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Overview

Auditory processing disorder (APD) has traditionally been
viewed within a site-of-lesion framework in which deficits are
hypothesized to arise from impaired function of one or more
specialized subunits of the auditory nervous system. This view
is useful when examining patients with frank neurologic in-
sults; however, in most cases of APD, no specific lesion can be
found. In this chapter, we propose an auditory-cognitive neuro-
science framework of auditory processing in which the“canoni-
cal”auditory pathway interfaces with cognitive, sensorimotor,
and reward brain centers. Importantly, plasticity within this
System can have adaptive or maladaptive consequences: audi-
tory enrichment (e.g., musicianship or bilingualism) augments
auditory-cognitive function while auditory deprivation (e.g.,
auditory—based learning disorders, poverty, or head injury)
- Weakens it. Using a biomarker of auditory-cognitive function,

123




124 AUDITORY PROCESSING DISORDERS

cessing

auditory-based deficits u

Introduction

Professional and public awareness of
auditory processing disorder (APD) has
increased dramatically over the past two
decadesduetothe collective efforts of ex-
pert task forces convened by the Ameri-
can Speech-Language-l—learing Associa-
tion (ASHA) (2005 a, 2005b), American
Academy of Audiology (AAA) (2010),
and British Society of Audiology (BSA)
(2011). Greater awareness, however, has
not translated into greater clarity or cli-
nician confidence regarding the etiology,
diagnosis, and management of APD,
and the disorder remains controversial.
A survey of the APD literature Sug-
gests that this controversy arises in part
from inadequate theoretical frameworks
through which APD can be understood
and empirically investigated (Cacace &
McFarland, 2009, 2013; DeBonis & Mon-
crieff, 2008; Moore, 2006). For example,
many clinical tools used to assess APD
were developed by testing patients with
frank neurological lesions, such as in-
dividuals with war-related head inju-
ries, temporal lobe seizures/ defects,
and corpus callosectomies (Chermak &
Musiek, 2013; Jerger, 2009). This site-0f-
lesion framework has been valuable in
pinpointing areas of the brain involved
in constituent aspects of auditory pro-

the frequency following response (FFR),
auditory expertise and disorder influence
conclude by offering suggestions for conducting auditory pro-
evaluations with the auditory-cognitive neuroscience
framework in mind and review literature on remediation of
sing auditory training and FM systems.

we explore how both
brain function. We

cessing. However, in most cases of APD,
a punctate site-of-lesion cannot be iden-
tified and the etiology may arise from a
more diffuse combination of auditory
and cognitive dysfunction (Bishop, Car-
lyon, Deeks, & Bishop, 1999; Hendler,
Squires, & Emmerich, 1990; Jerger, John-
son & Loiselle, 1988; Moore, Ferguson,
Edmondson-jones, Ratib, & Riley, 2010;
Moore, Rosen, Bamiou, Campbell, &
Sirimanna 2013; Rappaport et al., 1994;
Watson & Kidd, 2002).

Audition and cognition are tightly
and reciprocally coupled; therefore, our
view is that auditory-cognitive neures
science can teach us a great deal about
the nature of APD and how to remeé
diate it (Banai & Kraus, 2007; Kraus &
White-Schwoch, 2015; Moore et @
2013; Musiek & Chermak, 2013; White:
gchwoch & Kraus, 2017). We view the
auditory-cognitive system as a di
uted but integrated circuit in whicl t
v canonical” auditory pathway provid®
a flexible scaffold that is shaped by @8
nitive interaction with sound over
lifespan. Importantly, the propens!
the audjtory-cognitive system ol
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and some discussion of evidence-based
interventions.

Learning and Plasticity
in the Auditory-
Cognitive System

Classic models of auditory processing
posited that information proceeded se-
quentially through specialized stations
of the auditory system with computa-
tional analysis becoming more complex
at each ascending level (e.g., Webster,
1992). This view has been eroded to the
point of near collapse by the preponder-
ance of evidence demonstrating that the
auditory system is bidirectional, highly
interactive, and diffusely influenced by
experience (Atiani, Elhilali, David, Fritz, &
Shamma, 2009; Bajo, Nodal, Moore, &
King, 2010; Bajo & King, 2012; Dragice-
vic et al., 2015; Fritz, Elhilali, David,
& Shamma, 2007; Gao & Suga, 2000;
Kraus & White-Schwoch, 2014; Leon El-
gueda, Silva, Hamamé, & Delano, 2012;
Mulders & Robertson, 2000; Ota, Oli-
ver, & Dolan, 2004; Polley, Steinberg, &
Merzenich, 2006; Rajan, 1990; Zhang &
Dolan, 2006; Xiao & Suga, 2002).
Extensive afferent and efferent au-
ditory pathways provide the neural
scaffold for auditory learning to occur
within a circuit from cochlea to cortex
and back (see Celesia & Hickok, 2015 for
an anatomical review). Perhaps some
of the most compelling data on efferent
modulatory effects on the afferent audi-
tory system come from experiments in
which auditory cortex ot brainstem neu-
rons were deactivated (either pharma-
cologically or temporarily via cryoloop
cooling) or electrically stimulated in ani-
mal models. For example, cochlear outer
hair cell and auditory nerve fiber func-

