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The human auditory system consists of both peripheral and central components, both of which play a role but
contribute distinctly to overall auditory functioning and can be differentially impacted by pathophysiologic
states. Hemispheric surgery (HS), a procedure used for the treatment of drug-resistant epilepsy, involves com-
plete disconnection of the auditory cortex in the operative hemisphere, leaving hearing acuity (peripheral
function) intact but having heavy implications for auditory processing (central function). The literature
describing pre- and post-operative auditory processing abilities of individuals who have undergone HS is sparse,
but the research available provides evidence that several central auditory processes including auditory spatial
analysis and temporal processing may be impacted. Deficits noted in standardized testing within the clinical or
research environment have concrete functional impacts that may be currently under-appreciated and could lead
to under-utilization of appropriate therapeutic strategies and accommodations. This review describes the profile
of central auditory processing abilities in patients who have undergone HS by synthesizing available literature
and incorporating research in other clinical populations to help fill critical gaps in our understanding of how
cerebral disconnection impacts the central auditory system.

1. Introduction

The human auditory system consists of two distinct components, the
peripheral and the central auditory systems. These two portions of the
auditory system function jointly but involve different structures and
make unique contributions to the physiological and neural processes
underlying hearing and auditory processing. The peripheral auditory
system consists of the outer, middle and inner ear and is responsible for
hearing in its earliest perceptual phases; that is, transmitting sound from
the environment to the cochlea via mechanical energy. Damage or
disruption to the functioning of these structures from infections, aging,
or noise exposure can impede transmission of auditory information and
result in hearing loss. On the other hand, the central auditory nervous
system (CANS) consists of the nerves and pathways that course from the
auditory nerve to the auditory cortex in the temporal lobe. The CANS is
responsible for auditory processing, a complex neural process that in-
tegrates and interprets the temporal, spectral, and spatial information
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from an acoustic signal. Fine-tuned processing of this information is
required for recognizing crucial sounds in the environment like a car
horn and the direction the sound is coming from. Central auditory
processing also allows us to focus attention on a particular sound despite
competition from other sounds, and to understand speech in a noisy
environment. Normal functioning of the CANS is critical to a variety of
everyday functions, and it is not difficult to imagine the detrimental
impact that deficits in auditory processing may have on safety, social
interaction, and academic and occupational success. Damage or
disruption to the CANS can result from focal neurological lesions like
stroke and auditory processing deficits are well-documented in these
individuals (Bamiou et al., 2006; Elias et al., 2014; Jafari et al., 2016;
Koohi et al., 2020).

Despite its clear importance to everyday functioning, auditory pro-
cessing has been decidedly under-investigated in individuals who have
undergone hemispheric surgery (HS), involving the complete resection
or disconnection of a cerebral hemisphere for the treatment of drug-
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resistant epilepsy. This procedure is associated with seizure freedom
rates from 50 to 90% (Moosa et al., 2013; Schramm et al., 2012; Weil
et al.,, 2021), improving quality of life (Griffiths et al., 2007; Ozanne
et al., 2016; Schramm et al., 2012), and preventing further deleterious
effects of seizures on neurodevelopmental and neurocognitive outcomes
(Gavrilovic et al., 2019; Moosa et al., 2013b; Samargia and Kimberley,
2009); however, resection or disconnection of a cerebral hemisphere has
inevitable sensorimotor consequences. Deficits in the visual and motor
domains are well-described following HS (Devlin et al., 2003; Jonas
et al., 2004; Moosa et al., 2013b), and attention has also been directed to
linguistic and cognitive outcomes (Curtiss et al., 2001; Puka et al., 2021;
Pulsifer et al., 2004), but studies of auditory processing remain rela-
tively underrepresented in this population. Given the drastic anatomic
impact of HS, it is likely that auditory processing is affected. Inconsistent
documentation of auditory processing abilities in this population may
lead to underestimation of its prevalence and underappreciation of its
functional impact.

In this review, we discuss the anatomic impact of HS on the auditory
system, synthesize existing literature describing central auditory pro-
cessing abilities in individuals who have undergone HS, and describe the
significance of potential deficits on day-to-day functioning in social,
academic, and occupational settings. Throughout the manuscript we
carefully integrate investigations of auditory processing in temporal
lobe epilepsy (TLE), stroke, and corpus callosotomy (CC) to fill gaps in
the HS literature and provide further support for the likelihood of
auditory processing deficits in the HS population. We additionally

Table 1
Summary table of included studies, patient populations, and characteristics.
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highlight the challenges associated with assessment of auditory pro-
cessing in individuals who have undergone HS and, in acknowledge-
ment of these barriers, attempt to contextualize the findings of prior
research in terms of their functional manifestations. In doing so, we aim
to provide suggestions for both formal assessment and subjective
observation of suspected auditory processing deficits. We conclude by
discussing accommodations and modifications that can be made to
compensate for auditory processing deficits and minimize their impact
on overall neurocognitive functioning. The overarching goal of this re-
view is to serve as a resource establishing the likelihood of auditory
processing deficits, and their functional impacts, in individuals who
have undergone HS, thereby promoting closer surveillance and further
investigation of auditory processing in this population.

2. Challenges and limitations in assessment of auditory
processing in HS

A major theme of this review is the scarcity of research contributing
to our knowledge of auditory processing after HS. Given gaps in the
literature specifically related to this population, we additionally incor-
porate findings from other epilepsy and epilepsy surgery populations
throughout this review (Table 1). While these populations differ in key
ways from patients who undergo HS, the results of these studies none-
theless contribute to our understanding of how focal lesion to or partial
disruption of the CANS impacts auditory processing. The paucity of
research on auditory processing in patients who undergo HS is not

