










the mid- and high-frequency FFRmeasures, where developmen-
tal effects are most prevalent, we are capturing phase-locked
activity that exceeds the very upper limits of cortical phase-
locking (∼250 Hz) (Steinschneider et al. 1980). Second, peaks
V-A-D-E-F-0, emerge roughly 6–8 ms after the stimulus feature
that evoked it, which is within the typical time frame for neural
activity arising from the lateral lemniscus and inferior colliculus.
As an example, within the stimulus, there are 3 large negative
deflections occurring at 15, 23, and 30 ms that reflect the
pulsing of the vocal chords. These pulses give rise to peaks D,

E, and F, with each peak occurring roughly 6–8 ms after the cor-
responding stimulus feature (i.e., ∼21, ∼30, and ∼28 ms, Fig. 1).
Thus, while we measure their latency relative to time 0—the
stimulus onset—these peaks are not in fact “long latency”
responses, and so their origins are more likely subcortical than
cortical. Owing to their more broadband nature, the origin or
origins of the response consistency and nonstimulus activity
measurements may be more difficult to pinpoint, although
because of how the responses were filtered we can be confident
that the dominant component is subcortical.

Figure 4. Latency trajectories for the 6 characteristic peaks of the speech-evoked auditory brainstem response (cABR) (A). Latency trajectory for wave V plotted as a function of
age. Error bars represent 1 standard deviation of the mean. (B) Latency trajectory for the 6 characteristic peaks of the cABR. To compare across peaks, the trajectories have been
normalized such that the infant group is plotted at 0, with the y-axis representing the amount of change (ms) from the infants. Across all peaks, the minimum latency occurs within
the 5- to 11-year-old window.
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Evidence for 2 Distinct Developmental Trajectories
Our data provide evidence for multiple development trajec-
tories of the auditory brainstem that are accessible via the
cABR. From our constellation of findings, we conclude that
there are at least 2 unique and complex developmental trajec-
tories in the auditory brainstem: One has a transitory crest
during school-age years that briefly “overshoots” the adult
pattern (Transitory Crest) and is seen in both the speech and
click stimuli. The other developmental pattern has a more sym-
metrical, broader trajectory that exhibits a longer plateau (Pro-
longed Apex) (Fig. 7). The ABR components that reflect
exogenous measures (i.e., stimulus-driven measures) follow a
Transitory Crest (latency and amplitudes) whereas the other
measures (nonstimulus activity, response consistency), which
are less dictated by the specific stimulus, display a Prolonged
Apex.

Transitory Crest in Auditory Brainstem Function: Response
Latency and Amplitude
The developmental profile for the latency and spectral ampli-
tude measures is marked by a brief period during childhood

(occurring within the 5–8 and/or 8–11-year-old range depend-
ing on the measure) when brainstem function is heightened,
as evidenced by a brief decrease in response latencies and an
upturn in response amplitude that surpasses the adult profile.
Earlier latencies and larger amplitudes are considered telltale
signs of a robustly functioning typically developing auditory
system (Hall 2007). Leading up to this functional crest,
latencies become progressively earlier and response amplitude
becomes progressively more robust with age. By ages 3–5, the
values match those of an adult. However, this adult-like state is
only temporary; by ages 5–8, the latencies and amplitudes
have overshot the adult value. This overshoot is followed by a
gradual increase in latency and decrease in amplitude during
adolescence into early adulthood when the trajectory stabil-
izes. Beginning in the sixth decade of life, continuous changes
in latency and frequency encoding are again evident.