tion were modulated with activation or
deactivation of the efferent system “up-
stream” in both the auditory brainstem
and cortex (Dragicevic ot al., 2015; Leon
ot al,, 2012; Mulders & Robertson, 2000;
Rajan, 1990; Ota et al,, 2004; Zhang &
Dolan, 2006). Further, the characteristic
frequency of stimulated neurons in the
auditory cortex (Xia0 & Suga, 2002) and
prainstem (Mulders & Robertson, 2000)
corresponded with the frequency of
maximum outer hair cell and auditory
nerve fiber modulation. Such effects are
demonstrative of the degree to which
top-down influences can extend to the
most peripheral sites in the auditory sys-
tem to shape how sound is processed.
Importantly, afferent and efferent au-
ditory pathways not only interact with
each other but with cognitive, senso-
rimotor, and reward centers in the brain
(Figure 5-2; Kraus & White-Schwoch,
2015); this combination is a potent force
both for online modulation of auditory
function and neural remodeling (Atiani
ot al,, 2009; Bakin & Weinberger, 199
Bidelman, Schug, Jennings, & Bhagat)
2014; Bidelman & Howell, 2016; Bidel-

man, Schneider, Heitzmann, & Bhagat;
2017; Chand rasekaran, Hornickel, Skoex

Nicol, & Kraus, 2014; Kilgard & Mer-
zenich, 1998; Kraus & White-Schwocll

2015; Perrot & Collet, 2014; Smith &
Cone, 2015; Zatorre, Chen, & Penhun€s
2007; Wittekindt, Kaiser, & Abel, 20148

While classic studies of auditory lea
demonstrated that cortical sound 1€P
centation could be altered by behav!
conditioning (Galambos, Sheatz, &
nier, 1955), research from the interm!
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as the efferent auditory system i8 I
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Adaptive Learning through Musicianship

Auditory Enrichment The effects of mus

o brain are profo

ibutes t e | .
R~ nonmusicians, li

Auditory enrichmgical e tive

greater neurobiolo

thicker gray matter in both auditory and
motor cortices (Bangert & Schlaug, 2006;
Elmer, Hénggi, Meyer, & Jéncke, 2013;
Schneidet, Sluming, Roberts, Bleeck, &
Rupp 2005) and greater white matter con-
nectivity in the corpus callosum (Steele,
Bailey, Zatorre, & Penhune, 2013). A
large body of evidence from our lab and
others indicates that music experience
also enhances subcortical processing of
sound (Kraus & White-Schwoch, 2017)
and that these enhancements are as-
sociated with myriad improvements in
behavioral (e.g., speech-in-noise per-
formance) and cognitive (e.g., working
memory) domains (Kraus & Chandrase-
karan, 2010).

Based on FFR studies, neural encod-
ing of speech and music is more robust
and temporally precise in musicians
versus nonmusicians. Cross-sectional
and longitudinal studies indicate that
the length of musicianship is positively
correlated with the size of these effects,
suggesting that FFR differences are in-
duced by music experience itself and are
solely innate (Habibi, Cahn, Dama-
& Damasio, 2016; Ilari, Keller, Da-
10, & Habibi, 2016; Kraus, Horni-
, Strait, Slater, & Thompson, 2014;
sacchia etal.,, 2007; Tierney, Krizman,
Johnston, & Kraus, 2013; Kriz-
& Kraus, 2015; Wong et al., 2007).
Mparisong among different types
trumentalists yields striking ef-
f experience, For example, piano

: specializa-
Preserved in cortical activity

delman & Alain, 2015; Lee,
S, & Ashley, 2009; Musacchia,

structural brain differences including ~ Strait, & Kraus, 2008; Pantev, Roberts,

Schulz, Engelien, & Ross, 2001; Shahin,
Roberts, Chau, Trainor, & Miller, 2008).
This demonstrates that musicianship
does not shape auditory function with
a simple volume knob effect that accen-
tuates all aspects of sound; rather, the
musician’s brain is more like a mixing
board, turning up behaviorally relevant
components while minimizing others,
resulting in specific neural signatures of
auditory expertise (Kraus & Nicol, 2014;
Kraus & White-Schwoch, 2017).
Importantly, the beneficial effects
of music training on the brain are not
specifically limited to musical skills but
translate into listening and language
skills. For example, musician FFRs to
speech sounds are less degraded in the
presence of reverberation and back-
ground noise, and this translates to bet-
ter speech-in-noise perception across
the life-span (Figure 5-5; Bidelman &
Krishnan, 2010; Parbery-Clark, Skoe,
Lam, & Kraus, 2009; Patel, 2011; Patel,
2014; Strait & Kraus, 2014; but also see
Ruggles, Freyman, & Oxenham, 2014).
Meaningful timing characteristics that
allow for differentiation of consonants
are more precisely represented in mu-
sicians versus nonmusicians of all ages
(Kraus, Hornickel, Strait, Slater, &
Thompson, 2014; Parbery-Clark, Ander-
son, Hittner, & Kraus, 2012a; Parbery-
Clark, Tierney, Strait, & Kraus, 2012b;
Strait, O'Connell, Parbery-Clark, & Kraus,
2013). Musicianship, or history of mu-
sicianship in childhood, offsets age-
related decrements in neural processing
and increases the consistency of the
nervous system’s response to sound
(Pabery-Clark etal., 2012a; Pabery-Clark
etal., 2012b; Skoe & Kraus, 2012; White-
Schwoch, Carr, Anderson, Strait, &
Kraus, 2013). Further, musicians’ brains
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Figure 5-6. Musicians’ brains benefit
dictable and nonpredictable sequences in