Study Year Patients, n Surgical Procedure, n Age at Surgery, y Mean (Range) Age at Study, y Mean (Range)
Amaral et al. 2014 13 NA, epilepsy study NA 11.6 (9.6-14.1)
Aravindkumar et al. 2012 26 NA, epilepsy study NA 28.4 (UNK)
Baez-Martin et al. 2014 27 TL 33.9 (UNK) 35.9 (UNK)
Bamiou et al. 2006 8 NA, lesion study NA 63 (36-79)
Baran et al. 1986 8 Anterior callosotomy, 8 UNK (20-41) UNK (20-41)
Bellmann et al. 2001 2 Hemispherectomy 33 (32-34) 35 (34-36)
Bellmann et al. 2001b 4 NA, lesion study NA 54.5 (40-64)
Boatman et al. 2003 2 Hemidecorticectomy 9 10.5 (10-11)
Boatman et al. 2006 11 TL 31.1 (17-43) 31.1 (17-43)
Bougeard & Fischer 2002 14 TL 36.6 (26-52) 36.6 (26-52)
Collard et al. 1986 30 TL 23.2(11.8-30) 23.2(11.8-30)
Corballis & Ogden 1988 5 Commissurotomy, 3 18 (13-30) 40.4 (34-54)
Hemispherectomy, 2
Curry 1968 1 Hemispherectomy 8 21
De Bode et al. 2007 14 Hemispherectomy/otomy 6.42 (1.5-12) 12.5 (10-22)
Efron et al. 1977 3 Commissurotomy UNK 25.3 (11-42)
Efron et al. 1985 22 TL UNK 30.3 (19-44)
Freeman & Boatman 2007 1 Hemispherectomy 7 8
Han et al. 2015 22 TL 40.4 40.4 (16-62)
Hausmann et al. 2005 6 Hemispherectomy, 3 6.0 (0.92-9) 41.3 (36-45)
Callosotomy, 2 28 (26-30) 42 (40-44)
NA, lesion, 1 NA 37
Hurley et al. 2011 1 Hemispherotomy 9 10
Jafari et al. 2016 45 NA, lesion study NA 52.3 (36-68)
Lavasani et al. 2016 25 NA, epilepsy study NA 31.1 (20-50)
Lessard et al. 1999 3 Hemispherectomy 10.7 (8-16) 23.3 (16-35)
Lessard et al. 2000 3 Hemispherectomy 10.7 (8-16) 23.3 (16-35)
Liasis et al. 2003 17 Hemispherectomy 9.9 (0.4-15.4) 14.2 (6.8-19.5)
Martin & Trauner 2019 21 NA, lesion study NA UNK (6-16)
Meneguello et al. 2006 8 NA, epilepsy study NA 36.4 (22-51)
Musiek et al. 1985 1 Two-stage callosotomy 22 22
Nagle et al. 2013 1 TL 18 18-20°
Nebes & Nashold 1980 3 Hemispherectomy 9.3 (6-15) 20.3 (14-30)
Netley 1972 12 Hemispherectomy 10.6 (UNK) 14.4 (UNK)
Poirier et al. 1994 3 Hemispherectomy 10.7 (8-16) 21.3 (14-33)
Tong et al. 2009 6 Hemispherectomy 11.5 (7-21) 29.3 (25-38)
Wale & Geffen 1986 1 Hemispherectomy, 1 7,9° 24
Wester et al. 1991 1 Hemispherectomy 14 18
Yao et al. 2013 8 Hemispherectomy 11.6 (7-21) 32.1(27-40)
Zatorre et al. 1995 6 Hemispherectomy 18.6 (13-25) 27 (18-41)

NA = not applicable; TL = temporal lobectomy; UNK = unknown.

PSingle patient at different timepoints.
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without good reason. There are several factors that present challenges to
assessment of auditory processing abilities in this population, which we
review to provide an understanding of the complexities of this research
question.

One of the largest barriers to pre-operative and immediate post-
operative assessment of auditory processing in pediatric patients is the
age at surgery. Many children who undergo HS develop seizures shortly
after birth and prompt surgical intervention before the first year of life.
Most tests of auditory processing are only appropriate for children
roughly 7 years of age or older (Chermak et al., 2017). This not only
limits pre-operative assessments but also means that a child who un-
dergoes HS, for example, at the age of 4 months may not be assessed for
auditory processing deficits for years following surgery. This effect can
be appreciated in Table 1, demonstrating that many studies published on
individuals who underwent HS in childhood report findings years to
decades following surgical intervention and are rarely conducted
pre-operatively. This makes it difficult to interpret to what degree
observed abilities are the product of HS itself versus other variables such
as pre-existing deficits, functional reorganization, or development of
compensatory strategies.

A second factor that has limited assessment of auditory processing in
this population is the presence of other neurocognitive disorders. In-
dividuals who undergo HS often present pre- and post-operatively with
impairments in cognitive functioning (Bajer et al., 2020; Puka et al.,
2021; van Schooneveld et al., 2016) and expressive/receptive language
(De Bode and Curtiss, 2000; Harford et al., 2023), which may complicate
assessment of auditory processing skills and/or confound results. While
cognitive disorders are not necessarily the root of central auditory
processing deficits, they frequently co-occur and may even be associated
with one another (Chermak et al., 2017; Tomlin et al., 2015). Though
assessments of auditory functioning exist that require no response (e.g.,
auditory brainstem responses, auditory evoked potentials) or simple
responses (e.g., pointing to the source of a sound), many other assess-
ments require complex verbal responses and place a high cognitive load
on working memory and attention. Given the high prevalence of
cognitive disorders in this population, many “standard” auditory pro-
cessing assessments may not be feasible.

A final consideration in understanding the state of available litera-
ture and interpreting its results is the diversity of the population being
studied. Individuals who undergo HS share a history of high seizure
burden and, of course, have the surgical procedure itself in common, but
present with a variety of underlying diagnoses. These include 1)
congenital etiologies such (e.g., hemimegalencephaly) that produce
diffuse pathology throughout the entire cerebral hemisphere, 2) ac-
quired etiologies such as middle cerebral artery stroke that cause
widespread damage to the temporal, parietal, and sometimes frontal
lobes of the brain, and 3) progressive etiologies like Rasmussen’s en-
cephalitis which causes diffuse inflammation in a cerebral hemisphere
but is generally preceded by typical development. Differences in etiol-
ogy are associated with a wide range of both pre- and post-operative
developmental levels and cognitive functioning (Jonas et al., 2004;
Moosa et al., 2013b; Pulsifer et al., 2004; van Schooneveld et al., 2016).
Though we expect that HS itself impacts auditory processing by nature
of its anatomic disruption to auditory pathways, interpretation of results
should take into consideration the possibility that etiology also con-
tributes to findings.