Overshoot is observed across the frequency spectrum of the
response and in the time domain across each of the major
peaks of the cABR. Importantly, this overshoot can also be ob-
served in the click-evoked ABR suggesting that this phenom-
enon generalizes across stimuli. While the general shape of the

Table 3
Age-dependent changes in frequency response amplitude, response consistency, and nonstimulus activity

a

Group (age) Frequency response amplitude (µV) Response consistency
(r-value)

Nonstimulus activity (µV)

Low Mid High

Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard

0–1 0.055 0.020 0.019 0.005 0.004 0.002 0.585** 0.177 0.052** 0.017
3–5 0.060 0.018 0.020** 0.005 0.006** 0.001 0.659** 0.161 0.041** 0.012
5–8 0.069 0.013 0.022** 0.005 0.006** 0.002 0.741 0.184 0.041∼ 0.010
8–11 0.066 0.023 0.020** 0.006 0.006** 0.002 0.761 0.185 0.038 0.012
11–14 0.061 0.017 0.019∼ 0.006 0.006** 0.002 0.782 0.145 0.033 0.011
14–17 0.061 0.019 0.017 0.005 0.005 0.002 0.824 0.099 0.034 0.011
17–21 0.061 0.016 0.017 0.005 0.005 0.001 0.782 0.157 0.032 0.012
21–30 0.059 0.025 0.016 0.005 0.004 0.001 0.776 0.154 0.032 0.010
30–40 0.057 0.015 0.016 0.004 0.004 0.001 0.794 0.120 0.033 0.011
40–50 0.050 0.019 0.015 0.004 0.004 0.001 0.666 0.184 0.035 0.014
50–60 0.044** 0.018 0.013 0.005 0.003 0.001 0.669* 0.182 0.038 0.013
60–73 0.042** 0.015 0.014 0.005 0.003 0.001 0.627** 0.213 0.036 0.015
ANOVA F P F P F P F P F P
Age: All subjects 4.52 <0.001 8.19 <0.001 17.3 <0.001 9.76 <0.001 7.50 <0.001
Age: 3–30 1.4 0.213 8.82 <0.001 14.71 <0.00 7.23 <0.001 6.30 <0.001

cThe group mean and standard deviation are reported with omnibus statistics provided at the bottom of the table. There is a main effect of age for each measure when considering the entire dataset. All
measures, except the low frequencies, show an age-dependent effect when restricting the analysis to 3 to 30 year olds. Groups that are statistically different from the 21- to 30-year-old group are bolded
(**<0.01, *<0.05, ∼<0.1, corrected for multiple comparisons).

Figure 5. Developmental trajectories for the low-, mid-, and high-frequency components of the frequency-following response of the speech-evoked auditory brainstem response.
In all 3 frequency bands, the response amplitude peaks transitorily during school-age years.
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trajectories is similar, the extent of the overshoot and the
“drop-off” from the overshoot is greater for some measures
than others. For example, the drop-off is more gradual for the
latency compared with the amplitude measures (especially the
mid-frequency range), which show a sharper decay. Moreover,
while the general trajectory is similar for the different frequency
ranges, high frequencies take slightly longer to develop (Folsom

and Wynne 1986; Shahin et al. 2010), consistent with a bias
toward low frequencies in the immature system and a progress-
ive change in the tuning of auditory nerve fibers, with high-
frequency characteristic fibers being initially tuned to low
frequencies or being more broadly tuned (Lippe and Rubel
1983). In addition, while the developmental trajectory is similar
for the latency and amplitude measures in that both demonstrate

Figure 6. Developmental trajectories for the measures of within-session response consistency (A) and nonstimulus activity (B) of the speech-evoked auditory brainstem response.
Compared with the latency and amplitude measures, the developmental trajectories are more symmetrical.

Figure 7. Two distinct developmental trajectories are evidenced in the auditory brainstem response: As illustrated in this stylized schematic, one has a brief apex (Transitory Crest)
during school-age years that overshoots the adult pattern (Transitory Crest), and the other has a more symmetrical and broader trajectory that exhibits a longer plateau (Prolonged
Apex).
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a transient apex, the morphology and timelines of the trajec-
tories are not identical, suggesting that the neural circuitry for
these measures is overlapping but not mutually inclusive
(Folsom and Wynne 1986). From our data, we conclude that the
“Transient Apex” describes a general property of auditory brain-
stem development, with different latency and amplitude com-
ponents of the ABR reflecting distinct developmental processes
tethered together by a common overarching mechanism that cul-
minates in an overshoot. In this regard, while we have grouped
the latency and amplitude measures under the common umbrel-
la of Transient Apex, our findings suggest that this broad cat-
egory is composed of developmental subcategories.

