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Stroke-induced lesions at different locations in the brain can affect various

aspects of binaural hearing, including spatial perception. Previous studies

found impairments in binaural hearing, especially in patients with temporal

lobe tumors or lesions, but also resulting from lesions all along the auditory

pathway from brainstem nuclei up to the auditory cortex. Currently, structural

magnetic resonance imaging (MRI) is used in the clinical treatment routine

of stroke patients. In combination with structural imaging, an analysis of

binaural hearing enables a better understanding of hearing-related signaling

pathways and of clinical disorders of binaural processing after a stroke.

However, little data are currently available on binaural hearing in stroke

patients, particularly for the acute phase of stroke. Here, we sought to

address this gap in an exploratory study of patients in the acute phase of

ischemic stroke. We conducted psychoacoustic measurements using two

tasks of binaural hearing: binaural tone-in-noise detection, and lateralization

of stimuli with interaural time- or level differences. The location of the stroke

lesion was established by previously acquired MRI data. An additional general

assessment included three-frequency audiometry, cognitive assessments, and

depression screening. Fifty-five patients participated in the experiments, on

average 5 days after their stroke onset. Patients whose lesions were in

different locations were tested, including lesions in brainstem areas, basal

ganglia, thalamus, temporal lobe, and other cortical and subcortical areas.

Lateralization impairments were found in most patients with lesions within

the auditory pathway. Lesioned areas at brainstem levels led to distortions of

lateralization in both hemifields, thalamus lesions were correlated with a shift

of the whole auditory space, whereas some cortical lesions predominantly

affected the lateralization of stimuli contralateral to the lesion and resulted

in more variable responses. Lateralization performance was also found to be

affected by lesions of the right, but not the left, basal ganglia, as well as by

lesions in non-auditory cortical areas. In general, altered lateralization was
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common in the stroke group. In contrast, deficits in tone-in-noise detection

were relatively scarce in our sample of lesion patients, although a significant

number of patients with multiple lesion sites were not able to complete

the task.

KEYWORDS

binaural hearing, psychoacoustics, brain lesions, lateralization, binaural masking level
difference, magnetic resonance imaging, stroke

1. Introduction

The interaural level differences (ILD) and interaural time
differences (ITD) provide the basis for localizing sound sources
in the horizontal plane. This ability informs the listener about
the spatial location of an approaching vehicle, for instance,
but is also crucial for segregating different auditory streams
in more complex listening environments, such as multiple
talkers in a crowded restaurant. Especially the latter ability is
clearly compromised in listeners with sensorineural hearing
loss (e.g., Gatehouse, 2004; Shinn-Cunningham and Best, 2008).
However, spatial hearing can also be impaired by damage to the
central nervous system. The consequences of such damage for
spatial hearing and binaural perception are arguably less well
understood (Gallun, 2021).

One relatively prevalent type of central nervous system
damage is stroke. For instance, the GEDA 2014/2015-EHIS
study found that, in Germany, 1.6% of adults suffered a stroke
or chronic consequences of a stroke during the past 12 months
(Robert Koch-Institut, 2017). Central stroke lesions do not
usually affect hearing thresholds, but they can affect binaural
hearing (Häusler and Levine, 2000). This is also reflected in
patient-reported difficulties in sound localization in the chronic
phase after stroke, as shown in Bamiou et al. (2012). Given the
relatively high prevalence of stroke in the general population, an
improved understanding of its effects on spatial hearing would
be desirable.

Previous studies have revealed deficits in binaural hearing
in patients with different stroke lesion locations. Furst et al.
(2000) investigated the binaural performance of patients
with brainstem lesions using a test of interaural difference
discrimination and with a lateralization task. Binaural
performance was affected whenever the lesion overlapped
the auditory pathway. Lesions of the caudal pons led to center-
oriented lateralization, whereas lesions rostral to the superior
olivary complex led to side-oriented lateralization results.
Just-noticeable differences in ILD and ITD were affected in
some patients with pontine lesions.

Comparable methods were used by Spierer et al. (2009),
who studied the effects of cortical lesions on ITD- and ILD-
based lateralization. The findings suggested a dominance of
the right hemisphere in auditory spatial representation. More

frequent and more severe deficits were observed after right-
sided, compared to left-sided, damage. Lesions of the right
hemisphere influenced contralesional as well as ipsilesional
lateralization, whereas the effect of left-sided damage was
restricted mainly to the contralesional hemifield.

Along the same lines, the effect of auditory neglect (impaired
perception of auditory stimuli in one hemispace) is also more
frequently observed for right-hemispheric lesions, especially
when the temporal lobe is damaged (Gokhale et al., 2013).
The term neglect is used for various impairments and different
modalities (Heilman et al., 2000). As reviewed in Gokhale
et al. (2013), language-related stimuli are mainly associated
with the left temporal cortex, whereas non-language stimuli are
predominantly processed in the right hemisphere. As a result,
processing of non-language stimuli is often impaired, and in
some cases, neglected after damage to the right hemisphere.

Two separate processing streams are suspected to be
responsible for the ‘where’ and ‘what’ of auditory perception.
This hypothesis is supported by the fact that binaural hearing
performance of the centrally impaired auditory system depends
not only on the location of the damaged area, but also on the
task to be performed (Bellmann et al., 2001). For instance, a case
report of a patient with lesions in the right hemisphere showed
a difference between using binaural cues implicitly or explicitly
(Thiran and Clarke, 2003). The patient was able to implicitly use
binaural cues for stream segregation in a spatial-release-from-
masking task, but had no explicit lateralized perception at all
when presented with stimuli with ITDs. The implicit and explicit
use of binaural cues was also investigated by Tissieres et al.
(2019), with a larger number of participants. They concluded
that the implicit use of auditory spatial cues relies on a distinct,
left-dominated network.

In general, previous studies on the effect of lesions of the
central nervous system on binaural perception were mainly
investigated in the chronic phase of stroke in subgroups of
stroke populations. Based on the results of, e.g., Trapeau
and Schönwiesner (2015), who showed that relearning of
localization with altered ITDs is possible within a few days, we
assume that stroke-induced lateralization impairments will be
strongest in the acute phase and at least partially recovered in the
chronic phase of stroke. The existing studies revealed a plethora
of deficits that vary significantly across lesion location, stimulus
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material and patients. The great variability and individual nature
of the findings indicate that further large-scale research is
needed to move closer to a complete understanding of the
effects of stroke on binaural hearing performance. By studying
the disturbed system shortly after stroke onset, the patients’
responses may give novel insights into the role of the affected
areas in spatial hearing, including its relevance for the healthy
system.

In addition to studies with stroke patients, neuroscientific
experiments with healthy adults revealed different mechanisms
of ITD processing along the auditory pathway. Thompson
et al. (2006) presented large ITDs (±1500 µs), well outside
the range of ITDs of ±700 µs, that are usually experienced
under natural listening conditions. Using functional magnetic
resonance imaging (MRI) neural activity was measured by
means of the blood oxygenation level dependent response.
For these large ITDs, they found higher neural activity in the
ipsilateral, compared to the contralateral, side of the mid-brain,
which is the opposite of findings for smaller ITDs. A related
study by von Kriegstein et al. (2008) revealed that at the level of
the cortex, both hemispheres were activated for these large ITDs.
For the small ITDs, predominantly the primary auditory cortex
in the contralateral hemisphere was active. These data show that
coding of ITD in the cortex is fundamentally different from the
mid-brain representation of ITD, but it remains unclear how
such large ITDs are perceived if lesions impair the encoding or
decoding at different stages of the auditory pathway.

Studying clinical populations has shaped our understanding
of binaural processing, and is still useful to supplement studies
in different animal models (Gallun, 2021). Currently, structural
MRI is used in standard clinical routine for stroke patients. The
combination of the information on the precise lesion location,
and the patients’ performance in behavioral tasks, could lead
to insights into individual problems in binaural processing and
possible ways to individualize therapies.

The detrimental effects of stroke lesions on binaural hearing
tasks vary not only for different lesion locations and lesion sizes,
but can also be shaped by factors such as age, conductive or
sensorineural hearing loss, cognitive abilities, and other non-
auditory characteristics. Therefore, in addition to group analyses
that are compared to age-matched control subjects, focusing on
individual patients with all their confounding influences case by
case remains unavoidable.

The objective of the current exploratory study was to
investigate the binaural perception of individuals in the acute
phase of stroke, compared to an age-matched control group
in a quantitative, yet individual manner. Since binaural deficits
have been observed for lesions across multiple brain areas
that are not directly related to audition, we did not limit
our study to predefined regions of interest. This choice was
further motivated by our aim to conduct a relatively large-
scale study with potential to reveal patterns that would
remain unnoticed or ambiguous with smaller patient cohorts.