3. Surgery and anatomic impact on the central auditory nervous
system

Hemispheric surgery techniques have changed considerably from
their origins in the 20th century to currently used approaches. The first
documented HS was performed by Walter Dandy (1928) for invasive
glioma. Its earliest applications for seizure control were published by KG
McKenzie (1938) in a single patient with epilepsy and by Rowland
Krynauw (1950) for infantile hemiplegia. These initial approaches
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involved complete removal of a cerebral hemisphere, or what is now
commonly referred to as “anatomic hemispherectomy.” Rasmussen
(1983) provided the first technical description of a “subtotal hemi-
spherectomy” involving complete functional disconnection of the cere-
bral hemispheres without complete anatomical resection. Modifications
of this technique have been published by several groups over the years to
develop a surgical approach that is less invasive and associated with
fewer complications, while still achieving acceptable seizure control
(Cook et al., 2004; Delalande et al., 2007; Schramm et al., 2001; Ville-
mure and Mascott, 1995). Techniques such as these that involve com-
plete functional disconnection paired with smaller cortical resections
are often referred to as “hemispherotomy.”

Regardless of the surgical approach, HS invariably has an anatomic
impact on the human auditory pathway (Fig. 1). In the case of
anatomical hemispherectomy the entire cerebral hemisphere is resected
and several functional hemispherotomy techniques involve selective
resection of tissue in the affected hemisphere including the auditory
cortex and mesial temporal structures (i.e., the amygdala and hippo-
campus) (Fig. 1B). Even techniques that spare the auditory cortex
structurally involve complete disconnection of the temporal lobe from
the insular cortex, mesial temporal structures, and subcortical structures
including the thalamus (Fig. 1C). Roughly 70% of fibers in the auditory
pathway decussate at the level of the brainstem, resulting in dominance
of this crossed pathway in transmission of information to the contra-
lateral auditory cortex (Mangold and M Das, 2023; Paiement et al.,
2008). As will be discussed in the following sections, performance on
auditory processing tasks is thus predictably worse when stimuli are
presented on the side contralateral to surgery. However, HS impacts
both contra- and ipsilateral input by disrupting the pathway at the level
between the medial geniculate body and the auditory cortex. Across
techniques hemispheric surgery also involves complete corpus callos-
otomy (severing of the genu, body, and splenium), thereby interrupting
interhemispheric transmission of auditory information. While the
anterior commissure (AC), another interhemispheric pathway, is not
typically disconnected, support for a major role of the AC in the transfer
of auditory information remains tepid (Bamiou et al., 2007).

4. Impact of hemispheric surgery on auditory processing

When discussing the functional impact of HS on the auditory system,
it is important to return to the distinction between peripheral and cen-
tral components of the auditory system. The peripheral auditory struc-
tures are not directly involved in the HS surgical techniques; therefore,
the unilateral resection or disconnection of the auditory cortex in HS is
not expected to impact hearing at the level of the peripheral auditory
system. As such, studies have found that pure tone auditory thresholds
are typically symmetric and within normal limits bilaterally following
HS (Boatman et al., 2003; Curry, 1968; De Bode et al., 2007; Hausmann
et al., 2005; Hurley et al., 2011; Lessard et al., 1999, 2000; Liasis et al.,
2003; Poirier et al., 1994; Wester et al., 1991; Yao et al., 2013). It is
possible that a person selected for HS may present with a pre-existing
hearing loss, which could impact assessment of auditory processing
(American Academy of Audiology, 2010); however, these cases extend
beyond the consideration of the impact of the surgical procedure itself.
The central auditory system, however, is directly impacted by HS at a
structural level, introducing the possibility that its function may be
disrupted as well. The following sections review existing research on
auditory processing abilities in individuals who have undergone HS,
organized according to discrete domains assessed in the literature (see
Table 2). We draw on studies conducted with other populations to
strengthen evidence of the impact of both epilepsy and structural lesions
on the functioning of the central auditory system. We contextualize
abnormal assessment findings in each of these domains according to
their functional manifestation and impact.
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Fig. 1. The ascending auditory pathway depicting dominant contralateral (blue) and ipsilateral (red) input to the right auditory cortex (A) in it’s typical organi-
zation. (B) Right anatomical hemispherectomy involving resection of the right hemisphere (yellow) including the mesial temporal lobe, and severance of the
interhemispheric pathway to the auditory cortex. (C) A functional disconnection technique resulting in subtotal resection of the right auditory cortex but disruption
of ipsi -and contralateral ascending pathways between the medical geniculate body (MGB) and cortex, and interhemispheric pathways.

4.1. Auditory brainstem responses (ABRs)

Portions of the CANS are anatomically preserved during HS
including the auditory nerve and the pathways that ascend through a
series of nuclei organized in the brainstem. Electrophysiological as-
sessments such as auditory brainstem response (ABR) measure the ac-
tivity in these lower-level central pathways and are reflective of hearing
sensitivity as a function of the central auditory nervous system. In other
words, though ABR tests central auditory structures, it tests earlier levels
of auditory processing rather than central auditory processing per se. The
few studies that have investigated ABRs in HS patients have found re-
sponses elicited bilaterally (Yao et al., 2013) that typically fall within
normal limits (Boatman et al., 2003; Hurley et al., 2011). ABR testing
was documented as normal both pre- and post-operatively in the study
by Boatman et al. (2003). One notable exception to this pattern comes
from Yao et al. (2013), who found significantly increased latencies for
Waves III and V in ABR testing of patients 10 years post-anatomical
hemispherectomy versus healthy controls. Increased latency was only
found for stimulation of the ear contralateral to surgery. The authors
suggest that these findings may be explained by long-term degeneration
of contralateral auditory pathways following HS. Notably, assessments
of ABRs in other studies were conducted at only 1-2 years
post-surgically. While hemispheric surgery itself does not impact the
auditory system at the level of the brainstem, reorganization and
degeneration of pathways as suggested by Yao et al. (2013) may none-
theless occur in the long-term and impact ABR measurements. Future
neuroimaging and electrophysiological studies that assess auditory
pathways beyond 1-2 years post-HS may be helpful in determining if
surgery is associated with long-term changes in the central auditory
system at the subcortical level.

4.2. Auditory spatial analysis

Sound localization and lateralization refer to a listener’s ability to
analyze determine interaural differences in time and intensity cues to
determine the source of an auditory stimulus either in the external sound
field (localization) or when simulated and presented through head-
phones (lateralization). In addition to explicitly identifying the origin of
a sound, auditory spatial cues also allow listeners to “pick out” or
discriminate individual sounds in auditory scene analysis (Bregman,
1994; also referred to as “sound object segregation” Thiran and Clarke,
2003). These abilities are primarily subserved by the dominant contra-
lateral pathways which transmit sound from one ear to the opposite
auditory cortex; however, the ability to detect discrete interaural dif-
ferences depends on the joint function of both ipsilateral and contra-
lateral pathways.

