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Research with developmental populations suggests that the maturational state of auditory brainstem
encoding is linked to reading ability. Specifically, children with poor reading skills resemble biologically
younger children with respect to their auditory brainstem responses (ABRs) to speech stimulation.
Because ABR development continues into adolescence, it is possible that the link between ABRs and read-
ing ability changes or resolves as the brainstem matures. To examine these possibilities, ABRs were
recorded at varying presentation rates in adults with diverse, yet unimpaired reading levels. We found
that reading ability in adulthood related to ABRWave V latency, with more juvenile response morphology
linked to less proficient reading ability, as has been observed for children. These data add to the evidence
indicating that auditory brainstem responses serve as an index of the sound-based skills that underlie
reading, even into adulthood.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Individual differences in auditory-system function and develop-
ment at both cortical and subcortical levels have been widely doc-
umented in the literature. Auditory brainstem responses (ABRs),
neurophysiological indicators of cochlear and subcortical auditory
processing, have been linked to individual variation on a wide vari-
ety of behaviors, including working memory capacity (Sorqvist,
Stenfelt, & Ronnberg, 2012), selective attention (e.g., Krizman,
Marian, Shook, Skoe, & Kraus, 2012; Lehmann & Schonwiesner,
2014), and perceptual learning (Skoe, Krizman, Spitzer, & Kraus,
2013; Song, Skoe, Banai, & Kraus, 2012).

The fidelity of the auditory-brainstem pathway has also been
linked to spoken language processing (Bidelman, Villafuerte,
Moreno, & Alain, 2014) and language acquisition (e.g., Banai
et al., 2009; Basu, Krishnan, & Weber-Fox, 2010). Compared to
typically-developing children, children with atypical language
development including those with autism spectrum disorder,
specific language impairment, and reading impairment have
delayed ABR latencies and more variable ABR morphology (Banai
et al., 2009; Basu et al., 2010; Purdy, Kelly, & Davies, 2002;
Rocha-Muniz, Befi-Lopes, & Schochat, 2012; Russo, Nicol,
Trommer, Zecker, & Kraus, 2009), two indicators of an immature
central auditory system (Lauter & Loomis, 1986; Skoe, Krizman,
Anderson, & Kraus, 2015). In infants, ABR latency has also been
found to be predictive of later language outcomes, such that infants
with more mature ABRs are more likely to reach higher language
outcomes as preschoolers (Amin, Vogler-Elias, Orlando, & Wang,
2014; Chonchaiya et al., 2013). As further support of the link
between language development and auditory development, in
studies of school-age children with diverse reading levels that
spanned from impaired to exceptional, children with the strongest
literacy skills presented with more mature ABRs to speech stimuli
compared to biologically age-matched peers who had lower per-
formance, even when controlling for differences in the latency of
the ABR to a non-speech, click stimulus (Banai et al., 2009;
Hornickel & Kraus, 2013).

In children with language disorders, there is evidence to suggest
that auditory brainstem impairments are restricted to spectrotem-
porally complex acoustic signals, such as speech, and that the
encoding of (non-speech) broadband click stimuli is intact (Banai
et al., 2009; Hornickel & Kraus, 2013; Song, Banai, Russo, &
Kraus, 2006). This specificity lead to the proposition that speech-
ABRs are more sensitive measures of language ability than
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click-evoked ABRs (Song et al., 2006). However, this proposition is
confounded by the fact that the click stimulus was presented at a
faster rate (�31 Hz) than the speech stimulus (�11 Hz) in the stud-
ies on which this conclusion is based. Stimulus rate is an important
consideration because click-ABR latencies are relatively stable for
stimulation rates below 20 Hz, (Krizman, Skoe, & Kraus, 2010;
Lasky, 1997) yet for faster rates, ABR latencies undergo significant
prolongation as the rate increases (Lasky, 1997). This rate-
dependent prolongation is likely due to decreased synaptic effi-
ciency resulting from neurotransmitter depletion (Wynne et al.,
2013) and/or decreased neural synchronization resulting from
incomplete or disrupted myelination that may be too subtle to
emerge at slow rates (Fujikawa & Weber, 1977; Jacobson,
Murray, & Deppe, 1987; Ken-Dror et al., 1987; Kim, Turkington,
Kushmerick, & Kim, 2013; Lasky, 1984).

