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a b s t r a c t

Reading and speech-in-noise perception, fundamental aspects of human communication, have been
linked to neural indices of auditory brainstem function. However, how these factors interact is currently
unclear. Multivariate analysis methods (structural equation modeling) were employed to delineate and
quantify the relationships among factors that relate to successful reading and speech in noise percep-
tion in children. Neural measures of subcortical speech encoding that reflect the utilization of stimulus
regularities, differentiation of stop consonants, and robustness of neural synchrony predicted 73% of the
variance in reading scores. A different combination of neural measures, specifically, utilization of stimu-
lus regularities, strength of encoding of lower harmonics, and the extent of noise-induced timing delays
uniquely predicted 56% of the variance in speech-in-noise perception measures. The neural measures
relating to reading and speech-in-noise perception were substantially non-overlapping and resulted in
poor fitting models when substituted for each other, thereby suggesting distinct neural signatures for
the two skills. When phonological processing and working memory measures were added to the models,
brainstem measures still uniquely predicted variance in reading ability and speech-in-noise perception,
highlighting the robustness of the relationship between subcortical auditory function and these skills.
The current study suggests that objective neural markers may prove valuable in the assessment of reading
or speech-in-noise abilities in children.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Neural correlates of reading and language function have been
substantiated through electrophysiological and functional imaging
studies. Reading skill is associated with specific regional activa-
tion and white matter microstructure in the left hemisphere [1–4],
as well as robust representation of the syllabic rate of speech in
the right hemisphere [5]. Additionally, pre-attentive detection of
stimulus differences in primary auditory cortex of both speech and
tone stimuli is related to reading ability, with deficient neural dif-
ferentiation in dyslexics predicting poor behavioral identification
and discrimination performance [6–9]. Subcortically, strength of
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encoding of stimulus features important for identifying phonemes,
such as transient elements and dynamic harmonic content of the
stimulus, and neural synchrony in the auditory brainstem vary
systematically with language and reading ability [10–13]. These
studies suggest that poor readers may have inefficient encoding of
complex sounds, in particular speech, which may account for poor
translation from phonology to orthography when reading and for
the poor phonological processing skills often found in children with
reading impairments. Remediation and training of dyslexic popu-
lations can lead to improvements in these neural deficiencies, with
neural response patterns mimicking those of typically developing
children after training [14–17].

Similarly, there are neural correlates of speech-in-noise percep-
tion. Encoding of stimulus features important for tracking a voice
over time, such as vocal pitch, and the resilience of response tim-
ing to the disruptive effects of background noise in the auditory
brainstem relate to speech-in-noise perception, being degraded
in children with reading and speech-in-noise impairments but
enhanced in professional musicians [13,18–21]. In children, the
developmental trajectory of auditory cortical responses to speech
stimuli presented in background noise correlates with speech-
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in-noise perception, with poor speech-in-noise perceivers having
more immature cortical responses relative to good speech-in-
noise perceivers [22]. Functional imaging shows increased bilateral
auditory cortical activity while identifying speech presented in
background noise, with greater activation in the left hemisphere
for weaker signal-to-noise ratios [23]. Additionally, poor speech-
in-noise perceivers have poor auditory efferent function, which in
typical listeners can enhance target stimuli relative to background
noise [24,25]. As in reading, auditory training may enhance brain-
stem representation of speech-in-noise [16], and efferent function
[26].

Reading and speech-in-noise perception may be related, par-
ticularly in children with reading disorders who are often more
susceptible to increases in background noise than their typically
developing peers [27–30]. The neural correlates of these two abil-
ities may also be linked. Reading and speech-in-noise perception
are both related to auditory brainstem differentiation of stop conso-
nants [11] and the utilization of stimulus regularities [13]. Because
dyslexia and language-learning impairments are associated with
poor auditory streaming [31] and poor utilization of statistical
regularities when learning a pseudo language [32], it may be
that children with these impairments lack the neural substrate to
benefit from regularities in their auditory environment, possibly
affecting early language development, development of phonemic
awareness, and speech-in-noise perception [13,33]. Additionally,
the robustness of neural responses to speech presented in back-
ground noise, as assessed by the response timing shift due to
background noise, has been linked to both speech-in-noise and
reading abilities, suggesting children with better behavioral per-
formance on these measures are less affected by the degradative
effects of background noise [18].