target stimulus /da/ was presented in pre
two test conditions (top). FFRs to /da/ obtained in predictable versus nonpredictable

conditions (gray boxes) were compared in musicians and nonmusicians. FFR spectra
(bottom) demonstrated more robust fundamental frequency encoding in musicians
when the stimulus was predictable (red) versus nonpredictable (black). This differ-

ence was not observed in nonmusicians.

auditory attention, and working mem- perform worse than monolinguals on

ory (Bugos, Perlstein, McCrae, Brophy, &
Bedenbaugh, 2007; Bialstyok, Craik, &
Freedman, 2012; Kraus, Strait, & Parbery-
Clark, 2012), and may offset age-
related neural decline (Alladi et al.,
2013; Bialystok et al., 2007). It has been
suggested that these enhancements in
cognitive function may drive changes in
subcortical sound processing through
efferent mechanisms (Ahissar, Nahum,
Nelken, & Hochstein, 2009; Conway,
Pisoni, & Kronenberger, 2009; Kraus &
Chadrasekeran, 2010; Kraus et al., 2012;
Nelkin & Ulanovsky, 2007). An interest-
ing caveat to the auditory expertise of
bilinguals is that, despite enhancements
in neural and cognitive function, they

Bradiow, Lam, & Kraus, 2017). This i5
a seemingly paradoxical finding given
that the neural representation of the fun=

tant to noise than that of monolingt
(Figure 5-7B inset). When Krizmarl and
colleagues (2017) investigate :
ferences further, they discovered
bilinguals outperformed monolin
on a simple tone-in-noise task and B
groups performed equally on 2
word-in-noise task. Thus, the obse
“disadvantage” of bilingualism
plied to sentences in noise. 17
pothesized that this difference 1
due to the fact that in noise, wor
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specific language impairment (SLI), and dren with greater noise-induced FFR
APD. While this term is certainly far- timing shifts demonstrated both poorer
reaching in scope, a common theme speech-in-noise perception and read-
among the listed disorders is a core ing fluency. Contrary to the abovemen-
deficit in auditory processing (Kraus, tioned finding that musicians’ brains
McGee, Carrell, & Zecker, 1996; Tallal, benefit more from context and statistical
2004; Tazeau & Hamaguchi, 2013). Com- predictability, the brains of LD children
pared to their peers, LD children have ~with reading disorders do not exploit
demonstrated slower FFRs with less ro- these cues (Chandrasekeran, Hornickel,
bust formant representation and poorer Skoe, Nicol, & Kraus, 2009). Collectively,
neural synchrony in response to the these data suggest that auditory pro-
onset of speech sounds (Cunningham, ~cessing deficits underlying poor acqui-
Nicol, Zecker, Bradlow, & Kraus, 2001; sition of reading skills are tied to vari-
King, Warrier, Hayes, & Kraus, 2002; ability, instability, and inconsistency in
Wible, Nicol, & Kraus, 2004). Further, neural processing and inability to en-
the correlation between the FFRs of LD code information unfolding overa rapid
children and the evoking stimulus was time course, such as formant transitions
poorer than their age-matched peers, es- (Hornickel & Kraus, 2013). These data are
pecially in the presence of background  in agreement with work in animal mod-
noise. The disparity between LD chil- els of dyslexia demonstrating greater
dren and their peers was also ovident trial-to-trial variability and poorer dis-
in cortical responses, demonstrating the crimination ability in neural responses

systemic effects of 1D on the auditory-
cognitive system (Abrams, Nicol,
Zecker, & Kraus, 2006; Cunningham
et al., 2001; Wible, Nicol, & Kraus, 2005).
1D children with reading difficulty tion of ra
demonstrated slower FFR responses
and poorer encoding of speech harmon-
ics than their peers; however, funda-  (
mental frequency encoding was intact
(Banai, K., Hornickel, J., Skoe, E., Nicol,
T., & Kraus, 2009). Further, FFRs to the
formant-transition components of dif-
ferent CV speech syllables were more
poorly differentiated in reading im-
paired LD children versus their typical
peers (Hornickel, Skoe, Nicol, Zecker, &  (2012),
Kraus, 2009). Tying electrophysiology =~ were recorded in typically dev
to auditory-cognitive function, Ander- SLI,and APD children. Although the
son, Skoe, Chandrasekaran, and Kraus ferences between groups were S
(2010) examined the relationship be- authors reported that the FFRs @
tween noise-induced timing delays in dren with APD were characte
the FFR, speech-in-noise perception, timing deficiencies only, whereas Sg
and reading skills. They found that chil-

Centanni et al., 2014).

