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Abstract

Background: The pure-tone audiogram, though fundamental to audiology, presents limitations, espe-
cially in the case of central auditory involvement. Advances in auditory neuroscience underscore the

considerably larger role of the central auditory nervous system (CANS) in hearing and related disorders.
Given the availability of behavioral audiological tests and electrophysiological procedures that can pro-

vide better insights as to the function of the various components of the auditory system, this perspective
piece reviews the limitations of the pure-tone audiogram and notes some of the advantages of other tests

and procedures used in tandem with the pure-tone threshold measurement.

Purpose: To review and synthesize the literature regarding the utility and limitations of the pure-tone

audiogram in determining dysfunction of peripheral sensory and neural systems, as well as the CANS,
and to identify other tests and procedures that can supplement pure-tone thresholds and provide en-

hanced diagnostic insight, especially regarding problems of the central auditory system.

Research Design: A systematic review and synthesis of the literature.

Data Collection and Analysis: The authors independently searched and reviewed literature (journal
articles, book chapters) pertaining to the limitations of the pure-tone audiogram.

Results: The pure-tone audiogram provides information as to hearing sensitivity across a selected fre-
quency range. Normal or near-normal pure-tone thresholds sometimes are observed despite cochlear

damage. There are a surprising number of patients with acoustic neuromas who have essentially normal
pure-tone thresholds. In cases of central deafness, depressed pure-tone thresholds may not accurately

reflect the status of the peripheral auditory system. Listening difficulties are seen in the presence of nor-
mal pure-tone thresholds. Suprathreshold procedures and a variety of other tests can provide information

regarding other and often more central functions of the auditory system.

Conclusions: The audiogram is a primary tool for determining type, degree, and configuration of hearing

loss; however, it provides the clinician with information regarding only hearing sensitivity, and no infor-
mation about central auditory processing or the auditory processing of real-world signals (i.e., speech,

music). The pure-tone audiogram offers limited insight into functional hearing and should be viewed only
as a test of hearing sensitivity. Given the limitations of the pure-tone audiogram, a brief overview is pro-

vided of available behavioral tests and electrophysiological procedures that are sensitive to the function
and integrity of the central auditory system, which provide better diagnostic and rehabilitative information

to the clinician and patient.
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Abbreviations: ABR 5 auditory brainstem response; AEP 5 auditory evoked potential; AMLR 5

auditory middle latency response; AR 5 acoustic reflex; CANS 5 central auditory nervous system;
CAPD 5 central auditory processing disorder; EP 5 evoked potential; GIN 5 Gaps-in-Noise

TestIHC 5 inner hair cells; MLD 5 masking level difference; OAD 5 obscure auditory dysfunction;
OAE 5 otoacoustic emission; SIN 5 Speech-in-Noise Test; VA 5 Veterans Administration

INTRODUCTION

I
n the early 1980s, author Frank E. Musiek of this
article discussed in formal and informal venues

the concept of ‘‘beyond the pure-tone audiogram.’’

Though the details of these discussions have faded from

memory over the years, these conversations led to a for-

mal publication in 1986 entitled, ‘‘Hearing beyond the

eighth nerve’’ (Musiek, 1986). This editorial highlighted

the shortcoming of relying on only the pure-tone audio-

gram to evaluate hearing status. This was especially
true in light of patients who had central auditory def-

icits. Clinical populations with compromise of the

central auditory system often reported symptoms of

hearing difficulties; however, their symptoms were

not reflected in what was then the standard test of

hearing—pure-tone audiometry—and its graphic rep-

resentation, the audiogram.

Well before 1980, a number of reports demonstrated
rather marked auditory deficits in people with central

nervous system disorders; however, these deficits were

manifested only on tests more complex than pure-tone

audiometry. Research byBocca andhis Italian colleagues,

as well as by Jerger, Kimura, and Katz in the mid-to-late

1950s and early 1960s, drew attention to the need for

evaluating patientswith central auditory lesionswith au-

diological tests ‘‘sensitized’’ to central auditory dysfunc-
tion (Bocca et al, 1954; Jerger, 1960; Kimura, 1961;

Katz, 1962). These early researchers ushered in the devel-

opment of new tests and demonstrated the futility of us-

ing pure-tone thresholds to assess auditory compromise

in patients with neuroauditory disorders.

Over the next several decades, considerable research

amassed in the area of central auditory dysfunction,

and mostly by inference, the limitations of pure-tone
audiometry (Chermak and Musiek, 1997; Baran and

Musiek, 1999; Musiek and Chermak, 2007). Several re-

ports made clear that changes in the CANS can also oc-

cur in individuals with hearing loss. Several studies

showed that both young and older adults with bilateral

symmetric sensorineural hearing loss who received a

monaural hearing aid fitting experienced a progressive

decrement in their word recognition scores in their
unaided ear, while word recognition scores in their

aided ear remained unchanged in the absence of any

change in their pure-tone audiograms. Individuals

aided binaurally did not experience any decline in word

recognition scores (Silman et al, 1984; Gelfand et al,

1987; Hurley, 1998). These findings suggest strong cen-

tral effects of auditory deprivation in the unaided ear of

individuals fitted monaurally, that is, undetectable by

the pure-tone audiogram. These studies corroborated

patients’ complaints of decreased hearing with no ap-
parent change in pure-tone thresholds.

The accumulating evidence of the pure-tone audio-

gram’s limitationshas penetrated all aspects of audiology.

In addition, advances in auditory neuroscience have be-

gun to emphasize the considerably larger role of the cen-

tral auditory nervous system (CANS) in hearing and

related disorders. As a result of changing views on trans-

ynaptic degeneration, tinnitus, homeostatic plasticity,
brain reorganization, and the effects of noise on the audi-

tory system, attention has turned from almost exclusive

focus on the auditory periphery to include more central

mechanisms (Schwaber et al, 1993; Morest et al, 1998;

Lockwood et al, 2002; Eggermont, 2012).

This change in thinking has become apparent at ma-

jor audiological conferences over the past two or three

years. Featured presentations that focused on the topic
of ‘‘beyond the pure-tone audiogram’’ were well attended

(Shinn and Musiek, 2013; Musiek, 2015). More presen-

tations than ever before have included comments refer-

encing pure-tone limitations (Shinn and Musiek, 2013;

Edwards, 2015). Audiologists now recognize the impor-

tance of assessing the central auditory system to fully

evaluate auditory or hearing function. The purpose of

this article is to elaborate this point, its rationale,
and its implications. While recognizing the important

role of the pure-tone audiogram in clinical audiology,

we review data demonstrating the shortcomings of pu-

re-tone threshold testing in the broader context of assess-

ing overall hearing status. The audiogram’s appropriate

use will be discussed, including the role of threshold ver-

sus suprathresholdmeasures.Next, several unique stud-

ies are highlighted to demonstrate that audiograms do
not always reflect damage to the cochlea—a finding

seemingly counterintuitive. This is followed by a section

devoted to reports of various degrees of auditory symp-

toms and difficulties presented by individuals with nor-

mal pure-tone audiograms, reflecting an important

disassociation between the pure-tone audiogram and pa-

tient complaints. Next, we discuss the finding, although

seen in only a minority of cases, of normal pure-tone
thresholds in those with auditory nerve involvement.

We continuewith a review of the initial impetus for testing

beyond the audiogram—central auditory involvement—

and conclude with a brief overview of available tests

and procedures that assess the central auditory system,

tests which in some instances also may provide insight

into the function of the auditory periphery.
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VALUE OF THE AUDIOGRAM

There is no denying that pure-tone audiometry has

become the hallmark measure in the evaluation of

patients with hearing disorders. It serves as a critical

tool in the diagnosis of many audiological and otologic

disorders. It is important in providing information re-

garding type, degree, and configuration of hearing loss.

Additionally, it has vital diagnostic value in assisting

physicians in making surgical decisions. The audiogram

is an old tool, however, and has advanced relatively

little over the years. As noted by Feldmann (1970),

audiometric-related events date back to 377 BC, when

Hippocrates reported clinical findings of hearing loss.

Richardson coined the word ‘‘audiometer’’ in 1879, with

Hartmann creating the first ‘‘auditory chart’’ in 1885

(Vogel et al, 2007). The first audiometers weremanufac-

tured in the 1930s, and while substantial technological

advancements have occurred since (e.g., computer-based

platforms), the fundamental technical and diagnostic

principles underlying audiometry have remained essen-

tially unchanged over the last 501 years.
As audiologists, we are charged with evaluating, di-

agnosing, and treating an array of disorders of the au-

ditory and vestibular systems. To do so requires that we

understand the intricacies of the anatomy and physiol-

ogy of these systems. While most audiologists are rela-

tively well versed with respect to peripheral anatomy

and physiology, fewer have the same depth of knowl-

edge of the CANS. As a result, many audiologists are

less comfortable with neuroaudiologic assessment and

rehabilitation. As Chermak and colleagues documented

in 2007 (Chermak et al, 2007), too few audiologists eval-

uate central auditory function, a situation which has

improved somewhat in the last decade, although based

on the inquiries the authors and their colleagues receive

on a regular basis, locating an audiologist with this

expertise can be challenging, especially in certain parts

of the authors’ respective home countries, the United

States and Great Britain.

The audiogram is excellent at determining degree
and configuration of hearing loss, and in conjunction

with other basic audiological tests (e.g., immittance

and speech audiometry) helps determine the type of

hearing loss. However, the audiogram provides the

clinician with information regarding only hearing sen-

sitivity, and no information about central auditory pro-

cessing (despite the fact that pure-tone signals do

reach the primary auditory cortex). Nor does the

pure-tone audiogram provide any information regard-

ing the auditory processing of real-world signals (i.e.,

speech, music). The CANS is an intricate neural com-

munication network that plays a vital role in hearing.

In fact, patients with CANS compromise (e.g., auditory

agnosia) can present marked deficits in auditory pro-

cessing despite normal audiograms and, usually, rela-

tively normal-hearing sensitivity (Kazui et al, 1990).

(Also see discussion of central deafness below.) As

our profession advances, so should our view and ap-
proach to diagnostic assessment and rehabilitation of

the total auditory system, not simply the periphery.

A prime example of our professional transition away

from the dependency on the audiogram is the evolution

of candidacy criteria for cochlear implant recipients. Dur-

ing the early years of cochlear implants, only profoundly

hearing-impaired patients were considered candidates.