Despite the evidence linking the subcortical correlates of read-
ing and speech-in-noise perception, other studies using similar
methods have found that these abilities can exhibit distinct sub-
cortical mechanisms. Reading is related to encoding of higher
speech harmonics by the brainstem [10,34], which correspond to
the dynamic spectral activity of the transition between a consonant
and a vowel [35–37]. Additionally, good and poor readers differ in
their ability to represent the transient elements of stop consonants,
such as the initial noise burst, through subcortical response timing
[10,34,38]. Stop consonants are particularly difficult to perceive
in background noise and by children with reading and language-
learning impairments [39–41] likely because they are unable to
adequately represent the dynamic spectral content and brief tem-
poral events corresponding to the consonant [10,34]. On the other
hand, successful speech-in-noise perception requires robust audi-
tory stream segmentation in order to break the acoustic scene into
distinct elements and track those elements over time [42]. Vocal
pitch has been shown to be a primary cue for differentiating two
voices and tracking the continuity of one voice over time [42,43].
Thus, it is not surprising that the encoding of the fundamental fre-
quency and lower harmonics, which correspond to vocal pitch, is
correlated with speech-in-noise perception [19,21].

Reading and speech-in-noise perception can also share cog-
nitive correlates. Successful reading may depend on the ability
to access and manipulate phonological representations, as well
as working memory and attention [44–50]. Similarly, better
speech-in-noise perception has been linked to greater working
memory and attention capacity in both exceptional (musicians)
and impaired (hearing loss) populations of adults [51,52]. Thus,
converging evidence suggests that reading and speech-in-noise
perception have overlapping but also independent neural corre-
lates in the auditory brainstem, and may share cognitive correlates,
but the exact nature of these interrelationships is unknown.

The present study sought to delineate and quantify the rela-
tionships among measures of auditory brainstem responses to

speech (complex ABR, cABR) and reading and speech-in-noise
perception using structural equation modeling. Structural equa-
tion modeling (SEM) is a multivariate analysis that evaluates the
overall fit of a proposed model of the interrelationships among vari-
ables [53,54]. Relationships among observable variables, e.g. scores
on standardized reading measures, are evaluated to determine
the relationships among construct variables that are not directly
measurable, e.g. reading skill [53,54]. Previously, SEM methods
have been employed to identify relationships among behavioral
measures of auditory processing, phonological awareness, work-
ing memory, intelligence, speech-in-noise perception, and reading
ability [55–57], but these studies have lacked physiological mea-
sures of sensory function.

The current study was divided into two experiments; Experi-
ment 1 sought to identify the best-fitting models relating brainstem
encoding of speech with reading, and brainstem encoding of speech
with speech-in-noise perception, and Experiment 2 sought to
determine to what extent the influence of subcortical function on
these behaviors (informed by Experiment 1) is mediated by other
cognitive factors (phonological processing and working memory).
In Experiment 1, we hypothesized that brainstem measures relat-
ing to temporal and harmonic encoding that have previously
related to reading would contribute significantly to predicting vari-
ance in reading ability. Similarly, brainstem measures which have
previously related to speech-in-noise perception would contribute
significantly to the prediction of variance in speech-in-noise per-
ception. Because these neural indices are largely non-overlapping,
we hypothesized that interchanging them would result in poor
fitting models. In Experiment 2, we hypothesized that brainstem
processing would be a unique predictor of variance in measures of
reading and speech-in-noise perception, and not wholly mediated
by cognitive processes such as phonological processing or working
memory.

2. Methods

All data collection and analysis methods were the same for Experiments
1 and 2.

2.1. Participants

Eighty-one children, ages 8–13 years (mean 10.8 years, 36 girls) participated in
the study. All had pure tone, air conduction thresholds of <20 dB HL for octaves from
250 to 8000 Hz and clinically normal brainstem responses to click stimuli (100 �s,
presented at 80 dB SPL). All children also had normal or corrected to normal vision
and had scores of 85 or better on the Wechsler Abbreviated Scale of Intelligence
(WASI [58]). The participants ranged in reading ability from below average to supe-
rior. Children and their parent or guardian assented and consented, respectively,
to participate and were compensated for their participation. All procedures were
approved by the Institutional Review Board at Northwestern University.

2.2. Behavioral measures

Reading abilities were assessed with the Woodcock Johnson-III Tests of Achieve-
ment Word Attack subtest [59], the Test of Silent Word Reading Fluency (TOSWRF
[60]), and the Test of Oral Word Reading Efficiency (TOWRE [61]). Additionally,
phonological processing skills were assessed with the Comprehensive Test of Phono-
logical Processing (CTOPP [62]), using the Phonological Awareness and Phonological
Memory composite scores. Working memory was assessed with the Woodcock
Johnson-III Tests of Cognitive Abilities [63] Digits Reversed subtest and the CTOPP
Memory for Digits subtest, requiring digit recall in the reverse or forward direction,
respectively.

Speech-in-Noise perception was assessed using the Hearing in Noise Test (HINT,
Bio-logic Systems Corp.). Sentence stimuli were presented from the front while
speech-shaped noise was presented from the front, 90◦ to the right, and 90◦ to
the left of the child to produce HINT Front, HINT Right, and HINT Left scores. Data
reported here were age-corrected percentiles of the 50% threshold signal-to-noise
ratios (SNRs) in the three conditions.