Sound localization and lateralization in individuals who have un-
dergone HS are worse than healthy controls, particularly when stimuli
are presented in the hemifield contralateral to the operative hemisphere
(Bellmann et al., 2001; Hausmann et al., 2005; Lessard et al., 1999,
2000; Poirier et al., 1994; Zatorre et al., 1995). The ability to accurately
identify sound sources is impacted across a variety of auditory stimulus
categories including environmental sounds (Bellmann et al., 2001a),
pure tones (Hausmann et al., 2005), clicks (Zatorre et al., 1995), and
noise (Lessard et al., 1999, 2000; Poirier et al., 1994). While individuals
who have undergone HS may retain some localization ability by effec-
tively utilizing monaural cues, accuracy tends to decrease with
increased task complexity such as assessing auditory motion and making
fine-tuned analyses about sound source (Lessard et al., 1999, 2000;
Poirier et al., 1994; Zatorre et al., 1995). Findings of impaired locali-
zation abilities were observed in one study of patients decades following
their procedure in childhood (Hausmann et al., 2005), indicating that
these deficits may persist rather than resolve over time. Furthermore,
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Table 2

Summary of existing auditory processing findings in hemispheric surgery and functional impacts.

Neuropsychologia 205 (2024) 109019

Domain

Key Findings

Citations

Potential Functional Impact of Deficit

Auditory Agnosia
Auditory Brainstem
Responses

Auditory Closure

Auditory Neglect

Dichotic Listening

Hearing (Peripheral)

Hyperacusis

Spatial Analysis

Temporal Processing

No prior investigations
Typically within normal limits

Speech recognition in quiet within normal limits
Speech recognition in noise, multispeaker babble, or in
context of a filter is impaired

No prior investigations

Performance is worse in ear contralateral to surgery;
responses may be extinct
Performance may be impaired in ipsilateral ear

Pure tone thresholds typically within normal limits
Pre-existing HL may be evident in some patients

No prior investigations

Impaired sound localization and lateralization, especially on
side contralateral to surgery

Increased difficulty with analyzing moving vs static sound
sources

Performance within normal limits on frequency pattern,
duration pattern, and gap detection tasks™

Boatman et al. (2003)
Hurley et al. (2011)
Yao et al. (2013)
Boatman et al. (2003)
Hurley et al. (2011)

Boatman et al. (2003)
Corballis and Ogden
(1988)

Curry (1968) De Bode
et al., 2007

Freeman and Boatman
(2007)

Hurley et al. (2011)
Nebes and Nashold
(1980)

Netley (1972)

Wale and Geffen (1986)

Wester et al. (1991)
Boatman et al. (2003)
Curry (1968)

De Bode et al., 2007

Hausmann et al. (2005)

Hurley et al. (2011)
Lessard et al. (1999),
2000

Liasis et al. (2003)
Poirier et al. (1994)
Wester et al. (1991)
Yao et al. (2013)

Bellmann et al. (2001)
Hausmann et al., 2005
Lessard et al. (1999)
Lessard et al. (2000)
Poirier et al. (1994)
Zatorre et al. (1995)
Boatman et al. (2003)
Hurley et al. (2011)

Difficulty recognizing, naming, and differentiating sounds

Difficulty understanding speech in noisy environments
Difficulty “filling in” information when speech is not clear
Difficulty processing and following directions

Tendency to become distracted in noisy environments
Inattention to sounds coming from the hemifield contralateral
to surgery

Misidentification of sounds as coming from the opposite side
of their true origin (i.e., alloacusis).

Establishing pre-operative ear dominance can assist in
documenting language laterality

Comparing pre- to post-operative performance can assist in
documenting reorganization

Pre-existing HL may complicate assessment of auditory
processing
Pre-existing HL has its own considerations”

Difficulty tolerating environments with moderate-to-high
noise levels

Increased sensitivity to sound in general, or to particular
sounds

Difficulty finding the source of a sound

Difficulty identifying from which direction a sound originated
Difficulty tracking a moving sound

Difficulty isolating one specific sound out of many in an
environment with competing noise

Impaired phonological processing
Difficulty with speech perception

Difficulty with language comprehension
May be correlated with impaired reading performance

HL = hearing loss.
@ These considerations are critical but go beyond the scope of this review.

there is evidence that perceptual and attentional vision deficits may
impact processing of auditory spatial cues (Kerkhoff et al., 1999).
Homonymous hemianopia is a consequence of HS, therefore the impact
of surgery on the visual system alone may produce auditory localization
impairments. That said, there is variability at an individual level in
terms of the degree of impairment observed. Milder impairment may be
associated with more typical fMRI activation patterns within and in
extended auditory networks (Bellmann et al., 2001a) and could repre-
sent the development of compensatory strategies or functional reorga-
nization of pathways (Lessard et al., 1999, 2000; Poirier et al., 1994;
Zatorre et al., 1995).

The ways in which impairments in analyzing auditory spatial cues
may manifest in day-to-day functioning have concrete implications for
personal well-being as well as social and academic functioning. Findings
of impaired sound localization are not merely significant in the context
of research results but are noticeable and have been self-reported in
everyday activities after stroke (Bamiou et al., 2012; Koohi et al., 2017).
Research has suggested that processing of sound source and motion may

be especially difficult in dynamic auditory environments with
competing sound sources. Translating these findings outside the
controlled research environment, ineffective use or processing of audi-
tory spatial cues may result in impaired ability to identify approaching
traffic as a pedestrian or to find a parent calling to them at a busy
playground. Prior evidence demonstrating decreased localization ability
with presentation of sounds in extreme lateral hemifields and on the side
contralateral to the disconnected hemisphere suggests that individuals
who undergo HS may have increased success in social, academic, or
occupational settings when conversation partners or other crucial
sources of sound are positioned more centrally. Identification and
consideration of potential impairments in sound localization is therefore
helpful in determining simple environmental modifications that may
compensate for this impairment and increase participation in a variety
of contexts.
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4.3. Dichotic listening

Dichotic listening is a task employed in experiments to study later-
ality within the auditory system, specifically in speech processing. In
these tasks, participants are simultaneously presented with different
auditory stimuli in each ear and are asked to report back one or both
stimuli (see Supplementary Table 1 for description of stimuli and par-
adigms used across studies). For most listeners, the left hemisphere
specialization for language combined with dominance of the contralat-
eral auditory pathway leads to a right ear advantage for speech stimuli
(Della Penna et al., 2007; Kimura, 1961, 1967) and a left ear advantage
for non-speech stimuli (Bamiou et al., 2007). This does not imply that
listeners cannot complete dichotic speech perception via the left ear and
associated auditory pathways, but rather that interhemispheric transfer
of auditory information via commissural fibers to the language domi-
nant hemisphere is crucial. The structural disturbance of HS on both
dominant contralateral and interhemispheric auditory pathways clearly
presents the possibility that dichotic listening performance will be
impacted.

