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Abstract

Patients with multidrug resistant tuberculosis (MDR-TB) in South Africa
receive ototoxic medication as part of their treatment (Department of Health,
1999). Therefore, it is essential to monitor these patients’ hearing with a
sensitive test. The study aimed at comparing the relative sensitivity of
conventional pure tone audiometry, distortion product-gram (DPgram)
absolute amplitudes and distortion product input-output (DP 1/O) function
thresholds to determine which test detected abnormal cochlear function first.
Other aims were to examine the nature of DP I/O function slopes and the
stimulus parameters (frequency and intensity) of the DP /O function test.
Twelve participants were included in a repeated measures study design,
where each of the abovementioned tests was conducted every two weeks for
an eight-week period. Results indicated that the DPgram detected abnormal
cochlear function first (z = 2.1; p = .03), as determined statistically by the
Wilcoxon signed Vranks test. It was found that the DP /O function slopes of
individuals whose hearing remained normal, as well as those who developed
hearing loss over time, were predominantly compressive. With DP 1/O function
thresholds, the high frequency range (3284, 4102 and 4919 Hz) seemed to
detect the most ears with abnormal cochlear function. Research and clinical

implications, as well as limitations, of the current study are discussed.
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Active cochlear process

Cochleotoxic

Cochlear amplifier

Early detection

Hearing sensitivity

Nephrotoxic

Xi

Glossary of terms

Caused by the micromechanical feedback loop
between the motile outer hair cells and basilar
membrane vibration (Dorn et al., 2001). This
process is responsible for compressive
nonlinearities (Dorn et al.,, 2001; Durrant &
Lovrinic, 1995).

Having a poisonous action on the hair céils of the
Organ of Corti (Stach, 2003).

Collection of processes that cause physical
amplification of travelling waves on the basilar
membrane (Mills & Rubel, 1996).

Active processes in the cochlea responsible for
frequency resolution, sensitivity and dynamic
range of hearing (Stach, 2003).

Prior to the appearance of audiometric hearing
loss (Hall, 2000).

The capacity of the auditory system to detect a
stimulus, most often described by audiometric pure
tone thresholds (Stach, 2003).

Poisonous to the kidney (Online Merriam-Webster
dictionary, http://ww2.merriam-webster.com/cgi-in/

mwmednim?book&va=nephrotoxic)



Ototoxic

Passive cochlear process

Vestibulotoxic

xii

Having a poisonous action on the ear, particularly
the hair cells of the cochlea and vestibular end
organs (Stach, 2003).

The tendency of certain therapeutic agents and
other chemical substances to cause functional
impairment and cellular degeneration of the inner
ear (Arslan, Orzan & Santarelli, 1999)

Basilar membrane activities that are potentially
occurring due to macromechanical properties of
the cochlear energy transmission system (Dorn et
al,, 2001). This process is not well understood
(Dorn et al., 2001).

Having a poisonous action on the hair cells of the
cristae and maculae of the vestibular labyrinth

(Stach, 2003)



Introduction
Tuberculosis (TB) is a major public health problem in South Africa
{Zwarenstein, Schoeman, Vundule, Lombard & Tatley, 1998). Until the rise of
the human immune-deficiency virus (HIV), TB was the most commonly

reported disease in South Africa (Zwarenstein et al.).

A serious complication of the TB problem in South Africa has been the
emergence of multi-drug resistant TB (}MDR-TB) (Fourie, n.d.). Patients'with
MDR-TB in South Africa receive ototoxic medication affecting the hair cells in
the cech!aa; which may eventually lead to permanent hearing loss, and will
impact on an individual's ability to communicate. Therefore, it is important to
detect hair cell damage early, before noticed by the individual. The main aim
of early detection of abnorm;al cochlear funcfion is to prevent permanent

hearing loss and, therefore, minimise / eliminate the impact on quality of life.

Various methods of audiological testing are available, which to date, include
conventional and high frequency audiometry, and otoacoustic emissions
(OAESs). This study set out to investigate the rélative sensitivity of conventional
pure tone audiometry and distortion product OAE (DPOAE) measures
(distortion product-gram [DPgram] and distortion product input/output [DP /O]
function thresholds) to detect abnormal cochlear function early in TB patients
who receive ototoxic medication, as well as to investigate the nature of DP
input/odtput (/O) function slopes during aminoglycoside treatment. Another

aim was to identify the DP l/O test parameters that best identify ototoxicity. A



longitudinal study with a repeated measures design was conducted in 12

participants with TB who received ototoxic medication.



Literature Review

Worldwide, tuberculosis (TB) is an increasingly serious disorder (Zwarenstein,
Schoeman, Vundule, Lombard & Tatley, 1998), especially in less developed
countries (Jaramillo, 1999). in 2000, the World Heéfth Organization (WHO)
identified South Africa as the country with the ninth highest prevalence of
estimated tuberculosis casés in the world (WHOQO, 2001, in Herselman, 2002).
According to the WHO report (2001) the national incidence of TB in South
Africa was estimated at 492 per 100 000, with an incidence in the Western

Cape of 678 per 100 000, in 2003 (PAWC, 2003).

TB is an infectious disease that mainly affects the lungs (Jaramillo, 1999;
Elender, Bentham & Langford, 1998). The three important stages' of the
‘disease are infection, breakdown of cells and death (Jaramillo, 1999). The
latter occurs in instances where there is a lack of appropriate and/or timely
intervention. TB infection is an asymptomatic Iifé-long condition, but around
10% of infected people will develop the disease during their lifetime, at a time

when their immune system is not optimal (Jaramillo, 1999).

“TB in South Africa mainly affects the eﬁonomicaily active age groﬁp, where
86.6% of the TB patients reported in 1999" were in the age group between 20
fo 59 years (Kironde, 2000, p.336). This phenomenon has economic
implications (Kironde), because if a person is ill, he or she cannot work, and is
therefore, during the time of illness, not contributing to the economy of his/her

family and country.



The epidemic of TB is boosted by the concurrent presence of the human
immune-deficiency virus (HIV) infection (Fatkenheuer, Taelman, Lepage,
Schwenk & Wenzel, 1999; WHO, 2003). Development of active TB in latently
infected persons is amplified by the deterioration of the immune system in the
course of HIV infection. According to estimations of the Medical Research
Council (MRC), 32.8% of all TB sufferers in 1997 were co-infected with HIV
(http://www.sahealthinfo.org/tb/tbburden.htm, 2004/07/16). The presence of
HIV increases the susceptibility for TB infection and facilitates the progression
of latent TB infection to active disease (Fatkenheuer et al.). With increased
likelihood of reinfection, the chances of developing multi-drug resistant TB

(MDR-TB) is greater (Herselman, 2002).

MDR-TB is defined as TB that is resistant to fsoniazid and rifampicin, with or
without resistance to othér drugs (Fatkenheuer et al. 1999; Khan et al. 2001).
Isoniazid and rifampicin form part of the standard anti-tuberculosis regimen
(Zwarenstein et al., 1998), and the removal of these two drugs from TB
treatment (because of resistance to them) has serious implications for
prognosis, as well as for ;ost of TB management (Department of Health,
1999). MDR-TB is a man-made problem (Department of Health) and there
are a variety of ways iﬁ which drug-resistanf strains of the bacteria
Mycobacterium tuberculosis have evolved (Mukherjee et al. 2004, Weyer,

1997).



MDR-TB mainly develops due to over-usage and misuse of antibiotics
(Herselman, 2002; Khan, et al., 2001). Non—complianqe with treatment also
plays a role in the development of acquired resistance to anti-tuberculous
drugs (Van Rie et al., 2000). Drug resisiant strains of TB in patients without a
history of previous treatment also exist, but this prevalence is consistently less
than that of acquired resistance (Dye, Espinal, Watt, Mbiaga & William, 2002;
Van Rie et al.). The incidence of new MDR-TB cases was estimated to be as
high as 2.4% of all cases in 2000 (Dye et al.). According to K. Sheen
(personal communication, 27 July 2004) the prevalence of MDR-TB was 301

per 100 000 in the Western Cape in 2003.

Due to increasing bacterial resistance to the standard anti-tuberculosis drugs,
medical treatment has to rely on an increasing diversity of drugs, which
include aminoglycosides (Frieden, et al., 1993; Sha & Schacht, 1997). The
aminoglycoside group of antibiotics, including among others, kanamycin and
streptomycin, are known to have accoempanying adverse reactions, such as
- nephrotoxicity and ototoxicity (Frieden et al., 1993; Kucers & Bennett, 1987;
Sha & Schacht, 1997). Advantages of the aminoglycosides are their
effectiveness against aerobic gram-negative bacilli that cause TB and their
low cost (Barclay & Begg, 1994; Bennett, 1996). These advantages, relative
to other antibiotics with less toxicity, have lead to the persistent use of
aminoglycoside antibiotics in the treatment of MDR-TB, despite their negative
side effects (Barclay & }Begg, Song, Sha & Schacht, 1998). An increase in the
use of aminoglycosides can be expected, due to the fact that HIV has now

resulted in a worldwide resurgence of TB (Sha & Schacht).



in South Africa, streptomycin and kanamycin form part of the drug regimen
administered to MDR-TB patients (Department of Health, 1999).
Streptorhycin, an éminoglycoside generally restricted to the treatment of
tubercuiosisr (Lerner & Matz, 1979), has been found to be primariiy
vestibulotoxic, and has a fairly minor cochleotoxic effect (Kucers & Bennett,
1987; Bennett, 1996; Voogt & Schoeman, 1996). Even for patients with
normal renal function receiving the usual dosage of about 1 gram per day,
there lS the possibility of vestibular toxicity and, less frequently, of cochlear or
renal toxicity (Barclay & Begg, 1994; Lerner & Matz, 1979; Voogt &
Schoeman, 1996). Reported incidence of cochleototoxicity due tov

streptomycin varies and is generally below 20% (Sha & Schacht, 1997).

Kanamycin, on the other hand, is predominantly cochleotoxic, and destroys
outer héir cells in the cochlea (ASHA, 1994; Barclay & Begg, 1994; Voogt &
Schoernan, 1996). From this point onwards the term ototoxicity wiil be used td
refer to cochleotoxicity only, for ease of reference. Hotz, Harris and Probst
(1994) found an ototoxicity rate of 80% in five humans (9 out of 10 ears) on
amikacin treatment {(which has been likened to kanamycin by Bennett, 1996)
for more than 12 days by measuring transient evoked otoacoustic emissions
(TEOAES) using 4 kHz tone bursts. Moore, Smith and Lietman (1984)
reported that 30 out of 135 participants, i.e., 22.3%, who received amikacin,
developed ototoxicity, defined as a decrease of 15 dB in hearing threshold

over {ime.



Fausti, et al. (1984) reported that 62.5% of their participants demonstrated a
deterioration of pure tone thresholds as measured with high frequency
auéidmetry. However, they did not report on the actual aminoglycoside used

in their study.

Wide variability exists in the reported incidence of aminoglycoside ototoxicity.
According to ASHA (1994) the actual frequency of cochleotoxicity associated
with aminoglycosides is unclear “because of inconsistencies in reported data”
(p. 83). Rates of ototoxicity caused by aminoglycosides range from 0%
(Powell, Thompson, & Luthe, 1983, in ASHA, 1994) to 63% (Tablan, Reyes,
Rintelmann & Lerner, 1984, in ASHA, 1994). The variability was ascribed to a
lack of standardised guidelines for the monitoring of ototoxicity (Bennett,
1996). Different aminoglycosides differ in terms of their level of ototoxicity,
with e.g., kanamycin being more ototoxic than streptomycin (Bennett).
Anocther possible contributor to the variability in rates of ototoxicity due to
aminoglycosides could be the use of aiﬁerent tests to detect ototoxicity
(ASHA, 1894). Other reasons could be the differences in dosage, courses of
administration and individual susceptibility to aminoglycoside ototoxicity

(Arslan, Orzan & Santarelli, 1999).

In order to fully undefstand the effect of aminog!ycosides on fhe cochlea, as
well as the role of different tests for ototoxicity monitoring, it is essential to
briefly discussv the relevant anatomy and physiology of the ear, in particular
the cochlea. The inner ear consists of three semicircular canals, the vestibule

and the cochlea (Bess & Humes, 1995). The cochlea consists of a bony,



coiled tube that is subdivided into three fluid-filled compartments, namely the
scala tympani, scala vestibuli and scala media (Hall, 2000). The first two
compartmenté are filled with perilymph and the latter with endolymph. The
inward-outward motion of the stapes conveys the mechanical energy that
travels through the middle ear to the scala vestibuli. These pressure vibrations
are then transmitted from the base to the apex of the cochlea via the
~ perilymph of the scala vestibuli, through the endolymph of the scala media
until it reaches the perilymph ofthe scala tympani (Durrant & Lovrinic, 1995).
“The stimulus-related vibrations in the perilymph deform the flexible baéilar
membrane with a wavelike motion ...” (Hall, p. 37) called the travelling wave
(Durrant & Lovrinic). The Organ of Corti, which rests on the basilar
membrane, contains inner (IHCs) and outer hair cells (OHCs), which are
responsible for the enhancement of hearing sensitivity and frequency -
selectivity (Hall). The OHCs have active properties that increase the
mechanical energy within the cochlea, thereby inc'reasing the stimulus-specific
vibrations of the basilar membrane. The mechanical energy is transmitted to
the IHCs and hearing' sensitivity and tuning (frequency selectivity) are

enhanced (Hall).

Each region of the basilar membrane responds selectively to a narrow range
of frequencies (Abdala & Sininger, 1996). The tonotopic organisation entails
| mapping of the frequency of the sound wave to the place of maximum activity
within the basilar membrane (Bess & Humes, 1995). The primary determinant
of the tonotopic organisation is the stiffness of the basilar membrane (Durrant

& Lovrinic, 1995). The basilar membrane is stiffest and narrowest at the basal



area of the cochlea, which vibrates easiest at high frequencies and least stiff
in the wider, apical region, which can thus, vibrate more easily at low
frequencies (Durranf & Lovrinic). These properties explain why high frequency
stimulus frequencies cause maximum displacement at the base of the

cochlea, and low frequencies at the apex.

With respect to the inner ear, aminoglycosides may injure either the cochlea
or the vestibular system (Barc!éy & Begg, 1994; Bennett, 1996). The
aminoglycosides enter the inner ear fluids via the bloodstream and result in
intracellular biochemical and morphological changes of the cochlear OHCs
(Barclay & Begg, 1994). Aminoglycosides bind with iron, forming an oxidative
compound that contributes to the formation of free radicals, which are involved
in tissue damage in the body due to oxidative activities with proteins and other

targets (Halliwell & Gutteridge, 1986, in Hall, 2000).

Initial ototoxic effects of aminoglycosides occur in the OHCs and supporting
cells at the basal end of the cochlea, where high frequenéies are transduced
(Barclay & Begg, 1994; Hashino, Tinitan & Salvi, 1895; Henley, Weatherly,
Martin & Lonsbury-Martin, 1996). Damage progresses toward the apical
portion of the cochlea responsible for the processing of low frequencies with

prolonged use of aminoglycosides (Barclay & Begg, 1994; Hall, 2000).

This progression of damage was found animals (Hashino, et al., 1995; Kakigi,
Hirakawa, Harel, Mount & Harrison, 1888), as well as in humans (Hotz, Harris

& Probst, 1994; Stavroulaki, et al., 2002) receiving aminoglycosides.
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Therefore, the hair cells responsible for processing high frequencies are

affected first. The reasons for this pattern were explored in animal studies.

Wu et al. (2001) found that when all the OHCs of animal cochleas (adult mice
and rats) were équally exposed to aminoglycosides (kanamycin), the OHCs in
the basal area were affected before the apical ones. The authors speculated
that the basal OHCs might have an intrinsic susceptibility to ototoxic damage
(Wu et al.). A study by Sha, Taylor, Forge and Schacht (2001) reported similar
results with the cochleas of guihea pigs. They found that the survival of basal
OHCs was significantly improved by the addition of 'radicai scavengers. This
finding led them to speculate that the protection afforded by radical
scavengers implies that the accelerated death of basal OHCs is due to free-
radical damage. They, therefore, concluded that the basal OHCs seem to be
more susceptible to damage by free radicals, but the possible reasons for this

phenomenon are still elusive (Sha et al.).

As stated earlier, the OHCs responsible for analysing high frequencies are
damaged first when exposed to aminoglycosides (Henley et al., 1996).
Damage to hair cells diminishes the cochlea’s ability to perform a frequency
analysis on incoming sounds and reduces the sensory response for sounds of
low and moderate intensity (Bess & Humes, 1995). These ototoxic'effectsvin
the cochlea might remain undetected, and might not immediately result in a

noticeable hearing loss (Fausti et al, 1984).