As reviewed above, the literatures examining individual differ-
ences in ABRs and the subsequent link to reading-related behavior
have focused primarily on pediatric populations and/or compared
pathological versus control populations. Largely absent from the
literature is an examination of auditory brainstem function in
adults who display a typical range of reading ability. To explicate
the relationship between auditory-system maturity and reading
ability at a theoretical level, we examined speech- and click-ABRs
in young adults with a spectrum of typical reading levels and no
history of speech, language, hearing, or neurological impairment.
We examined the differential sensitivity of speech vs. non-speech
stimuli in assessing the sensorineural correlates of reading ability
in adults, by recording ABRs to a speech stimulus (/da/) and click
stimulus played at the same presentation rate (10.9 Hz). Click-
ABRs were measured at five additional rates that spanned from
6.9 to 61.1 Hz, allowing us to examine the relationship between
ABRs and reading ability across different timescales. While previ-
ous work has elucidated a relationship between auditory processes
and reading skills, there is considerable theoretical disagreement
over whether the auditory processes associated with reading are
specific to temporal processing or reflect more general auditory
processes (reviewed in Protopapas, 2014). Among the various tem-
poral theories of reading, there is further contention as to whether
reading is most closely associated with the encoding of rapid infor-
mation at the phoneme level (Benasich & Tallal, 2002; Tallal, 1980)
or slower temporal information at the syllable level of speech
(Goswami, 2015). To test whether the relationship between ABRs
and reading ability generalizes across timescales or has a speech-
related time signature, click stimuli were presented at rates that
model syllabic (6.9, 10.9, 15.4 Hz) and phonetic (31.25, 46.5,
61.1 Hz) timescales (Poeppel, 2003; Rosen, 1992).

We predicted that the relationship between reading ability and
ABRs observed previously in children would persist into the early
adult years, with stronger relationships expected for speech vs.
non-speech stimuli (Song et al., 2006). To investigate the anatomi-
cal and physiological basis of the auditory processes associated
with reading ability, we compared the strength of the relationship
between ABRs and reading at different presentation rates for the
more peripherally vs. centrally generated components of the
click-ABR (Wave I vs. Wave V). If a relationship were evident for
reading ability and Wave I of the click-ABR, then this would point
to the peripheral auditory system as the locus of the sensory-
based auditory differences that underlie reading ability, given that
Wave I reflects the functional coupling of the cochlea and auditory
nerve. Alternatively, if Wave V relates to reading ability, but Wave I
does not, then this would implicate the role of the rostral brainstem
in auditory-based reading skills. Furthermore, if the relationships
become stronger with increased presentation rate, then this would
suggest that reading ability is linked to the integrity of auditory
processing, including its susceptibility for increased synaptic fati-
gue, as the auditory system is taxed (Basu et al., 2010). Yet, if the
nature of the relationships is not different between syllabic vs. pho-
netic rates of presentation, then this would be viewed as evidence
that reading reflects basic auditory processes not bounded by speci-
fic temporal scales. Finally, the absence of a relationship between
reading level and any of the ABR conditions in this unimpaired pop-
ulation would suggest that reading ability and auditory brainstem
function become uncoupled as the auditory brainstem matures.
2. Results