In more recent years, candidacy guidelines have become
significantly less stringent, allowing patients with lesser

degrees of hearing impairment to satisfy eligibility re-

quirements. Perhaps even more important, however, is

that functional performance in noise (e.g., using tests

such as the Hearing-in-Noise Test and AzBio Test

(Nilsson et al, 1994; Spahr et al, 2012) is given signifi-

cantly more weight than pure-tone thresholds in deter-

mining eligibility for a cochlear implant.
The pure-tone audiogram is considered to offer lim-

ited insight into functional hearing and is therefore

not considered to provide the most ecologically valid in-

formation regarding auditory function in real-world

settings. There are numerous examples in the litera-

ture demonstrating that patients who present with

CANS involvement may, and often do, yield normal au-

ditory thresholds. As early as 1942, Karlin reported
that the audiogramwas a poor predictor of performance

in complex listening environments (Karlin, 1942). An

example of the failure of the audiogram to reveal evi-

dence of higher auditory dysfunction also was observed

by Bocca and colleagues in the 1950s (Bocca et al, 1954;

1955). Bocca’s work confirmed that patients with lesions

of the CANS often present with normal audiograms, de-

spite significant deficits with respect to processing de-
graded speech. This would have been undetected if the

audiogram were the only test used to evaluate the audi-

tory system.

Perhaps some of the most compelling examples of the

limitations of the audiogram are seen in patients who

present with central deafness (Musiek and Lee, 1998;

Musiek, Baran, et al, 2007. Musiek, Baran, et al

(2007) described a patient who presented with bilateral
cerebrovascular accidents. The pure-tone audiogram

revealed a severe to profound hearing loss bilaterally;

however, further examination using otoacoustic emis-

sions (OAEs), acoustic reflexes (ARs), and the auditory

brainstem response (ABR) revealed normal function, bilat-

erally. Of note, however, was the finding that the middle

and late auditory potentials were severely compromised.

This case underscores the need to examine the entire au-
ditory system, using a variety of behavioral tests and elec-

trophysiological procedures, and the importance of a

thorough understanding of the anatomical structures in-

volved in themeasured responses.Had the entire auditory
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system not been thoroughly evaluated, this patient might

have been inappropriately fit with amplification or even a

cochlear implant, only to experience limited benefit at best.

Even more serious than not having benefited the patient,
inappropriately providing a cochlear implant might well

have unnecessarily and inadvertently obliterated a

normal-functioning cochlea.

More recently, the Veterans Administration (VA) has

examined auditory deficits in veterans returning from re-

cent military operations (i.e., Operation Iraqi Freedom/

OperationEnduringFreedom/OperationNewDawn).Spe-

cifically, the VA has examined veterans with blast-related
injuries (Lew et al, 2007; Gallun et al, 2012; Oleksiak et al,

2012; Saunders and Echt, 2012; Saunders et al, 2015).

Many of these veterans have expressed concerns regard-

ing their hearing, particularly in noisy situations or less

than ideal listening environments; however, they present

withnormal peripheral hearing sensitivity. Thesefindings

ledGallun and colleagues (2012) to compare veteranswith

and without blast-related injuries. Those that were blast
exposed demonstrated significant deficits in temporal res-

olution, binaural integration, and speech recognition in

noise compared to the control group. In addition, they

demonstrated differences in objective electrophysiological

measures. While the ABR did not reveal significant differ-

ences between groups, the blast-exposed group demon-

strated both latency (delayed) and amplitude (reduced)

differences in the right ear on late auditory evoked poten-
tials (AEPs; P300) relative to the control group. Saunders

et al (2015) examined 99 blast-exposed veterans through

self-report and behavioral measures. The most common

deficit was speech-in-noise difficulties (.75%). More than

half of the veterans presented deficits on three to six of the

ten functional measures that were administered (e.g.,

Hearing-in-Noise Test, North American Listening in Spa-

tialized Noise-Sentence Test, Staggered Spondaic Words).
Their confirmed blast injuries likely contributed to their

central deficits, further demonstrating why one cannot re-

ly solely on the audiogram to comprehensively assess the

auditory system. Further demonstrating the limitations of

the pure-tone audiogram in revealing the underlying sta-

tus of the auditory system, Saunders and Echt (2012)

found that more than half of VA audiologists (53%)

reported encountering two to three veterans per month
reporting auditory complaints, despite normal audio-

grams, with nearly all VA audiologists (93%) reporting

at least one veteran per month with that profile.

In fact, self-reported hearing difficulties among

adults with normal audiograms are not confined to

veterans. Shinn and colleagues recently reported on pa-

tients seen in a general audiology/otolaryngology clinic.

Of those patients who presented with concerns regard-
ing hearing despite having normal audiograms, 13%

specifically reported auditory processing deficits (as

reflected by their challenges hearing in noise and in dif-

ficult listening environments), and 48%were concerned

about hearing loss (Shinn et al, 2016). Those with con-

cerns regarding ‘‘hearing loss’’ were more than likely

experiencing some degree of abnormal auditory percep-

tion that requires further evaluation for identification
and treatment planning.

Additional evidence of the limitations of the audio-

gram arises from studies of patients with tinnitus and

those exposed to noise. A number of studies have shown

that patients with tinnitus present with subtle audiolog-

ical deficits not observed on the audiogram (Schaette and

McAlpine, 2011; Epp et al, 2012; Ishak et al, 2013).More-

over, subtle auditory deficits of both the peripheral and
central mechanisms due to noise exposure have been ob-

served on OAEs (Boger et al, 2012), sound localization

(Menezes et al, 2014), and temporal processing (Kumar

et al, 2007), despite the presence of normal-hearing sen-

sitivity (as reflected on the audiogram).

NORMAL PURE-TONE THRESHOLDS AND

COCHLEAR DAMAGE

Conventional thinking posits that the pure-tone au-

diogram reflects the functional status of the co-

chlea. This certainly is supported, at least partially,

by studies showing elevated pure-tone thresholds in co-

chleas with damage to hair cells (Schuknecht, 1974).

However, over the years, a few reports have demon-

strated that this correspondence may not be absolute.
For example, 50 years ago, a classic histological study

of the cochlea questioned the degree to which histolog-

ical damage to the hair cells correlated with pure-tone

thresholds, thereby casting some doubt on the physio-

logical validity of pure-tone thresholds (Bredberg et al,

1965). Hunter-Duvar and Elliott (1972) reported normal

thresholds in a squirrel monkey with considerable hair

cell loss. Ward and Duvall (1971) reported on two ani-
mals with normal pure-tone thresholds despite marked

hair cell damage at the basal and middle turns of the co-

chlea. Clark and Bohne (1986), examining damage from

low-frequency, high-intensity sound exposure to the api-

cal section of the cochlea of chinchillas, concluded that up

to 50% of the hair cells could be missing without signif-

icantly affecting the animal’s low-frequency hearing

sensitivity. Though these authors reported better cor-
relations between pure-tone thresholds and hair cell in-

tegrity at the basal turn of the cochlea, they interpreted

their overall results as reflecting the insensitivity of the

pure-tone audiogram to cochlear histology. Following

additional analyses, Clark and Bohne concluded that

‘‘pure-tone thresholds are not adequate to determine

functional status of the ear’’ (p. 78). More recently,

Lobarinas et al (2013) made a similar observation fol-
lowing carboplatin-damaged inner hair cells (IHCs)

in chinchillas (N5 9). They reported only minimal shift

in pure-tone thresholds, with most frequencies remain-

ing within normal range, even when inner hair cell
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damage approached 80% of the total number of IHCs.

Lobarinas et al concluded that there was poor correla-

tion between loss in IHCs and pure-tone thresholds.

As is now known, IHCs are not, for the most part, sen-
sitive to low intensity, but rather are activated at high

intensities (Kujawa and Liberman, 2009). Notwith-

standing this distinction, Lobarinas et al’s findings fur-

ther demonstrate the limitations of pure-tone threshold

procedures. A number of studies preceding those men-

tioned here also commented on the presence of normal

or near-normal pure-tone thresholds despite cochlear

damage. These studies primarily examined auditory
neurons absent secondary to hair cell damage. Because

these investigations focused on auditory nerve fibers,

they are reviewed in the ‘‘Normal Pure-Tone Thresholds

andAuditoryNerveCompromise’’ section on the auditory

nerve.

While audiologists often assume that abnormal pure-

tone thresholds reflect damage to the cochlea—usually

the hair cells—this may not be accurate in all cases. In-
deed, in the absence of histological data, such as in a

clinical situation, we are left to infer the status of the

hair cells and cochlear dysfunction based on pure-tone

thresholds. However, this may lead to incorrect infer-

ences. Clearly, there is a relationship between pure-

tone thresholds and hair cell damage; however, inmany

instances of hair cell depletion, pure-tone thresholds do

not accurately reflect the degree of depletion, and in
fact, may not reflect hair cell depletion at all, as seen

by essentially normal-hearing sensitivity. The reports

of basic scientists suggest the need for assessment tools

beyond pure-tone audiometry to monitor hair cell dam-

age and the status of the cochlea (Clark and Bohne,

1986).

NORMAL PURE-TONE THRESHOLDS AND
AUDITORY NERVE COMPROMISE

Considerable evidence confirms that damage to the

auditory nerve results in loss of hearing sensitivity

and elevated pure-tone thresholds, as seen in cases of

vestibular schwannomas (i.e., acoustic tumors). In fact,

it has been reported that z3/4 of patients with acoustic

tumors present unilateral, high-frequency sensorineu-
ral hearing loss, with various other audiometric config-

urations (including normal thresholds) constituting the

remaining 25% (Johnson, 1977). Indeed, there are a

surprising number of patients with acoustic neuromas

who have essentially normal pure-tone thresholds. One

of the first reports that pure-tone thresholds might not

consistently reveal dysfunction of the auditory nerve

was published by Crowe et al (1934), who studied hu-
man temporal bones from individuals with documented

normal pure-tone thresholds. Crowe et al reported con-

siderable auditory nerve atrophy (up to 50%) at the

basal turn, whichwas considered to be secondary to hair

cell damage in this region. Schuknecht and Weollner

(1953) reported normal detection thresholds in one of

three cats who had z80% of their spiral ganglion cells

destroyed. In a follow-up study on cats, Schuknecht
andWoellner (1953) reported that 50% of spiral ganglion

cells could be damaged without a shift in normal pure-

tone thresholds. Subsequently, other animal studies have

reported normal pure-tone thresholds despite extensive

damage to spiral ganglion cells (Elliott, 1962).