2010) reported that the brains of chil

phase-locking to rapidly changing tor
stimuli than age-matched peers.

in SLI children with increased stin!
presentation rates. In a small study
Rocha-Muniz, Befi-Lopes, and Sch
FFRs to the speech sou d /

of SLI children demonstrated ol

to speech sounds (Centanni et al., 2013; capacity.

Children with SLI also show defi-
ciencies in neural encoding and percep=
pidly changing sounds (Bena-
sich & Tallal, 2002; Marler & Champlin,
2005). Basu, Krishnan, and Weber-Fox

‘:-:even-dise.ase processes thought to be
ivtrans. lent in nature can leave a long-
}_]astm_‘ g legacy on auditory- .

dren with SLI demonstrated pootel

ther, phase-locking deteriorated grea \
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ing and spectral harmonic deficiencies
’[he:: degree to which neural signatures oi
various subtypes of LD can be differe
tiated for clinical diagnostic purpose s
aquestion that is still being investi at:ﬁ
however, the broad and overlag in ;
Sy‘m}l)tomologies of each disorder ;xjxlfakg
this issue a difficult one to address. I :
pcirtanﬂy, the auditory-cognitive ne.u.rm_
science framework places emphasis 00‘
ide?t.lfying and remediating ﬁmction;;
dfeﬁcus..In. this regard, the exactness of Th
diagnosis in children with LD does not ;
seem to .be as important as addressin
their primary complaints and sympg—

Eg a(gd i:iusic therapy to restructure
1tory-cognitive s
ystem. To o
txsi.owledge, no work has been dorl':é
Wiltrl:ghithte FFRf to evaluate individuals
story of conductive heari
who continue to d o
emonstr i
processing deficits. B

Poverty

topic of poverty i

The tc p s perhaps an un-

l1:1tu11&1ve addition to this text. I(Dlonsidl.lerl
owever, that a child raised in a lowl

toms in the abs : socioeconomic
ence of an occult lesion  hears 30 millliorf tfaetvtir(aES)dhouzehoid
ords and 60%

with thoughtful selection

\ of remedia- less linguisti

i ess linguistic vari

o b mjr;re;v irtlhzel’:fj{ as an his or her peers E;er}:&ra?{?sizmi;g;?

e mining  Further, resid i 4 ‘

i s1ss?ormally repi"esented borhoods havsnl'fis }lin pulicadin

e encourag); itesm Efud, asdiscussed water, and noise § e; E)'(posure W
clinical use in this dents in middle-cll)a(;su?iz'n htl};l al}\ i

ighbo

§Adl§r & Newman, 2002; Evgans éc I%Zis

Tl"]OWltZ, 2002.; Steptoe & Feldman, 2001)

a’ie formei issue is important b,ecause.

ir pollution is likely related to the

ction through ry-cognitive  higher incid i
uer & Bur-

r example animal
v 4 models of tem-
conductive heari ton, 2005), which, a i
monstrated that Sus::)l::lg }OSS have continues to affect ti ;n:n(tilioned above,
l Comnectivity and functi and cor-  long after the disease has b e bt
ditory system is disry t: dl(}i)n in the The latter issue is knowneel‘l resolved.
the ear during Criticalp by block- interfere with academi not only to
OPment (Takesian K, fei(nods ofde- (Goines & Hagler, 2?(;; P
, Ko ; ;
Webster, 1977; Webstear ’&& Sanes,  physiologic stress res 3nand trigger
Xu, Kotak, & Sanes 2007Webster, Bullinger, & Hygge 199};) bses. (Evans,
ra history of COndL'Ilc e )}-IIH hu- organizes the brain, throL; : i
- aural atresia resyltg earing tive auditory learnin, hg o Rlaglap-
el Processing and in deficits tal animals, for cxamg'l Tbekperimen.
s . » 2 ’ S e
!Lmance long afters}t)}ifc}}:-m. noise alters cochlear toio;gra?:lfig round
> been remediateq ear-  during critical devel ¢ maps
2077 7 o O .
g .Presllmably gguitc,n& (Eggermont & Komi}’ap1:1’2153(;10t.al priods
JPecific type of,APDlVldualIs Merzenich, 2003) and rriay als Chanlg -
3 would degeneratjon so result in
of auditory nerve fi
. ib
(Bharadwaj, Masud, Mehraei, VerhuJStelz

Lastly, it is interesting to note that

at i
es for auditory train-
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Shinn-Cunningham, 2015; Kujawa & As described above, listening and in-
Liberman, 2009; Sergeyenko, Lall, Liber- teracting with sound involves coordi-
man, & Kujawa, 2013). nation between components of diverse
FFR studies demonstrate that low brain networks; an insult to any one
SES children of mothers with lower component in these networks may de-
levels of education have less stable neu- grade their total function. Using the
ral responses and poorer encoding of FFRto explore how head injury impacts
speech harmonics in comparison to auditory processing and brain health is
their counterparts with higher mater- in its infancy. Preliminary studies from
nal education (Skoe, Krizman, Ander- our lab demonstrate that children and
son, & Kraus, 2013). Additionally, these collegiate football players who have sus-
children demonstrated robust st ated concussions show