In our young adult population, reading scores ranged from the
40th to the 85th percentile, as measured by a composite index
derived from a battery of standardized reading assessments. For
the speech-ABR, response latency (as indexed by a composite index
of multiple waves) was significantly correlated with reading scores
(r = 0.399, p = 0.026), with longer latencies associated with better
reading scores. To assess the generalizability of this ABR-reading
relationship, comparisons were then made to the click-ABR
recorded at the same presentation rate as the speech stimulus
(10.9 Hz). This set of analyses focused on Wave V latency of the
speech-ABR and its analog in the click-ABR (King, Warrier, Hayes,
& Kraus, 2002; Song et al., 2006). Due to differences in the acoustic
rise time between the speech and broadband click stimuli, Wave I
is not reliably present in response to this speech stimulus and
Wave V is prolonged in latency compared to the click-ABR (Table 1)
(Song, Banai, & Kraus, 2008). When the presentation rate was the
same for the click and speech stimuli, the effect size was nominally
larger for the speech-evoked Wave V than its click counterpart
(r = 0.433 vs. 0.336). However, a comparison of the r-values for
the rate-matched speech and non-speech stimuli revealed that
they are not statistically different (p = 0.49, two-tailed) (Lee &
Preacher, 2013).

To furtherexplicate therelationshipbetweenWaveVandreading
ability, the dataset was divided based on the latency of Wave V for
the speech stimulus. The 32 participants were evenly split between
those who fell above and those than fell below their age-normed
latency value for Wave V, using norms published in Skoe et al.
(2015). Consistent with the correlations reported in Table 1, partici-
pants on the early side of the normative range forWave V had lower
reading scores (63.91 ± 13.82percentile) compared to thosewho fell
on the later side of the normative range (71.86 ± 9.54 percentile) (F
(2,29) = 3.919, p = 0.057, covarying for IQ).

As the rate of presentation increased for the click stimulus,
Wave I and V latencies prolonged in a predictable fashion (Tables
1 and 2, Supplemental materials), as expected for a neurotypical
adult population. For both waves, latency increased progressively
between the 31.25 Hz and 61.5 Hz conditions (Supplemental mate-
rials, Tables 1 and 2) yet the extent of the latency prolongation was
not predictive of reading level for either wave (Wave I: r = 0.109,
p = 0.558; Wave V: r = 0.078, p = 0.675). However, when consider-
ing the absolute latencies at the various rates, Waves I and V pat-
terned differently vis-à-vis reading. For Wave I, the effect sizes
were generally small (Cohen, 1988) and unlike Wave V, none of
the correlations were significant, using even a liberal alpha of
0.05 (Tables 1 and 2). In comparison, medium effect sizes were
found for Wave V and reading ability (ranging from 0.325 to
0.468), with the faster rates yielding larger effects than the slower
rates. However, we are cautious about drawing strong conclusions
from this, given the statistical equivalence of the highest r-value
among the fast rates and lowest r-value among the slow rates
(p = 0.531, two-tailed).

As an illustration of how reading ability is reflected in the ABR,
speech- and click-evoked ABR waveforms are plotted in Fig. 1 for
two female participants matched in age (both 20-years-old) but
who fall on different ends of the reading spectrum.



Table 1
(A). Wave V latency for the speech and click-evoked auditory brainstem responses elicited at different presentation rates. (B). Correlations between reading and Wave V latency
covarying for non-verbal intelligence.

Condition

Table 1A Table 1B: Reading-Wave V Correlation

Wave V (ms) Covarying for IQ Uncorrected

Mean Min Max Std. dev. r p r p

Speech (10.9 Hz) 6.56 6.07 7.16 0.28 0.433 0.015 0.374 0.035
Click (6.9 Hz) 5.57 4.90 6.15 0.28 0.325 0.074 0.313 0.082
Click (10.9 Hz) 5.56 5.03 6.15 0.27 0.336 0.064 0.312 0.083
Click (15.4 Hz) 5.56 5.03 6.07 0.26 0.349 0.055 0.316 0.078
Click (31.25 Hz) 5.69 5.15 6.24 0.26 0.468 0.008 0.446 0.011
Click (46.5 Hz) 5.81 5.24 6.45 0.24 0.380 0.035 0.390 0.027
Click (61.5 Hz) 5.92 5.15 6.36 0.24 0.430 0.016 0.432 0.014

Table 2
(A). Wave I latency for the click-evoked auditory brainstem responses elicited at different presentation rates. (B). Correlations between reading and Wave I latency covarying for
non-verbal intelligence.