In a review of several extensive studies of humans

with confirmed acoustic neuromas, 72 (or 5%) of a total

of 1,685 patients presented normal pure-tone thresh-
olds for the involved side (Beck et al, 1986; Dornhoffer

et al, 1994; Kanzaki et al, 1997; Magdziarz et al, 2000;

Mackle et al, 2007). This figure of 5% is consistent

with estimates by others (Musiek et al, 1986). In these

studies, the criteria for normal pure-tones thresh-

olds varied from lax (normal thresholds for frequen-

cies 500–2000 Hz; ,25 dB HL) to strict (250–8000 Hz;

,20 dBHL and nomore than 10-dB asymmetry). Of note
was one study that reported a 5% rate of normal pure-

tone hearing thresholds; however, of this group of 21

patients with acoustic tumors and normal thresholds,

13 reported subjective hearing loss (Beck et al, 1986), a

finding generally consistent with the report by Musiek

et al (1986). Musiek and colleagues (1986) reported

hearing loss or hearing difficulties in 12 of 16 patients

with cerebellopontine angle tumors and essentially nor-
mal pure-tone thresholds. It could be argued, however,

that since most acoustic tumors arise from the vestib-

ular nerves that, at least early on, the audiogramwould

be relatively unaffected. Therefore, onemight not antic-

ipate pure-tone deficits in at least some of the 5% of

acoustic neuroma patients who present normal audio-

grams. This has led some to recommend the use of other

measures beyond the audiogram when evaluating sus-
pected acoustic neuromas (Musiek et al, 1986; Valente

et al, 1995).

Kujawa and Liberman (2009) reported interesting

findings in mice relative to auditory nerve involvement

and pure-tone thresholds after noise exposure. The an-

imals’ pure-tone thresholds resolved to normal follow-

ing temporary threshold shift; however, the animals

incurred damage to afferent auditory nerve terminals
and subsequent degeneration of the auditory nerve.

Kujawa and Liberman noted that pure-tone audiograms

did not reflect the overall and progressive damage to

hearing in these animals. They also demonstrated that

the ABR revealed auditory nerve dysfunction and was,

therefore, a more accurate index of the animal’s true

hearing status.

These animal and human reports reveal that most
auditory nerve compromise is reflected by pure-tone

shift; however, this correspondence is not consistent,

despite the widespread assumption that it is. Normal

pure-tone thresholds can be seen despite damage to
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or pathology of the auditory nerve. Clearly, clinicians

investigating acoustic neuromas should include mea-

sures in addition to pure-tone thresholds to more accu-

rately evaluate hearing in such patients (Musiek et al,
1986; Valente et al, 1995).

AUDITORY SYMPTOMS OF INDIVIDUALS

WITH NORMAL AUDIOGRAMS

S ince the seminal observations of Bocca et al (1954),

we have known that patients with brain pathology

may complain of hearing difficulties despite the pres-
ence of normal-hearing thresholds and normal speech

recognition in quiet. As part of a psychoacoustic pattern

discrimination test validation study, Blaettner et al

(1989) administered a hearing questionnaire to patients

with unilateral cerebrovascular lesions of the telence-

phalic auditory structures to assess potential auditory

perceptual problems in everyday hearing situations.

They found that about half (49%) their patients re-
ported auditory perceptual problems, particularly in

situations with simultaneous speakers; however, the

vast majority (79%) of those patients who gave abnor-

mal results on the psychoacoustic test reported auditory

perceptual problems. Of interest, the latter patients of-

ten stated that they did not have any hearing com-

plaints before the questionnaire being administered.

This is consistent with our own anecdotal observations
that neurological patients with self-reported difficul-

ties in several hearing activities (e.g., localization,

understanding speech in noise, perception of music)

may not attribute these difficulties to hearing, since

their ability to hear soft sounds may be unimpaired.

Blaettner et al (1989) proposed that the reduced ability

of patients with central auditory lesions to follow or se-

lect a speaker in a noisy environment is similar to the
disability experienced by individuals with a peripheral

(cochlear) hearing loss, and this central auditory disabil-

ity should be taken into account when evaluating the

communication abilities of patients with brain lesions.

Bamiou et al (2012) administered the modified Inventory

forAuditoryDisability questionnaire (Kramer et al, 1995)

to 21 nonaphasic adult patients with stroke of the audi-

tory brain regions and relatively preserved audiometric
thresholds and 23 normal age- and hearing-matched con-

trols. Stroke patients’ scores for sound recognition and lo-

calizationwere significantlyworse than scores for normal

controls. Moreover, the questionnaire scores correlated

significantly with the results of central auditory process-

ing test scores, but not with hearing thresholds. Bamiou

et al (2012) proposed that the questionnaire could help

identify stroke patients who need further audiological as-
sessment for central auditory processingdisorder (CAPD).

Listening difficulties in the presence of normal pure-

tone thresholds arenot confined to thosewithneurological-

type lesions or presentations. In nonneurological cases,

z4% of working-age adults (Hind et al, 2011) and up to

10% of all adults (Kumar et al, 2007) who present to au-

diology clinics with complaints of significant listening

difficulties have normal pure-tone thresholds. A propor-
tion of these patients demonstrate abnormal perfor-

mance on complex psychoacoustic tests, and when

their auditory nerve function is intact, their presenta-

tion is attributed to CAPD. Saunders and Haggard

(1992) conducted a study to characterize patients (whom

they classified as having obscure auditory dysfunction

[OAD], as discussed in the ‘‘Limitations of the Audio-

gram with Other Populations’’ section) with difficulties
in hearing speech in noise, and determine the etiology

of their symptoms. The study protocol included hearing

tests (e.g., pure-tone audiometry, frequency resolution,

Speech-in-Noise Test (SIN), a sentence completion task,

and a lip-reading test), as well as psychological assess-

ments (i.e., a personality questionnaire and hearing dif-

ficulties questionnaire). They showed that these patients

differed significantly from the controls in three domains:
(a) psychological domain (i.e., greater anxiety on person-

ality test), (b) psychoacoustic domain (i.e., impaired fre-

quency resolution, SIN threshold), and (c) cognitive/

linguistic domain (i.e., lower scores on the focused at-

tention condition of a dichotic listening test). They also

reported that while patients with OAD and normal

pure-tone hearing thresholds usually were discharged

from audiology departments, the findings of a normal
audiogram did not satisfy these patients, who subse-

quently sought a second opinion and further assessments.

Their research led to the development of a package of

performance tests, questionnaires, andprotocols for coun-

seling (Saunders et al, 1992). Higson et al (1994), in a fur-

ther study of 59 new OAD patients, replicated the

findings of the previous study by Saunders and Haggard

(1992) and proposed that such patients had a consistent
profile of poorer speech reception threshold (SIN) and

considered themselves handicapped by their symptoms.

Neijenhuis et al (2003) assessed hearing disability in

24 otherwise neurologically normal adults with a sus-

pected CAPD (i.e., patients who complained of hearing

difficulties on the Amsterdam Inventory [Kramer et al,

1995] despite the presence of a normal audiogram and

speech recognition in quiet audiometry). Sixty-eight
percent of these adults gave abnormal results (scores

below the 90th percentile of the normal control group)

on the central auditory test battery. As a group, the par-

ticipants with a suspected CAPD reported significantly

more complaints regarding hearing abilities than normal

controls for all five factors assessed by the Amsterdam

Inventory, with speech in noise and sound localization

as the most frequently reported difficulties. Bamiou
et al (2015) assessed hearing symptoms in adult patients

with CAPD (N5 39) versus controls (N5 19) as revealed

on the SpeechSpatial Qualities hearing scale (Gatehouse

and Noble, 2004), the (Modified) Amsterdam Inventory
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for Auditory Disability (Kramer et al, 1995), and the

Hyperacusis questionnaire (Khalfa et al, 2002). Speech

in noise emerged as the key issue for these patients.

PURE-TONE THRESHOLDS AND

COMPROMISE OF THE CANS

The limited sensitivity of pure-tone thresholds to co-

chlear and eighth-nerve damage certainly reduces

their utility in clinical evaluations of hearing function.

The disassociation between patient reports of hearing

difficulties with CANS involvement and normal pure-
tone thresholds has become a reasonably well-known

and accepted finding. This lack of correspondence was

revealed in early studies by Bocca and his colleagues

(Bocca et al, 1954). A principle assertion of these germi-

nal studies was that pure-tone thresholds were of little

value in measuring auditory deficit in patients with cen-

tral auditory compromise. This understanding led these

early investigators to embark on developing new test
procedures that were more sensitive to detecting central

auditory dysfunction. This understanding continues to

guide the development of central auditory tests to better

reveal with more objective measures the source(s) of the

auditory symptoms of the patient with central auditory

involvement (Musiek et al, 1994).

Though Bocca and colleagues’ early studies began to

raise awareness of the shortcomings of pure-tone
thresholds in revealing central auditory dysfunction,

the results of other early reports were perhaps even

more striking. These reports profiled individuals who

had undergone hemispherectomies and resections of

major portions of the temporal lobe with essentially no

effects on the pure-tone audiogram (Goldstein et al,

1956; Berlin et al, 1972). The Goldstein et al (1956) re-

port was especially compelling in that pure-tone thresh-
olds for four patients with infantile hemiplegia did not

significantly change from preoperative levels after hem-

ispherectomy. While we now know that brain plasticity

could be operating in these patients, this was an impor-

tant early report calling attention to the insensitivity of

pure-tone thresholds to a major insult to the central

nervous system and the auditory cortex. It should be

mentioned that one of these patients was tested several
years later with degraded speech stimuli and showed a

clear deficit in the ear contralateral to the hemispher-

ectomy, demonstrating the potential of more sensitized

stimuli and tests to more accurately reflect the status of

the CANS.

In the 1960s and 1970s, additional reports emerged

corroborating the extremely limited value of pure-tone

thresholds in measuring central auditory integrity. At
the same time, sensitized tests such as monaural low-

redundancy speech and dichotic listening began to dem-

onstrate their worth in evaluating those with central

auditory disorder (Jerger, 1960; Kimura, 1961; Lynn

and Gilroy, 1972; Jerger and Jerger, 1975; Speaks

et al, 1975). Such reports helped to persuade some au-

diologists, regardless of whether they worked in the area

of central auditory disorders, that pure-tone thresholds
simply do not reflect deficits of the CANS and that differ-

ent test approaches and strategies are required for thor-

ough and accurate evaluation of these patients.