ochas-  tained sports-rel
tic (i.e. “noisier”) neural activity at a reduction in the fundamental fre-
s on reading and  quency com

rest and poorer score ponent of the FER (Kraus
auditory working memory tests. The et al., 2017). This reduction is evident
auditory-cognitive effects of SES appear even after one concussion and partially.
to be offset by music training. For ex- Tecovers over time. In the case of chil-
ample, low SES children who engaged ~ dren, the fundamental frequency com-
in music lessons showed improvement ponent was used to correctly identify
in neurophysiologic CV syllable dis- 90% of concussion cases and clear 95%
tinction after engaging in two years of controls with no history of concus-

of practice (Kraus et al., 2014; Kraus &  sion. Qur reports are consistent with
White-Schwoch, 2017). This is com- those of Vander Werff and colleagues

mensurate with animal data indicating
that auditory enrichment offsets the ef-
fects of maladaptive auditory learning Wi
due to nontraumatic noise exposu
(Norena & Eggermont, 2005, 2006). Ad-  scent work holds promise for usin
ditional benefits of music practice ex-
tended to improvement in speech-in-
noise perception and tests associated
with reading fluency (Slater, Tierney, &
Kraus, 2013; Strait, Skoe, O'Connell,
2014; Slater, Skoe, Strait, O'Connell, Key Questions to Guide
et al,, 2015). APD Evaluations

latencies were prolonged in in

quences of head injury th
ditory processing and other deficits.

Viewing APD through the lens €
auditory-cognitive neuroscience P
emphasis on holistic function
ults, such  auditory-cognitive system an e
necessitates a multifaceted test ba

approaclm We believe that as
Is, audiologists @
loy such a ba

Head Injury

A variety of neurological ins
as blast exposure OF concussion,

promise auditory processing in com-
plex soundscapes (e.g., Fausti, Wil-  level professiona

mington, Gallun, Myers, & Henry, 2009). equipped to emp

com-

(2012, 2017) who found that FFR peak
dividuals

th long-term symptoms following
re mild traumatic brain injury- This na-
g the

FFR to understand the biological conse:
at lead to au®
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corporating basic hearing, electrophysi-

ologic, and cognitive tests. In the follow- the nature of the patient's listening defi-

e e ‘ cits. Questi ires provi cture
arg i ast ng\:iedPreseipt.quesnons that the informgggzl mStE‘oYlde s g
il wl{:ﬁc inical assessment  demonstrate to e i e
o e plro VQPD within this families that the }Zit;f;lts ahnad/or .
omiit eaChe suoemtoie sugges- nized approach for con?i?xcﬁns an ABD
question. evaluation (Musiek & Cher: g11?112[3‘1)])
: mak, 013).
g;utl‘n;r, they zero in on specific aspect)s
ofauditory processing that are challeng-
ing for a particular patient. :

What Is the Patient’s
Primary Complaint?

Commonly reported complai
N, . aints fr "
?dlwduals suspected of /EPD mchf‘;z Is Sound Getting In?
istractibili i i
i fi) ill?)’ ;?: lr:,attinhcfn tosounds, Fortunately, audiologis
and inordinate c%‘ff-er al instructions, proficient with t Ogists are highly
ing speech i g iculty understand- answer this G.Chmques desfgned o
g speech in noise (AAA, 2010; ASHA ; $ question, and pure tone au-
20052, 2005b; BSA, 2011). An imperative diometry, tympanometry, acousti :
first step in assessin -and Jmperai'nve threshold testing, otoacoilstiousm.C r?ﬂex
APD is determini - managing and auditory brai © emissions,
v . mining whether a pati ry brainstem response mea-
complains of any or all of th patient surements are staples of th ea
lems. This information can b:s:l PrObC; audiologic toolkit (Gelfand ZSOZ;as\?}?rd
through ; eaned a patient ent e igoRislanh
“’x’miresgthac’caasa:a:ld}rlcleitsorf)L:natr'1 d question-  mary complaist tcif*nddu}ltc e
3 ; ctional e auditory processi
alltlsdl:ﬁryicognitiVe Processir?;P?éi ilf)f:/cimmfa precequisite q:ZSEOnCEZSf?rLZ
, the latter m - ) ng forward with .
e Speech, Spati ;Yal;‘lzla t:lle 'form whether he or she has meﬁiIZaDJJ T
ring Scale ( ‘G;tehouseu&mes of and/or audiologically mana At
¥ For chil, dsrst, this may be Noble, ingloss (ASHA, 2005; AAA ggig)le;lea;-
40 teacher questi ;o aparn ditional to a traditi ’ g
ditory beha\?ior,s L?CTUG ?rssessu}g also recommend teghl?:j ael)lglogram, ey
‘.u Inventory (TLL; Ge f::er &fle Lis-  frequency hearing thresl;:’;oldse gi;g high
I, 2006), the Ay ditsry Beh "Ros.s- for the following reasons. Extend dkl.—IZ)
a}c':h.ife (ABEL; Purdy, Fari;i;: in  frequency energy is impc;rtant fof ﬁ;l e
an, ard, ” on, ]_ng in noi en-
i hmtru:enlj(f)dgson, 2002), or Pairment;si}:”\ léle;ferberant e e
Risk (Sl e F Torgeting Edu-  indicat S fange provide an earl
(S R: A indication of pro . y
itional R; Anderson, 1989) progressive or potentiall
\D questionnaire to consid ) PI?Ventab[e hearing loss (Badri, Siegel .
*DHD Rating g nsider  Wright, 2011; B v oegl &
g Scale (DuPaul etal, Kr ; Besser, Festen, Goverts
lich asks questio Ay amet, & Pichora-Fulle ) g
c ns regardin, Cull 1, 2015; Collins
HD y(;(-)f behaviors associatedg 19lg6e-n' & Berlin, 1981; Hunter et al,
ADen the comorbidity of son :&Moore et al, 2017; Vitela, Mon-
o tesults of the ADHD  hi , & Lotto, 2015). Further, extended
may be yseq . high frequency heari d ¢
to pinpoint tale sign of “haddent loss may be a tell-
ign of “hidden hearing loss”—that
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We believe that the FFR is ready for