Condition

Table 2A Table 2B: Reading-Wave I Correlation

Wave I (ms) Covarying for IQ Uncorrected

Mean Min Max Std. dev. r p r p

Click (6.9 Hz) 1.67 1.45 1.82 0.12 �0.009 0.963 �0.045 0.808
Click (10.9 Hz) 1.68 1.45 1.95 0.12 �0.006 0.973 �0.045 0.809
Click (15.4 Hz) 1.69 1.45 2.07 0.12 0.063 0.735 0.034 0.853
Click (31.25 Hz) 1.70 1.45 2.07 0.13 0.203 0.274 0.166 0.363
Click (46.5 Hz) 1.73 1.45 2.16 0.15 0.145 0.436 0.127 0.490
Click (61.5 Hz) 1.76 1.41 2.16 0.15 0.134 0.471 0.132 0.470

Fig. 1. Representative speech (top) and click-evoked (bottom) auditory brainstem response (ABR) waveforms from two age-matched female participants who differ in their
reading ability, as assessed by a battery of standardized tests. The participant plotted in red has an average reading percentile score of 48, and the participant in black has an
average percentile score of 79. The scatter plots on the right illustrate the relationship between the reading composite score and the latency of Wave V for the speech (top)
and the 31.25 Hz click condition (bottom), with the two representative participants highlighted by red and black circles. To illustrate the effect of stimulus presentation rate,
ABR waveforms to the 6.9 Hz condition are plotted to the left of the 31.25 Hz condition. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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3. Discussion

We provide evidence from an unimpaired population that read-
ing variability in adults is systematically related to the auditory
brainstem response. Similar to findings with children, reading abil-
ity correlated with the Wave V latency of the ABR, with the rela-
tionship capturing a spectrum of reading ability and ABR
function within the normal range (Banai et al., 2009; Skoe et al.,
2015). However, we found that the direction of the relationship
is different for children versus adults, transitioning from a negative
relationship in childhood (Banai et al., 2009) to a positive relation-
ship in adulthood, in which earlier latencies are associated with
lower reading scores in adults. As corroborating evidence, this pat-
tern was replicated across both speech and non-speech stimuli.