1"

Changes in cochlear function due to OHC destruction are most likely
irreversible since it has not been firmly established that the cochlear hair cells
are capable of regeneration (Konrad-Martin et al., 2005; Probst, Harris &
Hauser, 1993). Research studies have provided evidence of some extent of
OHC recovery after exposure to ototoxic agents has been terminated in
animals {Nicol, Hackney, Evans & Pratt, 1992) and in humans (Dreschler et
al., 1985; Fausti et al., 1984; Voogt, 1987), but not to the same Eeve!ss of
functioning as before treatment started. Some researchers have found that
ototoxicity is reversible in more than half of all cases, when the ototoxicity is
detected early enough (before permanent, i.e., irreversible damage to the
cochlea has occurred) and appropriate steps are taken to reduce or terminate

medication (Barclay & Begg, 1994; Fee, 1980, in Voogt & Schoeman, 1996).

Hashino et al. (1995) and Marean, Cunningham, Burt, Beecher and Rubel
(1995) stated that, in avian ears, damaged hair cells are replaced by new hair
cells, but in mammals this hair cell regeneration fails to occur in vivo. It is
speculated that, at best, the human cochlear system has only a limited
capacity for recovering from severe hair cell damage (Probst et al). If
cochlear damage is not detected in a timely fashion, cumulativé and combined
effects of harmful influences causing severe damage to the cochlear hair cells
(outer and inner) can eventually lead to a permanent loss of hearing (Probst
‘et al.). Detection of communication deficits by individuals probably signifies a
marked hearing loss for frequencies between 250 to 8000 i—ié, the frequencies

generally considered to be essential for perception of speech (Kaiz, 2002).
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Risk factors for developing ototoxic hearing loss include genetic susceptibility,
poor nutrition, excessive noise ekposure, advanced age, pre-existing hearing
loss and vestibular dysfunction (Barclay & Begg, 1994; Sha & Schacht, 1997).
Previous aminoglycoside treatment is also an established risk factor for
ototoxicity (Barclay & Begg, 1994; Lerner & Matz, 1979). Ototoxic damage
also depeAnds on several other factors éuch as dosage in relation to weight,
and prolonged exposure to ototoxic medication (Lopez-Gonzalez, Delgado ‘&
Lucas, 1999). Concomitant treatment with ethacrynic acid or other nephrotoxic
drugs, as well as renal impairment, also increase the likelihood of ototoxicity,
as impaired renal function may lead to an accumulation of the aminoglycoside
in the body (Barclay & Begg, 1994; Lerner & Matz, 1979). Aminoglycoside-
induced nephrotoxicity is correlated with the duration of therapy and serum

concentrations in the blood (Barclay & Begg, 1994).

Due to inter-participant variability, even when all the risk factbrs for a given
patient are known, the degree of ototoxicity sriannqt be fully predicted
(Campbell & Durrant, 1993), as is the case with aminoglycoside-induced
nephrotoxicity. Aminoglycosides clear slowly from inner ear fluids, and
according to Roland (2004) and Wang et al. (1999) aminoglycosides can
remain detectable in cochlear hair cells from three months to one year after
administration of the drug. Therefore, damage to the auditory system can
continue even though drug admihistration has ceased (ASHA, 1994; Hall,
2000). This delay in onsef of ototoxic damage was demonstrated in an animal
study where Song et al. (1998) reported that progressive ABR threshold shifts

occurred in guinea pigs, which began after the cessation of kanamycin
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treatment. A study by Dulon (1993, in Hashino et al., 1995) similarly showed
that the clearance of aminoglycosides from the mammalian inner ear tissue
was slow with an estimated half-life of five to six months after gentamicin

treatment was stopped.

Therefore, careful monitoring of hearing and cochlear status is important for
purposes of hearing conservation during and after aminoglycoside treatment
(Lerner & Matz, 1979; ASHA, 1994). The only way to ensure that ototéxic
damage is not missed is to provide hearing testing for all individuals who are
treated with aminoglycosides. ASHA (1994) recommends follow-up testing for
at least six months after the cessation of aminoglycoside treatment in order to

assess possible long-term residual effects.

The number of a‘u,diological methods available for ofotoxicity monitoring is
increasing, but the relative sensitivity and specificity of each test for this
specific purpose is not well established (Campbell & Durrant, 1993). An
auditory monitoring procedure that permits early identification of OHC damage
due o ototoxiéity, prior toA participative detection by the patient, could
potentially prevent permanent hearing loss (Probst, et al., 1993). However,
hearing conservation is not alWays possible, e.g., when the cessation of
aminoglycoside treatment could be life threatening or when finances afe not
available to change treatment to a more expensive, but less ototoxic drug. In
these instances a sensitive test of OHC damage will allow more time for
counse!liné and management in preparation of an eventual hearing loss than

a test that identifies the damage -after the individual has started noticing
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changes ih hearing (Campbell & Durrant). In the case of MDR-TB patients,
preservation of life presumably supersedes the preservation of hearing, and
counselling prior to the development of a hearing loss might aid in the
acceptance process of the individual and his/her significant others, and

prepare the person with strategies to maximise communication.

In order to explore tests that detect hearing loss due aminoglycoside exposure
early, it is necessary to discuss sensitivity and specificity. Sensitivity refers to
the true positive rate, i.e., the percentage of positive results of all true positive
results, which is identified by a measure (Katzenellenbogen, Joubert & Karim,
1997), e.qg., tests of cochlear function. In other words, sensitivity refers to the
ability of a teét to detect the disorder that it was ciesigned to detect, expressed
as the percentage of positive results in patients with the disorder (Stach,
2003). Specificity refers to the true negative rate, i.e., the percentage of
negative test results of all true negatives (Katzenellenbogen et al.). Therefore,
specificity reflects a test's ability to differentiate between a normal condition
and “the disorder that the test was designed to detect” (Stach, p. 246). Test
performance for ototoxicity monitoring can be determined by examining the
sehsitivity and specificity obtained using a particular criterion threshold shift or
deterioration in cochlear function to identify ototoxic hearing loss (Konrad-.
Martin et al., 2005). The percentage of instances when individuals that exhibit
change in cochlear function are identified as showing change, using a
specified criterion shift, is a measure of that test’s sensitivity. Specificity or the
correct rejection rate refers to the percentage of times individuals with stable

or unchanging cochlear function are correctly labelled using the criterion shift.
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Sensitivity and specificity have relatéd diégnostic errors. Failure to correctly
identify change in cochlear function results in a misdiagnosis; diagnosing the
presence of cochlear abnormality when cochlear function is unaltered results
in a false positive. The likelihood of making diagnostic errors in ototoxicity
monitoﬁng depends on how a criterion threshold shift relates to normal test-
retest variability intrinsic to serial testing (Konrad-Martin et al., 2005). A
statistical method for examining test performance involves the construction of
receiver-operator characteristic (ROC) curves, in which hit rates for a range of
criterion threshold shifts or shifts in cochlear function can be plotted as a

function of the corresponding false alarm rates (Konrad-Martin et al.).

In order to monitor ototoxicity it is important that other possible causes of
decreased auditory function, e.g., middle ear problems, be ruled out (Konrad-
Martin et al., 2005). Due to the fact that ototokicity affects the cochlea, the
clinician must ensure that the hearir;g loss is sensorineural in natuze. As

sensitivity and specificity of the various tests are not well established, a test

battery approach is essential (ASHA, 1994).

In compiling a teét battery for ototoxicity monitoring, apart from the relative
sensitivity and specificity of the tests, costs of procedures should be
considered, as well as the cumulative cost of multiple procedures and_ multiple
test sessions. Individuals receiving ototoxic medication are frequently
seriously ill, as is often the case with individuals with MDR-TB, thus, extensive

testing might be too stressful (Campbell & Durrant, 1993). Therefore, one
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needs to consider the most humane method(s). It is important that the
selected test(s) yield the maximum useful data with the least cost and stress
to the patient. The cost of the equipment, ease of use and applicability in the
clinical environment are also factors that must be taken into account when
compiling a test battery for ototoxicity monitoring. In addition, South Africa’s
developing natidn context must also be considered, where resources for
hearing testing are considered a luxury relative to other more immediate
needs or healthcare costs. Factors like the length of the test, the level of
participation required from the individual need to be considered. It is also
important that the test(s) detect OHC damage early (Probst, et al., 1993),
before the individual detects the damage, i.e., by experiencing hearing loss

due to speech perception being affected.

Hearing loss can affect an individual's quality of life. In the United States of
America (USA), a survey was conducted to determine the effect of
communication disorders on the US economy, as well as the cost of lost or
degraded employment for people with such disorders (Ruben, 2000). it was
found that 36% of ihdividuals with hearing difficulty were unemployed in
comparison to an unemployment rate of 25% for individuals with no déisabi!ity
(Ruben). According to Ruben, communication disorders will become a major
public health concern in the 21Si century, because untreated communication
disorders will adversely affect the economic well-being of a society that
functions primarily on communication. Over time, a shift from manual labour to

communication-based employment was reported in the USA, and will continue
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during the 21% century (Ruben) and one can argue that a similar trend may

develop in South Africa.

Miyakita, Ueda, Zusho and Kudoh (2002) found that a relationship exists
between hearing loss and determinants of quality of life. Their study included
210 participants who had to complete a scale on hearing disabilities and
handicap, and answer questions regarding quality of life. The results indicated
that, regardless of the aetiology and type of hearing loss, hearing-impaired
individuals are likely to suffer from anxiety, lack of self-confidence, depression
and/or social isolation (Miyakita et al.). Similarly, Cohen, Labadie, Dietriéh and
Haynes (2004) found that hearing impairment impacted negatively on social
function, emotional state and communication. Their results also indicated that
~ individuals with more significant hearing loss experience greater impairment in
their quality of life (Cohen et al.). According to Mulrow, et al. (1990) the ability
to cémmunicate is of vital importance to quality of life, especially for social

interaction.

Herbst (1983, in Cohen, Labadie, Dietrich & Labadie, 2004) found that the
hearing impaired adults with untreated hearing loss were more likely to suffer
from sadness, depression, anxiety, social isolation and insecurity than those
whose hearing loss has been treated. This author concluded that
management of hearing loss waé directly associated with quality of life.
Therefore, even in the case of individuals where permanent hearing loss due
to aminoglycoside exposure cahnot be avoided, early detection of cochlear

damage is important to enhance quality of life with timely intervention.
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Ototoxic hearing loss may go undetected by the individual until a
communication problem develops, signifying a hearing loss within the
frequency range important for speech perception (Fausti et al., 1984; Katz,
2002; Konrad-Martin et al., 2005). Due to the fact that symptoms of ototoxicity
are poorly correlated with variables like drug dosage and peak serum levels,
early detection of ototoxicity is only possible by monitoring auditory function
directly (Konrad-Martin et al.). Early identification of ototoxic damage can
improve treatment outcome by preventing or minimising hearing loss (Konrad-

Martin et al.). -

Various protocbls for monitoring ototoxicity can be found in the literature
(American Speech-Language-Hearing Association (ASHA), 1994, Fausti et
al., 1984; Lerner & Matz, 1979). ASHA, Fausti et al. and Lerner and Matz
recommend conventional audiometric testing between 250 to 8000 Hz to
monitor ototoxicity. ASHA recommends that frequencies above 8000 Hz
should also be measured, to allow for detection of hearing loss in this
frequency region. High frequency pure tone audiometry (frequencies >8000
Hz) presents challenges in the South African context, though, and these
challenges will be discussed later. According to ASHA, and Lemer and Matz,
a baseline should be determined before, or within the first three days of the
treatment course.. Fausti et al. (1984) recommended that a baseline must be
obtained before, or within the first 48 hours after initiation of {reatment. No
clear rationale for Why monitoring has to be initiated within the stated number

of hours after the start of ototoxic drug administration is provided in any of the
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abovementioned literature. Commencement of ototoxicity monitoring should

be related to when a drug begins to have an impact on cochlear function.

Research in animals indicated that the occurrence of ototoxicity due to
kanamycin treatment in an animal study (rats) in male rats was seen as early
as Day 10 of Treatment, and at Day 22 in female rats, as measured by
distortion product otoacoustic emission thresholds and absolute amplitudes
(Mills, Loos & Henley, 1999). Ototoxic damage in all ears waé noted first in the
higher freduencies. Hashino, Tinitan and Salvi (1995) used scanning electron
microscopy to detect OHC loss in chicks after sik days of kanamycin
treatment. Similar studies on humans are needed with different

aminoglycosides to accurately determine when cochlear damage occurs.

Suggested hearing test intervals during aminoglycoside treatment vary from
two to three days (ASHA, 1994, Fausti et al., 1984) to once a week (Lerner
and. Matz, 1979). Fausti et al.’s protocol suggests that the testing interval
should be increased to once weekly, then twice monthly, thereafter once
monthly after the initial administration period. They do not specify when one
must change from one test interval to the nex{, though. If any hearing changes
~are detected the schedule should be reverted to the initial test interval of 2 to

3 days (ASHA; Fausti et al).

Post-treatment audiological evaluations are recommended on completion of
treatment and 4 to 6 weeks after treatment Fausti et al. (1984). ASHA (1994)

recommends that conventional pure tone audiometry should be done as soon
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as possible after treatment has been discontinued and at approximately 3-
and 6-months intervals after the cessation of aminoglycoside treatment to
assess possible long-term residual effects. As is noted in the above

discussion, no one agreed protocol for ototoxic monitoring currently exists.

Apart from the fact that a universal protocol for ototoxicity monitoring does not
exist (Vasquez & Mattucci, 2003), a standard definition of what constitutes
change in hearing threshold due to ototdxicity is currently lacking. The
minimum criterion for detecting hearing sensitivity change due to ototoxicity
recommended by Fausti et al. (1984) is a decrease in any audiometric
threshold of 10 dB HL. ASHA (1994), however, proposed three criteria in
ototoxicity monitoring to indicate what constitutes a hearing loss as
determined with pure tone audiometry: “a) 20 dB HL decrease at any one test
frequeﬁcy, or b) 10 dB HL decrease at any two adjacent test frequencies, or ¢)
loss of response at three consecutive test. frequencies where thresholds were
previously obtained (specifically the highest frequencies tested)” (p. II-54). it is
important that the detected change is confirmed by repeat testing (ASHA,
1994). The criteria for a c!inically significant hearing change suggeéted by
ASHA (1994) are based on results of large clinical research studies, reported |
normal test-retest variability in healthy subjects not receiving ototoxic drugs,
and to a limited extent on ROC curves constructed for pure tone threshold
shift daté obtafned in drug- or noise-exposed individuals (Konrad-Martin et al.,
2005). However, the data obtained from drug-exposed individuals are limited
(Konrad et al.). Similar evidence is not available for the criteria suggested by

Fausti et al.
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Although the ASHA guidelines have been implemented in many clinical
settings, these criteria are not standard (Konrad-Martin et al., 2005). In order
to standardise criteria for hearing loss due to exposure to ototoxic drugs that
are universally accepted, statistical methods will need to be employed to
compare pure tone thresholds of patients receiving ototoxic drugs with that of
control patients who receive non-ototoxic medication (Konrad-Martin et al.). In
order to achieve this, a large-scale longitudinal study is necessary that could
be costly, time-consuming and logistically difficult. This could be a reason why

standardised criteria for ototoxic hearing loss do not currently exist.

The following discussion will concentrate on tools that can be used to
measure ototoxicity. Until recently, ototoxicity could only be monitored by
conventional pure tone audiometry, between the frequencies of 250 and 8000
Hz. Conventional pure tone testing’s popularity was based on the relative
.ease of the test, the relatively low cost of equipment and the fact that the

equipment and norms are readily available (ASHA, 1994).

In determining pure tone thresholds, the audiologist relies on the behavioural
responses of the patient, which may not always be accurate (Gelfand, 1997).
Individuals receiving ototoxic medication are often too sick to éoncentrate for
the required period of time (approximately ten mi‘nutes)’ and could, therefore,
yield unreliable behavioural responses (Konrad-Martin et al., 2005). Pure tone
testing with sick individuéls can be a time-consuming procedure (Vaughan et

al.,, 2002) because of the unreliable behavioural responses (Vasquez &
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Mattucci, 2003). This test does not include all the frequencies that the cochlea
can process, but only those frequencies important for speech perception
(Katz, 2002). For efficient ototoxicity monitoring, it is important to detect OHC
damage before the range of speech frequencies is affected, therefore, before
the individual's speech perception is affected (Fausti, et al., 1984; Konrad-

Martin et al.).

Generally, detection of a change in cochlear function with the use of
conventional audiometry only occurs when irreparable damage to the OHCs
responsible for processing the high frequencies has occurred (Vasquez &
Mattucci, 2003; Voogt & Schoeman, 1996), because it does not include the
ultra-high frequencies above 8000Hz (Voogt, 1987). As mentioned, ototoxic
substances first causé a decline in the high-frequency hearing range above
10kHz (Barday & Begg, 1994; Dreisbach & Siegel, 2001). By the time that
cochlear damage is visible on a conventional pure tone audiogram, valuable
time for preventative measures has been lost (Stavroulaki, et al., 1999).
Permanent cochlear damage may be prevented with regular monitoring of
high frequency hearing sensitivity (i.e., hearing >8000Hz) (Voogt &

Schoeman).