To the best of our knowledge, we are the first to report a de-
velopmental overshoot in auditory brainstem function. Given
the large body of literature on the ABR, this raises the question
of why this overshoot has never before been documented,
especially if this overshoot is a pervasive and generalizable
phenomenon. The most parsimonious explanation is that there
are notable differences in subject sampling between our study
and its predecessors. In addition to being larger than other da-
tasets, our dataset included a generous sampling of preadoles-
cents and adolescents, 2 age groups that have been largely
overlooked in previous investigations of the ABR which often
simply compared infants and toddlers to adults. Another limit-
ation of previous studies is that individuals spanning many
ages were collapsed into single groups, permitting only broad
generalizations, and masking subtle variations with age and
fueling the belief that developmental processes do not extend
into later childhood. Yet, while the notion that the auditory
brainstem matures early is well entrenched in the literature and
has become boilerplate in most textbooks and review articles
(for example see Hall 2007; Moore and Linthicum 2007), there
have been some hints in the literature that brainstem develop-
ment is more complex and protracted (Lauter and Oyler 1992;
Lauter et al. 1993; Johnson et al. 2008). Indeed, when review-
ing decades-old data through the lens of our discovery, evi-
dence of an overshoot can be observed (Mochizuki et al. 1982;
Salamy 1984).

Although the discovery of an overshoot in brainstem func-
tion was surprising given the extant ABR literature, it was not
wholly unprecedented given that overshoot phenomena are
prevalent in the developmental literature (Giedd et al. 1999;
Johnson 2001; Neville and Bavelier 2001). Similar to what we
report, Shahin et al. (2004) found that auditory-evoked N1 and
P2 hit their maximum amplitude around ages 10–12 and then
subsequently decrease in amplitude. Functional overshoots,
which are characteristic features of CNS development and hall-
marks of sensitive periods, have been linked to the overpro-
duction and subsequent elimination of synapses, a process that
occurs on different timescales within different neural regions
(Huttenlocher 1979; Huttenlocher and Dabholkar 1997; Giedd
et al. 1999; Kral and Sharma 2012). For example, a similar tran-
sitory overshoot in auditory-evoked activity has been observed
in the developing cat auditory cortex (Kral and O’Donoghue
2010). This functional overshoot in the cat coincided with a
brief period of heightened synaptic density resulting from sy-
naptogenesis that was followed by synaptic pruning. This sy-
naptic overshoot process, which can be observed across the
CNS, can be compared with a multistage rocket which takes
flight with a full payload of resources, but then to maintain effi-
ciency throughout its flight path eliminates materials at each
successive stage. Kral and Eggermont (2007) have theorized

that synaptic overshoot endows flexibility to the developing
auditory system, such that the auditory system is protected
against maladaptive auditory experiences, including auditory
deprivation, and primed to take advantage of enriched audi-
tory environments during this period of development.

If we interpret our data in this light, the transitory peak in
auditory brainstem function, occurring during school-age
years, could be the outcome of synaptic overshoot. The sharp
changes in auditory brainstem latency and amplitude leading
up to the crest in the developmental trajectory may reflect a
time of heightened gray-matter density reflecting a surplus of
synapses which then, over time, are pruned as the auditory
brainstem circuitry begins to stabilize and specialize (Kral and
Sharma 2012). Synaptic changes are, however, only one of
many possible neural mechanisms that could account for the
overall shape of the trajectory. For example, rapid decreases in
ABR latency and increases in amplitude that occur during the
first years of life have previously been attributed to increases in
white matter (myelination) that produce more efficient signal
transmission along the auditory pathway (Shah et al. 1978;
Wilkinson and Jiang 2006). Thus, synergistic increases in
white and gray matter may account for the rapid decreases in
latency and increases in amplitude seen during the first 5–8
years of life. Although increases in gray and white matter may
occur in tandem, the developmental timelines may not be iden-
tical. For example, myelin levels may climax and then remain
constant while net decreases in gray matter are underway. We
speculate that the transient crest, occurring within the 5- to
11-year-old window, marks a tipping point in development
where white- and gray-matter development are working in jux-
taposition, leading to a change in slope in the developmental
profile. Other explanations for the downturn in latency and
amplitude cannot be dismissed. They include, but are not
limited to, anatomical changes to the inner ear and head size
(see however Sabo et al. 1992). To understand the numerous
biological factors that may underlie this complex developmen-
tal trajectory, cellular, pharmacological, and genetic factors
must also be considered across both human and animal
models of development.