2.3. Neural measures

2.3.1. Stimuli
Stimuli were stop consonant-vowel syllables synthesized in KLATT [64]. Stop

consonants syllables were chosen because they are perceptually challenging in
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Fig. 1. Schematic of stimulus presentation conditions. A 170 ms [da] was presented in quiet in a Predictable condition (middle row), in a Variable condition (top row), and in
Noise (multi-talker babble, bottom row). These conditions allowed for comparisons of responses to [da], [ba], and [ga] (Consonant differentiation, red), [da] in Variable and
trial-matched Predictable contexts (Stimulus regularities, green), and [da] in quiet and in noise (Noise-induced change, gray). Not pictured here is a 40 ms [da] presented in
quiet that served as the stimulus for the Onset precision measure.

noise and for children with reading and language-learning impairments [39–41],
being characterized by transient and rapidly dynamic spectral cues that are addi-
tionally masked by the following vowel [35–37]. The base stimulus was a 170 ms
long [da] with a fundamental frequency (F0) of 100 Hz. Within the first 50 ms, the
first, second, and third formants were dynamic, while the fourth, fifth, and sixth
formants were stable across the whole stimulus. The base stimulus was presented
in quiet in isolation (Predictable/Quiet condition), in multi-talker background noise
(Noise condition), and in quiet intermixed with seven other stop consonant stimuli
(Variable condition). The multi-talker background noise was a six speaker babble
presented at +10 dB SNR. Among the other stop consonant stimuli, those of interest
were [ba] and [ga] stimuli, which differed from [da] only on the second formant
trajectory during the transition to the steady-state vowel. Additionally, responses
to a five-formant, 40 ms [da] presented in quiet were also collected. See Fig. 1 and
[10,11,13,18] for further stimulus details.

Stimuli were presented in alternating polarity at 80 dB SPL through insert ear-
phones (ER-3, Etymotic Research) to the right ear to cancel stimulus artifact and the
cochlear microphonic during processing. To facilitate compliance, children watched
a movie of their choice with the sound track quietly playing from a speaker, audi-
ble through the non-test ear. Because auditory input from the soundtrack was not
stimulus-locked and stimuli were presented directly to the ear at an approximately
+40 dB signal-to-noise ratio, the soundtrack had virtually no impact on the recorded
responses.

2.3.2. Data collection and processing
Electrophysiological responses were collected using a vertical electrode mon-

tage (active Cz, forehead ground, ipsilateral earlobe reference) using Ag–AgCl
electrodes. Responses were bandpass filtered from 70 to 2000 Hz for the longer stim-
uli and 100–2000 Hz for the 40 ms [da] (12 dB/octave), baseline corrected, and events
with amplitude greater than ±35 �V (±23 �V for the 40 ms [da]) were deleted.
Responses to individual polarities were averaged separately and then added to elimi-
nate stimulus artifact and the cochlear microphonic (CM) [65]. Both stimulus artifact
and the CM are phase-dependent and cancel when activity to alternating polari-
ties is added, leaving the neural response which is phase-independent. Averages of
6000 sweeps were made for comparing responses in quiet and noise, for compar-
ing responses to the [ba], [da], and [ga] stimuli, and responses to the 40 ms [da].
Trial-matched averages of 700 sweeps were made for comparing the Predictable to
Variable [da] presentation (see below).

The following measures were computed for the present analysis using previ-
ously described methods.

Stimulus regularities: Auditory brainstem enhancement of regularly occurring
acoustic events was previously shown to relate to both reading and speech-in-
noise abilities [13]. Trial-matched responses to [da] in the Predictable condition
were compared to responses to [da] in the Variable condition by calculating spec-
tral amplitudes within the formant transition portion of the response (7–60 ms).
Amplitudes were averaged over the second and fourth harmonics (200 and 400 Hz,
combined as Low Harmonics) and the frequency range 530–590 Hz (High Harmon-
ics), which falls within the dynamic trajectory of the first formant. The impact of
stimulus regularity on the neural response was calculated by subtracting the spec-
tral amplitudes between the two conditions (Predictable–Variable). See [13] for
additional details.

Consonant differentiation: Stop consonants are especially vulnerable to misper-
ception in noise and by children with language-based learning impairments [39–41].
The stop consonants [ba], [da], and [ga] can be distinguished on the basis of their
brainstem response timing and this temporal precision is related to both reading and
speech-in-noise abilities [11]. The consonant differentiation score is a composite
metric that reflects the presence and magnitude of neural timing shifts correspond-
ing to the differing second formant frequencies by weighing both the presence and
magnitude of the expected latency pattern ([ga]-[da]-[ba]) across response peaks
within the formant transition (10–70 ms). See [11] for more details on its computa-
tion.