In animal studies, varying the frequency stimulus parameter seems to be a
contributing factor to the sensitivity of detecting the presence of ototoxicity.
Osako et al. (1979, in Aran, Erre, Da Costa, Debbarh, & Duilon, 1999) found
that 15% of rats exhibited ototoxicity due to treatment with kanamycin, as

measured with auditory brainstem response recordings (ABR) using an 8 kHz
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tone burst. The presence of ototoxic damage was noted if ABR thresholds
were significantly elevated after exposure to kanamycin in comparison to the
baseline measurement. By using a 16 kHz tone burst, 55% of rats displayed

ototoxicity (Osaka et al., 1979).

High frequency audiometry (HFA) constitutes the means of evaluéting
cochlear functioning between 8 and 20 kHz by obtaining behavioural auditory

thresholds of pure tone frequencies (ASHA, 1994).

Dreschler et al. (1985) reported that more participants were identified with
hearing loss due to ototoxic damage with HFA (68%) than with conventional
pure tone audiometry (44%) in their study. Fausti, Frey, Henry, Olson &
Schaffer (1993) found similar results in the 131 ears they studied, on which
they reported 62.5% of ears having ototoxic damage as detected by high
frequency audiometry. Voogt_and Schoeman (1996) found no abnormal
cochlear functibn (thus, hearing of all 92 participants were normal) when
conventional pure tone audiometry was used to monitor the hearing of
participants with TB who were exposed to kanamycin or streptomycin. HFA,
however, revealed a significant difference between their participants’ baseline
- and final audiograms at the highest frequencies where thresholds could be

obtained. However, the actual difference in dB was not provided.

It is evident from the preceding discussion that HFA has been established as
a more sensitive method for early detection of cochlear damage due to

ototoxicity than conventional pure tone éudiometry {Dreschler et al., 1985;
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Tonndorf & Kurman, 1984, Voogt & Schoeman, 1996), because it detects a
higher numbers of ears with abnormal cochlear function. HFA also detects
cochlear damage earlier than pure tone audiometry (Fausti et al., 1984; Voogt
& Schoeman). The ASHA guidelines (1994) for ototoxicity monitoring
emphasize the increased tést sensitivity achieved by using high-frequency
audiometry monitoring to detect ototoxicity. Test-retest differences for high-
frequency threshélds using modern equipment are generally reported to be
within 10 dB for frequencies between 8 kHz and 14 kHz (Konrad-Martin et al.,
2005). Therefore, HFA could potentially assist in preventing or minimising
ireversible cochlear damage in patients receiving aminoglycosides. If
ototoxicity could be detected before it progresses to involve the frequencies
essential for communication, it might be possible for the medical practitioner
to lower the dose or chan{:;e to another antibiotic to prevent a permanent
hearing loss that might impact on an individual's communication ability

(Vasquez & Mattucci, 2003; Voogt & Schoeman).

HFA is not without disadvantages. A problem with HFA is that special
audiometers and transducers are needed that are capable of producing high
frequency stimuli with the necessary amplitude and fidelity, and still
maintaining a reasonably flat frequency response curve (Voogt, 1987). The
equipment is mére expensive than standard audiometers and transducers,
which is challenging in a count}y like South Africa where healthcare resources
are limited. Another disadvantage is that high frequency audiometry cannot be
used to the exclusion of conventional pure tone audiorhetry, because normal

or unchanged high frequencies do not guarantee unchanged thresholds in the
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Measurement bias refers to methods employed that can influence the results
in agé/ystematic way (Katzenellenbogen et al., 1997), and relates to the
previéus explanation. Measurement error could potentially be problematfc in
individuals with TB, because they cough, and therefore, generate noise. in the
case of a high noise floor, OAEs can seem to be absent, but are actually
obscured by the noise floor. Therefore, measurement of OAEs was stopped
during coughing, and resumed only wheh coughing subsided. A set criterion
of an average noise floor of < -10 dB SPL was used when measuring

DPOAESs in all participants before stopping the recording, in order to minimise

the possibility of measurement bias.

Selectioh bias exists if the participants included in the study are not
representative of the population from which they were selected
(Katzenellenbogen et al.,, 1997). The current study included hospitalised
individuals with TB who had normal hearing and received aminoglycosides.
Therefore, the sample is not representative of all individuals with TB receiving
aminoglycosides, because individuals with existing hearing loss at the start of
the study were not selected. This fact has to be borne in mind in the

interpretation of the results and conclusions drawn from this study.

Ethical considerations
Ethics approval was obtained from the Research Ethics Committee, Faculty of -
Health Sciences, University of Cape Town before initiating the study.
Permission from the superintendent of the hospital and written informed

consent was obtained from participants prior to data collection.
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Autonomy refers to the competent individual's right to self-determination
(Katzenellenbogen et al,, 1997). Providing the participants with adequate
information to give informed consent to participate in the study adhered to this
principle of autonomy, and safeguarded their freedom of choice. In order to
facilitate uhderstanding of the study, information was presented in the first
language of the participant. Participants were given the 6pportunity to ask for
clarification at any time during the study. It was also explained to the
participant that participation in the study was voluntary and that he/she could
withdraw at any stage of data collection. The partiéipants were informed that
refusal to participate in or withdrawal from the study would not affect their
management at the institution. Each participant was required to sign a

consent form if he/she agreed to take part in the study.

The ethical principle of beneficence requires that the actions of the res‘eavrcher
are aimed at improving the well-being of the participant (Katzenellenbégen et
al., 1997) and minimising harm (MRC, 2002). The participants were informed
that if they developed cochlear damage due to aminoglycoside treatment; the
damage could possibly be detected earlier while participating in the study
because: 1‘) the monitoring interval of the study (once every two weeks) was
shorter than the routine interval at the hospital (once a month) and (2) the
DPOAE measurements used in the study could potentially be more sensitive
to cochlear damage than the conventional pure tone audiometry used at the

hospital. Thus, as soon as abnormal cochlear function was detected with
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DPOAESs, the participant was referred to the relevant doctor to consider

alternative management.

Non-maleficence is the principle that refers to the researcher’s obligation to
not do harm (Katzenellenbogen et al., 1997). No procedures were used that
could harm the participants, and all tests were non-invasive. All necessary
equipment e.g., probe tips and eafphones were cleaned with alcohol swabs
after use with each participant {(according to hospital protocol), to ensure that
bacteria were not spread from one participant to the next. The researcher

washed her hands with an antiseptic agent for the same reason.

The ethics principle of justice can be interpreted to mean a fair distribuﬁon of -
benefits of the research (Katzenellenbogen et al., 1997). This principle “also
leads to the interpretation that all who stand to benefit from the research
should contribute to its risks and discomforts” (Katzenellenbogen et al.). This
study included all individuals at the age of 18 or older with normal hearing that
received aminoglycoside treatment during the period of data collection that
consented to participating'. Younger participants were not included in this
study, due to difficulty obtaining proxy éonsent from parents or guardians. The
institution in the study was chosen because most MDR-TB patients receiving
long-term aminoglycoside treatment are hospitalised and are at risk of

developing hearing loss.

Confidentiality was respected at all times and all details and results of

participants were kept confidential and anonymous by assigning a number to
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each participant. This number was used on all documentation pertaining to the
study. Identifying information was only known to the researcher, and was kept
separate from collected data in a locked filing cabinet in the researcher’s
office. The researcher also assured the participants that no identifying
information would appear in any publication or presehtation forthcoming from

this study.

Researcher experience implies that the researcher is competent to conduct
the research (MRC, 2002). The researcher was professionally qualified as an
audiologist, and had sufficient theoretical and clinical expertise to conduct the
research. The researcher acted in an accountable and responsible manner,

and upheld professional standards.

Data analysis
Quantitative analysis
Pure tone thresholds were manually entered into MS Excel spreadsheets fer
ease of analysis. DPOAE results were converted from MS-DOS spreadsheets
into Excel spreadsheets in order to facilitate ease of data analysis. The

software SPSS v.9.0 was used for quantitative analysis.

Descriptive statistics (mean, mode and standard deviation) for the pure tone
thresholds, DPgram absolute amplitudes, DP /O functions and thresholds for
all test intervals were calculated sepa‘rate!y. Thereafter all the data was
analysed to determine normal distribution, using skewness and kurtosis

measures.
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The DP 1/O function slopes were calculated at each frequency by dividing the
change in DPOAE ampilitude (from one stimulus intensity level to the next
one) by the increase in stimulus intensity, i.e., 5 dB SPL. The formula used
was therefore: A DPOAE amplitude + 5. The calculated slopes were plotted as
line graphs.

The results of left and right ears for all the audiological mea;ures were
compared to determine whether results were different for the two ears. The
Wilcoxon signed ranks test determines the relative magnitude of differences
within pairs (Siegel & Castellan, 1988), and was therefore, suited to compare

results of the two ears.

The pure tone thresholds, DPgrams and DP I/O functions were compared to
determine whether any of these measures of auditory function deteriorated
significantly over time. Statistical analysis included the Friedman ANOVA test,
which tests the null hypothesis that the k repeéted measures or matched
groups come from the same population (Siegel & Castellan, 1988). For each

case, the variables were then ranked.

The ears that developed hearing loss over time were compared with those
that did not, to determine whether there was a difference between the
changes in pure tone thresholds of these two groups. The Mann-Whitney U
test is able to determine wh‘ether two groups differ from .one another (Siegel &

Castellan, 1988), and was therefore, used.
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The three audiological measures were compared post hoc to determine which
one contributed to the statistically significant difference obtained in the
number of ears in which cochlear abnormalities were detected. The Wilcoxon
signed ranks test was used because it allows one to determine which member
of a pair is “greater than” the other, in other words it is able to indicate the sign

of difference between any pair (Siegel & Castellan, 1988, p. 87).

A significance level of .05 was used for all of the abovementioned statistical
tests. The Bonferroni method was used to correct the significance levels when
multiple comparisons were made with one data set, in order not to violate
assumptions regarding the alpha level due to multiple comparisons. Corrected
significance levels were obtained by multiplying thé original significance level
with the number of comparisons that were made (Dr. S. Isaacs, personal

communication, July 2004). |

Nafure of trends in cochlear function

The data were subjected to descriptive analysis to determine whether any
trends were visible relating to thé changes over time in pure tone thresholds,
- amplitudes of DPgrams and DP /O function, as well as in DP I/O thresho|ds.
The DP /O Vresults were also examined with regard to the frequency and
stimulus parameters to see whether patterns indicating cochlear abnormality
Vcould be detected in order to reduce the testing time. DP /O function slopes

were visually examined fo determine whether trends emerged that
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corresponded with or were contrary to previous findings (Dreisbach & Siegel,

2001; Kummer et al., 1998; Popelka et al., 1993; Stover et al., 1996)
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Results

The results will be described in accordance with the aims of the study. Firstly,
the nature and presence of auditory function (hearing loss and abnormal
coc;hlear function) during streptomycin or kanamycin treatment as shown with
pure tone audiometry, DPgram absolute amplitudes and DP 1/O function
thréshotds will be examined. Secondly, differences in sensitivity among the
conventional pure tone audiometry, the DPgram absolute amplitudes and DP
I/0 function thresholds with regard to time of detection of ototoxicity, as well
as number of ears with abnormal cochlear function will be presented. The DP
/O function slopes will then be examined for trends, i.e., whether the slopes
are compressive or linear. Next, the DP /O function will be examined to
determine whether certain test parameters (stimulus frequency and intensity)

contribute to creating a DP /O function préfile of ototoxicity.

Treatment of data
All the data were tested for normality. The data were positively skewed
(Sprinthall, 1987), and was thus, not normally distributed (see Appendix B1 &
B2). According to Tabachnick and Fidell (2001), transformation often hinders
interpretation if the variable is measured in a scale that is not meaningful or
widely used, which was the case with the measurements in this study. Hence,
transformations were not done, because clinicians find it difficult to read
transformed data (Dr. S. Isaacs, personal communication, March 2004).

Therefore, non-parametric statistics were used to analyse the data.
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In order to exclude pre-existing cochlear abnormalities, results of the total
number of 34 ears were examined. Seventeen ears yielded amplitudes at
Week 0 that were below the ﬁorm for either the DPgram absolute amplitudes
or DP 1/O function absolute amplitudes, and were excluded from the analysis.
In some cases, only one ear of a participant vielded abnormal results, and
only the abnormal ear was excluded. As a resu!;t, 17 ears (12 subjects)
remained for analysis. This is a limitation of the study that should have been
considered as part of the subject selection criteria in order to have a larger

sample size.

Comparison of the left and right ears in all tests
The pure tone thresholds, DPgram absolute amplitudes and DP /O function
absolute amplitudes were statistically compared with the Wilcoxon signed
ranks test to determine whether there was a difference between the left and
right ears for each of the three tests. This comparison was done in order to
determine whether the results of individual ears could be presented without
regard for laterality. The Bonferroni method was used to correct the
significance levels, as multiple comparisons were made with one data set, i.e.,
the left and right ears of the pure tone thresholds, DPgram absolute amplitude
and DP 1/O function thresholds were compared for each test individually
(Wallenstein, Zucker & Fleiss, 1980). The Wilcoxon signed ranks test showed
that the performance of the right and left ears did not differ significantly for the
pure tone thresholds (p > .016) (see Table 5 for details of perfqrmance on .
pure tone thresholds), 'DPgram absolute amplitudes with p > .016 (Table 6)

and DP 1/O absolute amplitudes (p > .016) (Tablé 7) respectively, except for
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the pure tone thresholds at 4000 Hz at Week 2 (Z = -2.2; p = .00), and four
instances out of 210 in the DP /O absolute amplitudes (818 Hz at Week 0,
with stimulus intensity of 75 dB SPL; 1636 Hz at Week 4, with stimulus
intensities of 45 and 50 dB SPL; 4919 Hz at Week 2, with stimulus intensity of
45 dB SPL). The statiétically significant differences in the pure tone threshold
and DP 1/O absolute amplitudes appeared to occur fandomly, i.e., without any
clear pattern. Thus, the results of the pure tone thresholds, DPgram absolute
amplitudes and DP I/O function thresholds will be presented without reference

to the laterality of the ear.