is, listening difficulty in the presence of
normal hearing on a standard audio- clinical use now and that it would aug-

gram (Liberman, Epstein, Cleveland, ment the APD test battery. Using a 40 ms
Wang, & Maison, 2016). /da/ stimulus and a recording proto-
col similar to the auditory brainstem re-

sponse, FFRs can be collected from pa-
tients in under 10 minutes (Skoe & Kraus,
2010). Responses to this stimulus have
high test-retest reliability, and norma-
tive data for FFRs from birth to 72 years
have been published (Skoe et al., 2015).
We suggest that assessing three domains
of the FFR (Table 5-1) is sufficient and
appropriately expedient for clinical use:
(1) FER peak timing is a metric that allows
the tester to assess how quickly speech s
processed in the brain. The six character-
istic peaks of the FFR to a short /da/
stimulus that represent the onset, tran-
sition, and steady state portions of the
token can also be compared to published
2) Fundamental frequency ampli-

How Precisely Is Sound Being
Processed in the Brain, and Is
there Evidence of Biological

Dysfunction?

Earlier in this chapter, we presented ev-
idence that the FFR is a biological index
of auditory processing. Further, it has
been successfully used to explore dif-
ferent types of auditory learning and
to assess the auditory-cognitive system.
In the context of clinical APD testing,
the FFR can be used to assess whether
a biological dysfunction in how sound
es behavioral com-

FFR can be used to  norms. (
tude can

is processed underli

plaints. Further, the
track training-related changes in biolog-

ical function.

Table 5-1. FFR Domains Suggested for Clinical Use

Purpose

EFR absolute peak laten
published norms to assess abnormalit
timing.
Transforming the FFR waveform into the fre
domain produces a spectrum. The spectral
amplitude corresponding to the fundamental A
frequency can be compared to published norms 10
assess the strength of neural encoding- ]

Correlating FFR waveforms calculated from the 1
half of sweeps to the last half of sweeps prowde'
a value between 0-1. A value of 0 means that 1=
waveforms are not at all correlated, whereas & 2
value of 1 means responses are perfectly corr
Poorly correlated waveforms indicate poor fes

consistency.

FFR Analysis Parameter

Peak timing cies can be compared to

Fundamental Frequency quency

Response Consistency

be evaluated in the FFR spec-
trum. This feature tracks with speech-in-

ies in neural
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noise performance acro ifesp:
(Anderson, Skoe, Chanilsrat::kahfsspalzz1
Kraus, 2010; White-Schwoch Parl:lel
Clark, & Kraus, 2013) and ’has bery-
sh(.m{ﬂ to improve with speech—in—noies?ré1
training (Song, Skoe, Banai, & Kraus
2012). (3) Response consistency is a n:elb,
surement of how correlated the firig
half of FFR response sweeps are to th
second half. This is thought to be an ine
dication of overall auditory processin .
health and correlates with lan L;a °
and attention skills (Hornicke] & I?ra ol
2013). Deficiencies in one or more usfl
tFes('e metrics is indicative of dysfuncc’-
tion m how sound is encoded. A normal
FER in a patient complaining of APD
symptoms may indicate that the disor-
der may lie outside the resolution of th
test (e.g., distractibility). Importantl 3
;E?Sy other stimuli can be used to evok)(:_,
0 {Skoe & Kraus, 2010); research will

Table 5-2.

iltlfgﬁl 1lcofntmuc.e t'o reveal more effective
“ or clinically resolving differ-
1' ces between normal and im aired
isteners (i.e., FFRs to speech in nc:r))is:er)e

Elow Well Does a Listener
Xxtract Meaning from Sound?

Thbis question can be answered usin
Ia:. atter.y of assessments (Table S—Z)g
hirst, asimple nonlinguistic test assess:
togi Ssemporl?l resolution is appropriate
ess whether listeners can i i
. n ident
gg ?(:/dltory target in simultaneous lgr]
> ihe E}msking. One such example
temporal resolutio
", S & ” n 0
Ivtlcc)’r;;mg(\)olxg)e ) test (Barry, Ferguson(&:
; - Second, speech-i i
; -in-no
tests, such as the QuickSIN (Killion, ﬁf
quette, Gudmundsen, Revit, & Ba’ner-
jee, 2004), Hearing in Noise Test (HINT;

S -
uggested Cognitive Tests for APD Evaluations

Test

Purpose

(5 min.)
i QUICKSIN, HINT, or

OR

emory Test (7 mi
OR (7 min.)