H2 magnitude: Lower harmonics, particularly the second harmonic (H2), are
known to underlie successful perception of speech-in-noise by being important
object-grouping cues reflecting vocal pitch [42,66]. The strength of H2 encoding
was assessed by calculating the spectral amplitude of the second harmonic (H2,
200 Hz) over 20–60 ms of the response to [da] in quiet. This time period of the
response reflects the spectrally dynamic formant transition while excluding the
onset response. See [19] for additional information.

Noise-induced timing delay: The well-documented neural timing delays incurred
by the addition of background noise [67] vary systemically with the perception of
speech-in-noise (i.e., less delay, better perception in children [18] and musicians
who have enhanced speech-in-noise perception [20]). The difference in peak laten-
cies of responses to [da] presented in quiet relative to those to [da] presented
in noise were calculated during the formant transition time period (20–60 ms).
Response latencies for [da] presented in noise were subtracted from those for
[da] in quiet (Quiet–Noise) for peaks occurring at approximately 42 and 43 ms.
These specific peak timing shifts previously served as the most effective indices
for differentiating good and poor speech-in-noise perceivers. See [18] for additional
details.

Onset precision: A composite of the onset response measures for the 40 ms [da]
was calculated by normalizing the V latency, A latency, and VA slope to norms for
8–12 year old children. The speech-evoked wave V is analogous to the click-evoked
wave V, although possibly generated by different mechanisms [68]. Wave A is the
trough following wave V and the VA slope is calculated by triangulating the laten-
cies and amplitudes of the two peaks. Thus, earlier responses and sharper (more
negative) slopes are indicative of more precise brainstem timing and these three
metrics have been repeatedly shown to be the most fruitful in differentiating poor
readers from good [10,34,38]. Here the normalized latencies and slope were aver-
aged together to create the Onset precision metric. See [10] for further information
about these response characteristics.

2.4. Statistical analyses

Pearson’s correlations were calculated using SPSS (SPSS Inc.) and then variables
were included in structural equation models using LISREL 8.80 [69]. While SEM is
often thought to be a causal analysis, the present data are from a single time point and
do not allow for causal predictions beyond those allowed in multivariate regressions.
The mean of a given measure was substituted for missing values (n = 15 across the
entire data set). Model fit was calculated using a chi-square test that evaluated
whether the proposed model was significantly different from the optimal model
determined by the program. Therefore, an insignificant chi-square statistic (p > 0.05)
indicated a good fit. However, because chi-square statistics are easily influenced by
sample size, the ratio of the chi-square statistic to the degrees of freedom and the
root mean square error of approximation (RMSEA) are also reported as goodness of
fit indices. Both are established indices of fit and should be approximately 1 and less
than 0.05, respectively [53,54]. Models were initiated by including all variables that
were previously and/or presently correlated to the behavioral measures. Only the
single best-fit models for reading and speech-in-noise perception are reported.

3. Results

3.1. Experiment 1

Reading and speech-in-noise perception had overlapping but
largely independent neural correlates. In both cases, neural mea-
sures predicted upwards of 50% of the variance in the behavioral
measures, highlighting the relationship between auditory function
and reading, and also speech-in-noise perception.
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Table 1
Pearson’s correlations between measures of subcortical encoding of speech and reading and speech-in-noise measures.

Speech in Noise

Stimulus
regularities

(Low
Harmonics)

Stimulus
regularities

(High
Harmonics)

Consonant
differentiation

H2
magnitude

Noise-
induced

 timing shift

Onset
precision

HINT Front 0.29 *** 0.20 * 0.06 0.28 ** 0.45 *** -0.11
HINT Right 0.19 * -0.02 -0.08 0.05 -0.24 ** -0.02
HINT Left 0.21 * -0.06 0.07 0.16 0.08 0.00
Reading
TOWRE 0.29 *** 0.25 ** 0.20 * 0.24 ** 0.06 -0.27 **
TOSWRF 0.31 *** 0.23 ** 0.27 ** 0.01 -0.14 -0.17
Word Attack 0.08 0.12 0.18 0.16 -0.04 -0.10

Relationships identified in previous studies are shaded. *p < 0.1; **p < 0.05; ***p < 0.01.

3.1.1. Reading
Previous results showing that measures of subcortical differen-

tiation of stop consonants, utilization of stimulus regularities, and
onset response precision were correlated with measures of read-
ing fluency were replicated (see Table 1). Additionally, response
amplitude of the second harmonic related to reading measures.