What are the biological mechanisms underlying these reading-
related latency differences? To begin to address this question, we
must first take into consideration that ABR wave latencies reflect
a multitude of complex mechanisms within cochlear and retro-
cochlear structures, including cochlear transport time (i.e., shorter
latencies for more basal activation sites), auditory filter tuning (i.e.,
shorter latencies for broader auditory filters), the synaptic delay
between inner hair cells and auditory nerve fibers, as well as neural
conduction times within the central auditory system (Don &
Eggermont, 1978; Don, Ponton, Eggermont, & Kwong, 1998;
Strelcyk, Christoforidis, & Dau, 2009). While our current method-
ological approach does not allow us to pinpoint the specific phys-
iological mechanisms at play, our constellation of findings offer
insight into the potential mechanisms underlying the reported
effects. By showing that reading ability relates to Wave V latency
but not Wave I latency, this lends support to the possibility that
reading is linked to physiological differences in the central audi-
tory system, specifically the rostral brainstem (see, however,
below). Moreover, the generalizability of the relationships across
speech and non-speech conditions at different presentation rates
leads us to posit that variations in reading level in this unimpaired
adult population reflect physiological variations (neural and/or
synaptic) of general, non-verbal auditory processes within the ros-
tral brainstem that are not tied to specific stimulus acoustics or
temporal scales (Ahissar, Protopapas, Reid, & Merzenich, 2000).
We then take one step further by speculating that the relationship
between Wave V latency and reading reflect physiological differ-
ences associated with the development of the central auditory sys-
tem. The auditory brainstem response has long been thought to
develop early and reach a developmental end-state around the
third year of life (e.g., Eggermont & Don, 1986; Salamy, 1984).
However, a recent series of large-scale studies, converge with stud-
ies from the 1990s, to delineate a more protracted developmental
time course that extends into the second decade of life (Johnson,
Nicol, Zecker, & Kraus, 2008; Krizman et al., 2015; Lauter &
Oyler, 1992; Lauter, Oyler, & Lord-Maes, 1993; Mochizuki, Go,
Ohkubo, Tatara, & Motomura, 1982; Skoe et al., 2015; Spitzer,
White-Schwoch, Carr, Skoe, & Kraus, 2015). In a study of 500+ indi-
viduals ranging from 3 months to 73 years, Skoe et al., 2015 report
that Wave V latency for both click and speech stimuli, decreases
during the first three years of life and that Wave V latency is com-
parable between adults and children ages 3–5 years, similar to
what has been observed previously (Gorga, Kaminski,
Beauchaine, Jesteadt, & Neely, 1989). The critical new finding from
this study, however, was that developmental changes continue
beyond age 3, culminating in a brief developmental window during
whichWave V is earlier than (i.e., overshoots) the adult value (Skoe
et al., 2015). On the group level, this developmental overshoot
occurs between ages 5 and 10. Prior to this developmental over-
shoot phase, Wave V latencies decrease with increasing age, but
after this overshoot, latencies tend to increase gradually with
age. This change in slope within the developmental trajectory of
Wave V is critical to the interpretation of our results because it
provides a possible explanation for why the direction of the ABR-
reading relationship inverts between childhood and adulthood.
When this biphasic trajectory is taken into consideration, a com-
mon thread emerges between our findings and previous reports
linking ABR and reading level in children: in both children and
adults, better reading skills are observed in individuals with more
mature brainstem response morphology. For children, more mature
responses translates to shorter latencies, whereas in young adults
more juvenile responses translates to shorter latencies. Within this
developmental framework, the least proficient readers in the
unimpaired adults tested here would be considered to have central
auditory systems that are more juvenile (i.e., less mature). We
acknowledge, though, that this maturation-based interpretation
of our findings draws on a relatively new discovery of the biphasic
developmental trajectory of the ABR that would benefit from
future replication, and that other potential accounts of the
observed relationship between reading ability and auditory brain-
stem responses must be mechanistically investigated (see below).

The notion that language development is linked to the develop-
mental state of the central auditory system is, however, not new
(Bishop & McArthur, 2004, 2005; Edgar et al., 2015; Johnson et al.,
2008; Wright & Zecker, 2004). Wright and Zecker (2004), for exam-
ple, proposed that individuals with language-based disorders have
an atypical development of auditory-based perceptual skills that
initially lags behind age-matched peers and then prematurely
arrests during adolescence due to biological changes associated
with puberty, never reaching typical adult levels in some individu-
als. In our unimpaired young adult population, we speculate that
differences in reading level may reflect normal, non-pathological
differences in auditory system physiology andwe argue for the pos-
sibility that earlier latencies in our young adult population may
reflect incomplete, or alternatively not yet complete, developmen-
tal pruning of the central nervous system (Kral & Sharma, 2012).
However, follow-up studies will be critical for testing whether
developmental processes for the least proficient readers in our
unimpaired sample have reached their end-state and have arrested
in an immature form, are still on-going, or whether other physio-
logical factors, not specifically related to development or the central
auditory system, may be at play. Recent longitudinal evidence sug-
gests thatWave V latency (of the speech ABR) does not undergo sig-
nificant developmental changes during adolescence (ages 14–17),
downplaying the possibility that group-level developmental pro-
cesses are still on-going in our adult population (Krizman et al.,
2015). Nevertheless, either outcome (arrested development or pro-
longed development) would be consistent with the viewpoint that
central auditory system development is not the same for all individ-
uals, even within an unimpaired population (Bishop & McArthur,
2005; Sharma, Dorman, & Kral, 2005; Skoe & Kraus, 2013). Future
work should also expand the age of investigation to include adoles-
cent and aging populations, adopting both longitudinal and cross-
sectional designs in impaired and unimpaired populations, with
the goal of understanding how and whether the ABR is coupled to
individual differences in reading ability across the lifespan. We
speculate that a functional relationship between reading and ABRs
will be observed in both typical and impaired populations across
the lifespan, but we leave open the possibility that the nature of
the relationships at various stimulus presentation rates, and the
neural mechanisms underlying those relationships, may be distinct
for adult populations within and without a childhood history of
reading difficulties (Ahissar et al., 2000; Kouni, Giannopoulos,
Ziavra, & Koutsojannis, 2013).