We conducted two binaural experiments using headphone
stimulation. Performance in both experiments relied on using
interaural differences. In the first experiment, a binaural tone-
in-noise detection task, the implicit use of interaural cues was
sufficient to detect differences to the reference stimulus. In
the second experiment, a lateralization task, listeners had to
explicitly use interaural cues to judge the perceived intracranial
position of the stimulus. These experiments, and an additional
general assessment, were completed by patients that had rather
small lesions in different brain areas. The location of the lesion
was established based on previously acquired MRI data.

2. Materials and methods

2.1 Participants

In total, 50 stroke patients (mean age of 63 years, SD:
14 years, 20 female, 30 male) and 12 control subjects (mean age
of 61 years, SD: 14 years, 9 female, 3 male) participated after
passing audiometric and cognitive assessments (see Sections
“2.2 General assessment” and “2.4.1 Audiometry” for details)
and providing written informed consent. Participants that had a
stroke will be referred to as patients, whereas those participating
in the control group will be referred to as control subjects.
The study was approved by the Medical Research Ethics
Board of the University of Oldenburg, Germany. The stroke
patients were recruited in the stroke unit of the Evangelisches
Krankenhaus, Oldenburg, Germany and tested in a quiet room.
Only those patients participated who could understand and
produce speech, who were mobile and in a general stable
condition, and able to complete the different tasks despite their
recent stroke. Exclusion criteria were additional neurological
diseases or a pure-tone average of 40 dB HL or more (see Section
“2.4.1 Audiometry”). The stroke patients participated in the
experiments on average 5 days (range: 1—9 days, 16 days for
one patient, SD: 2 days) after stroke onset. The symptoms of
stroke, as measured by the National Institute of Health stroke
scale (see Section “2.2 General assessment”), ranged from 0 to
6 points, except for one patient with a score of 20 points. The
median of the scores was one point, thus representing a stroke
cohort suffering from minor stroke. The control group was
age-matched and followed the same exclusion criteria.

2.2 General assessment

Preceding the psychoacoustic experiments, the Montreal
Cognitive Assessment (MoCA, Nasreddine et al., 2005) was
used to screen for mild cognitive impairment or dementia.
The test contains 30 tasks targeting different cognitive abilities,
and is scored with a maximum of 30 points. Scores below 26
points suggest mild cognitive impairment. Three patients with
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a performance score of 17 or lower were excluded from the
subsequent experiments.

The National Institute of Health stroke score (National
Institute of Neurological Disorders and Stroke [NIHSS], 2019)
was obtained as part of the clinical routine 24 h after the patients
came to the hospital. It consists of several measures judging the
severity of the symptoms of stroke, with a maximum score of
42 points. Scores below 5 are classified as minor stroke, below
15 as moderate stroke, and above this as moderate to severe and
severe stroke. The score includes several items related to motor
functions, but no item explicitly targeting auditory impairments.

To quantitatively assess the intensity of possible depression,
we used the short version of the Beck’s Depression Inventory
(BDI, Beck et al., 2013). It contains 7 sets of statements from
which are chosen those that best describe the patient’s current
state. To be compatible with the full version, the results are
scaled to fall within the ranges of the full test. Scores below
9 indicate no or minimal depression, those between 9 and 13
indicate mild depression. Moderate depression is indicated by
scores between 20 and 28, and severe depression by scores in the
range between 29 and 63.

The multiple-choice vocabulary intelligence test, the
German MWT-B (Lehrl, 2005), was used as an estimator for the
premorbid intelligence (unaffected by the stroke). It consists
of 37 items, each containing five words. Only one of the five
words is an established word that must be recognized, whereas
the others are neologisms. The higher the number of correctly
detected words, the higher the estimated crystallized intelligence
(part of a person’s intelligence that consists of knowledge that
comes from prior learning and past experiences).

2.3 Magnetic resonance imaging

Magnetic Resonance Imaging (MRI) was obtained as part
of the clinical routine for all patients. Two different systems
were used: a Siemens Magnetom Symphony (1.5 T) and a
Magnetom Sola (1.5 T). Lesion location and lesion volume
were extracted from these images based on the combined
information of diffusion weighted imaging (DWI), apparent
diffusion coefficient (ADC) mapping, and the fluid-attenuated
inversion recovery (FLAIR) sequence. All areas that were
hyperintense in DWI (and had a low signal in the ADC map,
thus representing restricted diffusion) were outlined on the
FLAIR images using the visualization tool MRIcroGL (Rorden
and Brett, 2000), and the volume of the lesions were calculated.
The analyses of the images was done using FSL (Jenkinson et al.,
2012), a library of analysis tools for FMRI, MRI and DTI brain
imaging data. Brain extraction was carried out using FSL BET
(Smith, 2002) based on the FLAIR images, since they allowed
better extraction than the available T1-weighted images. The
fractional intensity threshold for BET was chosen case by case,
to obtain the best extraction. The MR images were obtained in

the standard clinical routine. Thus, for a majority of patients,
only 2D MR images were available. Only in some cases 3D T1
and/or 3D FLAIR data were acquired. Linear registration of the
brain-extracted FLAIR images to MNI 152 space, a structural
template, provided by the Montreal Neurological Institute, was
carried out using FSL FLIRT (Jenkinson et al., 2002). The quality
of the resulting images was visually controlled for every subject.
The same transformations were applied to the lesion masks. The
lesion location was then estimated based on the AICHA atlas
(Joliot et al., 2015).

Overlap of the MNI-registered stroke lesions with brain
areas that belong to the auditory pathway were estimated as
follows: The main nuclei of the primary auditory pathway were
defined by the mask provided by Sitek et al. (2019) for the
subcortical areas. The auditory cortex was defined by the term-
based meta-analyses for the term ‘auditory cortex’ on the website
neurosynth.org (Yarkoni et al., 2011), which created a mask
using data from 279 MRI studies.

2.4 Psychoacoustic measurements

For all of the psychoacoustic experiments, closed
headphones with high passive sound attenuation (HDA300,
Sennheiser electronic GmbH, Wedemark, Germany) and
driven by an external soundcard (UR22mkII, Steinberg Media
Technologies GmbH, Hamburg, Germany) were used. The
stimuli were generated and reproduced by custom-made
MATLAB scripts using the psychophysical measurement
package AFC (Ewert, 2013). The sampling rate was 48 kHz.

2.4.1 Audiometry
Pure-tone audiometric testing for a restricted set of

frequencies (500, 1000, and 3000 Hz) was conducted preceding
the psychoacoustic experiments using a one-interval two-
alternative forced-choice procedure controlled by the
experimenter. The testing followed a one-up, one-down
adaptive procedure. The tracks ended after eight reversals
(initial step size was 20 dB, after the second reversal 10 dB, after
the fourth reversal 5 dB) and the thresholds were computed
from the mean of the last four reversals. The pure-tone average
over the three measured frequencies was calculated for the left
and right ear individually (PTA3 L and PTA3 R, respectively),
and averaged over the two ears (PTA3). In addition, the absolute
difference between the left and right PTA3 (PTA3 asymmetry)
was calculated. Two patients with a PTA3 L and/or a PTA3 R
of more than 40 dB HL were excluded, leading to a total of 50
patients for further study.

2.4.2 Tone-in-noise detection
In the tone-in-noise detection experiments, the participants

were presented with three intervals containing 500-ms bursts of
octave-wide white noise centered around 500 Hz (333–666 Hz).

Frontiers in Neuroscience 04 frontiersin.org

https://doi.org/10.3389/fnins.2022.1022354
http://neurosynth.org
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1022354 January 28, 2023 Time: 15:10 # 5

Dietze et al. 10.3389/fnins.2022.1022354

The stimuli were gated with 20-ms raised cosine onset and offset
ramps. The intervals were separated by 300-ms silent gaps. In
one of the three intervals, an additional 500-Hz pure-tone of
420 ms duration was added and temporally centered in the
noise. The tone had the same ramp parameters as the noise,
but its onset was 40 ms later than the noise. Similarly, the tone
offset was 40 ms before the noise offset. The participants’ task
was to detect the deviating interval (the one containing the tone)
and to press key number ‘1,’ ‘2,’ or ‘3’ on a computer keyboard,
indicating whether the first, second, or third interval was the
odd one. The tone was either interaurally in phase with the
noise (condition N0S0), or had an interaural phase difference
of π (condition N0Sπ). The experiment started without any
training and with two runs of the N0Sπ condition. This was
followed by one run of the N0S0 condition. The noise was
presented with 60 dB sound-pressure level (SPL). The level of
the tone was initially 65 dB SPL in the N0S0 condition and
50 dB SPL in the N0Sπ condition. The level varied according
to a one-up, three-down procedure, with a step size of 4 dB
up to the second reversal, and a step size of 2 dB for the
remaining 8 reversals, converging to 79.4% correct thresholds.
Thresholds are calculated as the average of the last 8 reversals.
If the staircase track hit the maximum tone level of 80 dB SPL
during a measurement, re-instructions on how to perform the
task were provided. If this did not lead to improvements in task
performance, the run was stopped and marked as invalid. No
feedback was given during the runs. The binaural masking level
difference (BMLD) was calculated from the threshold difference
between N0S0 and the better of the two N0Sπ runs.