As with sound localization, dichotic listening performance in pa-
tients who have undergone HS is worse for stimuli presented to the ear
contralateral to the operated hemisphere (Corballis and Ogden, 1988;
Hurley et al., 2011; Nebes and Nashold, 1980; Netley, 1972), often with
near extinction of responses (Boatman et al., 2003; Curry, 1968; De Bode
et al.,, 2007; Freeman and Boatman, 2007; Wale and Geffen, 1986;
Wester et al., 1991). Studies that have compared patient participants to
neurotypical control subjects have found varying degrees of impairment
even in the ear contralateral to the remaining hemisphere. De Bode
et al., 2007 found that performance was significantly worse than ex-
pectations for children, while other studies have found highly accurate
(>95%) performance (Corballis and Ogden, 1988; Nebes and Nashold,
1980). Interhemispheric communication appears to be important spe-
cifically for dichotic speech perception; therefore, dichotic presentation
of environmental sounds or pure tones may not reveal a deficit (Efron
et al., 1977). This differential impairment for speech versus non-speech
stimuli was observed in a study of a right hemispherectomized subject
by Curry (1968) but was contradicted in a study by Freeman and
Boatman (2007), who identified extinction of contralateral dichotic
listening responses for both speech and environmental sounds. Vari-
ability in results may be associated with etiology, age at seizure onset, or
which hemisphere is affected though no single variable has been iden-
tified as correlating with overall performance on dichotic listening tasks
(Corballis and Ogden, 1988; De Bode et al., 2007; Netley, 1972).

Though dichotic listening is, in and of itself, a research method that
doesn’t have a direct practical correlate, it is nonetheless useful in
illustrating the impact of HS on the auditory system and determining
language lateralization. Comparison of dichotic listening results in HS
patients versus other patient populations with lesion or pathology of the
CANS reveals key differences that may better our understanding of
auditory functioning and language network organization in this popu-
lation. Studies in patients who have undergone temporal lobectomy
indicate that dichotic listening performance may be impaired relative to
healthy controls, but that there is little change pre-to post-resection of
the temporal lobe (Collard et al., 1986; Han et al., 2016). These findings
argue for the possibility that individuals with epilepsy impacting the
temporal lobe, as is the case with the diffuse epileptic activity evident in
patients who undergo HS, may present with abnormalities in auditory
processing even prior to any surgical intervention (Meneguello et al.,
2006). However, the lack of change pre-to post-resection change versus
the post-operative deterioration noted in HS patients (Boatman et al.,
2003) underscores the fact that HS may further impair already abnormal
auditory processing abilities. Dichotic listening performance also high-
lights the importance of interhemispheric auditory pathways, namely
the corpus callosum which is the largest set of fibers connecting the two
cerebral hemispheres and is thought to play a critical role in the trans-
mission of auditory information (see Musiek and Weihing, 2011; Bamiou
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et al., 2007 for a review). Severance of this pathway, completed in both
corpus callosotomy and HS, eliminates the pathway for auditory infor-
mation presented to the left ear to cross from the right hemisphere back
to the language-dominant left hemisphere. Patients who have under-
gone complete corpus callosotomy demonstrate a predictable amplifi-
cation of the left ear deficit and right ear advantage for dichotic speech
perception (Corballis and Ogden, 1988; Efron et al., 1977; Musiek et al.,
1985). In contrast, the ear advantage demonstrated by HS patients de-
pends on the hemisphere operated on and may point to atypical orga-
nization of language networks in this population. Establishing laterality
of the language network is relevant when considering the anticipated
impact of HS on language outcomes if resection or disconnection is
completed on the language-dominant hemisphere.

4.4. Auditory neglect

It may be questioned whether the basis of deficits observed in
auditory spatial and dichotic listening tasks a perceptual consequence of
structural disruption to the auditory pathways, or attentional in nature
and indicative of auditory neglect. There are currently no published
investigations of auditory neglect in the HS population, though hemi-
spatial neglect has been documented as a rare finding in children who
have undergone HS (Marsh et al., 2009). Hemispatial neglect has
received more attention in the literature than auditory neglect though
there is an argument for neglect being multisensory in nature (Gutschalk
and Dykstra, 2015), meaning that neglect in visual, sensory, and audi-
tory modalities may co-occur.

Some studies use dichotic listening and/or localization tasks as direct
measures of auditory neglect. For example, Martin and Trauner (2019)
used results of a localization task to suggest that children who experi-
enced left hemisphere perinatal stroke may exhibit contralateral (right)
auditory neglect while children who experienced right hemisphere
perinatal stroke may exhibit an auditory neglect that is bilateral in na-
ture. Bellmann et al., 2001b pointed out the limitations to interpreting
results of these tasks as direct evidence of auditory neglect and
attempted to dissociate structural/perceptual from attentional deficits
by combining dichotic listening, auditory localization, and a “diotic”
task, which resembles dichotic listening but presents both stimuli to
both ears and simulates spatial cues through interaural time differences.
Their studies revealed evidence of distinct behavioral manifestations of
auditory neglect; spatial inattention in patients with subcortical lesions
and deficient spatial representations in patients with cortical lesions
(Bellmann et al., 2001b; Thiran and Clarke, 2003). Replication of these
methods in individuals who have undergone HS may be informative in
establishing the prevalence of auditory neglect in this population.