The best-fit model of reading and speech-evoked brainstem
response measures (Reading-cABR) included variables that were
previously reported to be related and were significantly corre-
lated in the current population. The Reading construct variable
was defined by TOSWRF and TOWRE scores, and the Brainstem
construct variable was defined by Stimulus regularities (Low
Harmonics), Stimulus regularities (High Harmonics), Consonant
differentiation, and Onset. Reading-cABR was an excellent fit to the
data (�2 = 8.35, �2/df = 1.04, p = 0.4, RMSEA = 0.023) with Brainstem
predicting 73% of the variance in Reading. All factors contributing
to Reading and Brainstem construct variables were significant (see
Fig. 2).

3.1.2. Speech-in-noise perception
As with reading, previous results indicating that subcortical uti-

lization of stimulus regularities (Low Harmonics) and degree of
noise-induced timing delay were correlated with speech-in-noise
perception were replicated. Additionally, utilization of stimu-
lus regularities within the high harmonics range was marginally
related to speech-in-noise perception (see Table 1).

Model SIN-cABR included measures that were previously related
to speech-in-noise perception and those that exhibited relation-
ships in the current population, excluding variables that did not
significantly contribute to the initial model. The Speech in Noise
construct variable was comprised of HINT Front and HINT Left
percentiles, while the Brainstem construct variable comprised
Stimulus regularities (Low Harmonics), H2 magnitude, and Noise-
induced timing shift. Model SIN-cABR was a good fit to the
data (�2 = 5.03, �2/df = 1.3, p = 0.28, RMSEA = 0.056) with Brain-
stem predicting 56% of the variance in Speech in Noise. As with

Reading-cABR, all factors were significantly related to their con-
struct variables (see Fig. 3).

3.1.3. Exclusivity of the models
In order to test the overlap between Brainstem measures related

to Reading and those related to Speech in Noise, models were tested
in which the best-fit neural measures were substituted for each
other. If reading and speech-in-noise perception have largely dis-
tinct neural correlates, then the best-fit Brainstem measures for
Speech in Noise would not produce a well-fitting model for Reading
and vice versa.

Model Reading-cABR(SIN) included TOWRE and TOSWRF scores
as measures of Reading, and Stimulus regularities (Low Harmon-
ics), H2 amplitude, and Noise-induced timing shift as measures of
Brainstem. This model proved to be a poor fit to the data (�2 = 10.02,
�2/df = 2.5, p = 0.04, RMSEA = 0.14) and Brainstem predicted very lit-
tle variance of Reading (1.5%). Model SIN-cABR(Reading) included
HINT Front and HINT Left as measures of Speech in Noise and
Stimulus regularities (Low Harmonics), Stimulus regularities (High
Harmonics), Consonant differentiation, and Onset as measures of
Brainstem. Interestingly, SIN-cABR(Reading) was an adequate fit
to the data (�2 = 5.75, �2/df = 0.72, p = 0.68, RMSEA < 0.01), likely
due to the robust correlations between Stimulus regularities (Low
Harmonics) and both measures of Speech in Noise (see Table 1),
supported by the fact that Stimulus regularities (Low Harmonics)
was the only variable significantly related to the Brainstem con-
struct variable. When the Stimulus regularities (Low Harmonics)
measure was removed, the model was a very poor fit (�2 = 0.37,
�2/df = 0.09, p = 0.99, RMSEA < 0.01) with the relationships among
all variables insignificant and Brainstem predicting only 2.9% of the
variance in Speech in Noise.

3.2. Interim discussion

Reading and speech-in-noise perception are known to involve
a combination of sensory and cognitive factors. In Experiment 1,

Fig. 2. Best-fit model of brainstem encoding of speech and reading (Reading-cABR). Brainstem measures assessing the ability to utilize stimulus regularities, differentiation
of stop consonants, and onset response robustness predicted 73% of the variance in measures of reading. All relationships between observed and construct factors were
significant and R2 values are indicated (Overall fit: �2 = 8.35, �2/df = 1.04, p = 0.4, RMSEA = 0.023).
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Fig. 3. Best-fit model of brainstem encoding of speech and speech-in-noise perception (SIN-cABR). Brainstem measures assessing the ability to utilize stimulus regularities,
faithfully encode lower harmonics of the stimulus, and resilience to timing shifts in background noise predicted of 56% of the variance in speech-in-noise perception. All
relationships between observed and construct factors were significant and R2 values are indicated (Overall fit: �2 = 5.03, �2/df = 1.3, p = 0.28, RMSEA = 0.056).

we focused primarily on the sensory factors, as defined by various
cABR measures. Auditory brainstem function contributes signif-
icantly to the variance for both of these communication skills.
Nevertheless, distinct neural indices of reading and speech-in-
noise perception were found using structural equation modeling.
Enhancement of subcortical encoding of lower harmonics when
presented with a predictable stimulus was common to both read-
ing and speech-in-noise models. The other neural measures were
found to be distinctly related to either reading or speech-in-noise,
but not to both. Importantly, when the neural correlates of Reading
and Speech in Noise variables were switched, the resulting models
were inadequate representations of the data. These analyses sup-
port our hypothesis that reading and speech-in-noise perception
are related to distinct neural mechanisms. Deficits in language-
learning, reading, and speech-in-noise perception have been linked
to impaired subcortical encoding of speech and speech-like stim-
uli [10–13,18], and although poor readers are often more adversely
affected by increasing background noise [27–30], the present study
suggests that in children with a wide range of reading ability, read-
ing and speech-in-noise perception have largely distinct neural
mechanisms involving subcortical processing of sound.