2.4.3 Lateralization
For the lateralization task, again a one-octave wide white

noise, centered around 500 Hz with an interaural difference in
either level or time was presented. The stimuli were generated
by copying the same noise sample to both channels and then
applying the interaural difference in time or level. The task
was to indicate where the sound was perceived inside the head.
Responses were given by pressing one of the horizontally aligned
numbers ‘1’ to ‘9’ on a computer keyboard, above the letter
keys. The participants were instructed to press ‘1’ when the
sound was heard on the very left side of their head, ‘5’ for
sounds perceived in the center of the head and ‘9’ for the very
right side. For possible intracranial positions between the center
and the two extremes, the participants were asked to press the
respective number ‘2,’ ‘3,’ ‘4,’ ‘6,’ ‘7,’ or ‘8’ on the keyboard. For
visual guidance, a template with a schematic drawing of a head
indicated the positions of the ears and the center relative to
the response buttons. The template covered all of the keyboard
except for the numbers ‘1’ to ‘9.’ The duration of the stimuli was
1 s, gated with cosine ramps of 10 ms duration and presented
at 70 dB SPL. ITDs ranging from −600 to 600 µs in steps of
200 µs, and two ITDs outside the physiological range (−1500
and 1500 µs), were presented. The ILDs ranged from −12

to 12 dB in steps of 4 dB. The level of the left- and right-
ear signals was changed without changing the overall energy
by applying the formula presented in Dietz et al. (2013). In
addition, monaural stimulation of the left ear and right ear
was tested. Each stimulus was presented six times in random
order. The diotic stimulus (zero ITD/ILD) was presented eight
times. To ensure one common reference system for both types
of interaural differences, ILD and ITD stimuli were presented
interleaved. In contrast to the investigations by Furst et al.
(2000), no training and no center reference were provided in
our study. The response to the first trial of each stimulus was
not used in further analyses.

Several variables for quantitative description of the
lateralization pattern were calculated:

A linear fit to the three left-favoring and right-favoring
stimuli, individually for ILD stimuli (−12, −8, −4 dB and 4,
8, and 12 dB) and ITD stimuli (−600, −400, and −200 µs;
200, 400, and 600 µs) was used to describe the steepness of
the participants’ lateralization percept (ILD L slope, ILD R slope,
ITD L slope, and ITD R slope). The logarithmic ratio of the left
and right slope [ILD slope ratio, ITD slope ratio, e.g., ILD slope
ratio = log(ITD slope L/ILD slope R)] indicates an asymmetric
steepness of the two sides.

Variables that inform about side biases in the responses were
calculated: The mean of the responses to all ITD or all ILD
stimuli (ITD mean and ILD mean) and the mean of the fit to
left-favoring and right-favoring stimuli (ITD L fit, ITD R fit, ILD
L fit, and ILD R fit) were calculated. Furthermore, the mean
of those stimuli that were perceived as being in the center of
the head (when key ‘5’ was pressed), was calculated for ILD
and for ITD stimuli (ITD center and ILD center). The so-called
diotic percept was the mean of the responses given for the zero
ILD/ITD stimuli.

Another feature of the lateralization data is its variability.
For this, the standard deviation for zero ILD/ITD was calculated
(diotic std.), as well as the mean of the standard deviations of
the responses to each ILD stimulus (excluding the monaural
stimulation, ILD std.), each ITD stimulus (ITD std.) and the
mean standard deviation of the left-favoring and right-favoring
stimuli independently (ITD L std., ITD R std., ILD L std., and
ILD R std.). Their logarithmic ratios (ITD std. ratio and ILD std.
ratio) can indicate differences in the variability of left-favoring
and right-favoring stimuli.

The maximal range of lateralization was calculated by the
difference of the maximally lateralized responses given for ITDs
within the physiological range (ITD range), and for all ILDs
excluding monaural stimulation (ILD range). The logarithmic
ratio of the ranges obtained with ILD and ITD stimuli (range
ratio) informs about differences in the ranges perceived using
the two types of stimuli.

The perception of the monaural left and right (mon left
and mon right), and the ITDs of ±1500 µs (neg 1500 and
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pos 1500) was only evaluated in terms of the mean response
to these stimuli.

For all the variables, values within the interval of 1.5 times
the standard deviation around the control group mean were
considered to be normal. As we did not want to overemphasize
possible asymmetries of the left and right side of individual
control subjects, we also added the mirrored control data
before calculating the mean and standard deviation. With this,
the mean was not biased by individual asymmetries and the
standard deviation remained unaffected. We verified that adding
the mirrored data did not change the results substantially
from those obtained without adding the mirrored responses to
the data set. Whenever values of the calculated variables are
reported, they are in the unit of response keys (a difference of
one response button corresponds to 1/8 of the distance between
the two ears), except for the variables describing the goodness of
fit and the ratios.

3. Results

Analyses will be presented grouped by the presence of
stroke (control vs. stroke group) and grouped by the anatomical
location of the lesion (lesion groups). In addition, a selected
set of individual stroke patients will be shown throughout
the results section. These patients are chosen to highlight
the individual character of each stroke patient’s performance.
The color-coding of the eight selected patients is consistent
across Figures, allowing for comparison of their measurement
results across experiments. In the last subsection, deviations
from the control group are shown for individual cases and
for lesion groups.

3.1 General assessment

Mean values and standard deviations of the non-auditory
testing of the stroke and the control group are shown in
Table 1. According to statistical tests (two-sample t-tests),
the two groups did not differ in age, not in their pure-tone
average over the three tested frequencies, and also not in the
absolute asymmetry of their left and right PTA3. The scores
for the multiple-choice vocabulary intelligence test (MWT-B)
and the short form of Beck Depression Inventory (BDI) also
did not differ significantly between the groups. In the cognitive
screening test (MoCA) however, significantly lower scores were
obtained for the stroke group compared to the control group.

3.2 Audiometry

The pure-tone audiometry thresholds for 500, 1000, and
3000 Hz revealed that 35% of the participants had a PTA3

(hearing thresholds averaged over the three frequencies and the
two ears) of 20 dB HL or higher, indicating a slight hearing
loss (Figure 1). Increased hearing thresholds were especially
prevalent at the highest tested frequency of 3000 Hz. Similar
PTA3 thresholds were found for the control subjects and for
the stroke patients (Table 1), indicating that the pure tone
hearing thresholds were not stroke-specific. The selected set of
eight stroke patients, indicated by the colored dots, and the two
selected control subjects, indicated by the filled gray boxes, span
the range of hearing thresholds.

3.3 Correlation analyses

We computed correlations between age and PTA3 and the
scores obtained from the general assessment (MoCA, BDI,
NIHSS, and MWTB). All correlations were computed for the
stroke group and the control group together, because the mean
values for the two groups did not differ significantly, except
for the MoCA scores (see Table 1). The correlation between
age and PTA3 was statistically significant (ρ = 0.59, p < 0.01).
With this, one cannot clearly distinguish between age effects
and effects of hearing loss on the other outcome measures.
Age and the MoCA score (ρ = −0.36, p < 0.01) and PTA3
and the MoCA score (ρ = −0.35, p = 0.01) were negatively
correlated. The negative correlation between age and the BDI
score (ρ = −0.28, p = 0.03) was statistically significant, as well.
None of the other correlations were statistically significant with
the alpha level set to 0.05 (see Table 2 and Supplementary
Figure 1).

3.4 Tone-in-noise detection

The majority of participants (44 of the 50 stroke patients,
and 11 of the 12 control subjects) produced converging tracks

TABLE 1 General assessment results.