Typical behavioral assessments of sound localization and dichotic
listening do not allow for identification of the basis of impairments,
which could make detection of auditory neglect difficult. In the clinical
or research environment, parsing out the difference between sound
localization impairments and true auditory neglect likely requires the
level of granularity employed in the Bellmann and Clarke studies. The
functional manifestations of auditory neglect may present as an inability
to detect a sound coming from the affected hemifield in environments
with competing sound sources or as incorrectly localizing the source of a
sound to the opposite side from which it was presented (i.e., alloacusis).

4.5. Temporal processing

Temporal processing refers to the ability to perceive and analyze
auditory information over time (Shinn, 2003). It is frequently measured
using established tests like the Duration Pattern Test (Musiek et al.,
1990), Frequency/Pitch Pattern Test (Musiek and Pinheiro, 1987), and
Gaps-in-Noise Test (Musiek et al., 2005) which require the listener to
perceive, integrate, and make judgements about acoustic information
over time.

The few studies that have specifically tested temporal processing in
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children who have undergone HS found performance within normal
limits both pre-operatively (Boatman et al., 2003) and post-operatively
(Boatman et al., 2003; Hurley et al., 2011), though these are studies of
only 1 to 2 patients. Research conducted with other clinical populations
has indicated that temporal processing abnormalities may be evident in
individuals with temporal lobe epilepsy (Aravindkumar et al., 2012;
Lavasani et al., 2016; Meneguello et al., 2006), middle cerebral artery
and insular stroke (Bamiou et al., 2006; Efron et al., 1985), and agenesis
of commissural fibers including the corpus callosum and anterior
commissure (Bamiou et al., 2007b). While none of these findings can be
directly generalized to HS patients, they provide some indication that
pathology at various levels of the central auditory processing system
potentially impacts the ability to reconcile complex, temporal infor-
mation contained in auditory signals.

Speech processing is perhaps the most concrete functional correlate
of temporal processing, as discrimination of the individual phonemes
that comprise words requires this same type of rapid integration and
analysis (Amaral et al., 2015). Some researchers have suggested that
deficits in temporal processing may result in “abnormal encoding” and
“unstable representations” of phonemes leading to difficulties with
speech perception and language comprehension in general (Phillips,
1999; Wright et al., 1997).Additionally, several studies have found that
performance on temporal processing measures is correlated with per-
formance on phonological processing tasks (Amaral et al., 2015; Zaidan
and Baran, 2013) and reading ability (Gokula et al., 2019; Lewandowska
et al., 2013; Tomlin et al., 2015). The impact of HS on temporal pro-
cessing specifically is therefore of critical consideration from a devel-
opmental standpoint for patients undergoing surgery in infancy or early
childhood. Despite these significant implications for functional and ac-
ademic  outcomes, temporal processing remains largely
under-represented in research with HS patients. Further investigation of
temporal processing and associated deficits in patients selected for HS
will need to further consider the potential role of hemispheric speciali-
zation and the cognitive demands placed on participants when inter-
preting results of assessments and, especially, in reconciling differences
observed between specific measures.

4.6. Auditory closure/speech-in-noise

Of the many tests utilized in the typical battery for evaluating central
auditory processing, perhaps the clearest illustration of the impact def-
icits in central auditory processing may have on quality of life comes
from auditory closure and speech-in-noise (SIN) tasks. Auditory closure
is the “ability to integrate auditory stimuli into a whole; i.e., completion
of a word or words by filling in the parts omitted” (Nicolosi et al., 1989).
Functionally, deficits in auditory closure present as the inability to “fill
in the gaps” of a speech signal that is degraded, perceived in competition
with noise, or otherwise partially lacking in comprehensibility. Speech
in noise tasks tap auditory closure abilities, but with the crucial differ-
ence that the speech signal itself is clear whereas other auditory closure
tasks may involve the use of filtered, incomplete, or otherwise degraded
speech stimuli. A listener with impaired auditory closure may thus have
trouble understanding speech in the presence of background noise or
over a degraded phone connection.

Research with HS patients suggests that speech recognition and
perception in quiet conditions is within normal limits (Boatman et al.,
2003) but may be impaired or reduced in the context of background
noise or when speech signals are distorted (Boatman et al., 2003; Hurley
et al., 2011). It is thought that while the left hemisphere is typically the
primary driver of language comprehension, the right hemisphere is
instrumental to speech processing in noise (Boatman et al., 2006;
Shtyrov et al., 1998). One hypothesis explaining the role of the right
hemisphere in speech processing under adverse listening conditions
comes from Boatman et al. (2003), who theorize that the language
dominant hemisphere completes phonological closure while the
non-dominant hemisphere suppresses extraneous noise. In agreement
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with this idea are findings from a study by Nagle et al. (2013), who
documented impaired auditory closure ability in a left hemisphere
language-dominant patient following right temporal lobectomy. This
effect could be mediated by efferent projections via an inhibitory
function performed by the medial olivocochlear (MOC) bundle system in
the presence of a steady masker (Kumar and Vanaja, 2004; Muchnik
et al., 2004). In a single case study of a patient who had undergone left
functional hemispherectomy, Hurley et al. (2011) explicitly tested
auditory efferent functioning. They found that, although accuracy with
SIN intelligibility was low in the right ear (<50%), introduction of
additional white noise in the contralateral (left) ear produced the typical
pattern of enhanced performance. The overall better performance noted
in this study as compared to the findings of Boatman et al. (2003) may be
associated with differences in surgical technique and the extent to which
an approach disrupts the auditory efferent system though this has yet to
be formally investigated. Regardless of the exact mechanism responsible
for dysfunction in auditory closure, it is reasonable to expect that the
large-scale impact of HS on afferent and efferent auditory pathways will
produce difficulties in this area.

Difficulty perceiving and processing speech in noise has an obvious
potential impact on day-to-day functioning. Our everyday surroundings
are full of overlapping auditory stimuli including the voices of other
people, music, and the noises of vehicles, construction, electronics, and
machinery. Nearly everyone has had the frustrating experience of trying
to attend to and understand a conversation in a noisy restaurant. In-
dividuals with central auditory processing impairments have increased
difficulty filling in information in the auditory signal that is lost to noise
or distortion. The behavioral manifestation of deficits in auditory
closure may bear out as difficulty following verbal instructions or the
tendency to become easily distracted in the classroom (De Wit et al.,
2016). While these behavioral observations are not specific to auditory
processing disorder and could be the result or combined effect of deficits
in attention or cognition more generally, they should raise suspicion for
evaluation of auditory processing impairments.