Over the last 30 yr, additional tests of the CANS have

been developed. In a large study of consecutive patients

with a wide variety of brainstem lesions and after ex-

cluding patients with cerebellopontine angle lesions

or acoustic neuromas as well as patients with hearing
loss attributable to other causes (N 5 309), only 26%

presented pure-tone thresholds poorer than 30 dB

ISO (Luxon, 1980). This figure represents a ‘‘high’’ es-

timate given the study’s skewed population, as they

were presented to a tertiary care Neurology Neuro-

surgery specialist hospital. Furthermore, diagnosis of

brainstem pathology was based on clinical neurological

and otological grounds in all patients, and diagnosis
was confirmed at operation or postmortem examination

in 35%—that is, a sample with a high prevalence of

advanced or life-threatening brainstem pathology—to

merit operation. Conversely, a series of studies has

documented the rather ubiquitous finding of the sen-

sitivity of a variety of sensitized central auditory tests

to compromise of the brainstem auditory pathway in

the absence of any consistent influence on the pure-
tone audiogram. For example, masking level differ-

ences (MLDs) have been shown to be abnormal in

brainstem lesions despite normal audiometric thresh-

olds (Olsen and Noffsinger, 1976; Lynn et al, 1981;

Noffsinger et al, 1985). Similar findings were observed

using interaural timing tasks in individuals with brain-

stem involvement (Furst et al, 2000; Aharonson and

Furst, 2001; McCullagh and Bamiou, 2014). Studies
using low-redundancy speech tests on patients with

brainstem involvement showed no poorer than mod-

erate hearing loss, with many of these individuals pre-

senting normal or near-normal pure-tone sensitivity

(Jerger and Jerger, 1974; Karlsson and Rosenhall,

1995).Dichotic listening studies also have demonstrated

good sensitivity to brainstem disorders despite normal

or near-normal pure-tone findings (Musiek, 1983).
Testing beyond the pure-tone audiogram may include

electrophysiological procedures as well as the behavior-

ally sensitized tests. The ABR is a powerful measure of

auditory brainstem pathway integrity, which, as dis-

cussed earlier, is seldomreflected in pure-tone thresholds

(Luxon, 1980; Musiek and Geurkink, 1982; Musiek,

Shinn, et al, 2007). Patients with multiple sclerosis dem-

onstrate the insensitivity of the audiogram to brainstem
integrity. Although it has been well documented that

ABRs are commonly abnormal in patients with multiple

sclerosis due to involvement of the auditory brainstem

pathways (Paludetti et al, 1985;Musiek et al, 1989), their
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pure-tone auditory thresholds are rarely elevated (Doty

et al, 2012). The ABR also is highly sensitive and specific

to various brainstem disorders, whether they are vascu-

lar, mass, or degenerative in type, yet pure-tone thresh-
olds provide essentially no diagnostic insight to the

patients’ auditory problems (Musiek and Geurkink,

1982; Noffsinger et al, 1982; Musiek et al, 1988; Musiek,

Shinn, et al, 2007). If the pure-tone thresholds were used

exclusively in these cases of brainstem involvement, the

overwhelming majority of patients’ auditory difficulties

would remain undocumented. In fact, normal pure-tone

thresholds at times could provide a false sense of security
to the examiner, whomight be inclined to dismiss the pa-

tient’s symptoms when in actuality the auditory system

may be compromised.

Earlier in this section, it was mentioned that initial

reports of normal pure-tone thresholds in cases of hemi-

spherectomy were critical in gaining insight and provid-

ing momentum in the evolution of our understanding

of the need to move beyond the pure-tone audiogram.
Perhaps the best illustration of the shortcomings of

pure-tone thresholds is reports showing the absence of

pure-tone threshold changes from lesions of auditory

areas of the cortex or cerebrum (Musiek et al, 1994;

Hurley and Hurley, 2014). In many studies examining

auditory cortex involvement and use of central auditory

tests, patients typically were required to have normal-

hearing sensitivity to qualify for the study. These pa-
tients’ central auditory test performance was clearly

abnormal due to their documented lesions of the auditory

cortex. Major strokes and related vascular problems,

head injury, mass lesions, and degenerative disorders

of the auditory cortex have been shown to yield abnormal

results on amyriad of behavioral test procedures, includ-

ing temporal processes (Musiek et al, 1990; 2005; 2012;

Baran and Musiek, 1999; Shinn, 2014), dichotic listen-
ing (Musiek, 1983; Musiek et al, 2012; Weihing and

Atcherson, 2014), low-redundancy speech (Lynn and

Gilroy, 1972; 1977; Krishnamurti, 2015), and binaural

interaction procedures (McCullagh and Bamiou, 2014).

In addition to the ABR, other electrophysiological pro-

cedures (e.g., middle latency and late AEPs) tell a similar

story. These evoked potentials (EPs) can be sensitive to

cortical damage to the auditory areas and in most cases
are accompanied by a normal audiogram (Knight et al,

1980; Musiek et al, 1994; 1999; Musiek and Lee,

1999). Thoughmiddle and lateEPs arenot, inmost cases,

routine clinical procedures, in the right situations they

may be helpful. However, understanding the limitations

of these EPs should be exercised in their application.

LIMITATIONS OF THE AUDIOGRAM WITH
OTHER POPULATIONS

Over the years, there has been a series of reports

of individuals with normal pure-tone thresholds

with presumed damage to the CANS (based on symp-

toms such as difficulty understanding speech in back-

ground noise) or possibly damage to the cochlea. These

individuals presented performance deficits on more
complex auditory tests. For example, elderly partici-

pants presented a decrease in speech recognition in

noise over time in the absence of any change in the

pure-tone audiogram (Dubno et al, 1984). Similarly,

there have been reports of changes in temporal process-

ing ability with increasing age with essentially no

change in pure-tone thresholds (He et al, 2008; Hopkins

and Moore, 2011). Age-related reductions in the brain-
stem frequency following response synchrony and am-

plitude, as well as prolonged latencies, have been

observed inmiddle-aged individuals, even in the absence

of significant hearing loss (Clinard and Tremblay, 2013).

Based on recordings of speech-evoked ABRs in quiet and

in noise in older adults with normal-hearing sensitivity,

Anderson et al (2011) reported that those older adults

with poor speech recognition in noise performance dem-
onstrated greater disruption of response morphology in

noise, reflecting a reduction in neural synchrony.

Another population commonly seen by audiologists is

children with normal-hearing sensitivity with CAPD

and language-related learning problems in the absence

of frank underlying neuropathology (Bishop, 2000). A

number of studies suggest that at least some of these

children present with some underlying benign, diffuse,
or focal neuroanatomic/neuromorphological abnormali-

ties (e.g., ectopias [normal but misplaced cells], polymi-

crogyria [abnormally small gyri]) or maturational delay

due to a slower course of myelination or auditory dep-

rivation (Galaburda et al, 1985; Boscariol et al, 2009;

Boscariol, Garcia, Guimarães, et al, 2010; Boscariol,

Guimarães, Hage, et al, 2010; Boscariol et al, 2011;

Chermak and Musiek, 2011; Boscariol et al, 2015). This
pediatric population has characteristically been defined

by normal pure-tone thresholds, the presence of audi-

tory symptoms, and related learning difficulties. They

also show deficits on central auditory tests. These chil-

dren can be helped by various intervention techniques,

as the recent literature has shown (Musiek et al, 2014;

Weihing andMusiek, 2014). Again, if only pure-tone au-

diograms were obtained from these children, there
might have been no documentable reason to pursue in-

tervention. Unfortunately, this failure may occur more

often than we might wish to acknowledge.

Based on the animal work of Kujawa and Liberman

(2009) and Pienkowski and Eggermont (2012), it ap-

pears that noise exposure can result in damage beyond

the cochlea without affecting the pure-tone audiogram.

Alvord (1983) reported that individuals with a history of
noise exposure and normal audiograms still demon-

strated poorer speech recognition in noise scores than

did a control group not exposed to noise. Despite ameth-

odological concern (i.e., the noise group had slightly
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more loss at 4 kHz than the control group), Alvord’s

study contributed to the early seeds of thought concern-

ing the inability of the pure-tone audiogram to reflect

damage to the auditory system, whether that damage
was peripheral or central. A striking study published

in 2012 by Kumar et al compared a group of noise-

exposed workers with normal pure-tone audiograms

to a matched control group without a history of noise

exposure. Though the audiograms were essentially

the same across groups, the noise-exposed group per-

formed more poorly on (temporal) tests of modulation

detection and duration pattern perception (generally
considered a measure of central auditory function).

Kumar et al’s results could be interpreted to suggest

that noise damaged the central auditory system but

not the cochlea, or that the noise damaged both periph-

eral and central systems, but the audiogram did not re-

flect the peripheral auditory compromise.

Recently published data reveals how exposure to

moderate levels of noise over long durations can precip-
itate tonotopic disorganization in the cortex of cats

(Pienkowski and Eggermont, 2012). This cortical com-

promise evolves without affecting detection thresholds.

These findings again demonstrate the failure of audio-

metric threshold measures to provide any insight as to

what appears to be devastating dysfunction of the cor-

tex. While recognizing the limitations of generalizing

from animal data to humans, these data do suggest that
a patient with a history of noise exposure could experi-

ence degraded frequency processing that could affect

overall hearing function, which would not be heralded

by any pure-tone threshold changes. Again, clinicians

should adopt a cautious approach in rendering a diag-

nosis of ‘‘normal hearing’’ based solely on the pure-tone

audiogram.

WHEN THE PURE-TONE AUDIOGRAM BEARS

LITTLE IF ANY RELEVANCE TO PERIPHERAL

INTEGRITY

We have discussed the limitations of the pure-tone

audiogram to reveal damage to the cochlea (as

well as the CANS). Central deafness provides a fascinat-

ing condition in which the pure-tone audiogram may in
fact reflectmassive dysfunction of theCANSwithout any

relevance to peripheral integrity. Indeed, pure-tone

thresholds may be absent in complete central deafness

or show severe decrements in central deafness; however,

the source of these deficits in sensitivity is central in or-

igin: they do not originate in the peripheral auditory sys-

tem (Musiek et al, 1994; Musiek, Baran, et al, 2007). In

fact, the term ‘‘central deafness’’ is preferred to ‘‘central
hearing loss,’’ since the term ‘‘hearing loss’’ implies a pe-

ripheral origin. Typically, OAEs are present, which sug-

gests normal cochlear function (i.e., outer hair cell

function) or atmost amild hearing loss, aswell as normal

ABRs, which confirm the integrity of the inner ear and

cochlear nerve as well as the auditory pathways within

the low brainstem. Speech recognition typically is se-

verely depressed—often more severely depressed than
predicted based on pure-tone thresholds (Kaga et al,

2004). EPs that assess electrophysiological responses

that originate in the cortex or the radiations to the au-

ditory cortex reveal abnormalities in central deafness

and complete central deafness (Musiek et al, 2004). Typ-

ically, patients can speak, read, and write. Auditory def-

icits (e.g., pure-tone thresholds, patient’s assessment of

‘‘hearing’’) typically are poorer in the ear contralateral to
the hemisphere with the most damage (Heffner and

Heffner, 1986; Musiek et al, 1994). Inconsistent re-

sponses to sound may result from attention deficits, or

improper triggering of attention by ascending auditory

tracts (Musiek et al, 1994).