Stroke
N = 50

Control
N = 12

Test
statistics

Age [years] 63 (14) 61 (14) t(61) = −0.46,
p = 0.647

PTA3 [dB HL] 18 (8) 14 (9) t(61) = −1.54,
p = 0.129

PTA3 asymm.
[dB]

4 (4) 5 (4) t(61) = 0.65,
p = 0.518

MoCA score 23.90 (4.68) 28.36 (1.63) t(60) = 3.10,
p = 0.003

MWT-B score 29.72 (4.07) 31.37 (4.15) t(59) = 1.21,
p = 0.231

BDI short score 7.60 (5.04) 6.30 (3.15) t(61) = −0.86,
p = 0.394

Mean, standard deviation, and t-test results for stroke and control groups. Values are
given in the form ‘mean (standard deviation)’.
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FIGURE 1

Pure-tone audiometric thresholds of the control group (squares) and the stroke group (circles) measured at the right ear (A) and left ear (B).
Selected participants are highlighted by the color coding used throughout the figures.

TABLE 2 Correlations between age and PTA3 thresholds and the
results of the non-auditory measurements (MoCA, BDI, NIHSS, and
MWT-B) for stroke and control group together.

Age [years] PTA3 [dB HL]

Age [years] − ρ = 0.59, p < 0.001

PTA3 [dB HL] ρ = 0.59, p < 0.001 −

MoCA score ρ = −0.36, p < 0.001 ρ = −0.35, p = 0.01

BDI score ρ = −0.28, p = 0.03 ρ = 0, p = 0.97

NIHSS score ρ = 0.11, p = 0.44 ρ = 0.20, p = 0.17

MWT-B score ρ = 0.14, p = 0.29 ρ = −0.18, p = 0.17

in both conditions of the tone-in-noise detection task. The
BMLD was calculated from the difference between N0Sπ

and N0S0 thresholds (see Supplementary Figure 2). Four
patients (S6, S18, S20, and S24) and one control subject
(C3) produced a convergent track only in the N0S0-condition,
preventing the estimation of the BMLD. S2 and S44 did
not produce any converging tracks. It is not known why
these participants were not able to perform the task. Due
to restricted measurement time, the tasks were not repeated.
The normal values of BMLD, as defined by the mean
±1.5 times the standard deviation of the control group
results, ranged from 7.5 to 20.1 dB. Of those participants
that produced convergent tracks, 93% of the stroke group
(41 of 44 patients) showed a BMLD of 7.5 dB or more.
This result is comparable to the result from the control
group, with 91% of the subjects demonstrating a BMLD
of 7.5 dB or more. As shown in Figure 2 there was
a significant negative correlation of the BMLD with age
(ρ = −0.36, p = 0.02), but not with PTA3 (ρ = −0.22,
p = 0.11).

3.5 Lateralization

In general, all participants were able to complete the
lateralization task and almost all reported that the monaural
stimuli were perceptually different from the binaural stimuli,
and that they were the easiest stimuli to lateralize. For many
patients, visual inspection of the data did not reveal any
impairments in lateralization. Selected group analyses (averages
over lesion groups) are presented in Table 3. In the following
paragraphs, the observed lateralization patterns of the control
group and the lesion groups will be discussed in terms of group
averages and examples of individual patients.

In particular, data from eight patients with different lesion
locations and volumes (see Figure 3) were selected for individual
presentation. The results of the lateralization task (perceived
intracranial position for the presented ILDs and ITDs) are
shown in Figure 4 for two example control subjects (panel A
and B) and the eight selected stroke patients (panels C-J). These
patients are not fully representative of the average patient for
their respective lesion group, but rather display distinct response
patterns. The lateralization results of all other participants can
be found in the Supplementary Figures 3–8.

3.5.1 Control group
Physically left-favoring, to consecutively more

right-favoring stimuli, were perceived from the left to the
right inside the participants’ heads for the ILD and ITD stimuli
for all control subjects, with only slight deviations. Apparently,
the chosen ILDs, ranging from −12 to 12 dB did not lead
to strongly lateralized auditory images (responses close to
response keys 1 = left and 9 = right). Previous studies already
demonstrated that the extent of perceived lateralization for ILDs
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FIGURE 2

Binaural masking level difference (BMLD) resulting from the
binaural tone-in-noise detection experiment. BMLD over PTA3
in panel (A) and BMLD over age in panel (B) for control subjects
(squares) and stroke patients (circles). The line represents a
linear fit and the inset represents the correlation coefficient and
the respective p-value. Selected participants are highlighted by
the color coding used throughout the figures.

of this magnitude varies across subjects (Baumgärtel and Dietz,
2018). It also depends on frequency, with stronger lateralization
perceived for the same ILD magnitude and higher-frequency
signals (Bernstein and Trahiotis, 2011). Auditory space was
distributed roughly symmetrically around zero ITD/ILD, being
reflected in the average perceived position over all ILD and
ITD stimuli (mean) of 5.2 in the control group. Even in the
control group, the perceived intracranial positions were not
perfectly distributed around the center (5.0). Monaural left or
right stimulation was perceived close to the most lateralized
intracranial positions (mon left: 1.5 and mon right: 8.6) with
almost no intra-individual variability. For all ILDs and all
absolute ITDs = 600 µs, a small variability in single trials can

be seen. The standard deviation of given responses was for
all stimuli approximately in the range of one response key
for the control subjects (e.g., 1.1 for diotic std., the standard
deviation of zero ILD/ITD). Only one person of the control
group produced much more variable data. The variability of
ITDs of ±1500 µs was larger than for smaller ITDs in most
control subjects. This unnaturally large ITD was perceived less
lateralized compared to smaller absolute ITDs. Based only on
the center frequency (500 Hz), one cannot distinguish between
a time shift of −500 or +1500 µs, as the period at this frequency
is 2000 µs. However, since the stimulus is a white noise of
333 Hz bandwidth centered around 500 Hz, the auditory system
can partially resolve this ambiguity, by exploiting either the
interaural correlation at other frequencies or the envelope ITD.
The range of lateralization was larger for ITDs (5.5) compared to
ILDs (3.7) and for both interaural differences was much smaller
than the maximal possible range of 8.

In the Figures 4A, B, examples of data from two
typical control subjects (C2 and C11) show the main trends
described above. The colored symbols represent the responses to
individual trials of the same stimulus, except for the discarded
first trial. The black crosses indicate the means of the given
responses. The red and blue lines represent linear fits to right-
favoring and left-favoring stimuli, respectively. If no asymmetry
was present in a participant’s responses, they should have the
same slope on both sides. Completely symmetrical responses
to left-favoring and right-favoring stimuli were obtained only
by a small number of control subjects. Obviously, for some
individual trials the participants’ responses differed from the
expected pattern, as for example in one trial with subject C2,
the response to monaural-right stimulation was the left-most
response key. This intra-individual variability can occur for
various reasons. For example, it may be due to perceptual
variability per se, but could also depend on the state of attention,
or lack of concentration when reporting the percept. In
Figures 4C–J, the general trends observed in the control group
are visualized with the gray line and shaded area indicating the
mean and the 1.5 times standard deviation interval around the
mean response of the control subjects.

Despite the reduced range of lateralization in most
participants, different lesion groups were found to be associated
with altered lateralization percepts.

3.5.2 Brainstem lesions
In only one of the seven patients with a brainstem lesion

(S42) did the lateralization results visually resemble the control
group. All the others showed obvious deviations from the
control group. In four of the seven patients of the brainstem
lesion group (S7, S10, S12, S22, and S32), a reduced set of
response keys was used. The responses were given in the
categories left–center–right or only left–right. This is partially
reflected in the diotic std. of 1.8 for this lesion group. Lesions
in the brainstem (medulla, pons, or midbrain) did not alter
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TABLE 3 Quantification of the lateralization results for the lesion
groups.

Mean diotic
std.

ITD
range

ILD
range

mon
left

mon
right

Control (12) 5.2 1.0 5.5 3.7 1.5 8.6

bs l (3) 5.9 1.2 5.3 5.0 1.5 8.7

bs r (4) 4.8 1.4 4.8 4.0 1.3 8.9

thal l (4) 4.7 1.4 4.3 3.4 2.1 8.3

bg l (7) 4.9 1.3 4.8 3.2 1.9 8.7

bg r (4) 5.6 1.6 4.2 2.8 3.1 7.8

multi l (7) 5.3 1.8 5.5 4.4 1.5 7.9

multi r (9) 5.5 1.3 4.8 3.5 2.3 8.5

occi l (3) 5.1 0.8 4.3 4.0 1.1 8.9

cereb l (2) 5.1 1.4 5.1 3.4 1.3 8.5

cereb r (2) 5.7 1.0 3.8 3.2 1.4 8.7

multi b (5) 5.1 2.3 6 4.4 2.0 8.3

Bs, brainstem; thal, thalamus; bg, basal ganglia; multi, multiple lesion sites; occi, occipital
lobe; cereb, cerebellum; l, left; r, right. All values are in the unit of response keys (1 = left,
5 = center, and 9 = right).

the perception of monaural stimuli (average of the left-sided
and right-sided lesions for the monaural left stimulus: 1.4 and
8.8 for monaural right stimulation), except in patient S7. Two
examples of this group (S10 and S32) are presented in Figure 4
and discussed below.