* Woodcogk
= Ol'king

* IMAP Temporal Resoiution Test

) SCAN Audit
Figure-Ground Subtest (5 min.; o

* NIH Toolbox Fi
anker Inhibitor
Control ang Attention Test (3 )r,'nin.)

* M
AP Cued Attention Test (10 min.)

* N
IH Toolbox List Sorting Working

~Johnson Audit
ory
Memory Test (7 min.)

To assess listener's abii
tq extract meaning fronl1"ty
simple and complex
sound in degraded
situations

To assess patient’s
sustained attention
and ability to inhibit
superfluous information

To assess patient's ability
to remember visual and
auditory sequences
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cognitive processing. Ideally, using a
protocol similar to the one mentioned
above will yield specific aspects of
dysfunction that can be targeted for
remediation. In this section, we review
some evidence indicating that auditory
training has both neural and behavioral
benefits that are generalizable to other

to 6 and 5 years of age, respectively. In- skills. Further, we discuss evidence sup-
terestingly, Anderson, Parbery-Clark, porting the use of FM systems for indi-
White-Schwoch, and Kraus (2012) re- viduals with auditory-cognitive defi-
ported that FFR measures are more pre-  cits, as these devices are instrumental in
dictive of patient self-perceived speech-  helping users forge links between sound
in-noise difficulty on the SSQ than the and meaning by directing attention to
QuickSIN. This finding emphasizes the important signals in the environment.
importance of using a test battery ap-

proach in the evaluation of individuals

with suspected APD. . e
Given the tight coupling of audition Auditory Training
and cognition, we also recommend tests Effects on Neural and
assessing cognitive function. Table 5-2 Behavioral Function
lists normed tests from the NIH Tool-
box (www.nihtoolbox.com) (Woodcock
& Johnson, 1989) and IMAP suite (Barry ~ observe
et al., 2010) that assess specific domains
of cognitive function pertinent to an programs
APD battery. Cognitive testing may shed (Chandrasekaran, Kraus,

light on specific aspects of auditory-
cognition (e.g., auditory attention) that zenichetal., 1996; Moore, Rosenber

require remediation. Further, they may Coleman, 2005; Song, Skoe, Banal, &
guide audiologists in making appropri-  Kraus, 2011; Song, Skoe, Wong,
ate referrals to other professionals, such
as psychologists or speech-language
pathologists.

Nilson, Soli, & Sullivan, 1994), or Au-
ditory Figure-Ground Subtest of the
SCAN-C (Keith, 2000), provide useful
information regarding the degree of
difficulty that patients experience when
listening in noisy environments. The
latter two tests are more appropriate for
younger children, as they are normed

Changes in neural function have been

1997). For example, training on Spee ch
discrimination increased cortical ser
sitivity to previously indistinguish:
contrasts in young adults (Tremb
Kraus, Carrell, & McGee, 1997).
training also generalized to untr
contrasts. Following Fast ForWord b
ing, children with learning jmpair?
who initially demonstrated ab
cortical activity during rhyming t
in response to rapidly present g
uli had larger and more typical &

An Auditory-Cognitive
Neuroscience Approach
to APD Remediation

The discussion regarding APD eval-
uation above was centered on assess-
ing the functional aspects of auditory-

d after repeated practice with
computer-based and lab-based training:
in both children and adults
& Wong;
2012; de Boer & Thornton, 2008; Met-

oL

& Kraus,
2008; Tallal et al., 1996; Tremblay et a i
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ity during these tasks (Gaab, Gabrieli

Deutsch, Tallal, & Temple 2067' Te o

| etal, 2003). G e

Training-related plastici

been demonstratedpin tﬁ? :L?sitac:fo

Subcoﬁex. Young adults who partic'y

pated in Listening and Communica tio‘—

Enhancement (LACE) training demo: .

strated more resilient FFRs in nojse : ;

| well_as improved speech-in-noise pe:
. ception (Song et al., 2011). After parti

ipating in Earobics, LD children al o

showed more robust FFRs to spe‘e;?

improved to age-appropri
: priate levels -
zenich et al., 1996; Tallal et al,, 1996)(.Mer

Neura! and Behavioral
Benefits of FM Systems

:rr:%uency-modulation (FM) systems
Vicesog\mcz?ly presc‘ribed treatment de-
2.007. r ldren with APD (Chermak,

2; Keith, 1999). FM systems reduce'

resented i . the impact of :
p ed in background noise (Russo, au ditofy Si;ngjacﬁfrgizgt lnoxtse on the
y transmit-