Prolonged Apex: Response Consistency and
Nonstimulus Activity
In contrast to the trajectories that follow a transitory crest, the
sustained trajectory displays a shallower decay between prea-
dolescence into the fifth decade of life that gives it a relatively
more symmetric appearance. The trajectory resembles the de-
velopmental timeline of gray matter within auditory cortex,
which also takes roughly a decade to mature (Moore and
Linthicum 2007). Given the similar time course, and the vast
network of efferents that connect cortical structures to subcor-
tical ones (Bajo and King 2012), one possible interpretation is
that the sustained trajectory reflects the developmental time-
line of the efferent auditory pathway. Within the auditory
system, there is an extensive set of descending cortical projec-
tions, known as the corticofugal pathway, that connects the
primary auditory cortex with all of the major nuclei within the
subcortical auditory system (Bajo and King 2012). Through
this communication link, the auditory cortex can optimize how
sensory information is processed subcortically (Suga et al.
2000). Effective usage of sensory signals by high-order centers
of the brain is limited by the reliability of the sensory input
(Deneve and Pouget 2004; Faisal et al. 2008). Thus, the
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establishment of an efficient and reliable sensory represen-
tation that is stable from one instance to the next may facilitate
the development and retention of cognitive function (Skoe et al.
2013; Krizman et al. 2014). In support of this idea, stable ABRs
are associated with heightened language abilities (Hornickel
and Kraus 2013). Moreover, declines in response consistency
occur during the same time window when aging-related de-
clines in cognitive function begin to accelerate (Salthouse
2009; Anderson et al. 2012a). Increased trial-by-trial response
consistency coupled with decreased nonstimulus-related
activity also creates a state of lower neural noise. Given that
neural noise can interfere with the transfer of information
within and between neural networks (Faisal et al. 2008), the
auditory cortex has a vested interest in cleaning up and stabiliz-
ing the input it receives. While hypothetical at this point, we
propose that the corticofugal system nears a maturational
stabilization point around ages 8–11, allowing the auditory
system to optimize signal transmission between the auditory
brainstem and auditory cortex by promoting homeostasis of
the mechanisms underlying cABR latencies and amplitudes.
This raises the possibility that the 2 developmental profiles—
Transitory Crest and Prolonged Apex—reflect neural processes
that interact despite having different developmental profiles.
This explanation also raises the possibility that the extended
developmental time course, which is common to both the
Transitory Crest and Prolonged Apex, may be influenced by
protracted developmental processes occurring within non-
brainstem components, including the efferent auditory system
and the auditory cortex. This is not to imply that we are directly
measuring the developmental trajectory of the auditory cortex
or the efferent pathway but instead that we are measuring how
neural processes within the auditory brainstem have been
shaped by developmental processes occurring or that have oc-
curred elsewhere in the brain.

Compared with the afferent auditory pathway, far less is
known about the development of the efferent pathway in
humans, especially the corticofugal pathway, or about the
interaction between the afferent and efferent system during de-
velopment. We view this as a topic ripe for further investi-
gation as it may unlock the answers to many developmental
questions and provide insight into specific developmental dis-
orders (Hornickel, Skoe, Nicol, et al. 2009).