Patient S10 (73 years) had a lesion in the caudal medulla
to rostral pons on the left side. All stimuli, except for the
monaural left stimulus, were perceived in the right hemifield
(see Figure 4C). This patient gave no responses between center
(key 5) and right (key 9). Especially in the case of ITD,
right-favoring stimuli were mainly perceived on the right side,

whereas left-favoring stimuli were perceived in the center or
at the right ear. For the monaural-left stimulus, however, the
patient consistently reported the left-most position. The patient
had the maximal possible score in the MoCa, but, with a PTA3
of 31 dB, a mild hearing loss and also a PTA3 asymmetry
of 11 dB, with a higher threshold in the left ear. The patient
was not using a hearing aid. In the tone-in-noise detection
task, the track of the binaural condition (N0Sπ) was initially
approximately 10 dB below the monaural condition (N0S0).
The track finally converged to the monaural threshold, as the
interaural information was no longer exploited, leading to a
BMLD below the normal range.

A lesion comparable to the case described above, but on the
right side, was found in the patient S32 (75 years), and is shown
in Figure 4D. The patient never reported a centralized percept
(answer keys 4, 5, and 6 were never used) and all stimuli were
perceived very close to either ear. The ILD/ITD = 0 stimulus
was more often perceived on the left side. Also, both of the
supranatural 1.5 ms ITD stimuli were perceived on the left side.
This patient had a BMLD of 12.5 dB (within the normal range)
and a MoCA score of 22.

Patient S26 (77 years) who was not in the pure-brainstem
lesion group, but had multiple lesion sites in both hemispheres,
including the left brainstem, also only responded in two
categories, but never reported a stimulus to be in the center.

3.5.3 Thalamus lesions
We observed a shift of the auditory space in all patients with

a thalamic lesion. However, one left-sided stroke patient showed
a shift toward the right side, the other three to the left side.
Therefore, the mean responses in this lesion group were only

FIGURE 3

Lesion locations overlaid on axial slices of the MNI152 template. The lesion group and the lesion volume is given in the legend. Selected patients
are highlighted by the color coding used throughout the figures.
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FIGURE 4

Results of the lateralization task for two example control subjects in panels (A,B) and eight selected stroke patients in panels (C–J). The colored
symbols represent the responses given to the individual trials of the same stimulus, except for the discarded first trial. The black crosses indicate
the means of the given responses. The red and blue lines represent linear fits to right-favoring and left-favoring stimuli, respectively. The gray
line and shaded area in panels (C–J) indicate the mean and the 1.5 times standard deviation interval around the mean response of the control
subjects.
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slightly shifted toward the left side (mean of 4.7). This also led
to a smaller ITD range (4.3) and ILD range (3.4) than in the
control group. In this group, on average, the monaural stimuli
were not perceived as much lateralized as in the control group
(monaural left: 2.1, monaural right: 8.3). However, this group
finding resulted mainly from one patient (S36) that had a high
rate of left-right confusions, this was not observed in any other
patient of the group.

The patient S38 (59 years) chosen as an example
for this group and shown in Figure 4E had a very
small lesion in the left lateral thalamus (calculated lesion
volume = 278 mm3). This damage seems to have led to
a shift in the auditory space toward the left side and
a reduced range of lateralization. All left-favoring ILD
stimuli and the diotic stimulus were perceived at the
same position on the right side, indicating that they were
indistinguishable by this patient (see Figure 4E). Unlike
the other patients with a thalamic stroke, this patient had
almost no benefit from binaural listening in the tone-in-noise
detection task (BMLD of 3 dB, below the normal range),
even though small changes in ITD led to more lateralized
percepts. It is unclear, however, if this patient would have
improved with more training, as the second run of the N0Sπ

condition converged to a lower threshold compared to the
first run.

3.5.4 Basal ganglia lesions
Due to the small number of patients in the previously

presented groups, comparisons between left-sided and right-
sided lesions were not feasible. The basal ganglia lesion
group, however, consisted of a larger number of patients
(11) with 7 left-sided and 4 right-sided lesions. Comparison
of the results between the left- and right-sided lesion cases
revealed clear differences in lateralization results. Left-
sided basal ganglia lesions resulted in lateralization patterns
comparable to the control group. Also, the BMLD for
these patients was 10 dB to 19 dB and was thus within the
normal range. Patients with right-sided lesions however,
showed a higher trial-to-trial variability, compared to
the left-sided lesion group. On average, the auditory
space of the right-sided stroke group was shifted toward
the right side (mean of 5.6). Two patients in the right-
sided basal ganglia lesion group (S19 and S25) perceived
the monaural stimuli more centralized than the control
group. One patient (S2) of the right-sided lesion group
was not able to carry out the tone-in-noise experiment,
while the other three had BMLDs of 11 to 16 dB, within
the normal range.

The lateralization results of one of the patients with right-
sided basal ganglia damage (patient S25, 58 years) is shown in
Figure 4F. In this selected patient, the patterns described above
(high variability and shift) are also present. The patient had a
BMLD within the normal range (16 dB).

3.5.5 Cerebellar lesions
Four patients had lesions in the cerebellum. By visual

inspection, in two of them (S4 and S37) the lateralization
performance differed from the control group. In patient S4,
with a right-sided lesion, almost no change in lateralization for
different ITDs could be observed, but a smooth, though flat,
transition for ILD-based lateralization. Patient S37 showed no
impairments in ITD-based lateralization, but the variability of
left-favoring ILD stimuli was larger than for right-favoring ILD
stimuli. All BMLDs of this group were within the normal range.

3.5.6 Multiple lesions in one hemisphere
In many cases, stroke lesions were distributed over several

cortical and subcortical areas (see, e.g., patient S6 in Figure 3).
Therefore, this group is especially heterogeneous. Almost all
patterns described in the previous groups can be found in
some of the patients in this group. In more than half of the
cases, large differences to the control group can be observed
by visual inspection. The trial-to-trial variability of the given
responses was increased in a large number of patients with
multiple cortical lesions, even if the auditory cortex was not
directly affected (e.g., S23 and S48). Especially contralesional
difficulties, as shown by highly variable lateralization responses
or a less steep slope in the contralesional hemifield, can be
found (e.g., S13 and S20). Interestingly, only in two patients
(S6 and S48) was a neglect reported with the NIHSS tests.
Both had increased variability on the left (contralesional) side
and reported some of the left-favoring stimuli on the right
side. For some patients (e.g., S6, S20, and S41) with right-
sided cortical and subcortical lesions, the left-favoring and the
right-favoring stimuli with an ITD of ±1500 µs were both
perceived on the right (the ipsilesional) side. With multiple
lesion sites in the left hemisphere, only one patient (S13)
had this ipsilesional shift, whereas two others (S29 and S45)
also had a shift toward the right—in this case contralesional
side.

Two of three patients with damage to the occipital lobe
showed almost normal patterns of lateralization, and BMLDs of
11 dB and 18 dB (within the normal range). The third member
of this lesion group (patient S3, 72 years, lateralization results
shown in Figure 4G) showed almost no sensitivity to ITD-
based stimuli, whereas ILDs led to lateralization within the
normal range, very similar to the cerebellar stroke patient S4
described above. Compared to the other group members, patient
S3 had a slightly reduced BMLD of 8 dB, just within the normal
range.

In patient S13 (76 years, presented in Figure 4H) damage
mainly to the superior frontal lobe on the left side led to an
almost normal lateralization performance in the ipsilesional
hemifield, but increased variability for the zero ILD/ITD
stimulus and right-favoring stimuli. The monaural left and
right stimuli and the BMLD were unremarkable and within the
normal range.
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Patient S6 (62 years) had widespread lesions in the right
hemisphere, including temporal and frontal cortex areas, the
insula and basal ganglia. This patient showed high variability
for the left monaural stimulus, whereas responses to the right
monaural stimulus did not vary much from trial to trial
(Figure 4I). In this patient, the difference between the left and
the right hemifield was even stronger than in S13. The responses
to right-favoring interaural differences varied very little, whereas
the left-sided (contralesional) stimuli varied a lot and were even
sometimes reported on the other side. This person also showed
signs of neglect that were captured with the NIHSS. Again, the
BMLD was not affected.

3.5.7 Multiple lesions in both hemispheres
Compared to the other lesion groups, data interpretation

for the patients with multiple lesions distributed in both
hemispheres was very difficult. None of these patients showed
results similar to the control group.