Table 5. Differences in pure tone thresholds between the left and right ears

over the 8-week period

. Wilcoxon's signed ranks test

Week 0 2 4 6 8
Frequency {Hz) V4 p V4 p V4 p 4 p z p

250 06 16  -04 21 11 09 -1.1 0.8. -1.3 086
’ 500 -10 1.0 -1.0 1.0 -08 1.2 -1.0 1.06 -1.3 05
1000 0.00 30 0.00 30 0.00 30 0.00 30 0.6 1.7
2000 -04 20 0.00 3.0 -1.0 1.0 04 20 0.00 30
4000 07 14 22 .00 -1.5 04 01 27 -1.9 0.02
8000 -1.9 0.2 04 22 -1.0 1.0 06 16 02 26

Bonferroni method correction: a = .016

Note: Bold p <.016, i.e., statistically significant
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Table 6. Differences in DPgram absolute amplitudes between the left and

right ears over the 8-week period

Wilcoxon signed ranks test

Week 0 4 6 8
Frequency (Hz) V4 p Z P Z p Z p Z p
818 -0.28 233 -140 049 -051 183 -028 233 -063 1.59
1038 092 107 -024 244 -041 204 -066 1;53 -1.01 093
1306 -069 148 -045 196 -010 275 -041 205 -0.21 250
1636 045 196 -062 161 -1.24 064 -0.16 263 -1.50 0.40
2063 -0.31 227 -028 233 -1.06 087 -047 191 -1.01 093
2600 -043 201 -137 051 -065 154 -0.09 277 -1.82 0.21
3284 -0.78 130 -064 157 -013 269 -060 1.65 -143 046
4126 -1.02 093 -050 18 -1.09 083 -022 248 -1.22 066
5200 -220 0.08 -031 227 -119 070 -1.22 0.66

-0.02 2.94

Bonferroni method correction: a = .016

Note: Bold p = .016, i.e., statistically significant



69

Table 7. Differences in DP I/O function absolute amplitudes between the left

and right ears over the 8-week beriod

Wilson's signed ranks test

Week 0 2 4 6 8

Frequency  Intensity

(Hz) (dB SPL) z p z p z p z p z p
818 75 -284 000 047 064 045 065 -108 028 -055 058
70 -659 008 -085 233 -124 204 -231 133 -1.78 1.66
65 -362 068 -220 139 -1.09 215 -348 074 -220 1.39

60 434 044 -064 249 147 187 -254 119 -199 152
55 -348 074 -206 148 124 204 -085 233 -451 040
50 0.78 238 -327 083 -093 227 -3.01 094 -367 066

45 -0.78 238 -021 283 -186 160 -028 277 -55 0.19

1636 75 -212 003 -1.78 007 -204 004 -003 097 122 0.22
70 -5.43 0.21 -3.34 080 -520 025 -198 153 -325 084
65 -5.47 0.21 -0.50 2.61 -3.26 083 -104 219 -3.04 093
60 -3.26 0.83 | -1.35 196 -2.87 1.02’ -165 1756 -357 070
55 -1.78 166 -031 275 0.00 3.00. -292 098 618 0.12
50 -1.99 152 -279 106 -9.23 0.01 073 242 618 012

45 -447 041 -178 166 -853 001 -199 152 -3.67 0.66




Table 7. (cont.)
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Wilson's signed ranks test

Week 4
Frequency  Intensity

(Hz) {dB SPL) z p z D z D z p z p

2454 75 -1.14 026 064 052 -062 053 -047 064 045 065
70 -3.10 090 -092 227 419 049 031 275 241 126
65 -277 107 -016 288 -411 051 -612 012 -336 079
60 -1.21 206 107 217 -365 067 -7.068 008 -042 267
55 -050 261 -450 040 -140 192 -38 059 -388 0.59
50 -220 139 -412 051 -093 227 -235 130 -283 1.04
45 -518 025 -263 114 -543 021 -075 241 -367 066

3284 75 -1.01 031 -021 083 -036 072 -141 016 -003 0.97
70 -264 114 007 294 -233 131 443 042 -115 210
- 65 -0.50 261 -078 238 -155 182 -292 099 -042 267
60 -0.07 294 -163 176 -016 288 -009 292 -220 1.39
55 -0.14 289 -334 080 -287 102 -480 033 -1.89 1.59
50 -1.07 217 -043 266 -062 251 -6.50 0.09 -031 275
45 -1.42 191 192 157 -256 118 -6.87 007 -4.09 0.52

4102 75 -1.88 0.06 -036 072 -003 098 -113 026 -017 0.86
70 -372 064 178 166 -039 269 -574 017 -451 040
65 277 107 092 227 -411 051 -443 042 -409 0.52
60 ' -1.42 191 099 222 -209 146 -3.86 059 -577 0.16
55 628 011 -2.84 103 -248 122 -430 046 -577 0.16
50 241 126 -007 294 -458 038 -1.13 212 -1.57 1.80
45 -1.63 176 -249 122 -372 084 -292 099 -0683 250

4919 75v 010 092 -1.40 016 -1.14 026 -1.88 0.06 -1.47 0.14
70 -1.78 166 -504 028 -256 1.18 -452 040 -3.67 066
65 050 261 -405 053 -155 182 -066 248 -503 028
60 -1.07 217 036 272 -310 090 -066 248 -514 0.26
55 -0.28 277 482 037 559 019 -537 022 -506 0.27
50 -1.78 166 -206 148 -310 090 -518 025 -0.52 258
45 -1.92 157 -852 001 605 013 -094 226 -577 0.16

the: Bold p < .016, i.e., statistically significant; Bonferroni method correction: a = .016
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Presence and nature of auditory dysfunction
Pure tone thresholds
Frequency of hearing loss as depicted by pure tone thresholds

At the end of the eight-week period, 6 (35%) of 17 ears (i.e., 3 of the 12
participanfs) demonstrated binaural sensorineural hearing losses. The degree
of hearing loss ranged from slight for one participant (20 dB HL) to moderate
to severe for two participants (one with 60 dB HL at 8000 Hz, and one with a
flat hearing loss with a pure tone average of 60 dB HL). See Table 8 for
details. The hearing sensitivity, as measured by pure tones, for the other nine

participants remained within normal limits over the eight-week test period.

Table 8. Pure tone threshold changes over eight weeks in participants with

hearing loss

Pure tone decrease (dB)

Right ear Left ear

Frequency 250 500 1000 2000 4000 8000 250 500 1000 2000 4000 8000
(Hz)

Participant
A 0 15 0 0 0 50° 15 10° 0O 0 0 50°
B 10" 10° 0O 0 5 10 10" 10° o 5 10 5
c 50° 45° 45° 45® 60° 65° 60° 55" 50° 45° 65° 70°

Note: Bold indicates clinically significant pure tone threshold changes as per ASHA criteria
(1994) for determining clinically significant hearing loss in ototoxicity monitoring:
(a) a 20 dB decrease at any one test frequency, or
(b) a 10 dB decrease at any two adjacent test frequencies, or |
~ (c) loss of response at three consecutive test frequencies where responses were

previously obtained.
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The nature of pure tone threshold changes over the eight-week period
All participants

Hearing sensitivity as a function of pure tone thresholds revealed the
following:

The mean pure tone thresholds appeared to deteriorate over the eight-week
test period (see Table 9), with the mean hearing thresholds at Week 8 being
worse at all frequencies relative to those obtained at baseline. The decrease
in the mean pure tone thresholds was not clinically significant, according to
ASHA's guidelines for monitoring otbtoxicity (1994). However, it is wqrth
noting that all the mean thresholds had been within normal limits at baseline
(see Table 9). By Week 6, however, the pure tone thresholds at 4000 and
8000 Hz were elevated to 17 dB HL and 21 dB HL, respectively, which
exceeded the normal limit of 15 dB HL (Clark, 1981, in Katz, 2002). This
deterioration in pure tone thresholds with exposure to aminoglycosides was

not statistically significant (see Table 9).

Table 9. Mean pure tone thresholds over the 8-week period for all participants\

Mean dB SPL (SD) Friedman's ANOVA
Week 0 2 4 & 8 F  df »p
Frequency
(Hz)

250 10(1) 11(2) 12(5) 15(12) 18(19) 39 4 42
500 10(0) 10(0) 11(4) 14(11) 18(18) 67 4 15
1000 10(0) 10(0) 10(0) 12(4) 16(17) 4.0 4 41
2000 10(1) 10(1) 10(0) 13(7) 16(16) | 5.5 4 23
4000 10(7) 11(2) 11{4) 17(19) 20(23) 9.0 4 .06
8000 12(7) 12(2) 19(4) 2119 21(23) 40 4 41

Note: Bonferroni correction: a = .016, N = 17
Underline indicates clinically abnormal pure tone threshold (Clark, 1881, in Katz, 2002)
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Participants with hearing loss
In order not to mask the results of the three participants who developed a
hearing loss as measured by pure fone thresholds, their results were
extracted from those whose hearing sensitivity remained within normal limits.
Thus, what follows is a description of the hearing sensitivity changes in those

who developed a hearing loss with exposure to aminoglycosides.

Presence of cochlear function abnormalities as depicted by DPgram absolute
amplitudes

By Week 2 examination of the results revealed that 2 of the 17 ears (12%)
displéyed ototoxic hearing loss, as per ASHA (1994) guidelines (see Table
10). By Week 8, the pure tone thresholds of 6 ears (35%) showed ototoxic
hearing loss, indicating deteriorating cochlear functioning over time wiih

exposure to aminoglycosides.
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Table 10. Cochlear abnormalities across frequencies as detected by pure

tone thresholds
Participant’s ear where cochlear abnormalities were
detected over time
Total ears
per
Week 2 4 6 8 frequency
Frequency
(Hz)
250 71 A12r 121 8r 8l 5
500 12r 121 8r 8l 4
1000 8r 8l 2
2000 8r 8l 2
4000 8r 8l 2
8000 r7l 8r 8l 4
Number of
new ears 2 2 0 2
Cumulative
number of
ears | 2 4 4 6

Note: # = Participant number

r =right ear; | = left ear

Inspection of the participants’ pure tone thresholds (refer to Table 8) revealed

that the deterioration of thresholds in the six ears was clinically significant over
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time (ASHA, 1994). All the mean thresholds had been within normal limits at
baseline (see Table 11). However, by Week 2, the mean pure tone threshold.
at 8000 Hz was elevated to 19 dB HL, which exceeded the normal limit of 15
dB HL (Clark, 1981, in Katz, 2002). By Week 8 the pure tone thresholds at all
frequencies exceeded the normal limit. The difference between their
thresholds af baseline and at Week 8 was statistically significant at all
frequencies (p < .05), excepi for 1000 Hz (seev Table 11 for details on

Friedman’s ANOVA).

Table 11. Mean pure tone thresholds over the 8-week period of ears with

" hearing loss

Mean dB SPL (SD) Friedman's ANOVA
Week 0 2 4 6 8 F df p
Frequency
(Hz)

250 10(1) 125(3) 18(8) 24(18)35(26) 115 4 .02
500 10(0) 10(0) 18(7) 24(15)34(22) 189 4 .00
1000 10(0) 10(0) 10(0) 14(7) 26(27) 8 4 .09
2000 10(0) 10(0) 10(0) 17 (12)26(25) 107 4 .03
4000 10(1) 10(0) 13(6) 28(32)35(37) 134 4 .01

8000 10(0) 19(14) 48 (34) 52 (36) 52(31) 18.4 4 .00

Note: Underline indicates clinically abnormal pure tone threshold (Clark, 1981, in Katz, 2002)

Boldp<.05N=6
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Comparison of the pure tone thresholds in ears with and without hearing loss

At Week 8 mean pure tone thresholds in the nine ears that did not acquire
hearing loss ranged from 16 to 21 dB HL (see Table 9 for details of mean pure
tone thresholds), and in the six ears that developed hearing loss it ranged
from 26 to 52 dB HL (see Table 11 for details of pure tone thfesholds in ears
that developed hearing loss). The difference in mean thresholds between
those ears that acquired hearing loss by Week 8 and those that did not, was
statistically significant, Mann-Whitney U test (p < .05) at all frequencies (see

Table 12).

Table 12. Difference in mean hure tone thresholds at Week 8 between ears

with and without hearing loss

Mann-Whitney test
Week 0 | 2 4 6 8
Frequency
(Hz) z p z p z p z p zZ p

250 05 6 26 0 25 0 041 2 34 .0
500 00 10 00 10 3 .0 00 .2 34 .0
10000 00 10 00 10 0 10 00 2 22 .0
20000 07 5 07 5 0O 10 01 5 24 .0
4000 14 2 10 3 2 4 01 2 29 0

8000 1.8 .1 1.1 3 26 .0 0.0 .1 25 .0

Note: Bold p < .05

The z-scores were derived from the Mann-Whitney U-statistic, as per SPSS v.9.0.
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DPOAE measures

Noise floor

The DPgram and DP /O function noise floor levels for all tests (Weeks 0 to 8)
were not statistically significant at all frequencies, Friedman's ANOVA (p >
.05). See Appendix C for the details of the statistical comparison between the
noise floor levels as recorded during DPgram measurement and Appendix D
for details on the noise floor levels for the DP 1/O function, for all test intervals.
Thus, all DPOAE measures were not affected by differences in the rfoise floor

level.

DPgram absolute amplitudes

Presence of cochlear function abnormalities as depicted by DPgram

absolute amplitudes
By Week 2 examination of the results revealed that 4 of the 17 ears (25%)
displayed abnormal (i.e., amplitudes lower than the norm minimum for at least
one frequency) DPgram absolute amplitudes (see Table 13). By Week 8, the
DPgram absolute amplitudes were below the norm for at least one frequency
in 15 ears (88%), indicating deteriorating cochlear functioning over time with
exposure fo aminoglycosides. As can be seen in Table 13, 11 ears were
affected at more than one frequency. The frequencies that detected the most
cochlear abnormalities were 3284, 4126 and 5200 Hz (see Table 13 for exact
numbers of ears). The mean DPgram absolute amplitudes at the three highest
frequéncies tested, i.e., 3284, 4126 and 5200 Hz were abnormal by Week 8

(see Table 14 for mean DPgram absolute amplitudes over the 8-week period).
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Table 13. Cochlear abnormalities across frequencies as detected by DPgram

absolute amplitudes

Participant’s ear where cochlear abnormalities

were detected over time

Total ears per

Week 2 4 6 8 frequency
Frequency
(Hz)
818 0
1038 0
1306 0
1636 0
2063 6r 9r 2
2600 3r 3l or 4r o 5
3284 3r 3l 6r6/9l  1r2r2l4r 7! 10
4126 3r 31 6r 2r6l9r 1r2l 8
5200 3r6r7r 719r9110r 2r 1r 21 51 12r 12
Number of new
ears with
abnormality 4 4 2 5
Cumulative
number of ears 4 8 , 10 15

Note: # = Participant number

R =right ear; | = left ear



79

The nature of DPgram absolute amplitude changes over the eight-week
period

The results of the DPgram absolute amplitudes over the eight-week period
can be seen in Table 14. The mean absolute amplitudes deteriorated over this
period at all frequencies, suggesting deteriorating cochlear function with
exposure to aminoglycosides over time. At Week 0, the mean DPgram
absolute amplitudes for all the frequencies were within normal limits.
However, by Week 6, the mean DPgram absolute amplitude for one
frequency, i.e., 4126 Hz was below the normal range, and by Week 8 three
frequencies (3284, 4126 and 5200 Hz) were below the normal range (see
‘Table 14). The difference between the DPgram absolute amplitudes at Week
0 and Week 8 was statistically significant at the low frequencies (818, 1038,
1306 and 1636 Hz) and at 5200 Hz, Friedman’s ANOVA (p < .016). See Table

14 for details of mean DPgram absolute amplitude change over time.



Table 14. Mean DPgram absolute amplitudes for all participants over eight weeks

Mean dB SPL (SD) Friedman's ANOVA
Week 0 2 4 6 8 F df p
Frequency
(Hz) Norm range
818 1.1-18.7 12.9(4) 12.6(4) 12.5(4) 12.4(5) 7.0(3) . 16.7 4 0.002
1038 -1.2-228 13.3(4) 13.3(4) 13.6(4) 12.7(5) 7.9(4) 17.3 4 0.002
1306 1.5-22.8 13.7(3) 12.3(5) 12.7(3) 11.9(5) 71(3) 13.9 4 0.008
1636 0.0-16.3 13.0(5) 11.7(7) 12.0(5) 11.2(6) 6.7(4) 13.1 4 0.011
2063 0.4-211 10.5(6) 9.5(5) 8.9(6) 8.4(7) 3.6(9) 8.7 4 0.069
2600 1.3-21.0 9.1(6) 8.3(4) 7.1(3) 6.0(5) 2.3(8) 11.7 4 0.020
3284 1.1-19.8 7.2(6) 5.2(6) 5.8(4) 3.0(8) -0.6(8) 11.5 4 0.022
4126 72-222 10.3(4) 9.6(5) 8.6(6) 6.1(9) 2.3(9) 11.1 4 0.025
5200 0.0-20.6 5.7(8) 5.1(8) 2.9(9) 0.8(10) -2.0(9) 25.2 4 0.000

Note: Bonferroni correction: g = .016

Bold p < .016

-Underlined values indicate DPgram absolute amplitude levels outside the norm

80
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DP I/0O function thresholds
Presence of cochlear function abnormalities as depicted by DP /O
function thresholds
Examination of the participants’ DP I/O function thresholds revealed that 1 of
the 17 ears (5%) displayed a threshold below the norm range at Week 2 (see
Table 15 for details on when cochlear abnormality was detected in the
different participants). By Week 8, nine ears (53%) had abnormal DP 1/O
thresholds for at least one frequency, indicating that a larger number of
participants demonstrated deteriorating cochlear function with exposure to

aminoglycosides over time (Table 15).

~ Table 15. Week when cochlear abnormality at different frequencies was

detected in participants

Week when DP I/O function threshold detected cochlear abnormality
Frequency (Hz) 818 1636 2454 3284 4102 4919

Participant Ear

1 Right - - - - - 6
Right - - - 6 - -
Right - 8 - 4
Right - - - - -
Left - - _ -
Right - - -
Left 6 8 -
Right - - - -
Left ; 4 . 6 . -

t
]

oD g bW N

[N ]
Hob
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The nature of DP I/O function changes over the eight-week period

Relative to the baseline, the mean DP /O function thresholds deteriorated at
all frequencies over the eight-week period (see Table 16). At Week 0, all DP
I/O function thresholds were within normal limits, but from Week 2 onwards,
the thresholds at 4919 Hz were below the norm range. There was a
statistically significant deterioration in the mean DP /O thresholds at 1636,
2454 and 3284 Hz over the eight weeks, Friedman's ANOVA (p < .008). See

Table16 for details of the mean DP 1/O function changes over time.