While there is evidence to suggest that variations in central
auditory system development may underlie the relationships
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between reading and ABR latency we report, we must also consider
the possibility that individual differences in hearing thresholds
may be contributing to the relationships we report (Don et al.,
1998; Gorga, Worthington, Reiland, Beauchaine, & Goldgar, 1985;
Jerger, 1978; Strelcyk et al., 2009). The influence of hearing thresh-
olds, however, cannot be directly assessed in our dataset, because
although we screened for clinically-normal hearing in our healthy
young adult population, audiometric thresholds were not mea-
sured. It is well established that behavioral thresholds, especially
for hearing in the 2–4 kHz range, can be predicted from ABR
thresholds to broadband clicks (Gorga et al., 1985; Jerger, 1978).
In the current study, however, the (broadband) ABR stimulus was
presented well above threshold and not at threshold. Under such
supra-threshold conditions, the relationship between ABR latency
(to broadband stimulation) and behavioral thresholds, especially
for those individuals with hearing thresholds in the clinically nor-
mal to moderate-hearing loss range, is less clear (Bauch & Olsen,
1986; Jerger & Johnson, 1988). Yet, for derived-band ABRs, which
reflect more place-specific activation of the cochlea compared to
ABRs to broadband clicks, ABR Wave V latencies have been shown
to decrease as thresholds increase, particularly for more apical sites
of cochlear activation (Don et al., 1998; Strelcyk et al., 2009). This
decrease in ABR latency as a function of increased thresholds has
been attributed to a change in cochlear response time that arises
from auditory filters becoming more broadly tuned when cochlear
amplification is compromised by outer hair cell loss (Don et al.,
1998; Scheidt, Kale, & Heinz, 2010; Strelcyk et al., 2009). In theory,
a relationship between ABR latency and cochlear filter bandwidth
should be evident for Wave V as well as Wave I (Scheidt et al.,
2010), although in the current investigation the relationship with
reading was specific to Wave V. However, because the cochlear site
of generation is not necessarily the same for Waves I and Wave V
when broadband stimulation is used (Don & Eggermont, 1978), this
confounds our ability to fully rule out a peripheral explanation for
our findings. In other words, although our participants did not
show any clinical signs of hearing loss, using the current set of
measurements, subclinical hearing losses cannot be excluded.
Thus, based on studies of derived-band ABRs, we leave open the
possibility that the least proficient readers in our young adult sam-
ple have broader auditory tuning curves than the most proficient
readers, given that broader tuning curves have been associated
with earlier ABR latencies. By this explanation, lower reading
scores would be associated with worse auditory acuity, an idea
that is supported by evidence of lower literacy levels in children
with sensorineural hearing loss (e.g., Briscoe, Bishop, & Norbury,
2001; Halliday & Bishop, 2005). However, we are careful to point
out that auditory system immaturities can co-exist with cochlear
losses (Sharma et al., 2005), and that our findings could potentially
be explained by one or both accounts. This calls for a more mech-
anistic approach to be adopted in futures investigations of the sen-
sorineural correlates of reading ability. Such studies should expand
their methodology beyond a hearing screening to include a com-
prehensive evaluation of cochlear function in conjunction with
other, complementary measurements of the central auditory ner-
vous system (e.g., diffusion magnetic resonance imaging) (e.g.,
Chang et al., 2004).