Patient S21 (66 years), presented in Figure 4J, had
small lesions in the left precuneus cortex and the right
occipital cortex, but a large lesion in the right cerebellum,
probably also including small portions of the left medulla.
This patient had a NIHSS score of 20 points, but the item
on neglect was rated with zero points. Patient S21 showed
considerable differences in lateralizing ILD- or ITD-based
stimuli. ITD-based lateralization appeared mostly unaffected,
whereas the ILD-based lateralization results were shifted
toward the left with high trial-to-trial variability. However,
this could also be related to the PTA3 difference of 9 dB
between the two ears (right ear more sensitive). Nevertheless,
responses to stimuli without any interaural difference varied
strongly, but adding an ITD of 200 µs or −200 µs already
led to strong and reliable right-lateralized or left-lateralized
percepts. The BMLD of 13 dB was within the normal
range.

3.5.8 Lesions on the primary auditory pathway
This lesion group contains patients for which the MNI-

registered lesion outline overlaps to some extent with areas
of the primary auditory pathway (subcortically or cortically).
These patients are already included in the previous lesion
groups. Many patients of this group show distinct lateralization
patterns. Three of the selected subjects shown in Figure 4 had
lesions of the auditory pathway. S10 (Figure 4C) had a lesion
of the left superior olivary complex (SOC), S32 (Figure 4D) a
lesion of the right SOC, and S6 (Figure 4I) a lesion of the right
auditory cortex. Altered lateralization patterns were also found
for S7 (lesion close to the left cochlear nucleus and SOC) and
S31 (lesion between SOC and inferior colliculus). This indicates
that direct involvement of the auditory pathway does affect
the lateralization in almost all cases. However, in S14 (multiple
lesions close to the left SOC and dorsal of the right AC) and S16
(partial overlap with left AC) parts of the auditory pathway seem

to be affected without leading to obvious influences on these
patients’ lateralization performance.

3.6 Differences to the control group

Verbal description of the performance in the two
experiments as given above fails to reveal some of the general
patterns within specific lesion groups. An attempt to quantify
the results of both experiments relative to the control group is
shown in Figure 5, showing divergences from the control group
for all individual patients for different variables calculated from
the results of the tone-in-noise detection experiment and the
lateralization experiment. For each variable, the upward and
downward triangles indicate higher or lower values compared
to the normal range (mean ± 1.5 standard deviation) of the
control group. The patients are grouped according to the lesion
locations. The variables are clustered in group A to group G,
describing different response characteristics. The gray shadings
indicate the percentage of deviations from the control results
within each specific subgroup (lesion group and variable
cluster). For the lesion group ‘brainstem left’ for example, the
percentage of divergences in cluster A is approximately 11
percent (one out of nine).

The variables in cluster A are the thresholds of the tone-in-
noise experiment. For these variables, the strongest divergences
were found in the ‘thalamus left’ lesion group. Cluster B consists
of variables describing a shift of auditory space. Again, the
‘thalamus left’ lesion group showed the most divergences for
these variables, followed by the groups ‘brainstem left,’ ‘multiple
lesions left,’ and ‘basal ganglia right.’ The highest percentage of
divergences in cluster C (variability of the data) can be observed
for the ‘basal ganglia right’ group, followed by the groups
‘brainstem left,’ ‘multiple lesions bilateral,’ and ‘multiple lesions
left.’ The highest percentage of divergences from the control
group in variables of cluster D are found in the ‘brainstem left’
lesion group. Cluster D is a collection of variables that describe
the slopes of the fits. Cluster E describes the ranges of ITD- and
ILD-based stimuli, as well as the difference between the ranges.
Again, the most divergences are found for the group ‘brainstem
left.’ The perception of monaural stimuli (cluster F) differed
from the control group most for the lesion group ‘basal ganglia
right,’ whereas the large ITDs outside the physiological range
(cluster G) were perceived differently to the control group by
the groups ‘brainstem left’ and ‘brainstem right.’

From the data presented in Figure 5, it becomes apparent
that lesions in the left basal ganglia, the occipital lobe and the
cerebellum did not lead to lateralization patterns that differ
from the control group to any great extent (no more than
33 percent), whereas divergences in many variable clusters are
found for patients with damage in the brainstem, the thalamus,
and right basal ganglia, and for those individuals with multiple
lesions in one or both hemispheres. Much stronger differences,
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FIGURE 5

Divergences from the control group for different variables. Red upward triangles indicate values of individuals that are larger and yellow
downward triangles values that are smaller than the normal values (mean ± 1.5 times standard deviation) calculated from the control group.
Crosses indicate missing values. The gray shading indicates the percentage of deviations found within one lesion group for one of the variable
groups (A–G). The red font is used for those patients who had a lesion on the primary auditory pathway. Selected patients are highlighted by the
color coding used throughout the figures.
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FIGURE 6

Summary representations of the stroke-related binaural hearing
deficits across patient groups. Panel (A) shows the percentage
of patients who had BMLD-values that were worse (smaller)
than the control group mean by more than 1.5 standard
deviations or could not complete the task. Panel (B) shows the
percentage of possible divergences of all values calculated for
the lateralization patterns with error bars denoting the standard
deviation across participants for the control and lesion groups.

especially in clusters B, C, and F are present in those patients
with lesions to the right basal ganglia compared to left basal
ganglia. Furthermore, all but one of the seven patients who were
not able to complete the tone-in-noise detection experiment had
multiple lesion sites.

The data presented in Figure 5 was condensed to a simpler
representation by extracting the percentage of divergences of
the BMLD and a general measure of lateralization performance
by averaging over the number of divergences of all variables
in clusters B-G. Lesion groups were pooled over left-sided and
right-sided groups. The value for these simplified BMLD and
lateralization measures are shown in Figures 6A, B, respectively.
Note, that panel A represents the percentage of patients showing
smaller than normal or non-convergent tracks in the BMLD
task, whereas panel B represents the mean percentage of possible
deviations in a given group with the error bars denoting the
standard deviation across participants in the group.

For two of eleven patients with lesions in the brainstem
or the thalamus, the BMLD diverged from the normal values.
One patient of each lesion group had a BMLD of less than
7.5 dB. One patient with a lesion of the basal ganglia and five
of 16 patients with unilateral cortical lesions did not produce
converging tracks in the task, representing the most remarkable
divergence in this task. No divergences were observed for the
other lesion groups (see Figure 6A). Two of seven patients with

a lesion on the primary auditory pathway diverged from the
normal values. One of these two patients produced a BMLD
of 6.25 dB, the other one did not produce converging tracks in
the dichotic condition of the task. In general, deviations of the
BMLD were not frequently observed in the stroke group.

In contrast, for all lesion groups, divergences in terms of the
lateralization pattern are found (see Figure 6B). Both measures
have the highest percentage of divergences for the patients with
a lesion on the primary auditory pathway as shown with the red
bars in Figure 6.

4. Discussion

In the present exploratory study, our aim was to investigate
the binaural perception of individuals in the acute phase
of stroke. The performance of the stroke patients in two
binaural headphone experiments and the results of the general
assessment were compared to an age-matched control group.
To our knowledge, this was the first time that the same
binaural hearing tasks were conducted in acute-phase stroke
patients with various lesions, ranging from the brainstem up to
cortical areas. Interpreting these data is a challenging endeavor,
especially for the results of the lateralization task, where several
metrics are possible and necessary. Using various approaches
of comparing patients on a group level and individually with
the control group, we found impaired binaural hearing in the
majority of stroke patients as shown in Figures 5, 6.

One of the most prominent results was that some of the
brainstem-lesion patients lateralized ITD and ILD stimuli in
a categorical manner, as suggested by the fact that only a
reduced set of response keys was used. For instance, some of
these patients commonly gave responses in the categories left-
center-right or only left-right, with no responses at intermediate
positions. As the information from the left and right ear
is integrated in brainstem nuclei for the first time, strongly
altered lateralization patterns were expected for the patients
who had suffered a stroke to these structures. Accordingly,
some of the most prominent distortions in spatial perception
were found for brainstem lesion patients. For instance, the
cases without responses in the center position were almost
exclusively associated with damage of the brainstem (e.g.,
S32). For this lateralization pattern, at least two interpretations
are possible. First, it is possible that a fused image was
perceived, but it was lateralized very much toward the sides.
An alternative explanation would be that binaural fusion failed
for these subjects. As a result, they might have perceived split
auditory images (two separate sound sources rather than a
single fused image) and reported the position of the dominant
image. This ambiguity could be resolved by asking for the
number of perceived sound sources in any subsequent studies.
The described pattern of side-oriented lateralization was also
reported by Furst et al. (2000) for lesions in rostral parts of
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the brainstem. In contrast to their findings, we did not observe
center-oriented patterns (consistently no lateralized percept) in
any of the patients from the brainstem lesion group. Despite the
many differences between the brainstem patients and the control
group as seen in Figure 5, both ILD and ITD stimuli evoked
lateralized percepts in all but one patient (S31) of this lesion
group. The mean responses of this patient were close to center
for all ILD stimuli and left-sided ITD stimuli. The patient had a
reduced ITD range, but also a larger standard deviation than the
control group. This pattern of responses is suggestive of reduced
sensitivity to interaural cues rather than of a center bias.