Table 16. Mean DP I/O thresholds for all participants over eight weeks

Mean dB SPL (SD) Friedman’s ANOVA
Week 0 2 4 6 8 F df p
Frequency Norm—range
(Hz) (dB SPL)

818 <45 —65 49 (5) 51(7) 50 (5) 54(9) 52(7) 7 4 0.138
1636 <45 —55 48(4) 48(4) 48(4) 49(5) b51(6) 148 4 0.005
2454 <45 —60 47 (3) 48(4) 48(4) 49(5) bB1(5) 177 4 0.001
3284 <45 —60 51(8) 52(6) 52(6) 56(9) 55(8) 151 4 0.005
4102 <45 —55 49(4) 50(5) 54(6) 51(8) 51(5) 123 4 0.015
4919 <45 —50 48(5) 51(8) 52(9) 52(9) 52(8) 69 4 | 0.143

Note: Bonferroni correction: a = .008

Bold p <.008

Underlined indicates DP 1/O thresholds outside the norm
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The relati\(e sensitivity of pure tone thresholds and DP measures in detecting
ototoxicity

The relative sensitivity in all participants

The DPgram absolute amplitudes appeared to suggest the presence of
cochlear damage earlier than the pure tone thresholds and DP I/O function
thresholds (see Table 17). This suggestion is based on the greater number of
ears presenting with DP abnormalities at each test interval. However, the
differences in the number of abnormalities detected between the three tests
was only statistically significant at Week 8, Friedman’s ANOVA with (2, 17) =
9.5, p = .009, indicating that DPgram absolute amplitudes detected
significantly more ears with cochlear abnormalities than the other two tests at

this test interval.

Table 17. Comparison of the performance of the three tests to detect cochlear

abnormalities in all subjects over the 8-week period

Total number of ears with cochlear Friedman’'s ANOVA

abnormalities detected

Procedure PT DP 10 F df p
~ Week |

2 2 1 2.3 2 311

4 4 8 6 4.8 2 .091

6 4 10 8 1.6 2 459

8 6 15 9 9.5 2 .009

Note: Bonferroni correction: a = .013;
Bold indicates a statistically significant difference

PT = pure tone thresholds; DP = DPgram absolute amplitudes; IO = DP input/output function
thresholds '
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Post hoc testing was conducted in order to determine which of the three
measures (pure tone testing, DPgram and DP l/O function) contributed to the
statistically significant difference obtained in the ability to detect cochlear
abnormalities. The number of ears with cochlear abnormalities detected by
pure tone thresholds, DPgram absolute amplitudes and DP /O function
thresholds were compared. The Wilcoxon signed ranks test was conducted.
The results revealed that thevnumber of ears with cochlear abnormalities
detected by pure tone thresholds weré significantly lower than those detected
by DPgram absolute amplitudes (z = 2.1; p = .03). In addition, the DPgram
absolute amplitudes also detected a significantly higher number of ears with
cochlear abnormality than DP /O function thresholds (z = 2.8; p = .005), with
a significance level of p = .05. There was no significant difference between the
numbers of cochlear abnormalities detected by pure tone and DP 1/O
thresholds. Therefore, in this study the DPgram absolute amplitude measures
were able to detect significantly more individuals with cochlear abnormalities
than either pure tone or DP /O function thresholds did. In 5 out of the 6 ears
with hearing loss, the DPgram absolute ahplitude detected the cochlear

abnormality first, i.e., before pure tone thresholds were affected.

The relative sensitivity in ears that demonstrated hearing loss

The pure tone thresholds identiﬁed more ears with cochlear abnormalities
than the DPgram absolute amplitudes and the DP I/O function thresholds (see
Table 18) in terms of those ears that demonstrated hearing loss (as measured

by pure tone thresholds). The DPgram absolute amplitudes also appeared to
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identify more ears with cochlear abnormalities than the DP I/O function
thresholds. However, none of these differences were statistically significant

(see Table 18 for details on Friedman’s ANOVA results).

Table 18. Number of cochlear abnormalities in ears with hearing loss (as

determined by pure tone threshold testing)

Total number of ears with

cochlear abnormalities deti_ected, Friedman's ANOVA
Procedure PT DP 10 F df p
-Week
2 2 3 1 .666 2 716
4 4 4 2 3 2 223
6 | 5 4 3 2 2 .367
8 6 5 3 4.666 2 .096

Note: Bonferroni correction: o = .013
PT = pure tone thresholds; DP = DPgram absolute amplitudes; 10 = DP input/output function

thresholds

Nature of DP I/O function slopes
Studies conducted by Dorn et al. (2001) and Kummer et al. (1998) found that
DP 1/0O function slopes are linear with low input stimuli (L, = 30 dB SPL) and
non-linear with moderate input stimuli (L, between 30 to 60/70 dB SPL),
representing the compressive ability of a normally functioning cochlea. In both
studies, linear DP /O function slopes were found with participants who had
sensorineural hearing losses (Dorn et al.; Kummer et al.), indicating that the

compressive function of the cochlea was affected.
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Participants with normal hearing as measured by pure tone thresholds
Frequency trends in DP /O function slopes

Inspection of the DP /O function slopes, representing the compressive ability
of the cochlea, revealed different patterns for the low frequencies of 818, 1636
2454 and 3284 Hz, relative to the higher frequencies of 4102 and 4919 Hz
(see Table 19 for DP /O slope values in participants with normal hearing). At
the low frequencies calculations of the slopes (see Methodology section for
the formula to calculate the DP /O function slopes) revealed that the slopes
initially increased to greater than 1dB/dB when the stimulus intensity was
increased from 40 to 45 dB SPL, therefore, the DP /O function slopes wére
linear at the lowest stimulus intensities. With the stimulus intensities higher
than 55 dB SPL, the DP /O function slopes were non-linear at the low
frequencies, therefore, indicating that cochlear function became compressive
at the higher intensities. For the high frequencies from 4102 to 4919 Hz, the
DP 1/O function slopes were predominantly linear (i.e., > 0.5 dB/dB, Ruggero
et al., 1997) at all of the stimulus intensities, therefore, displaying a lack of

compression in cochlear function.

In summary, the results of the low frequencies of 818 to 3284 Hz were
equivocal in terms of the ffequehcy of occurrence of non-linearity, ranging
from 33 to 50%. However, at the highest frequencies of 4102 and 4919 Hz,
the participants with normél hearing (as per pure tone thresholds)

demonstrated linearity (100%), therefore, a laék of compressive cochlear
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function. See Table 19 for details on the presence of non-linear DP /O

function slopes at the individual frequencies.

Trends in DP I/O function slopes over 8-week period
No distinctive trends could be detected for the DR I/O function slopes over the
8-week period for any of thé frequencies (818 to 4919 Hz). See Figure 1
details on the DP /O function slopes over time. Thus, all the DP /O function

slopes remained generally similar over the eight-week test period.
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Table 19. DP I/O function slopes in participants who did not develop a hearing loss (as per pure tone thresholds)
DP 1/O function slopes (dB/dB)

Previous research (Dorn et al.,

Current study . 2001; Kummer et al., 1998)
L, stimulus intensity level Frequency (Hz) Frequency (Hz)
dB SPL 818 1636 2454 3284 4102 4819 1000 to 6000

40 Nlin (0.2) Nlin (-1.1) Nlin(-0.1) Lin(0.7) Lin(0.8) Lin (0.6) Nlin

45 Lin(1.2) Lin(1.8) Lin(1.6) Lin(0.6) Lin(0.6) Lin(1.0) Nlin

50 Lin(0.7) Lin(0.8) Lin(1.3) Lin(1.2) Lin(0.9) Lin(0.8) Niin

55 - Lin(0.7) Lin(0.8) Lin(0.8) NIin(0.5) Lin(0.7) Lin(0.7) Nlin

60 Nliin (0.4) Lin(0.9) Niin(0.3) Lin(1.0) Lin(0.8) Lin(0.9) Lin

65 Nlin (0.2) Nlin(0.3) NIin(0.2) NIlin (0.4) Lin(0.8) Lin (0.9) Lin
% Nlin at each frequency 50 33 50 33 0 0

Overall % NiIlin 28

Note: Lin = Linear slope with range > 0.5 dB/dB (Ruggero et al., 1997)
Nlin = Non-linear slope with range < 0.5 dB/dB (Ruggero et al., 1997)
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Participants who developed hearing loss as measured by pure tone
thresholds
Frequency trends in DP I/O function slopes

From 818 to 4102 Hz the majority of the averaged DP I/O function slopes
were non-linear (64%) between L, = 40 to 65 dB SPL, indicating
predominantly compressive cochlear function (see Table 20 for values of DP
I/O function slopes at Week 8). The remaining high frequency of 4919 Hz
exhibited 67% linear DP I/O function slopes at stimulus intensities of L, = 40
and 55 to 65 dB SPL, displaying reduced cochlear compressive function. In
these participants with hearing loss, fair degree of non-linearity was present in
the low frequencies, which progressively decreased at higher frequencies. At
4919 Hz, the highest frequency, the presence of non-linear DP /O function
slopes was the least (33%). See Table 20 for the presence of non-linearity at

all frequencies.

Visual inspection revealed more variability in the shapes of the DP 1/O slopes
o‘ver’time in participants with hearing loss relative to the slopes of participants
with normal hearing (see Figure 1 for DP I/O function slopes of all participants

over the eight-week period).

Trends in DP I/O fz)nction slopes over 8-week period
No trends could be observed relating to slope changes over the eight-week
period (see Figure 1), as the DP /O function slopes present at Week 0
resembled those at Week 8. Therefore, the DP I/O function slopes did not

change with aminoglycoside exposure over time. The only exception was at
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2454 Hz, where the slopes at Week 8 for stimulus intensities from 45 to 55 dB
SPL were less linear than those for the other weeks in participants with
hearing loss (i.e., slopes of 0.5 on average at Week 8 in comparison to an
average slope of 0.8 at the other weeks). This change suggests that, at 2454
Hz, the DP /O function became non-linear with longer exposure to
'aminoglycosides, thus, demonstrating more compressive behaviour in the
cochlea. This result was unexpected, and (seeing that this change only
occurred at one frequency), the result at 2454 Hz may be regarded as a

possible anomaly.

When analysing the DP /O function slopes of the three participants with
hearing loss individually, there did not appear to be any common trends
among the participants (see Appendixes E1, E2 and E3 for DP 1/O function

Aslope values of the individual participants).



Table 20. DP I/O function slopes at Week 8 in participants who developed hearing loss (as per pure tone thresholds)

DP /O function slopes (dB/dB)

Previous research (Dorn et al., 2001;

Current study Kummer et al., 1998)
L, stimulus intensity level Frequency (Hz) | Frequency (Hz)
dB SPL 818 1636 2454 3284 4102 4919 1000 to 6000

40 Nlin (-0.6) Nlin (0.4) Lin (0.9) NIlin (0.1) Lin (0.6) Lin (1.1) Lin

45 Lin (1.1) Lin (0.98) Nlin (0.5) Lin (0.7) Niin (0.4) Nlin (0.5) Lin

50 Nlin (0.5) Lin(1.0) Nilin (0.5) Nlin (0.3) Nlin (0.1) Nlin (-0.9) Lin

55 Nlin (0.5) Nlin (0.4) Nlin (0.3) Nlin (0.5) Lin (0.7) Lin (1.4) Lin

60 Niin (0.2) NIin (0.3) Lin(0.8) Lin(0.8) Nlin (0.3) Lin (0.9) Lin

65 Nlin (-0.2) Nlin (0.2) Nlin (0.1) Nlin (0.2) Nlin (0.5) Lin (0.8) Lin
% Nlin at each frequency 83 67 ’ 67 67 67 33

Overall % Nlin 64

Note: Lin = Linear slope with range > 0.5 dB/dB (Ruggero et al., 1997)
Niin = Non-linear slope with range < 0.5 dB/dB (Ruggero et al., 1997)



DP I/O function test parameters
Stimulus frequency

The ears with cochlear abnormality, as detected by the DP /O function
thresholds, were examined at each frequency to determine whether there was
a trend for specific frequencies to reflect Vcochlear abnormalities (i.e.,
abnormal DP /O function thresholds present) earlier than other frequencies
(see Table 21). The DP I/O function thresholds appeared to reflect most ears
with cochlear abnormalities at 3284 and 4919 Hz, and the least at 2454 Hz
(see Table 21). The frequencies could be grouped into a low frequency range
(818, 1636 and 2454 Hz) and a high frequency range (3284, 4102 and 4919
Hz). The high frequency group reflected a total of 13 ears with cochlear
abnormalities, while the low frequency group reflected four ears. Therefore,
the higher frequencies reflected more ‘cochlear abnormalities than the low
frequencies. This finding was not analysed statistically due to the small

sample size.

Table 21. Number of abnormal DP /O function thresholds at different

frequencies over eight weeks

Number of ears with cochlear abnormality
Frequency (Hz) 818 1636 2454 3284 4102 4919

Week
2 - - - - - 1
4 - 1 - 1 3 1
6 . 1 - - 4 - 2
8 - 2 - - - 1
Total number of ears 1 3 0 5 3 5
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Stimulus intensity
The range of DP I/O function thresholds were between L; = 45 and 70 dB SPL
for the frequencies from 818 to 2454 Hz (see Table 22), over the eight-week
monitoring period. DP I/O function thresholds at 3284, 4102 and 4919 ranged
between L, = 45 and 75 dB SPL (Table 22). As can be seen in Table 22
some of the DP /O function thresholds were outside the normal range (higher

than the norm) over the eight-week period.

Table 22. Range of DP I/O function thresholds over the eight-week period

Range in current study
Frequency (Hz) Norm range (dB SPL)

(dB SPL)
818 <45 —65 =45 -70
1636 <45 —55 £45-60
2454 <45 - 60 £45-60
3284 <45 —60 £45-75
4102 <45 — 55 £45-75
4919 <45 —50 <45-75
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Discussion

The purpose of the study was to improve the monitoring of ototoxicity in order
to minimise the impact of hearing loss on the quality of life of individuals with
TB receiving aminoglycosides as part of their treatment. Therefore, by
comparing different measures used to monitor ototoxicity, the researcher
-attempted vto evaluate their ability to detect abnormal cochlear function due to
aminoglycoside exposure early enough to prevent or minimise permanent
sensorineural hearing loss. This study attempted to determine: the presence
and nature of auditory dysfunction as depicted by pure tone testing, the
DPgram and DP VO function; whether conventional pure tone testing or
DPOAE measurements were the most effective in early detection of cochlear
damage, the nature of the DP I/O function slopes and lastly, which DP /O

function test parameters best identify ototoxicity.

Presence and nature of auditory dysfunction

Presence of auditory dysfunction

While animal studies in rats (Hénfey et al. 1996; Mills, Loos & Henley, 1999)
suggest that all those exposed to aminoglycosides may acquire a hearing
loss, as determined by reduction in ABR thresholds, in this study with human
Aparticipants, only 35% demonstrated hearing loss by the end of the eight-
week test period, as manifested by elevated pure tone thresholds. However,
the DP I/O function thresholds and DPgram absolute amplitudes at Week 8
indicated higher numbers of participants (53% and 88%, respectively) \&ho

demonstrated deterioration in cochlear function. The presence of ototoxicity in
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the current study was higher than that reported by Sha and Schacht (1997).
Using pure tone tests, they reported that less than 20% of their participants
who had been exposed to aminoglycosides developed a hearing loss. The
discrepancy possibly arises from the inclusion of participants exposed to
streptomycin only (Sha & Schacht), whereas the current study included

participants receiving either streptomycin or kanamycin.

Fausti et al. (1984) reported a high number (62.5%) of participants who
developed hearing loss due to aminoglycoside exposure. However, they used
high frequency audiometry to monitor ototoxicity. The type of aminoglycoside
treatment was not specified. Fausti et al., and Voogt and Schoeman (1996)
concluded that high frequency audiometry was more sensitive to cochlear
~damage than conventional pure tone audiometry. Such an explanation may
account for the higher percentage obtained by Fausti et al. relative to the

current study’'s pure tone results.

The current DPgram absolute amplitude results suggest a higher percentage
(88%) of ears with cochlear damage relative to the percentages obtained with
high frequency audiometry (62.5%) by Fausti et al. (1984). A possible reason
for the discrepancy between the two studies could relate to difference in
sample size (12 vs. 222 participants in the Fausti study). It could also be
postulated that the DPgram absolute amplitudes may be more sensitive to
cochlear damage than high frequency audiometry. However, the validity of
such a suggestion needs to be established by further research with a large

sample, which this study did not have.
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The present DPgram results indicated the presence of aeditory dysfunction in
88% of cochleas exposed to ototoxicity, could not be compared with other
studies due to a lack of research in this area of study. However, one animal
study reported that approximately 50% of chinchillas demonstrated auditory
dysfunction after exposure to aminoglycosides as measufed by DPOAE
absolute amplitudes (Kakigi et al, 1998). This frequency of auditory
dysfunction in animals detected with DPOAES is lower than the results of the

current study with human participants.

The DP I/O function threshold data from this study could not be compared
with other human or animal studies, as at the time of this study such data

were not available.

Hence, the current results suggest that pure tone, DPgram and DP /O
function measures all signal the presence of ototoxicity in those individuals
receiving aminoglycoside treatment. There seems to be a differential ability to

detect ototoxic effects and this aspect will be explored later in this discussion.