3.3. Experiment 2

Relationships between auditory function and reading were
weakly mediated by phonological processing and working mem-
ory. No such relationships were found for speech-in-noise
perception. The robustness of the original relationships between
subcortical auditory function and behavior highlights the contri-
bution of primary sensory function to communication.

3.3.1. Reading
Phonological processing skills and working memory are two

cognitive abilities that have been linked to reading and reading
impairments [45–50]. To determine the extent to which rela-
tionships between cABR measures and reading are mediated by
phonological processing or working memory, behavioral measures
of these abilities were added to the model. As expected, measures
of reading were highly correlated with measures of phonological
processing and working memory in the present study (see Table 2).

Model Reading-Phonological Processing included the CTOPP
Phonological Awareness and Phonological Memory cluster scores
in the Phonological Processing construct variable, which was
added to the best-fit model for Reading, Reading-cABR. This model
was an adequate fit to the data (�2 = 15.10, �2/df = 0.89, p = 0.59,
RMSEA < 0.01) and Phonological Processing and Brainstem both
contributed significantly to the prediction of 92% of the variance in
Reading. Individually, Brainstem predicted 69% of the variance in
Reading, similar to the amount accounted for by Brainstem without
Phonological Processing included in the model (see Fig. 4A).

In model Reading-Memory, CTOPP Memory for Digits and WJ-III
Digits Reversed scores were included in the Working Mem-
ory construct variable, which was added to Reading-cABR. Here,
Reading-Memory was also an adequate fit (�2 = 12.21, �2/df = 0.72,
p = 0.79, RMSEA < 0.01), with both Brainstem and Working Memory
significantly contributing to predict 90% of the variance in Reading.
As in the previous model, Brainstem still independently predicted
66% of the variance in Reading (see Fig. 4B).

In order to determine the joint impact of Working Memory and
Phonological Processing on Reading, the two models were com-
bined. Despite the large sample size, the combined model could
not be evaluated because too many parameters were included for
the data set. SEM methods fail when the number of elements of the
model meets or exceeds the number of participants in the data set
because each element is uniquely defined or under-defined [53].
Although this joint model could not be evaluated, the individual
models suggest that while cognitive factors such as phonologi-
cal awareness and working memory contribute to reading ability,
subcortical measures of neural encoding still significantly impact
reading independently.

3.3.2. Speech-in-noise perception
As with reading, speech-in-noise perception is often linked

to working memory skills, and the concurrence of speech-in-
noise difficulties and reading impairments in children suggests
that phonological processing may also be related to speech-in-
noise perception [27–29,51]. The speech-in-noise measures in the
present study were only marginally correlated with phonological
processing measures and were not significantly correlated with
working memory measures (see Table 2).

Table 2
Pearson’s correlations among measures of reading, speech-in-noise perception, and cognitive factors.

Speech in Noise Phonological Awareness Phonological Memory Memory for Digits Digits Reversed

HINT Front 0.04 0.206* 0.146 0.08
HINT Left 0.197* 0.17 0.14 0.17

Reading
TOWRE 0.441*** 0.552*** 0.423*** 0.322***

TOSWRF 0.436*** 0.389*** 0.456*** 0.349***

*p < 0.1; **p < 0.05; ***p < 0.01.
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Fig. 4. Relationships between brainstem encoding of speech and reading remain robust with the inclusion of phonological processing and working memory. (A) Phono-
logical processing skills contributed to the prediction of variance in reading, but the relationship between brainstem and reading remained significant and robust (Overall
fit: �2 = 15.10, �2/df = 0.89, p = 0.59, RMSEA < 0.01). Phonological processing is abbreviated as Phono Processing due to space constraints. (B) Working memory skills also
contributed to the prediction of variance in reading, but the relationship between brainstem and reading remained significant and robust (Overall fit: �2 = 12.21, �2/df = 0.72,
p = 0.79, RMSEA < 0.01). All relationships between observed and construct factors were significant in both models, and R2 values are indicated. Note: a model including both
cognitive factors was attempted, but failed to be fitted. SEM methods fail when the number of elements of the model meets or exceeds the number of participants in the data
set because each element is uniquely defined or under-defined [53].