CENTRAL AUDITORY TESTS AND

PROCEDURES

Given the limitations of the pure-tone audiogram,

we provide a brief overview of available clinical

tests, behavioral tests, and electrophysiological proce-

dures that are sensitive to the function and integrity

of the central auditory system and are useful for clini-

cal evaluation and diagnosis of CAPD. Tests reviewed

include those of dichotic listening, binaural interac-
tion (e.g., MLDs), temporal processing (e.g., temporal

resolution and temporal patterning), and monaural

low-redundancy measures (e.g., speech in noise or com-

petition, filtered speech, time-compressed speech). Cur-

rent and new paradigms involving measurement of AEPs

also are mentioned. Finally, we note the potential of soft-

ware to develop behavioral tests to assess auditory func-

tions for which there are no or few commercially available
options. The reader is referred toWeihing et al (2015) and

Musiek, Chermak, et al (2011) for discussion of the sensi-

tivity and specificity of the tests reviewed below. The

reader is referred to Musiek and Chermak (2014) and

AAA (2010) for detailed reviews of the tests and proce-

dures outlined below.

Though primarily considered a test of cochlear func-

tion, OAEs, whether transient or distortion product,
can assist in the diagnosis of central auditory involve-

ment (Musiek and Chermak, 2015). OAEs usually are

absent or abnormal when cochlear hearing loss exceeds

30 dB HL for transient OAEs and z40 dB HL for dis-

tortion product OAEs. Though it is well known that au-

ditory nerve function is not necessary for generation of

OAEs; eighth nerve disorders such as acoustic tumors

can disrupt OAEs.
The AR and other audiological tests (e.g., air- and

bone-conduction thresholds, tympanometry, and reflex

decay) can help differentiate middle ear, cochlear, and

eighth nerve problems; however, these tests are not
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able to differentiate auditory nerve from low brainstem

involvement. The AR is mediated in the lower pons,

and, therefore, reflects only a small portion of the

CANS. The AR, however, can provide insight as to
central auditory dysfunction in the caudal brainstem

(Musiek and Chermak, 2015). AR abnormalities have

been observed in only a relatively small portion of chil-

dren with CAPD. This observation suggests that the

central dysfunction underlying their CAPD was rostral

to the brainstem (Hall and Johnston, 2007). Abnormal

AR findings, however, have been reported in a number

of different central auditory disorders with established
brain pathology, such as tumors of the brainstem (Jerger

and Jerger, 1977), multiple sclerosis (Jerger et al, 1986),

head injury (Hall et al, 1982), and more recently in lead

poisoning (Counter et al, 2011).

Dichotic listening (i.e., listening to different acoustic

events presented to each ear simultaneously) is among

the most widely used behavioral tests of the CANS and

central auditory processing. The most commonly used
clinical tests employing the dichotic paradigm are the

Staggered Spondaic Word test (Katz, 1962), Dichotic

Digits (Musiek, 1983), the competing words and com-

peting sentences subtests of the SCAN-3:C (tests for au-

ditory processing disorders for children) (Keith, 2009b)

and of the SCAN-3:A (tests for auditory processing dis-

orders in adolescents and adults) (Keith, 2009a), and

Dichotic Words (DW; Meyers et al, 2002). In patients
with well-localized lesions, the ear contralateral to

the involved hemisphere often exhibits poor per-

formance relative to norms (interparticipant) or to

the other ear (intraparticipant, interaural comparison)

(Kimura, 1961; Musiek, 1983; Musiek and Weihing,

2011). If the corpus callosum is involved, a left-ear def-

icit is seen consistently (Musiek and Weihing, 2011). A

left-ear deficit also is seen in young children (,12 yr)
whose corpus callosa have not yet attained their full

complement of myelin, as well as in the elderly and

in individuals with diseases affecting myelin (e.g.,

multiple sclerosis) (Musiek et al, 1984; Musiek and

Pinheiro, 1985; Musiek and Weihing, 2011). However,

there are well-established top-down cognitive effects

on such tests that reflect the interaction of auditory

processing with auditory cognition (e.g., Jerger and
Martin, 2006; Martin et al, 2007; Gates et al, 2010;

Davis et al, 2012).

Binaural interaction tasks require the listener to com-

bine complementary inputs distributed between the ears,

synthesizing intensity, time, or spectral differences of

otherwise identical stimuli presented simultaneously

or sequentially (e.g., localization and lateralization tasks)

to the two ears. Localization refers to the identification of
the location of a sound source in a sound field. Lateral-

ization is a similar process in which the individual deter-

mines the location in the head (intracranial) of a sound

image presented through headphones. The effects of

brain lesions on sound localization have been demon-

strated extensively in animals and humans. Damage

to the CANS (as well as peripheral hearing loss) re-

duces the ability to accurately localize a sound source
(Bamiou, 2007). No clinical measure of localization has

been adopted clinically. However, a binaural interaction

task, MLD, is used clinically and reveals an individual’s

ability to detect a target signal (usually low-frequency

tones or speech) in noise when the binaural phase re-

lationships between the signal and noise are altered.

Noffsinger et al (1972) demonstrated a decrease in the

MLD relative to norms in a large population of patients
with multiple sclerosis, which primarily affects the cen-

tral auditory pathway. Lynn et al (1981) reported that

patients with low pontine lesions presented smaller

MLDs than controls or those with lesions of the upper

brainstem or cortex, demonstrating the differential sen-

sitivity of MLDs to various anatomical regions of the

CANS. The Listening in Spatialized Noise–Sentences

(Cameron and Dillon, 2007) test offers another approach
to examine binaural interaction and correlates well with

the MLD (Cameron et al, 2006). An added benefit of this

test is that it provides a derived measure for voice and

spatial cue, thus minimizing, if not entirely eliminating,

linguistic influence on test performance.

Auditory temporal processing refers to the perception

of sound or the alteration of sound within a restricted or

defined time domain (Musiek et al, 2005). Temporal pro-
cessing is comprised of (a) temporal ordering or se-

quencing, (b) temporal resolution or discrimination,

(c) temporal integration or summation, and (d) tempo-

ral masking. Clinical measures of temporal ordering

and temporal resolution are available; however, at this

time, there are no clinically feasible measures of tempo-

ral integration or temporal masking. The most widely

used clinical tests of temporal ordering are the Fre-
quency Pattern Test and the Duration Pattern Test

(Emanuel et al, 2011). Individuals with cerebral lesions

demonstrate temporal ordering deficits (Belmont and

Handler, 1971; Karasseva, 1972; Swisher and Hirsh,

1972; DeRenzi et al, 1977). Patients with compromise

of the auditory areas of either hemisphere or of the in-

terhemispheric pathways present difficulties on the

Frequency Pattern Test and Duration Pattern Test
(Musiek et al, 1980; 1990; Pinheiro and Musiek, 1985;

Musiek and Pinheiro, 1987; Musiek et al, 1994). These

tests impose some degree of cognitive load in view of

the complex response mode required; however, more re-

cently developed tests for pitch and time sequence anal-

ysis hold promise for the assessment of these important

facets of auditory processing (Grube et al, 2012; 2013).

Temporal resolution or discrimination refers to the
shortest duration of time in which an individual can

discriminate between two auditory signals (Gelfand,

1998). One of the most common measures of temporal

resolution using behavioral methods is gap detection,
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which requires participants to indicate whenever they

hear a ‘‘silent’’ interval embedded in an ongoing sound

or noise burst. Two measures of gap detection are com-

monly used clinically: the Gaps-in-Noise ([GIN]; Musiek
et al, 2005) and the RandomGap Detection Tests (Keith,

2002). Findings in these two tests are, however, dissoci-

ated in clinical populations, and this has been attributed

to a higher load on attention for the Random Gap Detec-

tion Test task compared to the GIN (Iliadou et al, 2014).

The GIN appears to be more sensitive to cortical compro-

mise than to brainstem involvement (Musiek et al, 2005).

Several new clinically viable gap detection procedures
have been introduced recently (Griffiths et al, 2001;

Lister et al, 2006). One such procedure, the Adaptive

Test of Temporal Resolution, uses a computerized, adap-

tive psychophysical methodology to evaluate temporal

resolution (Lister et al, 2006).

Monaural low-redundancy speech tests are among the

oldest tests used to assess the CANS (Bocca et al, 1954;

1955). These tests are administered monaurally using
stimuli that have been degraded electroacoustically or

digitally in the frequency/spectral, temporal, or inten-

sity domain (i.e., low-pass filtered speech tests, SIN (or

speech-in-message competition), and time-compressed

speech tests). In addition to some degree of sensitivity

to CANS lesions (i.e., moderately sensitive to brainstem

and cortical dysfunction), they also provide insights re-

garding an individual’s functional deficits (i.e., auditory
closure and listening in noise), as well as one of themost

common complaints of individuals seen for CAPD evalu-

ation (i.e., understanding speech in background noise),

and therefore offer practical information for intervention

(Bellis and Ferre, 1999; Bellis, 2003; Musiek and Baran,

2004). When a listener with reduced intrinsic redun-

dancy (CANS dysfunction) listens to unaltered speech

with normal extrinsic redundancy, normal speech rec-
ognition performance is still expected; however, when

speech is degraded (i.e., extrinsic redundancy is reduced),

listenerswith reduced intrinsic redundancy (due toCANS

dysfunction) show a significant deficit in speech rec-

ognition performance. Peripheral hearing loss, as well

as CANS dysfunction, reduces the intrinsic redundancy

of the auditory system. Peripheral hearing loss reduces

the ability of the auditory system to resolve spectral detail;
therefore, monaural low-redundancy tests are subject to

thepotential confoundof peripheral hearing loss (Chermak

and Musiek, 1997). Since all monaural low-redundancy

tests are heavily dependent on resolution of rapid

frequency–intensity interactions, the clinician should bal-

ance the value of these tests in the central auditory diag-

nostic battery against their potential to confound results.

Results should be interpreted with caution when used as
part of a central auditory test battery with individuals

with known hearing loss (Baran and Musiek, 1999).