From the preceding discussion it can be seen that the frequency of hearing
loss due to ototoxicity as reported in the current study and in the literature is
usually less than 100%. This frequency implies that not everyone exposed to
~aminoglycosides develops a hearing loss, which could be linked to variable
susceptibility to ototoxic drugs. A possible explanation could be ascribed to a

genetic susceptibility to aminoglycoside ototoxicity (Barclay & Begg, 1994).
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Bykhovskaya, et al. (2004) reported on the mutation (A15558G) of a gene
(12S rRNA) associated with hearing loss, influenced by aminoglycosides.
Therefore, it has been‘ speculated (Prof. J. Greinwald, personal
-communications, 16 August, 2004) that those individuals who do not exhibit
mutation of the specific gene, may not develop a hearing loss when exposed
to aminoglycosides. Such speculation has not been confirmed and is pending

further research.

Thué, future genetic research could investigate individuals’ susceptibility to
ototoxicity from various aminoglycosides. Genetic testing of at-risk individuals
could enhance appropriate drug intervention and reduce the possibility of
developing a hearing loss due to ototoxicity, and, thus, maximize human
quality of life. With prevention of ototoxic hearing loss, health care costs could

be reduced.

According to the findings of the current study and other studies (Fausti et al.,
1984, Sha & Schacht, 1997) some individuals receiving ototoxic medication
will develop a hearing loss. Accurate predictions on who will develop hearing
loss cannot currertly be made without monitoring cochlear function. Thus, it is
important that the auditory function of all individuals who receive ototoxic

medication be clinically monitored (ASHA, 1994, Konrad-Martin et al., 2005).

Nature of auditory dysfunction
Patterns of change demonstrated in terms of the frequencies affected in the

pure tone tests and the DP measures were similar. The ototoxic damage (as
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demonstrated by either hearing loss or auditory dysfunction) was first noticed
at the highest frequency measured in all the tests of auditory function. With
prolonged exposure to aminoglycosides cochlear abnormality then progressed
to the adjacent lower frequencies. These findfngs are in agreement with the
literature on the nature of cochlear changes due to ototoxicity, i.e., that the
basal region is affected prior to the apical region (Kakigi, et al., 1998,

Stavroulaki, et al., 2002).

The pattern of cochlear change is linked to the basal hair cells being more
susceptible to ototoxic damage than the apical ones (Barclay & Begg, 1994),
and has been confirmed in animal studies (Henley et al., 1996; Kakigi et al.
1998; Mills et al., 1999) and in research with humans (Berninger ét al., 1995;
Mulheran & Degg, 1997; Stavroulaki et al.,, 2002; Wang et al.,, 1999). In
animals, the differential vulnerability of basal and apical hair cells to ototoxic
damage is based on the intrinsic susceptibility to free radicals (Sha et al,,
2001). Similar research in human cadavers has yet to be undertaken. Perhaps
animal studies could also explore the physiology of the hair cells to determine
why the basal and apical hair‘ cells differ in terms of susceptibility to free

radicals.

The findings of the current study provide further supbort for the inciusion of
high frequencies in the clinical monitoring of ototoxicity. The high-frequency
range (3284 to 5200 Hz) is crucial for speech perception. If a decrease in
functioning in this range can be detected early, i.e., before it impacts

negatively on an individual's speech perception, it would be possible to



101

provide early intervention to minimise cochlear damage and to optimise the

individual’s ability to communicate.

In addition to the above findings, the mid-range of frequencies (1636 to 3284
Hz) of DP I/O function thresholds deteriorated significantly over the eight-
week period. This frequency range is similar to that of the minimal audibility
curve (MAC) in humans, which indicates that the highest sensitivity to sound
is in the 2 to 5 kHz region (Durrant & Lovrinic, 1995). Most speech sounds are
concentrated in this region. As DP /O function thresholds in this frequency
range are elevated due to ototoxicity, it is very likely that speech perception
could also be affected. Therefore, clinicians should take this into account by
including these frequencies in their protocol for ototoxicity when managing

individuals who receive ototoxic medication.

The relative sensitivity of pure tone thresholds and DP measures in detecting
ofotoxicity
DPgram absolute amplitude measures were ﬁi to detect deterioration in

ar—¢
cochlear function earliest in this study, i.e., at least two weeks prior to pure
W

__tone thresholds and the DP I/O function thresholds. While previous research

has compared the ability of pure tone thresholds and DPOAE measures in
terms of the number of ears or individuals with cochlear abnormalities
(Mulheran & Degg, 1997; Stavroulaki et al. 2002), most studies that used
DPgram absolute amplitudes and DP I/O function thresholds to monitor
ototoxicity did not repbrt on the nature of exact time difference in detection of

the two DP measures (i.e., DPgram absolute amplitudes vs. DP l/O function
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thresholds) and pure tone thresholds (Beminger et al., 1995; Stavroulaki et al.

2002). Thus, no direct comparison can be made with the current study.

Based on the results of the current study, it can be suggested that DPgram
absolute amplitudes, in conjunction with tympanometry (to rule out middie ear
problems), have the potential .to be used as the primary tools to monitor
ototoxicity in individuals with normal hearing at baseline testing. The DPgram
absolute amplitudes in this study detected cochlear abnormality first, as well
as in the highest number of ears when compared to pure tone thresholds and
DP VO function thresholds. While these measures were not significant, it
could possibly be that the small sample size constrained the findings.
Nonetheless, DPgram measures could identify abnormal cochlear function
earlier than the other two tests, before a sensorineural hearing loss due to

aminoglycoside exposure develops.

However, currently, it is not known what reduction in DPgram absolute
amplitude constitutes significant ototoxic damage, i.e., when will it be
necessary to notify a doctor to consider altering medication. It is also not clear
how much reduction in DPgram absolute amﬁlitudes indicates possible
permanent hearing loss, which will affect an individual's speech perception
ability. Thus, further research is required to establish criteria for DPOAESs that
would indicate clinically Signiﬁcant ototoxic damage, similar to the criteria for
pure tone testing (ASHA, 1994; Konrad-Martin et al., 2005). This information
will enable clinicians to Qse DPOAEs as a routine monitoring tool for ototoxic

damage.
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Apart from the fact that there is currently no protocol with criteria for ototoxic
damage, the issue of DPOAEs not being a stand-alone measure to monitor
ototoxicity also has to be considered. DPOAEs cannot be measured
accurately in the presence of middle ear problems, thus, precluding the use of
DPOAESs in this population (Hall, 2000; Robinette & Glattke, 2002). In order to
rule out middle ear problems, DPOAEs have to be performed in conjunction
with tympanometry (Hall; Robinette & Glattke). DPOAEs are also absent in
individuals with pre-existing hearing loss of 40 dB HL or more (Konrad-Martin
et al., 2005), which precludes the use of DPOAESs in ototoxicity monitoring in
these individuals. In cases of pre-existing hearing loss, the clinician has to use
pure tone audiometry to monitor cochlear damage due to aminoglycoside
exposure. Therefore, the use of pure tone audiometry is essential in
monitoring ototoxicity in individuals with middle ear problems and pre-existing

hearing loss = 40 dB HL.

In theory, the DP I/O function should be more sensitive to detecting abnormal
cochlear function than the DPgram test (Hall, 2000). With DPgram
measurement a moderate stimulus level is normally used (e.g., 65 dB SPL),
which only provides information about cochlear function in response to a
single intensity pair, while the DP /O function thresholds are measured at a
range of decreasing or increasing intensities for each frequency pair (Hall,
2000). Therefore, DP /O functions vield more indicators of cochlear function
(e.g., the absolute amplitudes, DP /O function thresholds and dynamic range

of DP /O function) than the DPgram. Changes in these indicators over time
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could potentially be used to monitor ototoxicity. However, similar to the
DPgram, currently no criteria for DP 1/O function measures exist for use in the
monitoring of ototoxicity. Therefore, further research is required to establish
criteria for DP /O function measures that indicate clinically significant change

in individuals receiving aminoglycoside treatment.

Previous research has not tested the suggestion that DP /O function is more
sensitive than DPgram absolute amplitudes in detecting abnormal cochlear
function due to ototoxicity (at the time of the current study). This suggestion is,
in fact, not supported by the current study, because DPgram absolute
amplitudes were able to detect cochlear changes due to ototoxicity earlier and
in more ears than the DP I/O function thresholds. The difference between the
results of the current study and Halls’ (2000) suggestion that the DP} /O
function should be a more sensitive test than the DPgram test to detect
abnormal cochlear function, could possibly be due to measurement errors.
The possibility of measurement errors could account for the outcome of the
- current study not supporting Hall's suggestion. Thus, a similar study with strict
measurement criteria comparing the ability of the two DP measures to detect
deterioration in cochiéar function needs to be conducted with a larger sampie,
to contextualise the findings of the current study and to evaluate Hall's
suggestion. The measurement criteria ought to include that all DP 1/O function
measures have to be replicable and therefore, have to be measured at least
twice in the same recording session; a lower noise floor should be regarded
as acceptable before recording is stopped, e.g., < - 20 dB SPL; stringent

calibration procedures as specified by Dreisbach and Siegel (2001) should be
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employed to minimise calibration artefacts. Such research could be beneficial
to the efficient clinical monitoring and early detection of ototoxicity, if the DP

measure most sensitive to change in cochlear function could be determined.

Another possible reason for the 'differen‘ce between Hall's suggestion and the
current research outcome could be that the lowest stimulus intensity used in
the current study was L, = 45 dB SPL due to equipment limitations. DP /O
function thresholds below this level could not be monitored, and any
deterioration in DP /O function thresholds due to aminoglycoside exposure
that occurred at stimulus intensities with L, lower than 45 dB SPL could have
been concealed. Therefore, future research with a wider stimulus range, e.g.,
L, between 20 and -70 dB SPL, is recommended in order to monitor DP I/O
function thresholds at lower intensities. The use of lower stimulus intensities
might enable the researcher to evaluate deterioration of cochlear function with
DP /O function thresholds more accurately, and fhis could result in an
outcome that is different from the current study when comparing the DPgram

and DP /O function threshold.

The different measures of cochlear function, i.e., pure tone testing, DPgram
and DP /O functién thresholds, address different aspects of the ototoxic
effect. The fesults of the pure tone testing reflect sensorineural hearing loss,
which is perceived by the individual as “poorer” hearing, which occurs after
OHC damage has occurred. Thus, a smaller number of participants had

sensorineural hearing loss relative to the number that had abnormal or
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decreased DPOAE measures which signals hair cell damage ahead of

perceptible hearing loss.

DP I/0O function slopes |

Participants‘ with normal hearing as per pure tone thresholds

In the current study, the slopes qf DP /O functions at 818, 1636, 2454 and
3284 Hz in those participants exposed to ototoxic drugs, but who did not
demonstrate hearing loss, were predominantly non-linear for the L, intensity
range of 55 to 65 dB SPL. Hence, those participants exposed to
| aminoglycosides who did not develop ototoxic hearing loss had DP 1/O
function slopes and therefore, cochlear function similar to that of normal ears
in the Kummer et al. and Dorn et al. studies in the low frequencies. However,
the current study found Iinear DP 1/O function slopes in the high frequencies at
4102 and 4919 Hz at most stimulus intensities, fhus, suggesting that cochlear
function did no longer demonstrate compressive behaviour at the high
frequencies. The implication may be that the OHCs in the basal area of the
cochlea responsible for processing high frequencies may have been affected
by the ototoxic exposure. This change would be consistent with the literature
én ototoxicity, i.e., that high frequency OHCs are damaged before those
responsible for processing low frequencies (Barclay & Begg, 1994; Dreisbach
& Siegé|, 2001; Fausti et al., 1984). Kummer et al. and Dorn et al. reported
compressive DP I/O function slopes at these moderate intensities. A reason
for this discrepancy could be that the participants of the‘current study were
exposed to aminoglycosides during the study, whereas Kummer et al. and

Dorn et al.’s normal-hearing participants were not.
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The frequencies of DP /O function slopes that indicate abnormal cochlear
function (4102 and 4919 Hz) are similar to the DPgram absolute amplitudes
frequencies affected. This agreement increases the validity for using DP /O

function slopes in evaluating cochlear function.

However, current information available on DP I/O function slopes is limited.
For example, Stover et al. (1996) reported varied overall shapes of DPOAE
I/O function slopes with a fixed 10 dB stimulus level difference in 103 normal-
hearing participants. The shapes included: non-monotonic (compressive),
saturated (no increase in DP amplitude with increase in stimulus intensity) and
continual growth for even the highest stimulus levels. Therefore, it can be
deduced that variability does exist in DP /O function slopes in normally
functioning cochleas when a stimulus level difference of 10 dB is used. Stover
et al.’s results differ from the non-linear DP 1/O function slopes of Kummer et
al. (1998) and Dorn et al., and the linear DP /O function slopes of Dreisbach
and Siegel (2001). The discrepancy in results could arise from the differences
in intensity between Ly and L, used in three of the four studies. Kummer et al.
used the formula Ly = 0.42L; + 39 to éatcu!ate the Ly — L, difference and
Dreisbach and Siegel employed an L4-L, difference of 15 dB. It is clear that
large-sample investigations, with systematic control of variables, e.g., stimulus
intensity and L; — L, difference, on the DP /O function slopes are needed to
establish normative data. Until there are norms, it may not be feasible to use

DP 1/O function slopes clinically.
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According to Dreisbach and Siégel (2001), discrepancies in DP 1/O function
results may possibly be ascribed to calibration artefacts, which could influence
all DPOAE amplitude levels. “These artefacts can produce differences in the
levels of (otoacoustic) emissions as large as 20 dB” (p. 2467). The authors
suggested that employing aA consistent definition for’ the input level to the ear
(i.e., the eardrum SPL) could improve ‘t‘he consistency of DPOAE levels when
compared with the conventional calibration procedure utilising the DPOAE
probe in the participant’'s ear. (Refer to Dreisbach and Siegel for a detailed
description of calibration artefacts). Thus, a limitation of the current study was
that a stringent calibration procedure was not employed, and could have

resulted in calibration artefacts influencing the results.

Participants who developed hearing loss as per pure fone thresholds

The current study found linear DP /O function slopes at 4919 Hz at 40 and 55
to 65 dB SPL in those participants exposed to ototoxicity, who developed
hearing loss. This finding indicates a lack of compressive function of the
cochlea at the highest frequency tested. This result is similar to the findings of
Kummer et al. (1998) in their 15 participants with hearing loss, and that of |
Domn et al. (2001) in 84 ears (50 participants). However, at the remaining
frequencies 818, 1636, 2454, 3284 and 4102 Hz, the non-linear DP /O
function slopes found in the current study is in direct contrast with the results
of Kummer et al. and Dorn et al. They reported linear DP I/O function slopes,
indicating non-compressive cochlear function in all participants with hearing

loss for the intensity range of L, between 30/40 and 60/70 dB SPL at all
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frequencies. In contrast, the current study reports non-linear slopes for low
frequencies, but linear slopes at the highest frequency (4919 Hz). Although
this finding is not consistent with other research on DP /O function slopes in
individuals with hearing loss at iéast the highest frequency DP /O function
slope reflected loss of cochlear compressive function. This finding is in line
with the theory that aminogfycosides affect the high frequencies first.
Therefore, one would expect DP /O function slopes to reflect abnormal
(compressive) cochlear function for the high frequencies prior to abnormal low

frequencies.

A possible reason for the different results between the current and the
Kummer et al. (1998) and Dorn et al. (2001) studies could be that ototoxic
exposure predisposes OHCs in the basal area to be affected first and, thus,
the high frequencies may be differentially affected relative to the lower
frequencies at the beginning of an ototoxic hearing loss. While Kummer et al.
and Dorn et al. reported on sensorineural hearing loss, it was not ototoxic in
origin. In addition, calibration artefacts may have contributed to -the
discrepancy in findings. Also, the results of the current study are based on
three participants who developed hearing loss, whereas the Kummer et al.
study included 15 participants with hearing loss, and Dorn et al. had 50

participants.

Although DP /O function slopes may be used to obtain information on
cochlear functioning at high vs. low frequencies, clinical use of the DP I/O

function slopes await the development of normative data.
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As DP /O function slopes seemed to detect abnormal cochlear function
before convehtional pure tone audiometry and DPgram absolute amplitudes,
the slope information may have potential as an indicator of risk for hearing
loss due to aminoglycosides. The limited time frame for the current study did
not allow for abnormal DPOAESs at high frequencies to be monitored furthér to
determine whether the DP I/O function slope iﬁdication of decreased non-
linearity, i.e., reduced cochlear com}pression at high frequencies in 1) those
participants who had normal hearing was associated with later onset of
hearing loss; and in 2) those participants who had hearing loss whether
abnormal cochlear function, i.e., reduced cochlear compression manifested in
the lower frequencies in the long term. As ASHA (1994) has suggested, the
effects of ototoxicity may manifest up to six months post termination of
aminoglycoside administration. Therefore, research is needed to determine
whether abnormal cochlear function, as indicated by linear DP /O function
slopes at moderate stimulus intensity levels, translate into sensorineural

“hearing loss with exposure to aminoglycosides.

