear synaptopathy does not have a direct impact on coding of moderate and high 

intensity speech (Carney, 2018). Amplitudes of ABR wave peaks are known to represent 

the firing rate of individual ANFs (Buran et al., 2010) as well as the precision of 

simultaneous and synchronous discharge of ANFs at the onset (Johnson and Kiang, 

1976). The ability of synchronous discharge and onset relies heavily on the function of 

high-SR/low threshold fibers, which is in turn reflected by wave latencies and thresholds 

(Rhode and Smith, 1986, Meddis, 2006, Zohar et al., 2011, Heil et al., 2008) and its 

contribution to the increase in spike rate at stimulation onset (Chimento and Schreiner, 

1991, Young and Sachs, 1973). This leads to the interpretation that the observed 

amplitude changes of waves I/II and the latency shift of late ABR waves between poor 

and good PNOT in quiet (Fig. 14 D) most likely occur due to differences in mentioned 

high-SR/low threshold auditory fibers, which changes the ability to fire in synchrony at 

stimulus onset. In connection with the described reduced DPOAE acceptance rate in 

quiet, pre- and postsynaptic changes in occurrence with synaptic fatigue or desensitization 

should be investigated. These could lead to reduced firing rates at peak onsets (Goutman, 

2017, Willmore and King, 2023, Moser and Beutner, 2000, Peterson et al., 2018) and 

should be evaluated as an additional contributor affecting speech reception without 

background noise, independent of age and thresholds. 

Discrimination of different phonemes by PNOT groups depends on formant frequencies. 

The most noteworthy observation of the phoneme discrimination task, when analysed by 

PNOT groups, was that the poor PNOT in quiet group showed poorer speech coding for 

the /o/-/u/ syllable (Fig. 13A), thus below the PLL (Schirmer et al., 2024). This result can 

be traced back to the functionality of high-SR low threshold fibers, which have previously 
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been shown to crucially contribute to the perceptional threshold for frequencies below the 

PLL (Huet et al., 2018, Bourien et al., 2014)). For the syllables with formant contrasts 

above the phase-locking range (Fig. 13 B, /i/-/y/), where participants with poor PNOT 

performed worse than standard PNOT, such situation can be explained in context with 

the pDPOE results of this group. The higher acceptance rate and higher LEDPT-PTT 

difference (Fig. 15 E,H) (Schirmer et al., 2024) could be related to reduced basilar 

membrane compression, which limits the dynamic range width of low-SR and medium-

SR fibers. As these fibers are necessary for TENV coding, phoneme discrimination above 

the PLL is reduced (Huet et al., 2019). 

In conclusion, we showed that speech comprehension depends strongest on thresholds, 

making up approximately 50% of the SRT variance (Schirmer et al., 2024). Taking a 

closer look at factors that affect speech discrimination independent of PTT, we 

discovered that these factors differ in their importance, depending on whether the 

speech stimulus is close to threshold, tested as speech-in-quiet, or supra-threshold, 

which we tested as speech-in-noise. We showed that diagnostic procedures to record 

changes in auditory processing at the start of the stimulus, such as pDPOAE, ABR peak 

amplitudes and latencies, phoneme discrimination ability, and ASSR can contribute to 

speech discrimination, independent of the otherwise dominating factors of age and 

hearing threshold. Factors contributing to comprehension in quiet were identified as the 

state of the cochlear amplifier and the cochlear synaptopathy of high-SR fibres, which 

affects the synchronicity of ANF signals at stimulus onset. The effect of reduced 

cochlear amplifier function in noise appeared to be counteracted partially by the 

recruitment phenomenon, reducing discrimination deficits. This suggests that nerve 

adaptation rate at stimulus onset and recruitment phenomena should also be included as 

part of the remaining 50% as factors that affect speech comprehension in addition to 

PTTs. These mechanisms seem to depend on the PLL as well, with different coding 

principles taking over below or above the PLL. Overall, the understanding of individual 

coding mechanisms of speech comprehension is vital to improving clinical routine 

measurements that are necessary to diagnose early hearing impairment or improve its 

treatment in the future.   
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5 Summary 

5.1 English Summary 
 

As part of demographic population changes, rising prevalence of hearing-loss is 

becoming a more prominent challenge of our healthcare in the current year. On the other 

hand, hearing-loss makes up the largest modifiable risk factor for developing dementia, 

which further underlines the need for early diagnosis and treatment of hearing loss. 