Literacy is a complex, multifaceted process, influenced by many
interrelated factors, including socioeconomic status, home literacy
environment, cognition, and phonological ability, with auditory
acuity being just one component (Banai, Abrams, & Kraus, 2007;
Briscoe et al., 2001; Evans & Maxwell, 1997; Protopapas, 2014;
Wagner, Torgesen, & Rashotte, 1994). In this regard, the relatively
modest correlation observed between our composite measure of
reading ability and ABRs, is perhaps not surprising. Nevertheless,
it is noteworthy that this measure of basic auditory function can
account for upwards of 22% of the variability in this unimpaired
young adult population. This raises the question of causality.
Sensory-based theories of reading posit that basic auditory pro-
cesses influence the successful mastery of sound-based skills, such
as phonological awareness, that underlie reading (Protopapas,
2014). However, we must also consider the possibility that the
relationship may instead, or additionally, reflect more global pro-
cesses associated with neural migration, connectivity and/or prun-
ing or cochlear function that coincidentally affect both reading and
auditory processing (Bishop & McArthur, 2005; Protopapas, 2014).
3.1. Conclusion

Our findings suggest that variations in reading ability observed
in the general population may be reflective of differences in low-
level auditory processing for both children and young adults.
4. Methods

Data collection occurred in two sessions, typically performed on
two different days. In session 1, we performed a hearing screen and
administered a battery of standardized tests that assessed nonver-
bal intelligence as well as a host of reading-related measures (e.g.,
speed of processing, phonological processing, reading comprehen-
sion). The ABR protocol occurred in session 2.
4.1. Participants

Thirty-two monolingual, native speakers of American English
between the ages of 18 and 30 were recruited for the study
(M = 21.0 years, SD = 2.8). All research procedures were approved
by the Internal Review Board at the University of Connecticut.
Lab-internal questionnaires confirmed that the participants had
no history of speech, language, hearing, reading, or neurological
disorders. To be included in the study, participants were also
required to have clinically normal hearing. This was confirmed
using a two-part hearing screening consisting of pure tone air con-
duction audiometry (20 dB HL for 0.5, 1, 2, and 4 kHz administered
using the Earscan 3 Manual Audiometer (Micro Audiometrics) and
click-evoked ABR Wave V latency measurements (rarefaction click
at an intensity of 70 dB nHL at a rate of 31.25 Hz). The participant
would have failed the screening if s/he was unable to detect any of
the pure tone test frequencies at 20 dB HL in either ear or if the
Wave V latency fell outside of 2.5 standard deviations of the age-
normed mean reported in Skoe et al. (2015).
4.2. Reading assessment battery

In session 1, participants completed a standardized assessment
battery that included a measure of non-verbal intelligence (Test of
Nonverbal Intelligence, TONI-3) and measures of reading sub-skills
and reading comprehension. The reading measures were composed
of the Woodcock Reading Mastery Tests (WRMT-III) to measure
reading comprehension, the Comprehensive Test of Phonological
Processing (CTOPP) to assess phonological awareness, the Test of
Word Reading Efficiency (TOWRE) to measure timed and untimed
word and nonword reading, and Rapid Automatized Naming (RAN)
to measure rapid digit and letter naming. Scores on each reading
sub-test were converted to age-normed percentile scores following
conversion algorithms provided by the test manufacturers. As in
Kadam, Orena, Theodore, and Polka (2016), a composite reading
score was calculated for each participant, defined as the mean
percentile across the reading assessment measures (Kadam et al.,
2016). Given that reading ability reflects awide constellation of abil-
ities, the reading composite score is a more veridical measure of
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reading ability in this unimpaired population as compared to, for
example, performance on any single assessment within the battery.