Left-sided thalamic lesions were, in all cases, correlated
with a shift in the lateralization results for both ILD and
ITD stimuli. This becomes clear from the high prevalence
of deviations in cluster B of this group shown in Figure 5.
Three out of four patients of this lesion group showed a shift
toward the ipsilesional side. No conclusion on the effects of
left- vs. right-sided lesions can be drawn, because none of
the patients in this study had a lesion of the right thalamus.
In addition, one subject with a thalamic lesion displayed
remarkably high trial-to-trial variability in their lateralization
responses. The medial geniculate nucleus (MGN) located in the
auditory thalamus receives projections from the ipsilateral and
contralateral inferior colliculus and projects to the ipsilateral
auditory cortex (Pickles, 2013). Assuming that these projections
are damaged by the stroke, one possible explanation for the
lateralization shifts could be that corrupted inputs reach the
MGN. Higher variability could be related to altered inputs to
the cortical representation stages (outputs of the MGN). Besides
damage to auditory nuclei, shifts in auditory space could also be
related to asymmetrical hearing thresholds (Florentine, 1976).
The hearing thresholds at 500 Hz were symmetrical between
the two ears in all patients of this lesion group (except for the
one with the increased trial-to-trial variability), but the PTA3
asymmetry was in a range of 4 to 13 dB and pointed toward
the direction of the shift. This is in agreement with a significant
correlation of PTA3 asymmetry with both ILD mean (ρ = 0.34,
p = 0.017) and ITD mean (ρ = 0.34, p = 0.016) when including all
patients of the stroke group. Even though the PTA3 asymmetry
can influence the results of the lateralization task, the finding of
shifted auditory space for all thalamic-lesion patients indicates
an influence of the left thalamus on lateralization. This is in
line with previous studies that have found a connection between
thalamus lesions and visuospatial neglect (Karnath et al., 2002).

A biased auditory egocentric space in cases with inferior
parietal and frontal dysfunction was reported by Bellmann
et al. (2001). Further, they found an imbalance of attentional
load allocated to the left and right hemispaces (hemispatial
inattention) following lesions of basal ganglia and insular cortex.
Both mechanisms (biased spatial perception and unbalanced
spatial attention across hemifields) come into play for our
lateralization task, but their effects are difficult to distinguish
in our data. Shifted auditory space and altered lateralization

slopes (steepness of the lateralization function of ITD/ILD, see,
e.g., S38) indicate distortions of spatial representation. Increased
trial-to-trial variability, on the other hand (e.g., S13 and S25),
may be indicative of attentional or cognitive impairments,
or both. Also, Gutschalk and Dykstra (2015) concluded that
more work is needed to develop clinical protocols that can
clearly distinguish localization deficits from disorders of spatial
cognition. The effects of the right basal ganglia on the
lateralization patterns that we observed, could be attributed
to attentional deficits. In contrast to Bellmann et al. (2001),
our results show that the perception of both left-favoring, as
well as right-favoring stimuli was affected in some patients
(see Figure 5). Given the supra-modal nature of the neglect
syndrome, a basal ganglia lesion may affect auditory and visual
hemispatial attention. Influences of right basal ganglia lesions on
the visuospatial perception of both, ipsi- and more frequently
contralesional stimuli were already reported by Karnath et al.
(2002).

For almost all patients with multiple lesions in one or both
hemispheres, we found lateralization patterns that differed from
the control group in terms of increased variability and decreased
slopes, as shown by the high number of divergences in the
clusters C and D of Figure 5. Besides contralesional deficits as in
patient S6 with multiple lesion sites, including the right temporal
lobe, many patients also displayed ipsilesional deficits for both
left- and right-sided lesions. This is only partially in line with
previous literature (see Häusler and Levine, 2000 for a review)
that suggests a dominance of the right hemisphere in auditory
spatial representation. In our study, a comparison of left-
sided and right-sided cortical lesions might not be meaningful,
because of the unequal distribution of lesion sites. Since the
inability to understand and produce speech is mainly observed
after damage to left-hemispheric language areas, and was one of
the exclusion criteria, left-sided and right-sided groups differed
in terms of their lesion locations. For basal ganglia lesions
however, strong differences between the left and right side were
observed, with more frequent and more severe deficits after
right-sided lesions than for left-sided lesions. This result is
similar to the results presented in Karnath et al. (2002) for the
visual modality.

The perception of ±1500 µs ITDs, i.e., ones that are
larger than those usually experienced under natural listening
conditions, was only rarely affected. In the brainstem-lesion
patients S10, S22, and S32, the left-favoring and right-favoring
stimuli were both perceived on the contralesional side. The
ambiguity of this stimulus stems from the conflicting interaural
cues conveyed by the envelope (indicating the position on
the leading side) and the temporal fine structure (indicating
a stimulus on the opposite site). With damage in one side of
the brainstem, the ipsilesional cue may not be accessible to
the next processing stage or less weight might be given to it.
With multiple cortical and subcortical lesions, the outcomes are
more diverse. While some patients (e.g., S13 and S20) perceived
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both of these stimuli only on the ipsilesional side, other
patients (e.g., S29 and S45) perceived them exclusively on the
contralesional side. These findings point to the interpretation
that disturbances at different levels of ITD representation stages
can lead to stimuli with unnaturally large ITDs being perceived
at different intracranial positions. Coding of such large ITDs was
already found to differ at midbrain, compared to cortical, levels
(Thompson et al., 2006; Kriegstein et al., 2008). While the exact
combination of computational processes by which the auditory
system encodes ITDs remains elusive, stroke lesion studies such
as the present one could potentially aid in their elucidation.
However, due to the rarity of psychoacoustic data from stroke
survivors, combined with the highly individual nature of stroke
lesions, more data is needed before meaningful interpretations
are possible.

The dichotic tone-in-noise detection task is a better test for
the implicit use of interaural differences compared to the more
commonly used measurements of just-noticeable differences
in ILD and ITD cues. In many cases, the performance in
these tasks depends on the explicit perception of intracranial
positions rather than on the general ability to exploit binaural
cues for unmasking. To be able to directly compare the results
of the implicit tone-in-noise detection task with those of the
explicit lateralization task, we refrained from using speech-
related tasks such as the one used in, e.g., Tissieres et al.
(2019). The results of our lateralization task revealed that
five of the six patients with lesions in the right basal ganglia
showed remarkable impairments in ITD-based lateralization,
which requires the explicit use of interaural differences. Four of
these five patients had a BMLD in the normal range (and one
only slightly below the normal range), indicating that they had
access to implicit ITD information, despite the fact that they
could not exploit ITDs explicitly in the lateralization task. This
reveals that altered ITD-based lateralization is not necessarily
related to dysfunctional encoding at the primary stage in the
superior olivary complex. Instead, it seems that damage to
the explicit representation stages can impair lateralization even
if the primary encoding stages remain unaffected. In general,
few patients had smaller than normal BMLDs. Similarly, also
Lynn et al. (1981) reported that the speech BMLD was not
affected in patients with lesions on cerebral, thalamic, midbrain
or rostral pontine levels. In their study, only patients with
lesions at the ponto-medullary level showed a reduced BMLD.
In our study, two patients had a lesion at the ponto-medullary
junction. One of these two patients had a reduced BMLD.
Only two of the remaining 48 patients with lesions at other
areas had a reduced BMLD. Due to these low numbers, no
clear supporting or contradicting conclusions can be drawn. On
the other hand, the inability to do the tone-in-noise detection
task (missing values due to non-convergent tracks, indicated by
crosses in Figure 5) was observed in some patients in which,
among other areas, the basal ganglia were damaged and in some
patients also frontal cortical areas. Cortico-striatal loops have

been shown to be involved in auditory discrimination learning
(Znamenskiy and Zador, 2013), which is a necessary ability for
this experiment. This implies that the slightly more complex
tone-in-noise detection task needs to be learned first, and may
therefore not be an optimal measure of the accessibility of
implicit interaural information for participants with learning
difficulties. Besides the theoretical implications, the deviations
in the BMLD as shown in Figure 6, and in particular the inability
to complete the task, could be of clinical interest. The BMLD is
correlated with age, but the occurrence of stroke does appear to
constitute an additional factor affecting binaural tone-in-noise
detection performance for some stroke patients. As such, the
BMLD could potentially be used clinically to detect effects of
stroke on binaural hearing.