Given the relative insensitivity of the pure-tone au-

diogram to the function and integrity of the central au-

ditory system, the authors recommend that audiologists

consider including a screen for central auditory function

in their basic audiological evaluation. A screening mea-

sure is indicated when the patient’s auditory complaints
are inconsistent with the degree of deficit as represented

by the pure-tone audiogram or when the patent’s history

raises the possibility of higher order auditory involve-

ment. Unfortunately, research has lagged on the devel-

opment of screening tests; however, dichotic digits and

gap detection may be used for screening (as well as diag-

nostic purposes) since they pose minimal language and

cognitive load and they are sensitive to dysfunction
across the CANS (Hurley and Musiek, 1997; Musiek

et al, 2005; Musiek, Chermak, et al, 2011). Obviously,

other tests might be appropriately used as screeners;

however, only tests with established sensitivity to CANS

involvement that can be administered in a relatively

short period of time should be considered.

AEPs

Electrophysiologic potentials can be useful in the

evaluation of the CANS. These potentials provide a

more objective measure of the CANS, and their mech-

anisms of generation can be more directly tied to their

underlying anatomy and physiology (i.e., generatormech-

anisms) than is possible with behavioral tests. However,

as noted above, one must be prudent in their use and in-
terpretation. A brief discussion follows of the ABR, audi-

tory middle latency responses (AMLRs), the cortical

auditory evoked response (P1–N1–P2), and the cogni-

tive P300 response.

The ABR arises from the auditory brainstem nuclei

and pathways. The ABR consists of five to seven peaks,

with waves I and II recognized as the scalp-recorded

eighth nerve compound action potential. Waves III–V
are indicative of activation of nuclei of the cochlear nu-

cleus, superior olivary complex, lateral lemniscus, and

the neural tracts connecting them. Wave III is associ-

ated with lower brainstem nuclei whereas waves

IV–VII, and especially wave V, are associated with up-

per brainstem nuclei. The absence or abnormality of

ABR peaks beyond waves I and II is indicative of brain-

stem lesions (see Musiek et al, 2007 for review).
The AMLR is generated by the auditory thalamus

(medial geniculate body), the fiber tract (auditory radi-

ation) to the cortex from thalamus, and the primary au-

ditory cortex on Heschl’s gyrus. Lesions of the primary

auditory cortex may reduce or eliminate the AMLR.

Cortical lesions of the temporal lobe result in abnormal-

ity or absence of the P1–N1–P2 complex (Knight et al,

1980; Bahls et al, 1988; Musiek and Baran, 2004;
Musiek and Chermak, 2007; Cavinato et al, 2012).

Studies also have shown P300 measures to be affected

by various disorders of the central nervous system. It is

important, however, that thesemiddle and late AEPs be

665

Perspectives on Pure-Tone Audiogram/Musiek et al

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



employed with the utmost caution by highly experi-

enced individuals who understand the limitations of

these procedures as neurodiagnostic measures.

Recording AEPs in response to stimuli used in behav-
ioral tests of central auditory function as well as record-

ing AEPs while participants actually perform a central

auditory test are promising hybrid approaches emerging

in the diagnosis of CAPD. While the measurement of

hearing thresholds using AEPs is common in clinics

and laboratories worldwide, the recording of AEPs in re-

sponse to more complex stimuli and/or while an individ-

ual concurrently performs a behavioral central auditory
test has emerged recently as a potentially powerful re-

search and clinical tool. Jerger et al (2002) demonstrated

the potential of this procedure using gap detection and

dichotic listening tasks with twins, one of whom was di-

agnosedwithCAPD. Palmer andMusiek (2013) reported

that amplitude of the N1–P2 late potential changed in

response to changes in the duration of gaps presented

in broadband noise, and that theN1–P2 potential closely
approximated behavioral gap detection thresholds in

normal participants. Other behavioral procedures also

have been inserted into various AEP paradigms. For

example, dichotic stimuli have been employed usingmis-

match negativity to determine hemispheric advantages

in dichotic listening (Yasin, 2007). Mismatch negativity

also has been used to measure auditory discrimination,

yielding impressive correlations with results obtained
behaviorally (Pakarinen et al, 2007). The CANS of indi-

viduals who successfully perform the behavioral task

and produce repeatable AEPs for a given auditory task

must present high auditory integrity, reflecting both the

integrity of the neural substrate underlying the behav-

ioral task as well as the neural substrate of the pathways

responsible for generating the AEP (Musiek, Chermak,

and Cone-Wesson, in press).

Software to Develop Clinical Tests

As noted above, there are auditory functions for which

we have limited tools or no commercially available mea-

surement toolswithdocumented sensitivity andspecificity

(e.g., sound localization, temporal integration, temporal

masking). Clinicians with sufficient computer skills might
use MatLab or Adobe Audition (formerly Adobe Cool Edit

Pro) to developmeasures of auditory skills. At aminimum,

the clinician must obtain norms for these novel measures,

and ultimately establish the measure’s sensitivity and

specificity if themeasure is to be used for clinical diagnosis

(seeWeihingandAtcherson, 2014, for discussion of clinical

decision analysis).

SUMMARY

The pure-tone audiogram has served and will con-

tinue to serve an important role in audiological

evaluation. However, audiologists recognize the impor-

tance of assessing the central auditory system to fully

evaluate auditory or hearing function. The purpose of

this article is to elaborate this point, its rationale,
and its implications. While recognizing the important

role of the pure-tone audiogram in clinical audiology,

we reviewed data demonstrating the shortcomings of

pure-tone threshold testing in the broader context of

assessing overall hearing status. We emphasized that

the audiogram provides insight as to the sensitivity

of the auditory system to simple stimuli, but that is

of little value in providing information about other
aspects of auditory function, such as suprathreshold

processes, discrimination, temporal processes, binau-

ral processes, and other complex acoustical processes.

These limitations of the pure-tone audiogram are par-

ticularly evident in individuals with central auditory

disorders where commonly observed ‘‘normal findings’’

on a pure-tone audiogram can be misleading if such

findings are assumed to reflect the status of the entire
auditory system, including central auditory structures

and processes. Even in cases of cochlear and auditory

nerve involvement, normal pure-tone thresholds are

surprisingly common, further revealing the short-

comings of this routine audiometric measure. Several

unique studies were highlighted to demonstrate that

audiograms do not always reflect damage to the

cochlea—a finding seemingly counterintuitive. A sec-
tion was devoted to reports of various degrees of audi-

tory symptoms and difficulties presented by individuals

with normal pure-tone audiograms, reflecting an im-

portant disassociation between the pure-tone audio-

gram and patient complaints. Although seen in only

a minority of cases, we discussed the finding of normal

pure-tone thresholds in those with auditory nerve in-

volvement. We reviewed the initial impetus for testing
beyond the audiogram—central auditory involvement—

and concluded this perspective piece with a brief over-

view of available tests and procedures that assess the

central auditory system, which in some instances also

may provide insight into the function of the auditory

periphery, as well as suggestions for screening central

auditory function.
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Boscariol M, Guimarães CA, Hage SR, Garcia VL, Schmutzler KM,
Cendes F, Guerreiro MM. (2011) Auditory processing disorder in
patients with language-learning impairment and correlation
with malformation of cortical development. Brain Dev 33(10):
824–831.

Bredberg G, Engstrom H, Ades HW. (1965) Cellular pattern and
nerve supply of the human organ of Corti; a preliminary report.
Arch Otolaryngol 82(5):462–469.

Cameron S, Dillon H. (2007) Development of the listening in spa-
tialized noise-sentences test (LISN-S). Ear Hear 28(2):196–211.

Cameron S, Dillon H, Newall P. (2006) Development and evalua-
tion of the listening in spatialized noise test.EarHear 27(1):30–42.

Cavinato M, Rigon J, Volpato C, Semenza C, Piccione F. (2012)
Preservation of auditory P300-like potentials in cortical deafness.
PLoS One 7(1):e29909.

ChermakGD,Musiek FE. (1997)Central Auditory Processing Dis-
orders: New Perspectives. San Diego, CA: Singular Publishing
Group.

ChermakGD,Musiek FE. (2011) Neurological substrate of central
auditory processing deficits in children. Curr Pediatr Rev 7(3):
241–251.

Chermak GD, Silva ME, Nye J, Hasbrouck J, Musiek FE. (2007)
An update on professional education and clinical practices in cen-
tral auditory processing. J Am Acad Audiol 18(5):428–452, quiz
455.

ClarkWW, Bohne BA. (1986) Cochlear Damage: Audiometric Cor-
relates. Sensorineural Hearing Loss. Iowa City, IA: University of
Iowa, 59–82.

Clinard CG, Tremblay KL. (2013) Aging degrades the neural
encoding of simple and complex sounds in the human brainstem.
J Am Acad Audiol 24(7):590–599, quiz 643–644.

Counter SA, Buchanan LH, Ortega F, van der Velde J, Borg E.
(2011) Assessment of auditory brainstem function in lead-exposed
children using stapedius muscle reflexes. J Neurol Sci 306(1–2):
29–37.

Crowe SJ, Guild SR, Polvogt LM. (1934) Observations on the pa-
thology of high-tone deafness. J Nerv Ment Dis 80(4):480.

Davis T,Martin J, Jerger J, GreenwaldR,Mehta J. (2012) Auditory-
cognitive interactions underlying interaural asymmetry in an adult
listener: a case study. Int J Audiol 51(2):124–134.

De Renzi E, Faglioni P, Previdi P. (1977) Spatial memory and
hemispheric locus of lesion. Cortex 13(4):424–433.

667

Perspectives on Pure-Tone Audiogram/Musiek et al

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

http://www.audiology.org/publications-resources/document-library/central-auditory-processing-disorder
http://www.audiology.org/publications-resources/document-library/central-auditory-processing-disorder
http://www.audiology.org/publications-resources/document-library/central-auditory-processing-disorder


Dornhoffer JL, Helms J, Hoehmann DH. (1994) Presentation and
diagnosis of small acoustic tumors. Otolaryngol Head Neck Surg
111(3 Pt 1):232–235.

Doty RL, Tourbier I, Davis S, Rotz J, Cuzzocreo JL, Treem J,
Shephard N, Pham DL. (2012) Pure-tone auditory thresholds
are not chronically elevated in multiple sclerosis. Behav Neurosci
126(2):314–324.

Dubno JR, Dirks DD, Morgan DE. (1984) Effects of age and mild
hearing loss on speech recognition in noise. J Acoust Soc Am 76(1):
87–96.

Edwards B. (2015) Emerging Technologies in amplification,
Translational research I. Presented at the American Auditory So-
ciety annual conference, Scottsdale, AZ, March 5–7, 2015.

Eggermont J. (2012) The Neuroscience of Tinnitus. Oxford, UK:
Oxford University Press.