Developing hearing-loss, usually age-related or acquired, is often preceded by speech 

comprehension deficits, especially in background noise, which are usually not noticed or 

acted upon until much later. The aim of this study was to analyse the impact of different 

objective measures at the auditory pathway on the developing comprehension deficit. A 

cohort of 89 participants ranging from 18 to 76 years of age and grouped into young, 

middle-aged and older individuals with and without perceived hearing loss (but without 

diagnosed hearing loss) underwent a series of clinical and experimental auditory 

measurements comprised of pure-tone (PT) audiometry, short pulsed distortion-product 

otoacoustic emissions (pDPOAE), auditory brainstem responses (ABR), auditory steady-

state responses (ASSR), speech comprehension testing (OLSA), and syllable 

discrimination in quiet and noise. Furthermore, questionnaires to collect data depression, 

cognitive function and their subjective hearing assessment were used.  Hearing thresholds 

decreased most significantly in the extended high-frequency region (11.2-16 kHz), which 

also influenced the ABR-wave amplitudes at lower frequencies. To account for hearing-

threshold differences when comparing comprehension levels, the OLSA thresholds were 

normalized for PT thresholds. Here we observed differences in speech comprehension in 

both noise and quiet conditions, and at all ages tested. More specifically, participants 

grouped for their relatively poor speech comprehension in the quiet condition showed 

comparatively lower pDPOAEs, indicating a reduced cochlear amplifier performance, as 

well as relatively lower amplitude and delayed ABR waves and also a worse performance 

in vowel-phoneme discrimination below the phase-locking limit (/o/-/u/). Inversely, 

Participants grouped as poor speech comprehension in the noise condition showed larger 

pDPOAEs, indicating better cochlear amplifier performance, as well as larger ASSR 

amplitudes, higher uncomfortable loudness levels and a lower performance of the vowel-

phoneme discrimination of syllables above the phase-locking limit (/i/-/y/). This led to 
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the overall conclusion that impaired basilar membrane compression is associated with 

reduced speech comprehension in noise due to the effects on envelope coding. In 

contradiction to previous assumptions, these results lead to the conclusion that both good 

and poor speech comprehension can exist independently of differences in PTTs and age. 

This observation should be further studied with improved techniques and evaluated for 

the implementation in clinical diagnostic routine to differentiate hearing disabilities. 

 

5.2 German summary 

 

Die zunehmede Prävalenz von Hörverlust stellt eine wachsende Herausforderung des 

demografischen Wandels dar. Hierbei fallen häufig Sprachverstehensdefizite, 

insbesondere im Störgeräusch, auf, bevor ein manifester Hörschwellenverlust 

nachweisbar wird. Meist sind altersbedingte oder erworbene Hörstörungen Ursache der 

Hörminderung. Ziel dieser Studie war es, den Einfluss verschiedener Abschnitte der 

auditorischen Bahn auf die Entwicklung von Sprachverstehensdefiziten zu analysieren. 

Die Kohorte von 89 Teilnehmern im Alter von 18 bis 76 Jahren wurde in junge, mittelalte 

und ältere Personen, mit und ohne subjektiv wahrgenommenen (aber nicht 

diagnostizierten) Hörverlust eingeteilt. Die Teilnehmer durchliefen eine Reihe 

audiologischer Untersuchungen, bestehend aus Tonaudiometrie, gepulsten 

Distorsionsprodukten otoakustischer Emissionen (pDPOAEs), akustisch evozierten 

Hirnstammpotenzialen (ABR), auditiven steady-state-responses (ASSR), 

Sprachverstehen (OLSA) sowie Silbenunterscheidung in Ruhe und im Störgeräusch. 