DP /O function stimulus parameters
DP 1/O function thresholds for high frequencies (3284, 4102 and 4919 Hz)
were found to idehtify more cochlear abnormalities than the low frequencies
(818, 1636 and 2454 Hz) in the current study, which is similar to previous
research findings in animals (Mills, Loos & Henley, 1999) and humans
(Stavroulaki et al., 2002). The frequency range of DP I/O function thresholds

that are affected is similar to the DPgram absolute amplitudes frequencies
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that reflected abnormal cochlear function. This similarity indicates consistency
with regard to the pattern of cochlear abnormalities detected by DPOAE

measures.

These DP /O function threshold results are similar to the DPgram absolute
‘amplitudes and DP 1/O function slope infonna_tion of this study with reference
to the frequency range affected. Therefore, this agreement increases the
validity for using high frequency DP /O function thresholds in evaluating

cochlear function.

Clinically it may be useful to include only these DP /O function threshold
frequencies (3284, 4102 and 4919 Hz) when monitoring ototoxicity with
individuals with no prior problems of cochlear function. Using fewer
frequencies will reduce the overall test time of the DP /O function. The
possibility of using fewer frequencies (i.e., only high frequencies 2 3284 Hz)
needs to be researched with a larger sample to determine which frequencies
best identify ototoxicity. However, even if fewer frequencies are used, and test
time is reduced, the DF’ 170 function test would still take at least three times as
long as the DPgram (if three frequencies are used), and therefore, it may still
not be a clinically viable test in routine ototoxicity monitoring. Thus, further
research needs to be conducted with the DP /O function to determine
whether the number of test frequencies can be limited, without compromising

its potential sensitivity to detect ototoxicity.
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The maximum DP /O function thresholds were between 60 and 75 dB SPL
Hz over the eight-week monitoring period. These thresholds indicate that only
at 4102 and 4919 Hz would it be necessary to use the stimulus intensity of 75
dB SPL. If the stimulus intensity range can be decreased the test time for DP
/O functions could be reduced. A reduction in test time could contribute to
making the DP /O function a clinically feasible measure that could be used to
monitor ototoxicity in individuals receiving aminoglycosides. Further research
‘with a larger sample than the current study needs to be conducted to obtain
more representative results. The current study only included 17 ears, and
therefore, these results may not be truly representative of the population with

TB receiving aminoglycosides.

The minimum DP I/O function threshold at all frequencies was < 45 dB SPL.
Due to the fact that the lowest stimulus intensity used in the current study was
L, = 45 dB SPL, deterioration of DP /O function thresholds could not be
monitored below 45 dB SPL due to equipment limitations. Some studies havé
found DP /O function thresholds at £ 20 dB SPL for individuals with normal
hearing, as well as those with hearing impairment (Dorn et al., 2001; Kummer
et al, 1998). Monitoring the deterioration or progression of these DP /O
function thresholds over time has yet to be researched. A recommendation
would be for future research to include lower stimulus intensities in the
determining of DP 1/O function thresholds, e.g., Lo = 20 dB SPL, in order to
monitor DP /O function threshold deterioration over time with exposure to

ototoxic medication.
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Findings of the current study suggest that the DPgram test may be the most
sensitive test to monitor ototoxicity. However, the measurement of DPOAEs is
confounded by the presehce of outer and middle ear problems (Hall, 2000).
Thus, when including the DPgram test in the monitoring of ototoxicity, it is
essential that tympanometry ‘be used concurrently, which has financial
implications for such a monitoring protocol. Most pure tone audiometry set-
ups have to have tympanometry as well to conduct routine hearing tests. In
the case of a hearing loss exceeding 40 dB HL the use of DPOAES are
precluded (Konrad-Martin et al., 2005), and pure tone audiometry will be the
test of choice in this population with pre-existing hearing loss. The presence of
noise (internal and external) can influence accurate OAE measures (Robinette
& Glattke, 2002), which could be problematic with individuals suffering from
TB who breathe heavily. Therefore, it is important to minimise noise sources
when using OAEs as an monitoring tool for ototoxicity. The concurrent use of
tympanometry with the DPgram test (provided that noise is kept to a
minimum) may prove to be a sensitive battery for the clinical monitoring of
ototoxicity. If individuals with cochlear damage are identified early enough
before speech perception is affected, the cost to the govémment may be less

for management of a person with a permanent hearing loss.

In a country like South Africa, with limited resources, OAE equipment is not
always readily évailable. Where it is not possible to conduct OAE testing as
part of a protocol for monitoring ototoxicity, conventional pure tone audiometry
can be used as an alternative monitoring tool. When hearing loss is detected

with pure tone audiometry, it must be kept in mind that if DPOAEs were used,
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abnormal cochlear function could have been detected at least two weeks prior
to detection with pure tone audiometry. Therefore, immediate medical
intervention will be required in terms of altering or ceasing the ototoxic

medication, in order to prevent permanent hearing loss.

Conclusion
Tuberculosis in South Africa has been declared a national health priority by
the Minister of Heaith (30 July, 2004), because the disease is reaching
epidemic proportions in certain areas (e.g., Western Cape). Due to multi-drug
resistance, many individuals with TB receive ototoxic medication as part of
their treatment, which can significantly affect their hearing. Thus, audiologists
should Vdevote sufficient attention to the hearing needs of individuals with TB,

especially those receiving ototoxic medication as part of their treatment.

While different methods are available to the audiologist to monitor ototoxicity,
which include conventional pure tone audiometry, high frequency audiometry
and OAEs, this study found that DPgram absolute amplitudes appear to
detect abnormal cochlear function due to-exposure to ototoxic medication at
least two weeks before conventional pure tone audiometry. Therefore, it can
be recommended that the measurement of DPgram absolute amplitudes be
the preferred method of testing to monitor ototoxicity in individuals with normal
hearing and middle ear function- at the baseline test. Apart from being able to
detect cochlear abnormality ear!iest; this recommendation also stems from the
fact that the DPgram is a quick and objective method for detecting abnormal

cochlear function (Hall, 2000), which makes it an ideal test o use with sick
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individuals, e.g., patients with TB receiving ototoxic medication, who may not
be able to actively participate in a test like pure tone audiometry (Konrad-

Martin et al., 2005).

Constraints regarding the clinical application of DPOAES, including DPgram
absolute amplitudes, DP I/O function thresholds and slope information, are the
~lack of norms and criteria to indicate cochlear damage due to exposure to
aminoglycosides. Therefore, further research is needed before these

measures can be meaningful in a clinical setting in order to detect ototoxicity.

As healthcare professionals, it is of the utmost importance that audiologiéts
preserve hearing ability in individuals with TB, thereby enhancing their quality
of life. It is thus, crucial to have an evidence-based practice approach in
monitoring the cochlear function of individuals who receive ototoxic

medication to provide the most efficient audiological care.
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Appendix A-1

English Subject Information Sheet

Streptomycin is one of the drugs that are administered to tuberculosis (TB) sufferers. Your
doctor has decided that your TB can best be treated by streptomycin. Streptomycin is known
fo be damaging to the inner ear, and, thus, can cause damage to your hearing. Because you
can lose your hearing it is important to check your hearing ability and detect any hearing loss

as soon as possible.

The aim of this study is to determine whether a test called otoacoustic emissions test can
detect ear damage sooner than the regular hearing test. If you agree to participate in the
study vou will be required to undergo one hearing test before you begin treatment with
streptomycin, as well as every 2 weeks for a two-month period afterwards. [t will thus, be‘able
to monitor your ears and hearing for that period. if any changes in hearing are detected, you,
as well as your doctor, will be notified immediately, so that the doctor, together with you, can
make decisions regarding your treatment. All the tests will be done in the Audiology section at

Brooklyn Chest Hospital.

Before the start of each test | §vil! give you instructions and explain the test to you. If you are

unsure of what {o do, you can ask a question at any stagé. The whole test procedure will take

approximately 40 minutes per session. None of these tests are harmful to ydu in any way.

The 4 tests are as follows:

{a) |will look into vour ear with a light.

{b} Then | will place a probe into your ear that will measure how well yvour middle ear is
working. You will not have to do anything but remain quiet for the test duration.

(¢} Then your hearing will be tested. After the earphones have been placed on your ears
you will be alone in the sound-treated room. You will still be able to communicate with
me, though. You will hear sounds through the earphones and one ear at 3 time will be

tested. Most of the sounds will be very soft, but you will have to raise vour hand
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whenever you hear the sound. The aim of this test is to see what the softest sounds are
that you can hear. None of the above tests will be uncomfortable.

{d} After the regular hearing test you will get a break of 5 minutes. Then otcacoustic
emission tests will be done, which involves putting a probe into your ear, which might be
mildly uncomfortable, but not painful. The probe sends sounds into the ear and then
measures the responses of the inner ear. You do not have to do anything but remain

quiet for the duration of the test.

All the information obtained will remain confidential and form part of your hospital record,
because you will not be identified in any publications from this study. You are free to withdraw
from the study at any stage, without your normal treatment being affected in any way. The

overall results of the study will be made known to the superintendent of the hospital.
A benefit from taking part in this study is that if you begin to show signs of hearing loss vou
and your doctor will be advised in order to attempt to minimize the effects of ear damage

caused by streptomycin/kanamycin. There are no risks in participation in the study.

if you have any questions, you are free to ask them now or at any time during the study.

Researcher: L.ucretia Petersen
Contact telephone number: . {021) 404 6074
Address: Division of Communication Sciences and Disorders

E47 Old Main Building
' Groote Schuur Hospital
Observatory

7925
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Appendix A2

Afrikaans Subject Information Sheet

Streptomycin is een van die medikasies wat gebruik word om tuberkulose (TB) te behandel. U
dokfer het besluit dat u TB die beste met streptomycin behandel kan word. Dit is bekend dat
sireptomycin skadelik is vir die binne-cor en 'n moontlike gehoorverlies kan veroorsaak.
Omdat u 'n gehoorverlies kan opdoeh is dit belangrik om u géhoor to monitor en enige

gehoorverlies so gou as moontlik op te spoor.

Die doel van hierdie studie is om te bepaal of 'n toels genaamd oloakoestiese emissies
oorskade vroeér kan optel as die gewone gehoortoets. As u insterm om aan die studie deel te
neem, sal u 4 tipe ocortoetse moet ondergaan voordat u begin met streptomycin behandeling,
of so gou as moontlik daarna, sowel as elke 2 weke vir die volgende 2 maande. Hiermee sal
dit moontiik wees om u ore, sowel as u gehoor, te monitor. Indien enige verandering in u ore
of gehoor bespeur word, sal u, sowel as u dokler, onmiddellik in kennis gestel word sodat julle
besluite aangaande u behandeling kan maak. Al die foetse sal in die Qudiclogie-afdeling van

Brooklyn Chest hospital geskied.

Voor die aanvang van enige toets sal ek dié nodige instruksies verskaf en die toets aan u

verduidelik. Indien u onseker is oor enigiets kan u enige tyd 'n vraag stel Die hele

{oetsprosedure sal ongeveer 40 minute duur per sessie. Geeneen van die toetse is skadelik

vir u nie. Die 4 toelse is as volg:

(@) Terwyl u op 'n gemaklike stoel sit, sal ek met 'n lig in u oor kyk.

{by Hierna sal ek 'n proppie in u oor plaas wat gaan meet hoe goed u middeloor werk.
Behalwe om stil te sit, hoef u niks te doen gedurende die toets nie.

{c} Hierna volg die gehoortoets. Nadat die oorfone op u ore geplaas is, sal u alleen in die
klankbehandelde kamer wees. U sal nog sieeds in staat wees om met my te
kommunikeer. U sal klanke deur die.oorfone hoor, in een oor op 'n slag. Meeste van die

kianke gaan baie sag wees, maar u moet u hand opsteek elke keer as u die klank hodr.
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Die doel van die toets is om te bepaal wat die sagste klanke is wat u kan hoor. Geeneen
van die bogenoemde toetse is ongemaklik nie.

{d) Na die gewone gehoortoets sal u 'n rustyd van ongeveer 5 minute hé. Dan sal die
otoakoestiese emissie tosts gedoen word. Dit behels dat 'n proppie in u oor geplaas
word, wat dalk ongemaklik kan wees, maar definitief nie seer nie. Die proppie stuur
klanke in die oor in, en meet die reaksies van die binne-cor. U hoef geensing iels te

doen vir die duur van die toets nie, behalwe stilsit.

Al die inligting wat ingewin is, sal vertroulik bly en deel van u hospitaalrekords vorm, want u
sal nie geidentifiseer word in enige publikasie wat moontlik mag spruit uit hierdie publikasie
nie. U is vry om enige tyd van die studie te onttrek, sonder dat u normal behandeling enigsins
geaffekteer sal word. Die algehele resultate van die studie sal aan die superintendent van die

hospital bekend gemaak word.

'n Voordeel verbonde aan deelname aan die studie is dat indien u enigsins tekens van
gehoorverlies of corskade sou toon, u en u( dokter daaroor ingeligy sal word, sodat die
moontlike effek van streptomycin op u ore en gehoor geminimaliseer kan word. Daar is geen
risikos verbonde aan deelname aan die studie nie. Indien u enige vrae het, kan u dit nou,Aof

enige tyd gedurende die siudie stel.

Navorser: Lucretia Petersen

Kontaktelefoonnommer: (021) 404 6074

Adres: Afdeling van Kommunikasiewetenskappe en -Afwykings
E47 Cu Hoofgebou
Groote Schuur Hospitaal
Observatory

7925
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Appendix A-3

Xhosa Subject Information Sheet

Istreptomycin yenye yamachiza athi anikwe abantu abagula ngesifo sephepha (iTuberculosis
okanye iTB). Uggirha wakho uggibe entweni yokuba istreptomycin lelona chiza elinokunyanga
iTB yakho. Istreptomycin  vaziwa ngokudala umonakalo phakathi endlebeni, ngoko ke
lyakwazi ukubangela iindlebe zingeva kakuhle. Kuba unokwazi ukuphelelwa kukuva
kweendlebe, kubalulekile ukuba uxilongise ukuva kwendiebe zakho ukwenzela zifunyanwe

ngokukhawuleza lingxaki zokuva ezinokuthi zibekho.

Injongo yoluphando kukugonda ukuba uvavanyo olwaziwa njenge ‘otoacoustic emissions test
luwubona msinyane umonakalo womphakathi wendlebe kunezinye indlela zokuvavanya
zesighelo. Kwi otcacoustic emissions test kufakwa iprobhu kwindiebe vakho. Oko
kungakwenza uzive ungemnandanga nje kancinci kodwa akusayi kubabuhlungu. Iprobhu le
ithumela ilizandi phakathi endlebeni ize ichaze ngokusebenza nangesimo somphakathi
wendiebe. Ngelixesha lovavanyo akukho nto oyakuthi uvenze ngaphandie kokuhiala uzolile

lude luggitywe uvavanyo.

Phambi kokuba ufumane istrepto»mycin olu vavanyo lulandelayo luyakwenziwa kwigumbi
elikhuselekileyo kwingxolo apha kwisibhedlele sase Brooklyn Chest:

{a) Ndizokusebenzisa isibane ndijonge endlebeni yakho.

(b} Mdilandele ngokufaka iprobhu endlebeni vakho ukuginisekisa ukuba umbindi
wendlebe yakho usebenza kakuhle. Akukho nio ozakufuneka uyenzile ngaphandie
koku hlala uthe cwaka de luphele uvavanyo.

{c}) Ze kuxilongwe ukuva kweendlebe zakho. Emveni kokuba iiearphones zibekwe
ezindlebeni zakho uyakusala wedwa kwell gumbi likhuseleke engxolweni. Kodwa
uzokwazi ukuthetha nam. Uzakuva izandi ziphuma kwiiearphones, kuzokuxilongwa
indlebe enye ngexesha. lizandi ezininzi ziyakuvakalela ezanisi (azingxoli}, kodwa

kufuneka uphakamise isandla sakho nanini na usiva isandi. injongo yolu vavanyo
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kukugonda ezona zandi zisezantsi okwazi ukuziva.. Olu vavanyo alisayikwenza uzive
ungemnandanga.

(d) Emva kolu vavanyo lwesighelo uyakuthabatha ikhefu yemizuzu emihlanu (55. Emveni
koku i ‘otoacoustic emissions test’ ivakuthi yenziwe njengokuba besekucacisiwe apha

ngentia,

Phambi kokuba uvavanyo ngalunve lugale ndizakukunika imigathango ndive ndikucacisele
ngovavanyo. Ukuba awuginisekanga ngokumele ukwenze ungabuza imibuzo nanini na.
Uvavanyo lulonke luyakuthatha imizuzu eyi-40 ngeseshini. Alukho uvavanyo oluyakuthi

lubeyingozi kuwe nangaluphi na uhlobo.