Elliott LL. (1962) Backward masking: monotic and dichotic condi-
tions. J Acoust Soc Am 34(8):1108–1115.

Emanuel DC, Ficca KN, Korczak P. (2011) Survey of the diagnosis
and management of auditory processing disorder. Am J Audiol
20(1):48–60.

Epp B, Hots J, Verhey JL, Schaette R. (2012) Increased intensity
discrimination thresholds in tinnitus subjects with a normal au-
diogram. J Acoust Soc Am 132(3):EL196–EL201.

Feldmann H. (1970) A History of Audiology; a Comprehensive Re-
port and Bibliography from the Earliest Beginnings to the Present.
Chicago, IL: The Beltone Institute for Hearing Research.

Furst M, Aharonson V, Levine RA, Fullerton BC, Tadmor R,
Pratt H, Polyakov A, Korczyn AD. (2000) Sound lateralization
and interaural discrimination. Effects of brainstem infarcts and
multiple sclerosis lesions. Hear Res 143(1–2):29–42.

Galaburda AM, Sherman GF, Rosen GD, Aboitiz F, Geschwind N.
(1985) Developmental dyslexia: four consecutive patientswith cor-
tical anomalies. Ann Neurol 18(2):222–233.

Gallun FJ, Diedesch AC, Kubli LR, Walden TC, Folmer RL,
Lewis MS, McDermott DJ, Fausti SA, Leek MR. (2012) Perfor-
mance on tests of central auditory processing by individuals ex-
posed to high-intensity blasts. J Rehabil Res Dev 49(7):1005–1025.

Gatehouse S, Noble W. (2004) The speech, spatial and qualities of
hearing scale (SSQ). Int J Audiol 43(2):85–99.

Gates GA, Gibbons LE, McCurry SM, Crane PK, Feeney MP,
Larson EB. (2010) Executive dysfunction and presbycusis in older
persons with and without memory loss and dementia.Cogn Behav
Neurol 23(4):218–223.

Gelfand S. (1998) Hearing: An Introduction to Psychological and
Physiological Acoustics. New York, NY: CRC Press.

Gelfand SA, Silman S, Ross L. (1987) Long-term effects of monau-
ral, binaural and no amplification in subjects with bilateral hear-
ing loss. Scand Audiol 16(4):201–207.

Goldstein R, Goodman AC, King RB. (1956) Hearing and speech in
infantile hemiplegia before and after left hemispherectomy. Neu-
rology 6(12):869–875.

Griffiths TD, Dean JL, Woods W, Rees A, Green GGR. (2001) The
Newcastle Auditory Battery (NAB). A temporal and spatial test
battery for use on adult naı̈ve subjects. Hear Res 154(1–2):
165–169.

Grube M, Cooper FE, Griffiths TD. (2013) Auditory temporal-
regularity processing correlates with language and literacy skill
in early adulthood. Cogn Neurosci 4(3–4):225–230.

GrubeM, Kumar S, Cooper FE, Turton S, Griffiths TD. (2012) Au-
ditory sequence analysis and phonological skill. P Roy Soc Lond B
Bios 279(1746):4496–4504.

Hall JW, 3rd, Huang-fu M, Gennarelli TA. (1982) Auditory func-
tion in acute severe head injury. Laryngoscope 92(8 Pt 1):883–890.

Hall JW, 3rd, Johnston KN. (2007) Electroacoustic and electro-
physiologic auditory measures in the assessment of (central) au-
ditory processing disorder. In: Musiek FE, Chermak GD, eds.
Handbook of (Central) Auditory Processing Disorders: Auditory
Neuroscience and Diagnosis. San Diego, CA: Plural Publishing,
287–316.

He NJ, Mills JH, Ahlstrom JB, Dubno JR. (2008) Age-related dif-
ferences in the temporal modulation transfer function with pure-
tone carriers. J Acoust Soc Am 124(6):3841–3849.

Heffner HE, Heffner RS. (1986) Effect of unilateral and bilateral
auditory cortex lesions on the discrimination of vocalizations by
Japanese macaques. J Neurophysiol 56(3):683–701.

Higson JM, Haggard MP, Field DL. (1994) Validation of parame-
ters for assessing Obscure Auditory Dysfunction—robustness of
determinants of OAD status across samples and test methods.
Br J Audiol 28(1):27–39.

Hind SE, Haines-Bazrafshan R, Benton CL, Brassington W,
Towle B, Moore DR. (2011) Prevalence of clinical referrals having
hearing thresholds within normal limits. Int J Audiol 50(10):
708–716.

Hopkins K, Moore BC. (2011) The effects of age and cochlear hear-
ing loss on temporal fine structure sensitivity, frequency selectiv-
ity, and speech reception in noise. J Acoust Soc Am 130(1):
334–349.

Hunter-Duvar IM, Elliott DN. (1972) Effects of intense auditory
stimulation: hearing losses and inner ear changes in the squirrel
monkey. J Acoust Soc Am 52(4):1181–1192.

Hurley RM. (1998) Is the unaided ear effect independent of audi-
tory aging? J Am Acad Audiol 9(1):20–24.

Hurley RM, Hurley AE. (2014) Psychoacoustic considerations and
implications for the diagnosis of central auditory processing disor-
der. In: Musiek FE, Chermak GD, eds. Handbook of Central Au-
ditory Processing Disorder: Auditory Neuroscience and Diagnosis.
San Diego, CA: Plural Publishing.

Hurley RM, Musiek FE. (1997) Effectiveness of three central au-
ditory processing (CAP) tests in identifying cerebral lesions. J Am
Acad Audiol 8(4):257–262.

Iliadou VV, Bamiou DE, Chermak GD, Nimatoudis I. (2014) Com-
parison of two tests of auditory temporal resolution in children
with central auditory processing disorder, adults with psychosis,
and adult professional musicians. Int J Audiol 53(8):507–513.

IshakWS, Zhao F, RajenderkumarD, ArifM. (2013)Measurement
of subtle auditory deficit in tinnitus patients with normal audio-
metric thresholds using evoked otoacoustic emissions and thresh-
old equalizing noise tests. Int Tinnitus J 18(1):35–44.

Jerger JF. (1960) Observations on auditory behavior in lesions of
the central auditory pathways. AMA Arch Otolaryngol 71(5):
797–806.

668

Journal of the American Academy of Audiology/Volume 28, Number 7, 2017

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Jerger J, Jerger S. (1974) Auditory findings in brain stem disor-
ders. Arch Otolaryngol 99(5):342–350.

Jerger S, Jerger J. (1975) Extra- and intra-axial brain stem audi-
tory disorders. Audiology 14(2):93–117.

Jerger S, Jerger J. (1977) Diagnostic value of crossed vs uncrossed
acoustic reflexes: eighth nerve and brain stem disorders.ArchOto-
laryngol 103(8):445–453.

Jerger J, Martin J. (2006) Dichotic listening tests in the assess-
ment of auditory processing disorders. Audiol Med 4(1):25–34.

Jerger J, Oliver TA, Rivera V, Stach BA. (1986) Abnormalities of
the acoustic reflex in multiple sclerosis. Am J Otolaryngol 7(3):
163–176.

Jerger J, Thibodeau L, Martin J, Mehta J, Tillman G,
Greenwald R, Britt L, Scott J, Overson G. (2002) Behavioral
and electrophysiologic evidence of auditory processing disorder:
a twin study. J Am Acad Audiol 13(8):438–460.

Johnson EW. (1977) Auditory test results in 500 cases of acoustic
neuroma. Arch Otolaryngol 103(3):152–158.

Kaga K, Nakamura M, Takayama Y, Momose H. (2004) A case of
cortical deafness and anarthria. Acta Otolaryngol 124(2):202–205.

Kanzaki J, Ogawa K, Inoue Y, Shiobara R. (1997) Hearing pres-
ervation surgery in acoustic neuroma patients with normal hear-
ing. Skull Base Surg 7(3):109–113.

Karasseva TA. (1972) The role of the temporal lobe in human au-
ditory perception. Neuropsychologia 10(2):227–231.

Karlin JE. (1942) A factorial study of auditory function.Psychome-
trika 7(4):251–279.

Karlsson AK, Rosenhall U. (1995) Clinical application of distorted
speech audiometry. Scand Audiol 24(3):155–160.

Katz J. (1962) The use of staggered spondaic words for assessing
the integrity of the central auditory nervous-system. J Aud Res 2:
327–337.

Kazui S, Naritomi H, Sawada T, Inoue N, Okuda J. (1990) Subcor-
tical auditory agnosia. Brain Lang 38(4):476–487.

Keith RW. (2002) Random Gap Detection Test. St. Louis, MO:
Auditec.

Keith RW. (2009a) SCAN-3:A Tests for Auditory Processing Disor-
ders for Adolescents and Adults (SCAN-3:A). San Antonio, TX:
Pearson.

Keith RW. (2009b) SCAN-3:C Tests for Auditory Processing Disor-
ders for Children (SCAN-3:C). San Antonio, TX: Pearson.

Khalfa S, Dubal S, Veuillet E, Perez-Diaz F, Jouvent R, Collet L.
(2002) Psychometric normalization of a hyperacusis question-
naire. ORL J Otorhinolaryngol Relat Spec 64(6):436–442.

Kimura D. (1961) Some effects of temporal-lobe damage on audi-
tory perception. Can J Psychol 15(3):156–165.

Knight RT, Hillyard SA, Woods DL, Neville HJ. (1980) The effects
of frontal and temporal-parietal lesions on the auditory evoked po-
tential in man. Electroencephalogr Clin Neurophysiol 50(1–2):
112–124.

Kramer SE,KapteynTS, Festen JM, TobiH. (1995) Factors in sub-
jective hearing disability. Audiology 34(6):311–320.

Krishnamurti S. (2015) Application of neural network modeling
to identify auditory processing disorders in school-age children.
Adv Artif Neural Syst 2015:1–13.

Kujawa SG, Liberman MC. (2009) Adding insult to injury: co-
chlear nerve degeneration after ‘‘temporary’’ noise-induced hear-
ing loss. J Neurosci 29(45):14077–14085.

Kumar UA, Ameenudin S, Sangamanatha AV. (2012) Temporal
and speech processing skills in normal hearing individuals ex-
posed to occupational noise. Noise Health 14(58):100–105.

Kumar G, Amen F, Roy D. (2007) Normal hearing tests: is a fur-
ther appointment really necessary? J R Soc Med 100(2):66.

Lew HL, Jerger JF, Guillory SB, Henry JA. (2007) Auditory dys-
function in traumatic brain injury. J Rehabil Res Dev 44(7):
921–928.