5. Functional reorganization

While the literature base examining auditory processing abilities in
individuals who have undergone HS is already quite small, we are
further limited in our interpretation of results by nature of the fact that
most report only post-operative assessments. There are several factors
that complicate the feasibility of pre-operative auditory assessment
including but not limited to age, ability of participants to engage in
traditional assessments, institutional referral practices, and the desire to
perform surgery as soon as appropriate. HS inherently involves signifi-
cant disruption to the central auditory system and undoubtedly impacts
auditory processing. On the other hand, the human brain exhibits
remarkable plasticity and can compensate for injury through functional
pathway reorganization. It is therefore tempting to attribute impair-
ments in auditory processing to the surgical procedure itself and pres-
ervation of skills to post-operative reorganization. In the absence of pre-
operative behavioral assessment or functional neuroimaging, though, it
is difficult to determine precisely how HS impacts auditory processing
skills and the networks that subserve them.

Putative functional reorganization of neural pathways has been re-
ported following HS and includes findings of decreased activation of the
intact hemisphere to contralateral auditory stimulation (Paiement et al.,
2008), as well as increased between (Kliemann et al., 2019) and
within-network (Blauwblomme et al., 2019; Ivanova et al., 2017) con-
nectivity in the intact hemisphere. However, there is precedent for the
thought that brain networks may be atypically organized in patients
with epilepsy (Goldmann and Golby, 2005). Several studies have sug-
gested that continued epileptiform discharges have the potential to alter
neural pathways (Amaral et al., 2015; Baez-Martin et al., 2014; Bou-
geard and Fischer, 2002; Han et al., 2016; Meneguello et al., 2006).
Given the especially protracted nature of auditory cortex development
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(Eggermont and Moore, 2012; Moore, 2002), it is possible that the
disturbance produced by epileptiform activity, or the diffuse hemi-
spheric pathology associated with referral for HS, may lead to atypical
auditory system organization even prior to surgical intervention. Pa-
tients with non-congenital etiologies who experience rapid seizure onset
later in development (e.g., Rasmussen’s encephalitis) may provide evi-
dence of verifiable functional reorganization following HS. Several
functional MRI and diffusion tensor imaging (DTI) studies have docu-
mented atypical organization of auditory pathways and language
lateralization in these patients (Hertz-Pannier et al., 2002; Lod-
denkemper et al., 2003; Meoded et al., 2016; Paiement et al., 2008).
Presumed typical development prior to seizure onset, along with short
duration between onset and surgical intervention make it less likely that
the organization of neural pathways has been substantially altered prior
to surgery. The time course of this potential reorganization and its
impact on auditory processing over the post-operative period have yet to
be determined.

The possibility that HS patients with other epilepsy etiologies may
demonstrate atypical auditory pathway development/organization pre-
operatively can be tentatively examined using the temporal lobe epi-
lepsy literature. Temporal lobe epilepsy (TLE) is a focal form of epilepsy
in which seizure foci are localized to temporal lobe structures, including
the mesial structures in mesial temporal lobe epilepsy (MTLE). Though
pathology and epileptogenic activity is not as diffuse compared to in-
dividuals selected for HS, TLE patients nonetheless have a history of
epileptic activity involving auditory and auditory adjacent regions and
demonstrate auditory processing deficits in dichotic listening (Bougeard
and Fischer, 2002; Collard et al., 1986) and temporal processing
(Aravindkumar et al., 2012; Lavasani et al., 2016; Meneguello et al.,
2006). While some studies have suggested that patients who undergo
anterior temporal lobectomy (ATL) do not experience significant de-
creases in baseline auditory processing deficits (Bougeard and Fischer,
2002; Han et al.,, 2016), others have found further impairment in
auditory processing post-operatively (Baez-Martin et al., 2014; Collard
et al., 1986). Comparison with HS is imperfect because ATL typically
preserves primary auditory cortex and commissural fibers, though these
findings support the idea that auditory pathways in epilepsy patients
may be altered from the organization seen in neurotypical development
and are not necessarily the consequence of surgical intervention.

The mechanisms that subserve aberrant development of neural
pathways and/or functional reorganization following surgery, though
relevant, are beyond the scope of this review. Importantly, patterns of
connectivity are not necessarily indicative of or correlated with func-
tional performance of the systems those pathways serve (Ivanova et al.,
2017). Regardless of the timing or driving force, it is evident that
atypical organization of neural pathways is a frequent finding in HS
patients. The relatively protracted development of the auditory cortex
and its circuitry has led some researchers to suggest that it is therefore
more plastic and amenable to reorganization following insult (Chang
and Kanold, 2021); this makes both abnormal development and func-
tional reorganization plausible hypotheses. Given inconclusive answers
to the atypical development versus reorganization debate, it may be
prudent to consider accommodations and modifications related to
auditory processing both pre- and post-operatively for children pre-
senting with disease processes frequently targeted by HS.

6. Accommodations and environmental modifications

Current evidence suggests that individuals who undergo HS are
likely to have impairments in central auditory processing. As discussed
throughout this review, central auditory processing makes important
contributions to speech comprehension, social participation, literacy,
and academic achievement; therefore, HS patients may require accom-
modations in educational, vocational, or other social environments.
Using the school environment as an example, a typical classroom may be
chronically noisy enough to hinder the academic performance of
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children (Shield and Dockrell, 2008), to render some of the teacher’s
instructions incomprehensible to students (Skarlatos and Manatakis,
2003), and even to permanently damage the hearing of teaching staff
(Eysel-Gosepath et al., 2012; Jiang, 1997; Novanta et al., 2020). Given
documented difficulty with speech-in-noise recognition and auditory
spatial analysis, these effects may be amplified for children with audi-
tory processing deficits. Individualized accommodations mitigating the
impact of auditory processing deficits may be critical to academic out-
comes. In fact, studies reporting on academic attainment generally find
that a large proportion of patients who undergo HS receive academic
support services both pre- and postoperatively (Moosa et al., 2013b;
Sherlock et al., 2022; van Schooneveld et al., 2016). Though no studies
have investigated the effectiveness of specific intervention strategies for
auditory processing in HS patients, accommodations and environmental
modifications routinely used for individuals with impairments in central
auditory processing including simplification of oral instructions,
providing areas with reduced noise to complete work, and seating
strategies may help to compensate for deficits and improve overall
participation (Bellis and Anzalone, 2008). One of the most well-studied
intervention techniques for deficits in central auditory processing is the
use of frequency-modulated (FM) amplification systems. Both children
and adults with auditory processing deficits have shown increased
performance on speech-in-noise recognition when using personal FM
systems (Johnston et al., 2009; Koohi et al., 2017). There has been
preliminary evidence that these systems provide long-term benefit for
speech-in-noise recognition (Koohi et al., 2017) and may be associated
with improvements in academic performance and self-reported psy-
chosocial measures when used consistently (Johnston et al., 2009).