Nicol, Zecker, Hayes, & Kr
. ; : aus, 2005). ting mi
LD cf initi mi i
E ;;;Ilid:ii:in‘ghs(}z cl)run;lly had abnor- moffﬁtorC rsiapek;g;f lex}fut e headest i
r W B 'd y € i %
oo e: 11mfprow3d cor-  the signal-to-noise r:gtl\;ely enhancing
Earobics and im rgv ; 1 atter playing (Crandell, Smaldino ‘zt % the liaterer
discrimination tlf’at reGS S]i)eech sound  Friederichs and Frie,d cIl: e 2
B 1y developing chilnclu led that of ported enhancementS,erl hs (2005) re-
; . ; inneural mark
Warrier, N en (Hayes, of attention a ers
Who did not initially have gt 0 ological responses to infre Cowophys-
FFRs did not show th}i’s Ci}ive al:fnormal sented attended tones wrequenﬂy pre-
@l activity with traini angein corti- - suggesting more robust o eﬂ.han.cec[,
B), suggesting that ':E (Hayes et al,,  reflecting attention aft, s Fneural activity
for predicting Wh?) FF'IR] i b.e These neural enhanc:x:lelvi SYSt.Em.use,
fom auditory trainip o wi benefit  with improved frequen n 3 .co@ulded
‘Auditmy training g\ls Og;?;;&b ; tion and teacher-rated CZttelstcimnma-
¥ S behao- s . € ntiveness,
efits in both trained and 1 u; ) ?:fpportlng the idea that FM systems re-
inforce sound-to~meanjng relationshi
No changes were seen for children wf)tli

» u;ucclhtory processes. For example
pa&i eveloping and LD children’
e icipated in speech-sound dis
nation training (Phon !
"orWord

FFR enhancement h

- as
. i [es];l:cl::va;ld ob§ewed in children with rezl:l;)n b?elj
o e y) pairments following FM 5
g ability, e ohcogmhv'e for one academic year. Chsil}:tem o
gl no}: e(;ncl)ilc?gl- wore an FM system sho.wed mrc(:;1 o
ol o T F!:A citly 51ste‘nt FFRs throughout the recoic:fm-
a.llal etal, 105g) The,se on?re session, whereas control children i Iﬁg
Mained fo, 5. month‘gams same academic environment d'clint "
et (Mooge o1 g o ;) after  (Hornickel et al., 2012). These t i 'HOt
lebrer, p'er o and, related effects were restrictedmmmg-
mance  FFR formant transition, Further, c}fi(l)dﬁgrf
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with the poorest FFR consistency at pre-
test showed the greatest benefit from
the FM system and the largest gains
in phonological awareness. Thus, FM
systems appear to address neural vari-
ability and timing deficits by directing
and enhancing auditory attention to
meaningful sounds through enhanced
signal-to-noise ratios.

FM systems can also benefit be-
havior and academic performance
(Blake, Field, Foster, Platt, & Wertz,
1991; DiSarno, Schowalter, & Grassa,
2002; Purdy et al.,, 2009; Rosenberg
et al., 1999). After 6 weeks of use, teach-
ers rated students with reading delays
who used an FM system as having bet-
ter classroom attention skills and the
students rated their own hearing in dif-
ficult situations as better (Purdy, Smatt,
Baily, & Sharma, 2009). Children with
APD who wore classroom FM sys-
tems improved on parent and teacher

ratings of academic performance and
psychosocial function (Johnston, John,
Kreisman, Hall, & Crandell, 2009). Ad-
ditionally, they improved on perception
of speech in background noise when
using the FM system and perceiving
speech in quiet without the FM system,

reaching the same levels as their typi-
cally developing peers.

Summary

———————————————

In this chapter, we proposed that the
auditory-cognitive system is a distrib-
uted but integrated circuit that can be
adaptively or maladaptively shaped by
experience over the lifespan. Within this
framework, auditory expertise and dis-
order can be viewed along the same
continuum of auditory learning. Using
a biomarker of auditory-cognitive func-
tion, we provided evidence that audi-
tory enrichment augments this system,
while deprivation weakens it. We put
forth a test battery approach that allows
clinicians to examine basic hearing, neu-
rophysiologic, and cognitive function to
holistically assay the auditory-cognitive
system. Lastly, we demonstrated that re-
mediation strategies for auditory-based:
learning disorders, such as auditory
training and FM systems, show positiv‘
impacts on the brain and behavior. Fu=
ture work will further address the effec-

plasticity.

Key Points Learned

m Plasticity in the auditory-cognitive system can have adap-
tive or maladaptive consequences resulting in auditory
expertise or disorder. The FFR,
function, is sensitive to measuring such

B Musicians and bilinguals provid
expertise, and aspects of their

—

an objective test of auditory
changes due to

e models of auditory
FER (e.g., fundamental fre-

5. THINKING OUTSIDE THE SOUND BOOTH

captured by the FFR and
on auditory tests.

B Viewing assessment and
through an auditory-

investigation.

quency) and cognitive function (
e.g,
0 /c\r:l};.?tr;c];d bthro:;gl; engagement wigth sound
-based learning  disorders ove.
trauma provide models of auditory d;;mnztt?onarxhilglfzii:

' cognitive framework i

i Of emphasizes
r.ltcrplay bet.ween audition and cognition andpth ik
sitates a holistic test batte i

may be harnessed to remediate APD, but this

auditory attention) are

is reflected in poor performance

management of APD patients

ry. The power of neuroplasticity
requires more

tiveness of music training or therapy for
remediating issues like APD.
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