Emveni kokuba ufumene istreptomycin uvavanyc oluchazwe ku (a), (¢} naku (d)
luyakuphindwa gho emva kweeveki ezimbini kwi thuba elingageenyanga ezimbini ukwenzela
kubonwe naziphi inguqu ezibangelwa zistreptomycin ezinothi zenzeke kukuva kweendlebe
zakho, Xa na kungathi kubekho iingxaki ezibonwayo wena noggirha wakho nivakuthi naziswe

ngazo ngoko-nangoko.

Yonke inkcazelo eyakuthi ifunyanwe iyakuhlala iyimfihlelo kuba igama lakho alisayi kuvezwa
kwiziphumo zolu phando ngaphandle kwemvume yakho. Uvumelekile vkuba urhoxe kolu
phandb nanini na, oku akuyl kuchaphazela ukufurmana kwakhc unyango nakanjani na,
Iziphumo zolu phando ziyakwaziswa umphathi . (usuperintendent) wesibhedlele. Awusayi
kuchazwa ngegama nakweziphi izinto ezishicelelweyo ngolu p&andc}.

Ubuhle bokuthabatha inxaxheba kolu phando lolokuba nayiphina ingxaki yokuva onokuthi
ubenayo iyakubhagwa ngexesha. Akukho ngozi ngokuthabatha inxaxheba kolu phando.

Imibuzo onayo ungayibuza ngoku okanve nanini na ngelixesha lophando.

Umphandi: Lucretia Petersen
Inombolo yemfono-mfono: (021) 404 6074
idilesi: Division of Communication Sciences and Disorders

E47 Old Main Building, Groote Schuur Hospital

Observatory, 7925
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Appendix A4

English Subject Consent Form

| hereby acknowledge that the purpose and procedures of the study has been
fully explained to me. | also understand what is expected of me. | am aware
that | can withdraw from the study at any stage without my treatment being

affected. There was an opportunity for me to ask questions.

| hereby give my consent to participate in the study. | also understand that my
test results can be shared with myself, as well as my doctor, if it is necessary.
| am also aware that the overall results of the study will be made known to the

superintendent of the hospital.

Signed: (Subject)

(Researcher)

Date:
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Appendix A-5

Afrikaans Subject Consent Form

Hiermee gee ek te kenne dat die doel en die prosedure ten volle aan my
verduidelik is. Ek verstaan wat van my verwag word. Ek is die geleentheid
gebied om vrae te stel. Ek is bewus daa&an dat ek myself ter enige tyd van
die studie kan onttrek, sonder dat my behandeling enigsins geaffekteer sal

word.

Hiermee stem ek in om deel te neem aan die studie. Ek gee my toestemming
dat my toetsresultate met my dokter gedeel kan word, indien nodig. Ek is ook
bewus daarvan dat die algehele toetsresultate aan die hospitaal se

superintendent bekend gemaak sal word.

Geteken: (Proefpersoon )

(Navorser)

Datum:
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Appendix A-6

Xhosa Subject Consent Form

Ndiyavuma ukuba yonke into emalunga nenjongo neendlela zokughuba
oluphando ndiyicaciselwe kakuhle. Kwaye ndiyakugonda konke okulindelwe
kum. Ndiyazi ukuba ndingarhoxa koluphando nanini na. Ndilinikiwe ithuba

lokubuza imibuzo.

Ndinikeza ngemvume yokuthabatha inxaxheba kolu phanﬂo. Ndiyagonda
ukuba iziphumo zovavanyo ziyokwaziwa ndim nangugqirha wam ukuba oko
kunyanzelekile.

Ndiyagonda kwakhona ukuba zonke iziphumo zovavanyo' Ziyakwaziswa
umphathi (usuperintendent) wesibhedlele, kodwa andisayi kuchazwa

ngegama nakweziphi na izinto ezishicelelweyo ngoluphando.

Sayina: ‘ (Umthathi-nxaxheba)

(Umphandi)

Umhla:




Appendix B1.

Distribution of mean pure tone thresholds in all participants over the eight-week period

Mean dB SPL (SD) Skewness Kurtosis

Week 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Frequency

(Hz)

250 10(7) 11(2) 12(5) 15(12) 18(19) 1.37 1.87 262 344 316 -0.15 1.67 5.83 12.25 10.40

500 10(0) 10(0) 11(4) 14(11) 18(18) . 241 3.74 3.25 5.20 14.00 10.82
1000 10(0) 10(0) 10(0) 12(4) 16(17) 4.12 3.74 346 17.00 . . 14.00 12.00
2000 10(7) 10(7) 10(0) 13(7) 16(16) 2.61 4.12 3.74 333 544 17.00 14.00 11.30
4000 10(7) 11(2) 11(4) 17(19) 20(23) 2.24 122 073 327 3.02 458 087 -1.59 11.33 9.73

8000 12(1) 12(2) 19(4) 21(19) 21(23) _ 3.14 220 224 294 244 980 4.87 437 921 6.29
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Appendix B2.

Distribution of DPgram absolute amplitudes in all participants over the eight-week period

143

Mean dB SPL (SD) Skewness Kurtosis
Week 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Frequency Norm

(Hz) rahge

818 1.1-18.7 12.9(4) 12.6(4) 12.5(4) 12.4(5) 7.0(3) -0.53 -0.34 -0.32 -1.26 -0.01 -0.46 -0.82 -1.22 1.99 0.70
1038 -1.2-22.8 13.3(4) 13.3(4) 13.6(4) 12.7(5) 7.9(4) -1.06 -0.56 -0.18 0.15 -1.21 0.65 -0.79 -0.54 -1.26 1.87
1306 1.5-22.8 13.7(3) 12.3(5) 12.7(3) 11.9(56) 7.1(3) -0.60 -0.12 -0.25 0.14 -2.22 -0.34 -0.72 -0.65 -1.21 6.66
1636 0.0-16.3 13.0(5) 11.7(7) 12.0(5) 11.2(6) 6.7(4) -0.97 -0.22 -0.15 -1.01 -0.96 0.95 -0.74 -1.38 2.00 0.15
2063 0.4-21.1 10.5(6) 9.5(5) 8.9(6) 8.4(7) 3.6(9) -0.19 -0.98 -0.75 -1.77 -1.78 097 0.98 0.33 3.90 2.21
2600 1.3-21.0 9.1(6) 8.3(4) 7.1(3)_ 6.0(5) 2.3(8) -0.63 -0.62 -0.77 -0.61 -0.97 -0.07 -0.63 0.91 -0.35 0.47
3284 1.1-198 7.2(6) 5.2(6) 5.8(4) 3.0(8) -0.6(8) 0.90 0.02 0.15 0.28 0.60 1.29 -0.18 -0.25 0.25 0.71
4126 7.2-222 10.3(4) 9.6(5) 8.6(6) 6.1(9) 2.3(9) -0.34 -0.57 -0.30 -0.20 -1.07 -0.79 -1.08 -1.39 -1.35 0.94
5200 0.0-20.6 5.7(8) 5.1(8) 2.9(9) 0.8(10) -2.0(9) _0.60 0.70 0.09 -0.32 0.57 -0.20 -1.01 -0.39 0.60 -1.00
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Appendix C. Statistical comparison of noise floor over time as measured

during DPgram measurement

Mean noise dB SPL (SD) Friedman's ANOVA
Week 0 2 4 | 6 8 F df p
Frequency
(Hz)
818 3(2) -5(2) -4(4) -2(4) -4 59 4 209
1038 8(3) -9(2) -9(3) -9(4) -8(4) 08 4  .938
1306 7(3) 9@ -93) -7(3) -8(2) 52 4 271
1636 11(2) -12(2) -11(2) -11(2) -12(1) 22 4 691
2063 12(3) -11(2) 112(2) -11(2) 12(2) 33 4 509
2600 12(2) 11(2) -12(3) -11(2) -12(2) 35 4  .482
3284 -13(1) A3(1) -13(2) -14(3) -13(3) 13 4  .864
4126 10(4) 12(2) 14(1) 12(3) 13(1) 26 4 626

5200 9(3) -10(2) 11(2) 9(2) -10(3) 3.1 4 541
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Appendix D. Statistical comparison of noise floor over time as measured

during DP /O function measurement

- Mean dB SPL (SD) Friedman's ANOVA

Week 0 2 4 6 8 F da p

Frequency L, intensity
(Hz) (dB SPL)

818 75 6(1) -4(4) -5(4) -3(5) -4(6) 32 4 53
70 6(1) -5(4) -5(4) -5(5) -56) 04 4 .98

65 6(1) 6(5) -6(4) -4(6) -6(6) 5.1 4 .28

60 -7(3) -5(6) -5(4) -4(6) -4(6) 3.4 4 49

55 -~ 6(2) -5(4) -6(4) -4(5) -56) 38 4 .43

50 7(2) 6(4) -5(4) -46) -5(7) 38 4 .43

45 , -8(3) 6(4) -6(3) -5(7) -5(6) 40 4 40

1636 75 9(4) -11(1) -11(2) -10(2) -10(2) 28 4 .59
70 9(4) -10(3) -11(1) -10(3) -10(3) 04 4 .98

65 -10(2) -11(3) -11(2) -11(2) -10(3) 19 4 .74

60 12(1) -11(2) -11(2) -12(2) -10(3) 28 4 .58

55 A1(3) -11(2) -11(2) -11(2) -10(3) 42 4 .38

50 11(3) -12(2) -11(3) -11(3) -11(2) 15 4 .82

45 A1(2) 11(2) 12(2) -11(2) -12(2) 18 4 77

2454 75 -12(3) -11(2) -10(2) -10(2) -10(2) 38 4 .43
70 11(4) -11(2) -12(1) -12(2) -11(3) 36 4 .46

65 -11(2) -11(1) -12(2) -12(1) -12(2) 23 4 68

60 -12(2) -12(2) 112(1) -13(1) -12(2) 17 4 .78

55 12(2) 12(2) -13(2) -13(3) -11(2) 37 4 .44

50 12 (2) -13(2) -13(2) -14(2) -12(2) 46 4 .32

45 -13(3) -13(2) -13(2) -14(2) -12(2) 59 4 .20

3284 75 12(3) -10(2) 12(2) -11(2) -11(2) 93 4 .05
70 -12(4) 110(1) -12(1) -13(1) -11(3) 110 4 .02

65 13(2) 11(1) -12(1) -12(2) -11(2) 49 4 .29

.60 A13(1) -12(3) -13(2) -13(2) -13(2) 22 4 .69

55 A13.(1) -12(2) -14(3) -13(2) -13(3) 15 4 .82

50 -14(3) -12(2) -13(1) -12(4) -13(3) 20 4 .72

45 13 (1) -12(2) -13(2) -12(2) -13(4) 34 4 49



Appendix D. (cont.)
4102 75
70
65
60
55
50
45
4919 75
70
65
60
55
50
45

A1(2) -12(2) -11(2)

-11 (4)
12 (3)
11 (2)
13 (1)
13 (2)
14 (1)
-8 (3)
-10 (3)
12 (1)
14 (2)
11 (3)
12 (2)
13 (2)

12 (2)
11 (3)
11(2)
-13 (1)
-12 (1)
13(2)
-9 (3)
“11(2)
12 (1)
-14(2)
-11 (4)
13 (2)
-13(2)

12 (1)
12 (2)
12 (2)
-12(2)
12 (2)
13 (2)
11 (3)
11 (2)
12 (3)
14 (2)
12 (3)
12 (2)
13 (2)

-11 (3)
12(2)
11 (2)
12 (3)
11 (2)
13 (3)
12 (2)
-8(2)
-10 (2)
11 (2)
14 (2)
-11 (3)
12 (2)
13 (2)

11 (2)
-12(3)
13 (2)
12 (2)
13 (2)
13 (2)
13 (2)
-1 (4)
12 (2)
13 (1)
15 (2)
14 (3)
14 (2)
-14 (1)

0.9
1.3
4.6
1.6
4.9
5.1

. 7.8

10.1
8.1
4.5
1.5
7.4
7.7
2.2
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F O U N Y N N T U N N N N N

.92
.86
.32
.80
.29
.27
.10
.03
.08
.34
.82
1
10
.70

Note: Bonferroni correction: a = .016



Appendix E1. DP I/0 funcﬁon slopes at Week 8 in Participant A who developed hearing loss (as per pure tone thresholds)

DP 1/O function slopes (dB/dB)

Previous research
(Dorn et al., 2001;

Current study Kummer et al., 1998)
L2 Stimulus intensity
level dB SPL Frequency (Hz) Frequency (Hz)
818 1636 2454 3284 4102 4919 1000 to 6000
40 Lin(1.1) Nlin(-1.0) Lin(0.6) Nlin(-0.6) Nlin(0.4) Lin (4.5) Nlin
45 Lin(1.1)  Nlin(-0.3) Lin(1.6) Lin(2.1) Lin (1) Nlin (-1.7) Nlin
50 Niin (0.4) Lin(1.4) Lin(0.6) Lin(0.9) Nlin (0.1)  Nlin (0.5) Nlin
55 Lin(0.6) Lin(1.3) Lin(0.8) Lin(0.9) Nlin (-0.3) Lin (0.6) Nlin
60 Nliin (0.4) Lin(0.6) Nlin(-0.1) Lin(0.6) Nlin (-0.2) Lin (1.2) Lin
65 Niin(0.1) Nlin(0.4) NIin(0.4) Nin(0.4) Lin(2.8) Lin(0.8) Lin
% Nlin at each frequency 50 50 33 33 66 33

Overall % Nlin 44

Note: Lin = Linear siope with range > 0.5 dB/dB (Ruggero et al., 1897)
Nlin = Non-linear slope with range < 0.5 dB/dB (Ruggero et al., 1997)
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Appendix E2. DP l/O function slopes at Week 8 in Participant B who developed hearing loss (as per pure tone thresholds)

DP 1/O function slopes (dB/dB)

Previous research (Dorn et al.,

Current study 2001; Kummer et al., 1998)
Stimulus intensity level
dB SPL Frequency (Hz) Frequency (Hz)
818 1636 2454 3284 4102 4919 1000 to 6000
40 Lin (1.5) Nlin (04) Lin(1.1) Lin(0.7) Lin(0.6) Lin(0.7) Nlin
45 Lin (1.1) Nlin {-0.1) Lin (0.7) Lin (0.6) Niin (0.5) Nlin (0.3) Niin
50 Lin (0.8) Lin(1.6) Lin(1.1) Nlin(0.4) Nlin (0.3) Nlin (0.2) Nlin
55 Nlin (0.3) Lin(1.0) Lin(1.1) Niin (0.2) Lin (0.6) Niin (0.3) Nlin
60 Nlin (-0.4) Nlin (0.3) Lin (0.9) Lin (0.7) NiIin (0.5) Nlin (0.5) Lin
65 Nlin (-0.5) Nlin (-0.2) Nlin (0.2) Lin (0.9) Lin(0.8) Lin(0.7) Lin
% Nlin at each frequency 50 66 16 33 50 66

Overall % Niin 47

Note: Lin = Linear slope with range > 0.5 dB/dB (Ruggero et al., 1997)
Nilin = Non-linear siope with range < 0.5 dB/dB (Ruggero et al., 1997)
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Appendix E3. DP I/O function slopes at Week 8 in Participant C who developed hearing loss (as per pure tone thresholds)

DP 1/O function slopes (dB/dB)

Previous research (Dorn et al.,

Current study 2001; Kummer et al., 1998)
Stimulus intensity level
dB SPL Frequency (Hz) Frequency (Hz)
818 1636 2454 3284 4102 4919 1000 to 6000
40 Niin (-0.6) Niin (-1.4) Lin (0.9) Nlin (-1.1) Lin (0.8) Lin (1.7) Niin*
45 Nlin (0.3) Nlin (0.5) Nilin (-0.7) Nlin (-1.8) Nlin (-2.4) Lin (0.9) Nlin*
50 Niin (-0.3) Lin (1.8) NIlin(-0.2) Lin (2.4) Nilin (-1.0) Nlin (-4.5) Niin*
55 Niin (0.4) NIlin (0.2) NIlin (-0.6) Lin (1.8) Lin(1.2) Lin(4.5) Nlin*
60 Nlin (0.0) Nlin (0.3) Lin(1.4) Nlin (-0.3) Lin (1.3) Nlin (0.4) Lin*
65 Nlin (-0.4) Nlin (-0.8) Nilin (-0.3) Nlin (-1.2) Nlin (-0.4) Nliin (0.3) Lin*

% Nlin at each frequency
Overall % Nlin

Note: Lin = Linear slope with range > 0.5 dB/dB (Ruggero et al., 1997)
Nlin = Non-linear slope with range = 0.5 dB/dB (Ruggero et al., 1997)

0S1L