Die Hörschwellen nahmen am deutlichsten im erweiterten Hochfrequenzbereich (11,2–

16 kHz) ab, was sich auch auf die Amplituden der ABR-Wellen bei niedrigeren 

Frequenzen auswirkte. Um Unterschiede der Sprachverstehensleistung unabhängig von 

Hörschwellenunterschieden und Alterseffekten zu untersuchen, wurde die OLSA-

Schwelle normalisiert berechnet, jeweils in Ruhe und im Störgeräusch.  Dabei zeigten 

sich Unterschiede im Sprachverstehen sowohl in Ruhe als auch im Störgeräusch – und 

zwar in allen untersuchten Altersgruppen. 
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Konkret zeigten Teilnehmende mit schlechtem Sprachverstehen in Ruhe vergleichsweise 

geringere pDPOAE-Werte, was auf eine reduzierte Funktion des cochleären Verstärkers 

hinweist, sowie mittels ABR niedrigere Amplituden und verzögerte Wellen. Zudem 

schnitten sie schlechter bei der Unterscheidung von Vokalphonemen unterhalb des Phase-

Locking-Limits (/o/-/u/) ab. 

Umgekehrt zeigten Teilnehmende mit schlechtem Sprachverstehen im Störgeräusch 

höhere pDPOAE-Werte – ein Hinweis auf eine bessere Funktion des cochleären 

Verstärkers – sowie größere ASSR-Amplituden, höhere unangenehme Lautheitspegel 

und schlechtere Leistungen bei der Unterscheidung von Vokalphonemen oberhalb der 

Phasen-Locking-Grenze (/i/-/y/). 

Dies führte zur Gesamtinterpretation, dass eine gestörte basiliäre Membrankompression 

mit reduziertem Sprachverstehen im Störgeräusch assoziiert ist – verursacht durch 

beeinträchtigte Hüllkurvencodierung. Deutlich wurde dabei – entgegen bisheriger 

Annahmen –, dass sowohl gutes als auch schlechtes Sprachverstehen unabhängig von 

Hörschwellen (PTTs) und Alter auftreten kann. Dieses Phänomen macht deutlich, dass 

dringend verbesserte diagnostische Verfahren zur Erfassung der Schallverarbeitung beim 

Reizbeginn in der klinischen Routine erforderlich sind. 
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9 Appendix 

 

Appendix A: Recruitment email for university staff & students
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Appendix B: Checklist and Custom Questionnaire
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Appendix C Cohort information of each participant included in the study with 

anonymized ID, age, gender (f/m), handedness and results from depression evaluation 

according to Beck Depression Inventory II (BDI-II), Geriatric Depression Scale (GDS) 

as well as dementia test Mini Mental Status Test (MMST) and Tympanometry results. 

ID Age 

(y) 