In model SIN-Phonological Processing, the construct variable
representing Phonological Processing was included in the best-
fit model for Speech in Noise (SIN-cABR). Model SIN-Phonological
Processing was an adequate fit to the data (�2 = 9.40, �2/df = 0.85,
p = 0.59, RMSEA < 0.01), but Phonological Processing did not sig-
nificantly predict any of the variance in Speech in Noise. The
relationship between Brainstem and Speech in Noise remained sig-
nificant, with Brainstem predicting 65% of the variance in Speech
in Noise.

Model SIN-Working Memory added the Working Memory con-
struct variable described above to the best-fit SIN-cABR model. The
model was also an adequate fit to the data (�2 = 10.06, �2/df = 0.91,
p = 0.53, RMSEA < 0.01). Like Phonological Processing and Work-
ing Memory did not significantly predict variance in Speech in
Noise, while the direct connection between the Speech in Noise
and Brainstem construct variables remained significant and robust,
with Brainstem accounting for 69% of the variance in Speech in
Noise.

The insignificant contributions by the Phonological Processing
and Working Memory variables to the models suggests that the
relationships between subcortical encoding and speech-in-noise
perception found in the current study are only weakly mediated by
cognitive factors.

4. Discussion

Brainstem encoding of speech is a significant factor contribut-
ing to both reading and speech perception in noise in school-aged

children. Nevertheless, these skills appear to have substantially
distinct neural indices. The present study found that the best-fit
models for reading and speech-in-noise perception contained one
common measure of subcortical encoding of speech, the ability
to take into account stimulus regularities, particularly the lower
harmonics, when speech is presented in a predictable relative to
a variable context. This measure, Stimulus regularities (Low Har-
monics), has been found to correlate with both speech-in-noise
perception and reading ability, with poor readers/speech-in-noise
perceivers showing no enhancement with repetition [13,70]. Both
reading and speech-in-noise perception may be dependent on the
ability of the nervous system to track repetitive elements in speech
as a means to surmount the disruptive effects of internal and
external noise [27,29,33,71–73]. The adaptivity of cortical and sub-
cortical auditory neurons in response to statistical regularities and
behaviorally relevant stimuli is supported by numerous animal
studies [74–76]. Language learning, thought to rely on the track-
ing of statistically predictable elements in spoken language [77,78],
would also be impacted by the inability to represent regularities
in speech signals. Children with language-learning impairments
appear to be unable to utilize statistical regularities in learning a
novel language [32], supporting this hypothesis. The inability of
the nervous system to identify and track important and repeat-
ing elements in speech could contribute to impaired phonological
representation of speech sounds during language learning, cor-
ticofugal modulation of subcortical encoding, and tracking of a
speaker’s voice in background noise (discussed in further detail
below).
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4.1. Reading—Onset precision, Consonant differentiation, and
Stimulus regularities (High Harmonics)

cABR measures that were exclusively predictive of reading
scores were those corresponding to response onset synchrony,
consonant differentiation, and enhanced representation of higher
harmonics through utilization of stimulus regularities. Subcortical
measures of temporal and harmonic encoding have been previ-
ously linked to reading ability [10–12], with children who are
poor readers showing later and less robust responses than good
readers. While conventional click-evoked brainstem responses in
these children are normal, the precision of encoding stop con-
sonant onsets is disrupted, possibly due to backward masking
effects from the subsequent vowel in the syllable [37]. Poor neu-
ral synchrony would also impact the temporal encoding of spectral
features in a frequency-specific fashion, resulting in the poor neural
and behavioral differentiation of stop consonants seen in children
with language-learning or reading impairments [11,40,41]. Sub-
cortical encoding deficits in poor readers have been found for the
temporal and harmonic elements of the response, which reflect the
time-varying phonetic content in the speech signal [79], and not
elements corresponding to the pitch of the stimulus [10,79]. In the
present study, the enhancement of both lower and higher harmon-
ics with stimulus repetition is predictive of reading scores, which
supports a pervasive deficit in statistical learning and environ-
mental adaptability discussed above. However, higher harmonic
enhancement, which corresponded to the dynamic first formant
of the stimulus, significantly contributed only to the prediction
of reading ability, replicating previous results of impaired har-
monic encoding by poor readers [10,34]. Taken as a whole, these
studies suggest that elements corresponding to the representation
of the phonetic, and ultimately phonemic, content of the speech
stimulus are those that relate to reading, which the present study
confirms.