Implications for Experience-Dependent Plasticity
Humans have structurally well-formed auditory systems at
birth, reflective of extensive, precocious development of the
central auditory pathway prior to hearing onset that is largely
preprogrammed (Gordon et al. 2011; Tillein et al. 2012).
Although the general shape and time course of the Transitory
Crest and Prolonged Apex trajectories may be biologically pre-
determined, we theorize that experience may guide how the
trajectories are expressed, such that enriched or deprived
sound experiences may produce slightly different patterns of
development (Shahin et al. 2004; Shafer et al. 2010; Kral et al.
2013; Skoe et al. 2013). We further theorize that although the
auditory brainstem undergoes experience-dependent changes
throughout life (Kraus and Chandrasekaran 2010; Carcagno
and Plack 2011; Hornickel et al. 2012; Song et al. 2012;
Anderson et al. 2013), the potential for experience-dependent
plasticity may be greater during periods when the underlying
developmental trajectory is in flux, such that experience-

dependent processes may capitalize on the inherent develop-
mental malleability at a particular time point in life (Johnson
2001; Bengtsson et al. 2005). Thus, we view the complex mor-
phology of the developmental curves as supporting the possi-
bility that enriched (music, multilingualism, etc.) or deprived
(e.g., hearing loss, low-socioeconomic conditions) auditory
experiences may influence the auditory brainstem differently
depending on the developmental trajectory at the time that the
experience occurs.

Clinical Implications
This study has important clinical implications given that ABRs
are used in clinical settings to measure audiometric thresholds
and to monitor neurological status during surgery (Hall 2007).
Accurate normative data are required for clinical interpretation
of ABRs. Because ABR latencies are assumed to be stable, and
therefore mature, after age 18 months, it has become common
clinical practice to use the same normative dataset for children
(18 months plus) and adults (Hood 1998). Our findings
suggest that this approach must be reconsidered. Applying a
common set of norms to children and adults, or even between
children of different ages, could increase the incidence of false
negatives for children, especially for children in the 5–10 age
range. For example, for an 8-year-old child, click-evoked wave
V may not be delayed relative to adult norms but would be
delayed if age-specific norms were available. It is well known
that latency deviations on the order of fractions of milliseconds
are clinically meaningful, so if a child was found to deviate
even just slightly from the age-appropriate norms this could be
indicative of a tumor along the auditory pathway, neuropathy,
demyelination, or possibly a neurodevelopmental disorder such
as dyslexia (Musiek et al. 2007; Banai et al. 2009).

To date, little work has been done to evaluate the cABR in
infants. We validate that cABRs can be successfully recorded in
awake infants and that the morphology of the response bears
resemblance to the adult waveform, in both the time and fre-
quency domain. However, it is also clear that the response un-
dergoes substantial changes between infancy and adulthood
that may not be evident in smaller datasets (e.g., Jeng et al.
2010), once again emphasizing the importance of large and
diverse normative datasets in making claims about develop-
ment. We, therefore, acknowledge that one of the limitations
of this study is the lack of data from 1 to 2 year olds, a range
that is undoubtedly developmentally important. That caveat
aside, by validating that interpretable cABRs can indeed be
measured from infant populations, this paves the way for using
cABR technology in the early detection of dyslexia and other
auditory processing and neurodevelopmental disorders
(Choudhury and Benasich 2011; Cohen et al. 2013; Hornickel
and Kraus 2013).

Conclusion and Future Directions

This study establishes that developmental plasticity of the audi-
tory brainstem continues well past age 2, calling into question
the conventional wisdom of the developmental timeline of the
auditory brainstem. Through the use of a large dataset, more
fine-grained groups in the pediatric age ranges, employing a
more complex stimulus, and assessing multiple dimensions of
brainstem function, it was possible to pull out subtle yet
seemingly systematic variations that occur normally over the
lifespan.
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This dataset provides a springboard for many future investi-
gations. Future studies should measure neurophysiological
and behavioral development in parallel to assess whether the
developmental trajectories of the ABR track with specific
perceptual or linguistic skills (Sanes and Woolley 2011). At
present, such a parallel study is difficult given that the same be-
havioral test cannot be easily applied to infant, pediatric, adult,
and geriatric populations; this is in contrast to ABRs, where the
same testing protocol can be used in humans and animals of
all developmental stages. To gain insight into how develop-
mental plasticity constrains or promotes experience-dependent
plasticity, future experiments should also address how audi-
tory impoverishment and auditory enrichment alters the devel-
opmental trajectory of the ABR using both cross-sectional and
longitudinal approaches.
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