Gend

er 

Handed-

ness 

BDI* GDS* MMST Tympano-

metry 

CS001 26 f right minimal minimal 30 Type A 

CS002 63 f right minimal minimal 30 Type A 

CS003 59 m right minimal minimal 30 Type A 

CS004 62 m right minimal minimal 30 Type A 

CS005 55 f right minimal minimal 30 Type A 

CS006 60 f right mild minimal 30 Type A 

CS007 38 f right minimal minimal 30 Type A 

CS008 48 f right moderate mild/moderate 30 Type B 

CS009 21 f right minimal minimal 30 Type A 

CS010 47 f right minimal minimal 30 Type A 

CS011 19 f right minimal minimal 30 Type C 

CS012 22 m right minimal minimal 29 Type A 

CS013 26 f right minimal minimal 30 Type A 

CS014 25 m right minimal minimal 30 Type A 

CS015 25 m right mild minimal 30 Type A 

CS018 24 m right minimal minimal 29 Type A 

CS023 69 m right moderate mild/moderate 29 Type A 

CS025 64 f right minimal minimal 28 Type A 

CS027 60 f right minimal minimal 30 Type A 

CS029 64 m right minimal minimal 29 Type A 

CS030 23 f right minimal minimal 30 Type A 

CS031 53 m right minimal minimal 29 Type A 

CS033 26 f right minimal minimal 29 Type A 

CS034 24 f right minimal minimal 29 Type A 

CS035 45 m right minimal minimal 28 Type A 

CS037 45 m right minimal minimal 29 Type A 

CS038 57 f right minimal minimal 30 Type A 

CS039 18 f right minimal minimal 29 Type A 

CS040 57 f right minimal minimal 30 Type A 

CS041 58 f right minimal minimal 30 Type A 

CS042 54 f right mild minimal 29 Type AS 

CS044 62 f right minimal minimal 30 Type AS 

CS047 55 m right minimal minimal 29 Type A 

CS050 62 f right minimal minimal 29 Type A 

CS051 29 m left mild minimal 30 Type AS 
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CS053 19 m right moderate mild/moderate 30 Type A 

CS056 28 f right minimal minimal 30 Type A 

CS057 28 f right minimal minimal 29 Type AD 

CS058 21 f right minimal minimal 30 Type A 

CS059 29 m left minimal minimal 29 Type A 

CS060 24 f right minimal minimal 29 Type AD 

CS061 58 f right minimal minimal 30 Type A 

CS062 52 f right minimal minimal 30 Type A 

CS063 28 m right minimal minimal 30 Type A 

CS065 23 f right minimal minimal 29 Type A 

CS066 70 m right minimal minimal 30 Type AD 

CS067 33 m right mild minimal 30 Type AD 

CS068 52 f right minimal minimal 30 Type A 

CS069 24 f right minimal minimal 30 Type A 

CS070 20 f left mild mild/moderate 28 Type A 

CS071 60 f right minimal minimal 30 Type A 

CS073 43 f right minimal minimal 29 Type A 

CS074 21 m right moderate mild/moderate 29 Type A 

CS075 54 f right minimal minimal 30 Type A 

CS076 30 m right minimal minimal 30 Type A 

CS077 52 f right minimal minimal 30 Type A 

CS078 35 m right minimal minimal 30 Type A 

CS079 34 f right minimal minimal 28 Type A 

CS080 35 m left minimal minimal 30 Type A 

CS081 54 f right minimal minimal 30 Type A 

CS082 48 f right minimal minimal 29 Type AD 

CS083 76 m right minimal minimal 29 Type A 

CS084 54 f right minimal minimal 30 Type A 

CS085 40 f right minimal minimal 28 Type A 

CS086 56 f right minimal minimal 30 Type AD 

CS087 32 f right minimal minimal 29 Type A 

CS088 30 f right minimal minimal 29 Type A 

CS089 53 f right minimal minimal 30 Type A 

CS090 56 f right minimal minimal 30 Type A 

CS091 30 f right minimal minimal 30 Type A 

CS093 40 m right minimal minimal 30 Type A 

CS095 50 m right minimal minimal 29 Type A 

CS096 51 f right minimal minimal 30 Type AS 

CS097 40 f right minimal minimal 30 Type A 

CS098 54 f right minimal minimal 30 Type A 

CS099 27 f right minimal minimal 29 Type A 

CS100 25 m right minimal minimal 30 Type A 



85 
 

CS101 46 f right minimal minimal 30 Type A 

CS102 21 m right mild minimal 30 Type A 

CS103 28 f right minimal minimal 28 Type A 

CS104 68 f right minimal minimal 30 Type AS 

CS105 65 m left minimal minimal 30 Type A 

CS106 23 f left minimal minimal 30 Type A 

CS107 64 m right minimal minimal 30 Type B 

CS108 70 f right minimal minimal 29 Type A 

CS109 70 w right minimal minimal 29 Type A 

CS110 72 m right minimal minimal 29 Type AS 

CS111 62 m right minimal minimal 30 Type A 

CS112 71 f right minimal minimal 29 Type As 
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Appendix D: BDI-II
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Appendix E: GDS 
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Appendix F: MMSE
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Appendix G Post-hoc variance analysis of OLSA performance based on a linear-mixed 

model. Adapted from Schirmer et al., 2024 
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