Etiological theories of dyslexia suggest that poor formation
of phonological representations or the ability to access and
manipulate those representations contributes to reading impair-
ments [44–50]. Additionally, impairments in attention, which was
not assessed in the current study, are largely comorbid with
impairments in reading and may impact reading skill [80,81].
While measures of phonological processing and working mem-
ory were all highly correlated with measures of reading in the
current study, brainstem measures still predicted unique vari-
ance in reading scores. Brainstem measures did predict a small
amount of variance in these cognitive measures, which suggests
that the relationship between measures of neural encoding and
reading is at least partially mediated by cognitive factors. This
direct link between subcortical encoding of speech and read-
ing suggests that neural asynchrony is associated with impaired
reading fluency, in accordance with results that dyslexic children
are more adversely affected than their peers when task diffi-
culty increases [27,29,72]. This result also supports reports of
impaired neural and behavioral measures of auditory processing
as risk factors for subsequent reading and language impairments
[28,82,83]. Moreover, the utility of electrophysiological methods
to identify children who may be at risk for reading impair-
ments, more thoroughly assess children with reading deficits,
inform choice of intervention, and monitor training-related gains
is highlighted. Electrophysiological responses from the audi-
tory brainstem are objective and collected passively, eliminating
behavioral demands in testing such as attention (reviewed in
[84]). Additionally, brainstem responses to speech are known
to be malleable with short-term auditory training [16,85] and
lifelong language and musical experience [86,87,90], and may
indicate which children might benefit the most from training
[38].

4.2. Speech-in-noise—H2 magnitude and Noise-induced timing
shift

Measures related exclusively to speech-in-noise perception
included the encoding of lower harmonics of the speech signal
and robustness of response timing in the presence of back-
ground noise. Along with utilization of stimulus regularities,
these measures likely relate to the ability to robustly repre-
sent and track target elements in speech when presented in
noise.

Successful speech-in-noise perception requires the ability to
segment the target voice from ongoing background noise [42].
Vocal pitch is one cue that can be used to track a target voice
over time [42] and numerous studies have shown that increas-
ing differences in vocal pitch between competing voices improves
discrimination of the voices and their detection in background
noise [43,88]. As with response enhancement to predictable
stimulus presentation, robust representation of the lower har-
monics allows for better vocal pitch tracking in background
noise.

Noise is known to delay response timing, indicating reduced
neural synchrony when encoding degraded stimuli [67]. The
resilience of the brainstem to the detrimental effects of background
noise, as measured by the extent of the timing delay of response
peaks within the formant transition, was related to speech-in-
noise perception. Like pitch, temporal processing is important for
sound-stream segregation [52] and reduced cABR timing delays in
noise have been shown to be related to enhanced speech-in-noise
perception in adults [20]. Taken together, the measures relating
to speech-in-noise perception were those that specifically con-
tribute to the parsing of a complex auditory scene into traceable
elements.

Relationships between speech-in-noise perception and phono-
logical awareness and working memory were not found in the
current study. Children with reading impairments have often
been noted to have speech-in-noise deficits [27,29,30] and
speech-in-noise perception has been directly correlated with
phonological processing [28,29]. Although the current results
appear to contradict these relationships, they do support previous
studies that found speech-in-noise perception and phonologi-
cal processing scores did not significantly predict one another
in typically developing children or when auditory processing
ability was taken into account [57,89]. Additionally, it is pos-
sible that the speech-in-noise perception task employed here
is not complex enough or life-like enough to produce the
otherwise documented speech-in-noise impairments of read-
ing impaired children in the classroom. The current study also
failed to find a relationship between working memory and
speech-in-noise perception. Working memory has been linked
to speech-in-noise perception in adults [51], but the lack of
relationship in the present study may be due to the speech-
in-noise measure employed. The Hearing in Noise Test presents
simple sentences in speech-shaped noise and likely does not
have the cognitive demands of the Quick Speech-in-noise test,
utilizing long, complex sentences with rich vocabulary in multi-
talker babble, with which a robust relationship was found in
the previous study [51]. Thus, it remains possible that working
memory may be related to speech-in-noise perception in chil-
dren when more difficult tasks are used, such as those with
pseudo-words, more complex sentences, or background noise
more similar to the target. Recent work also suggests that atten-
tion and intrasubject variability are predictive of speech-in-noise
and communication skills [73], and although attention was not
assessed, subcortical measures still likely predict significant vari-
ance in speech-in-noise perception with attention taken into
account.
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5. Conclusion

Reading and speech-in-noise perception have overlapping but
largely distinct subcortical neural correlates in school-aged chil-
dren. These neural indices predict greater than 50% of the variance
in their respective behavioral measure. While phonological pro-
cessing and working memory are highly related to reading, the
contribution of neural measures is still unique and robust when
these behavioral measures are added to the model. These results
indicate that the subcortical encoding of sound is an easily acces-
sible and non-invasive means to examine the biological bases of
reading and speech-in-noise perception. Objective neural mark-
ers may be used to assess and monitor children with difficulties
in these listening and learning skills and to identify those at
risk for impaired reading or impaired speech-in-noise perception,
independent of the attentional and cognitive demands present in
behavioral assessments.
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