7. Future considerations and conclusions

One of the only statements that can be applied to HS patients as a
group is that no singular outcome can be anticipated for every patient.
The primary takeaway from existing literature is that, despite under-
going the same surgical procedure, there is a wide spectrum of func-
tioning and outcomes observed both pre- and postoperatively (Devlin
et al., 2003; Harford et al., 2023; Jonas et al., 2004; Moosa et al., 2013b;
Schramm et al., 2012; van Schooneveld et al., 2016). This observed
variation may be dependent upon underlying etiology, duration of epi-
lepsy, age at seizure onset, age at surgery, or a combination of these
factors (Curtiss and De Bode, 1999; Devlin et al., 2003; Jonas et al.,
2004; Pulsifer et al., 2004). Given the crucial role of interhemispheric
communication and binaural integration in central auditory processing,
it is reasonable to expect that all patients will experience impairment in
this area following HS, though it is currently unknown how
patient-specific variables may impact pre-operative auditory func-
tioning and how baseline impairments may be exacerbated by surgery.
Research conducted thus far has already demonstrated that variability in
performance on auditory processing measures may be evident within a
single study sample (Lessard et al., 2000). The degree of impairment
documented may additionally vary depending on the specific area of
central auditory processing assessed, the type of stimuli used (i.e.,
speech versus tones), and the cognitive demands of tasks. While existing
research on auditory processing in HS patients is not extensive enough to
allow the types of correlational analyses that have been performed in
research on motor, cognitive, and linguistic outcomes, it stands to
reason that similar variability may be expected in auditory abilities as
well.

Throughout this review we have provided examples of the functional
impact of central auditory processing deficits on areas such as literacy,
academic achievement, and social participation. Many patients who
undergo HS present with language, literacy, and cognitive deficits that
may be independent of (or at least not the direct cause of) auditory
processing deficits, though there is likely a complex interaction between
all these domains. An important consideration is whether standardized
assessments used to measure linguistic or academic performance or to
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determine qualification for support services, and the environments and
manner in which they are administered, adequately account for con-
tributions of auditory processing deficits. Despite the very clear detri-
ment HS may pose to auditory processing, formal audiologic evaluation
of central auditory processing does not appear to be standard practice
for these patients. In the absence of recognition and documentation of
these impairments, patients who undergo HS may not receive appro-
priate accommodations or interventions that could increase success in
academic, social, and vocational contexts. Further research of central
auditory processing following and, where possible, prior to HS is critical
in establishing a need for the incorporation of audiologic services into
common clinical practice. While we have highlighted the difficulties in
assessment of auditory processing in this population, we feel strongly
that it is needed to fully describe and address disability. There is
currently no single, agreed upon battery of standardized tests used to
diagnose auditory processing disorders in the United States (American
Academy of Audiology, 2010), which presents its own issues but allows
for some flexibility in the assessment process. Chermak et al. (2017)
have argued for a more individualized approach in which tests are
selected based on a combination of patient characteristics including age,
specific auditory-related symptoms, and cognitive or linguistic comor-
bidities. In addition to these factors, teams considering assessment of
auditory processing in children who are selected for HS should also
consider response modality and any limitations it may introduce to ac-
curate evaluation. For example, teams may consider whether responses
are verbal or non-verbal, the linguistic complexity of required responses
(e.g., sentences vs words), and whether hemiparesis or spasticity may
impact the individual’s ability to provide motor responses. For children
who present with significant limitations in cognition and language, the
evaluation team may also consider the use of questionnaires to assist in
describing the functional and socioemotional impact of central auditory
processing deficits. While questionnaires lack the specificity to formally
diagnose deficits in auditory processing (Chermak et al., 2017), they
provide additional information that helps to form a more holistic picture
of auditory-related disability.

Perhaps the most resounding theme of this review is the paucity of
research addressing auditory processing outcomes in this population.
Available research is sparse, typically comprises small sample sizes, and
has been conducted over the course of decades. Over this time, our
understanding of central auditory processing has increased, standard-
ized assessments have changed, and surgical techniques have evolved.
The literature base in its current state has provided us with initial evi-
dence that auditory processing abilities are indeed abnormal in patients
who have undergone HS, but it is difficult to generalize across heter-
ogenous methodology and patient samples. Our primary suggestion for
future research is further investigation of central auditory processing
abilities in patients following HS. We acknowledge the inherent diffi-
culty of single centers procuring large sample sizes, though our hope is
that more consistent research in this area will provide a clearer picture
of the spectrum of auditory processing deficits observed within this
clinical population. Identification of specific impairments in subdomains
such as temporal processing, dichotic listening, auditory closure, and
auditory spatial analysis may aid in the development of a standard test
battery that assesses fine-grained central auditory processing skills.
Furthermore, longitudinal prospective research with patients will better
our understanding of how auditory processing impairments evolve over
time and, importantly, provides us with the opportunity to evaluate
functional reorganization within auditory pathways. We also call
attention to areas that have yet to be addressed in the literature. Deficits
such as auditory neglect (Bellmann et al., 2001b; Martin and Trauner,
2019; Thiran and Clarke, 2003) and auditory agnosia (Clarke et al.,
2000, 2002) have been observed in populations with unilateral focal
lesion to the temporal lobe but have yet to be explicitly documented in
patients who have undergone HS. Future research may also consider the
presence of hyperacusis, or increases sensitivity to sound, in this popu-
lation. There are thus large knowledge gaps remaining in the literature

Neuropsychologia 205 (2024) 109019

pertaining to auditory processing in patients who undergo HS. Further
consistent investigation addressing these questions will be instrumental
in understanding how auditory processing is impacted by HS, how these
impairments manifest behaviorally and physiologically, and ultimately
will assist in formulating intervention strategies to help mitigate the
functional impact of auditory processing deficits.
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