Lister JJ, Roberts RA, Shackelford J, Rogers CL. (2006) An adap-
tive clinical test of temporal resolution. Am J Audiol 15(2):
133–140.

Lobarinas E, Salvi R, Ding D. (2013) Insensitivity of the audio-
gram to carboplatin induced inner hair cell loss in chinchillas.
Hear Res 302:113–120.

Lockwood AH, Salvi RJ, Burkard RF. (2002) Tinnitus. N Engl J
Med 347(12):904–910.

Luxon LM. (1980) Hearing loss in brainstem disorders. J Neurol
Neurosurg Psychiatry 43(6):510–515.

Lynn GE, Gilroy J. (1972) Neuro-audiological abnormalities in pa-
tients with temporal lobe tumors. J Neurol Sci 17(2):167–184.

Lynn GE, Gilroy J. (1977) Evaluation of central auditory dysfunc-
tion on patients with neurological disorders. In: Keith RW, ed.
Central Auditory Dysfunction. New York, NY: Grune and Strat-
ton, 177–221.

Lynn GE, Gilroy J, Taylor PC, Leiser RP. (1981) Binaural masking-
level differences in neurological disorders. Arch Otolaryngol 107(6):
357–362.

Mackle T, Rawluk D, Walsh RM. (2007) Atypical clinical presen-
tations of vestibular schwannomas. Otol Neurotol 28(4):526–528.

Magdziarz DD, Wiet RJ, Dinces EA, Adamiec LC. (2000) Normal
audiologic presentations in patients with acoustic neuroma: an
evaluation using strict audiologic parameters. Otolaryngol Head
Neck Surg 122(2):157–162.

Martin J, Jerger J,Mehta J. (2007) Divided-attention and directed-
attention listening modes in children with dichotic deficits: an
event-related potential study. J Am Acad Audiol 18(1):34–53.

McCullagh J, Bamiou DE. (2014) . ()Measures of binaural interac-
tion. In: Musiek FE, Chermak GD, eds. Handbook of Central Au-
ditory Processing Disorder: Auditory Neuroscience and Diagnosis.
San Diego, CA: Plural Publishing.

Menezes Pde L, Andrade KC, Carnauba AT, Cabral FB, Leal Mde
C, Pereira LD. (2014) Sound localization and occupational noise.
Clinics 69(2):083–086.

Meyers JE, Roberts RJ, Bayless JD, Volkert K, Evitts PE. (2002)
Dichotic listening: expanded norms and clinical application. Arch
Clin Neuropsychol 17(1):79–90.

Morest DK, Kim J, Potashner SJ, Bohne BA. (1998) Long-term de-
generation in the cochlear nerve and cochlear nucleus of the adult

669

Perspectives on Pure-Tone Audiogram/Musiek et al

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



chinchilla following acoustic overstimulation. Microsc Res Tech
41(3):205–216.

MusiekFE. (1983) Assessment of central auditory dysfunction: the
dichotic digit test revisited. Ear Hear 4(2):79–83.

Musiek FE. (1986) Hearing beyond the eighth nerve.AmJOtol 7(5):
313–314.

Musiek FE. (2015) Adult diagnostics with an emphasis on electro-
physiology. Presented at Student Academy of Audiology Confer-
ence (SAA), San Antonio, TX, March 25, 2015.

Musiek FE, Baran JA. (2004) Audiological correlates to a rupture
of a pontine arteriovenous malformation. J AmAcad Audiol 15(2):
161–171.

Musiek FE, Baran JA, Pinheiro ML. (1990) Duration pattern rec-
ognition in normal subjects and patients with cerebral and co-
chlear lesions. Audiology 29(6):304–313.

Musiek FE, Baran JA, Pinheiro ML. (1994) Introduction to Case
Studies in Neuroaudiology. Neuroaudiology–Case Studies. San
Diego, CA: Singular Publishing Group.

Musiek FE, Baran JA, Shinn JB,Guenette L, ZaidanE,Weihing J.
(2007) Central deafness: an audiological case study. Int J Audiol
46(8):433–441.

Musiek FE, Baran J, Shinn J, Jones R. (2012)Disorders of the Au-
ditory System. San Diego, CA: Plural Publishing.

Musiek FE, Charette L, Kelly T, Lee W, Musiek E. (1999) Hit and
false-positive rates for the middle latency response in patients
with central nervous system involvement. J Am Acad Audiol 10(3):
124–132.

Musiek FE, Charette L, Morse D, Baran JA. (2004) Central deaf-
ness associated with a midbrain lesion. J Am Acad Audiol 15(2):
133–151.

Musiek FE, Chermak GD. (2007) Auditory neuroscience and (cen-
tral) auditory processing disorder: an overview. In: Musiek FE,
ChermakGD, eds.Handbook of (Central) Auditory ProcessingDis-
order: Auditory Neuroscience and Diagnosis. San Diego, CA: Plu-
ral Publishing, 3–12.

Musiek FE, Chermak GD, eds. (2014) Handbook of Central
Auditory Disorder: Auditory Neuroscience and Diagnosis Vol. 1.
2nd ed. San Diego, CA: Plural Publishing.

Musiek FE, Chermak GD. (2015) Psychophysical and behavioral
peripheral and central auditory tests. In: Celesia GG, Hickok G,
eds. Handbook of Clinical Neurology: The Human Auditory Sys-
tem: Fundamental Organization and Clinical Disorders. Amster-
dam, The Netherlands: Elsevier, 313–332.

Musiek FE, Chermak GD, Cone-Wesson BK. (in press) Central
deafness. In: Oliver, D, ed. Neurobiology of Hearing. New York,
NY: John Wiley & Sons.

Musiek FE, ChermakGD,Weihing J. (2014) Auditory training. In:
ChermakGD,Musiek FE, eds.Handbook of Central Auditory Pro-
cessing Disorder: Comprehensive Intervention. San Diego, CA:
Plural Publishing.

Musiek FE, Chermak GD, Weihing J, Zappulla M, Nagle S. (2011)
Diagnostic accuracy of established central auditory processing test
batteries in patients with documented brain lesions. J Am Acad
Audiol 22(6):342–358.

Musiek FE, Geurkink NA. (1982) Auditory brain stem response
and central auditory test findings for patients with brain stem le-
sions: a preliminary report. Laryngoscope 92(8 Pt 1):891–900.

Musiek FE, Gollegly KM, Kibbe KS, Reeves AG. (1989) Electro-
physiologic and behavioral auditory findings in multiple sclerosis.
Am J Otol 10(5):343–350.

Musiek FE, Gollegly KM, Kibbe KS, Verkest SB. (1988) Current
concepts on the use of ABR and auditory psychophysical tests in
the evaluation of brain stem lesions. Am J Otol 9(Suppl):25–35.

Musiek FE, Kibbe-Michal K, Geurkink NA, Josey AF,
Glasscock M, 3rd. (1986) ABR results in patients with posterior
fossa tumors and normal pure-tone hearing. Otolaryngol Head
Neck Surg 94(5):568–573.

Musiek FE, Kibbe K, Rackliffe L, Weider DJ. (1984) The auditory
brain stem response I-V amplitude ratio in normal, cochlear, and
retrocochlear ears. Ear Hear 5(1):52–55.

Musiek FE, LeeWW. (1998)Neuroanatomical correlates to central
deafness. Scand Audiol Suppl 49(4):18–25.

Musiek FE, LeeW. (1999) Auditory middle and late potentials. In:
Musiek FE, Rintelmann W, eds. Contemporary Perspectives on
Hearing Assessment. Boston, MA: Allyn & Bacon, 243–272.

Musiek FE, Pinheiro ML. (1985) Dichotic speech test tests in the
direction of central auditory dysfunction. In: Pinheiro ML, ed. As-
sessment of Central Auditory Dysfunction: Foundations and Clin-
ical Correlates. Baltimore, MD: Williams & Wilkins, 201–217.

Musiek FE, Pinheiro ML. (1987) Frequency patterns in cochlear,
brainstem, and cerebral lesions. Audiology 26(2):79–88.

Musiek FE, Pinheiro ML, Wilson DH. (1980) Auditory pattern
perception in ‘split brain’ patients. Arch Otolaryngol 106(10):
610–612.

Musiek FE, Shinn JB, Jirsa RE. (2007) The auditory brainstem
response in auditory nerve and brainstem dysfunction. In:
Burkard R, Eggermont J, DonM, eds.Auditory Evoked Potentials:
Basic Principles and Clinical Application. Baltimore. MD:
Lippincott Williams & Wilkins, 291–312.

Musiek FE, Shinn JB, Jirsa R, Bamiou DE, Baran JA, Zaida E.
(2005) GIN (Gaps-In-Noise) test performance in subjects with con-
firmed central auditory nervous system involvement. Ear Hear
26(6):608–618.

Musiek FE, Weihing J. (2011) Perspectives on dichotic listening
and the corpus callosum. Brain Cogn 76(2):225–232.

Neijenhuis K, Snik A, van den Broek P, Neijenhuis K. (2003) Au-
ditory processing disorders in adults and children: evaluation of a
test battery. Int J Audiol 42(7):391–400.

Nilsson M, Soli SD, Sullivan JA. (1994) Development of the Hear-
ing in Noise Test for the measurement of speech reception thresh-
olds in quiet and in noise. J Acoust Soc Am 95(2):1085–1099.

Noffsinger D, Martinez CD, Schaefer AB. (1982) Auditory brain-
stem responses and masking level differences from persons with
brainstem lesion. Scand Audiol Suppl 15:81–93.

Noffsinger D, Martinez CD, Schaefer AB. (1985) Puretone tech-
niques in evaluation of central auditory function. In: Katz J, ed.
Handbook of Clinical Audiology. Baltimore, MD: Williams and
Wilkins, 337–354.

670

Journal of the American Academy of Audiology/Volume 28, Number 7, 2017

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Noffsinger D, Olsen WO, Carhart R, Hart CW, Sahgal V. (1972)
Auditory and vestibular aberrations in multiple sclerosis. Acta
Otolaryngol Suppl 303:1–63.

Oleksiak M, Smith BM, St Andre JR, Caughlan CM, Steiner M.
(2012) Audiological issues and hearing loss among veterans with
mild traumatic brain injury. J Rehabil Res Dev 49(7):995–1004.

Olsen WO, Noffsinger D. (1976) Masking level differences for co-
chlear and brain stem lesions. Ann Otol Rhinol Laryngol 85(6 Pt.
1):820–825.

Pakarinen S, Takegata R, Rinne T, Huotilainen M, Näätänen R.
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