4.3. ABR collection protocol

To promote comparisons with previous investigations in
school-age children, speech-ABR stimulus and recording parame-
ters modeled those used in Banai et al. (2009). In brief, ABRs were
recorded to a 40 ms synthesized /da/ stimulus played at 10.9 Hz in
alternating polarity to the right ear at 80 dB SPL through insert ear-
phones (Etymotic ER3-14). The responses were differentially
recorded in Bio-logic AEP (Natus, Inc.) with a vertical, ipsilateral
electrode montage (Cz = non-inverting electrode, A2 = inverting
electrode, forehead = ground), with contact impedance maintained
65 kX for all electrodes throughout the recording. The responses
were filtered from 100 to 2000 Hz, digitally sampled at 12 kHz over
an 85.33 ms time window, artifact-rejected, and averaged online.
Once 6000 artifact-free trials were reached, the recording was
automatically terminated. Bio-logic AEP’s default artifact rejection
criterion for ABR was selected, resulting in any activity exceeding
±23.8 lV being rejected from the average.

ABRs were also recorded to 100 microsecond rarefaction clicks
played to the right ear at 80 dB SPL at six presentation rates 6.9,
10.9, 15.4, 31.25 Hz, 46.5 and 61.5 Hz. Adopting published proce-
dures, responses were digitally sampled at 24 kHz, filtered online
from 100 to 1500 Hz, artifact-rejected (±23.8 lV criteria), and aver-
aged online (Krizman et al., 2010). Once 2000 artifact-free trials
were reached, the recording was automatically terminated.

To minimize fatigue and muscle movements during the record-
ings, participants sat in a quiet room and watched a video of their
choice, following published procedures (Skoe & Kraus, 2010). The
movie was presented on a tablet (Samsung Galaxy S3) placed
arms-length in front of the participant on a small table attached
to the chair. The soundtrack of the movie was played at a low vol-
ume with subtitles turned on at the participant’s request. The left
ear was unblocked allowing the participant to hear the movie
soundtrack played in English. The ER2-14 ear inserts, which were
seated deeply in the ear canal, provided a background sound atten-
uation of �30 dB SPL (Frank & Wright, 1990).

4.4. ABR analysis

The broadband click stimulus produces a highly stereotyped
response characterized by a series of waves, the first of which
(Wave I) originates from activity within the cochlear nerve with
a latency of 1–2 ms (for suprathreshold stimulation). Wave V, the
most robust ABR Wave, reflects stimulus-evoked activity within
the lateral lemniscus and inferior colliculus (Hall, 2007), with an
approximate latency of 5–6 ms.

The /da/ speech stimulus employed in this study also elicits a
response with a highly stereotyped morphology that includes
seven waves, referred to as V, A, C, D, E, F, O (Fig. 1, top) (Banai
et al., 2009; Skoe et al., 2015). Waves V and A, of the speech-
ABR, comprise the onset response, C comprises the voice onset
response, D-E-F comprise the frequency-following response, and
Wave O reflects the offset of sound. The latencies of these seven
waves implicate the lateral lemniscus and the inferior colliculus
as the primary underlying generators (Chandrasekaran & Kraus,
2010; Coffey, Herholz, Chepesiuk, Baillet, & Zatorre, 2016).

Waves I and V of the click-ABR and the seven characteristic
waves for the speech-ABR were labeled by the experimenter and
then reviewed for accuracy by a second experimenter and the lead
author. To ensure accuracy in identifying click-evoked Waves I and
V, the intervening peaks (II, III, IV) were also identified by the
experimenter but they were not factored into the analysis. All
raters were blind to the composite reading score while labeling
the ABR waveforms. To control for multiple comparisons, a com-
posite timing score was derived for each participant for the
speech-ABR, by converting each latency value to a Z score and then
averaging the Z scores across all seven peaks, similar to procedures
outlined in Banai et al., 2009.

4.5. Statistical analyses

To examine relationships between basic auditory function and
reading skill, ABR latency was compared via Pearson correlation
in SPSS (IBM, Inc.) to a composite index of reading, representing
the mean percentile across the reading assessment measures. To
better isolate the relationship between reading ability and ABR,
non-verbal IQ was used as a covariate in the analysis to account
for the trending relationship between the TONI-3 and the compos-
ite reading measure (r = 0.335, p = 0.061). Unless explicated noted
the reported results covary for non-verbal IQ.
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