Due to the heterogeneous group of participants and the
highly individual nature of stroke lesions, the present study is
affected by a number of confounding factors. We sought to
capture some of these by additional auditory and non-auditory
measures such as the audiometry and the MoCA. To paraphrase
Gallun (2021), the perturbations caused by nature and not
manipulated in the laboratory are never uniform and not easily
documented.

In the present study, the selection of patients could not
control for the influence of age and hearing loss, but the control
group was age-matched and did not differ significantly in their
hearing thresholds or in the results of the general assessment.
Only the results of the MoCA differed significantly between the
stroke and control groups (see Table 1). Almost all non-stroke-
related difficulties should be rather equally present in both
groups. We therefore concluded that the observed effects on a
group level, though not on an individual level, can be attributed
to the stroke and possible comorbidities, rather than on hearing
loss. The selection of those cases presented in Figures 3, 4 was
based on the results of the lateralization task. The selected stroke
patients span the whole range for all measured variables (see
Supplementary Figure 1). For the stroke patients, of course, the
premorbid performance is not known.

The stimuli of both experiments were chosen to be centered
around 500 Hz, which is usually spared by age-related hearing
loss. The threshold for this frequency was on average 16 dB
HL and did not exceed 35 dB HL for any participant. No
more than a 10 dB difference between the left and right side
was measured at this frequency for any of the participants.
We therefore did not expect large influences of hearing loss or
asymmetrical hearing abilities on our results. Nevertheless, as
discussed above, a correlation of PTA3 asymmetry and shifted
auditory space was found.

We focused only on those lesions that had a high signal
on the DWI and a low signal in the ADC map, thus
representing restricted diffusion. In many cases, older lesions
and other damage to brain tissue were present that could
have influenced performance in the different tasks. However,
improvements from diaschisis or functional reorganization is
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known to drive neurologic recovery already in the acute phase
(Sang-Bae and Byung-Woo, 2013). In addition, in healthy
subjects, reorganization of lateralization with altered ITD cues
occurs within few days (Trapeau and Schönwiesner, 2015). This
suggests, that binaural hearing impairments are dominated by
the acute damage and less by old lesions. Complete lesions of
specific parts of the brain are used to study the system in ablation
studies in animals. In our patients however, the damage does not
necessarily include entire brain structures and may leave some
functioning neuronal processing. Furthermore, as pointed out
by Neff et al. (1975), experiments in well controlled ablation
studies in animals measure the functioning of the remaining
system and not necessarily the functioning of the damaged
part. In contrast to such ablation studies, the general state of
brain structures that were not damaged by the acute stroke
varied widely in our population. The observed variability in
performance must therefore be partially attributed to differences
in the damages as well as to differences in the remaining brain
structures, rather than solely to the acute stroke lesion.

Not only did individual characteristics of the patients affect
the data, but also external constraints such as the restricted
time for the behavioral experiments. The short time we had
with the patients did not allow for dedicated training runs
nor for repetitions of any task. One example where more
time would have been necessary was when patients were not
able to do the tone-in-noise experiment. In retrospect, from
the trend in these patients’ adaptive tracks, it appeared as if
some of these patients would have learned to do the task had
there been more runs of the same experiment. In addition,
the hospital room in which the study was conducted was
comparably quiet, but had no sound booth. Finally, the fact
that some lesion groups contained only two patients, allowed
only limited interpretations. Differentiation between the effects
of lesions of a particular anatomical structure as opposed to
differences between left-sided and right-sided lesions of that
brain area is restricted.

From the data obtained in our experiments, we do not know
if these patients also had difficulties in free-field-localization
tasks, in which spectral cues are available in addition to natural
combinations of ILDs and ITDs. However, as both cues are
often perceived with a similar bias and spectral cues are less
salient in elderly listeners, we assume that some patients will
have localization biases, at least during the acute phase. If a bias
remains in the chronic phase of stroke, individualized ILD- and
ITD-manipulating algorithms could potentially be exploited to
improve localization performance (e.g., Brown, 2018).

5. Conclusion

This exploratory study revealed some expected divergences
in binaural perception between the results of patients with
acute ischemic stroke lesions and the results of the control
group: Impaired contralesional lateralization was found after

right cortical and brainstem lesions, which is consistent with
previous reports. Other findings could be expected, based on
today’s understanding of binaural processing and decoding of
spatial cues: The perception of binaural stimuli with unnaturally
large ITDs is affected differently based on the lesion location.
Other findings were less expected, such as the shift in auditory
space in all patients with thalamic lesions or the large difference
induced by left and right basal ganglia lesions. In contrast
to previous reports, no apparent hemispheric difference from
cortical lesions regarding the variability of lateralization data
were found, and the binaural benefit in the tone-in-noise
detection task was unaffected in most patients, although many
patients with multiple lesion sites could not complete this
task. While it may be too early to suggest any revisions to
our understanding of interaural cue encoding or decoding,
the outcomes may nevertheless foster more focused future
investigations in selected groups of patients with specific lesions,
or in animal models. Investigating acute-phase stroke patients
may even be an additional avenue to deepen our understanding
of the healthy auditory system in a way that is difficult when
studying the healthy system in isolation.
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SUPPLEMENTARY FIGURE 1

Scatter plots representing correlations between age and PTA3
thresholds and the results of the non-auditory measurements (MoCA,
NIHSS, BDI, and MWT-B) for the control group (squares) and the stroke
group (circles). In each subpanel, linear-regression lines, the Pearson
correlation coefficient ρ, and the respective p-value are shown in the
form “ρ (p-value)”. Selected participants are highlighted by the color
coding used throughout the figures.

SUPPLEMENTARY FIGURE 2

Results of the binaural tone-in-noise detection experiment.
Tone-in-noise detection thresholds for N0Sπ condition (up- and
downward triangles for stroke and control subjects, respectively) and
N0S0 condition (left- and right-pointing triangles) over PTA3 (panel A)
and over age (panel B). In each subpanel, linear-regression lines, the
Pearson correlation coefficient ρ, and the respective p-value are shown
in the form “ρ (p-value)”. Selected participants are highlighted by the
color coding used throughout the figures.

SUPPLEMENTARY FIGURE 3

Results of the lateralization task for patients S1–S10. The circles
represent the responses given to the individual trials of the same
stimulus, except for the discarded first trial. The black crosses indicate
the means of the given responses. The red and blue lines represent
linear fits to right-favoring and left-favoring stimuli, respectively. The
gray line and shaded area indicate the mean and the 1.5 times standard
deviation interval around the mean response of the control subjects.

SUPPLEMENTARY FIGURE 4

Results of the lateralization task for patients S11–S20. The circles
represent the responses given to the individual trials of the same
stimulus, except for the discarded first trial. The black crosses indicate
the means of the given responses. The red and blue lines represent
linear fits to right-favoring and left-favoring stimuli, respectively. The
gray line and shaded area indicate the mean and the 1.5 times standard
deviation interval around the mean response of the control subjects.

SUPPLEMENTARY FIGURE 5

Results of the lateralization task for patients S21–S30. The circles
represent the responses given to the individual trials of the same
stimulus, except for the discarded first trial. The black crosses indicate
the means of the given responses. The red and blue lines represent
linear fits to right-favoring and left-favoring stimuli, respectively. The
gray line and shaded area indicate the mean and the 1.5 times standard
deviation interval around the mean response of the control subjects.

SUPPLEMENTARY FIGURE 6

Results of the lateralization task for patients S31–S40. The circles
represent the responses given to the individual trials of the same
stimulus, except for the discarded first trial. The black crosses indicate
the means of the given responses. The red and blue lines represent
linear fits to right-favoring and left-favoring stimuli, respectively. The
gray line and shaded area indicate the mean and the 1.5 times standard
deviation interval around the mean response of the control subjects.

SUPPLEMENTARY FIGURE 7

Results of the lateralization task for patients S41–S50. The circles
represent the responses given to the individual trials of the same
stimulus, except for the discarded first trial. The black crosses indicate
the means of the given responses. The red and blue lines represent
linear fits to right-favoring and left-favoring stimuli, respectively. The
gray line and shaded area indicate the mean and the 1.5 times standard
deviation interval around the mean response of the control subjects.

SUPPLEMENTARY FIGURE 8

Results of the lateralization task for control subjects C1–C12. The
squares represent the responses given to the individual trials of the same
stimulus, except for the discarded first trial. The black crosses indicate
the means of the given responses. The red and blue lines represent
linear fits to right-favoring and left-favoring stimuli, respectively.
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