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Landau–Kleffner Syndrome (LKS) is a rare form of acquired aphasia in children, characterized by epileptic
discharges, which occur mostly during sleep. After normal speech and language development, aphasia
develops between the ages of 3–7 years in a period ranging from days to months. The epileptic discharges
usually disappear after reaching adulthood, but language outcomes are usually poor if no treatment
focused on restoration of (non-) verbal communication is given. Patients often appear deaf–mute, but
sign language, as part of the treatment, may lead to recovery of communication. The neural mechanisms
underlying poor language outcomes in LKS are not yet understood. In this detailed functional MRI study
of a recovered LKS patient – that is, a patient no longer suffering from epileptic discharges, audiovisual
multi-sensory processing was investigated, since LKS patients are often proficient in reading, but not
in speech perception. In the recovered LKS patient a large difference in the neural activation to auditory
stimuli was found in the left versus the right auditory cortex, which cannot be attributed to hearing loss.
Compared to healthy proficient readers investigated earlier with the same fMRI experiment, the patient
demonstrated normal letter-sound integration in the superior temporal gyrus as demonstrated by the
multi-sensory interaction index, indicating intact STG function. Diffusion Tensor Imaging (DTI) based
fiber tracking in the LKS patient showed fibers originating from Heschl’s gyrus that seem to be
left-right inverted with respect to HG fiber pattern described in the literature for healthy controls. In
the patient, in both hemispheres we found arcuate fibers projecting from (homologues of) Broca’s to
Wernicke’s areas, and a lack of fibers from arcuate left inferior parietal and sylvian areas reported in
healthy subjects. We observed short arcuate segments in the right hemisphere. Although speculative,
our results suggest intact temporal lobe processing but an altered temporal to frontal connectivity.
The altered connectivity might explain observed short-term verbal memory problems, disturbed (speech)
sound-motor interaction and online feedback of speech and might be one of the neuronal factors under-
lying LKS.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Landau–Kleffner Syndrome (LKS) was first described in 1957
(Landau & Kleffner, 1957) as a ‘‘form of acquired auditory aphasia
in children’’, and it is characterized by either partial or total loss of
auditory comprehension or inability of environmental sound dis-
crimination (Steinlein, 2009). Together with aphasia symptoms of
epilepsy start to occur. Patients suffer from epileptic discharges
occurring in both temporal regions, which become almost contin-
uous during slow-wave sleep (Steinlein, 2009), and LKS is thus
considered as a subtype of continuous slow waves during sleep
(CSWS). Most epileptic symptoms tend to disappear when the
patients enter adolescence.

When symptoms of LKS first arise, the patient seems to be deaf,
but audiograms are usually normal (Feekery, Parryfielder, &
Hopkins, 1993). The cause of LKS, its pathophysiology and the neu-
ral mechanisms behind the language disorders in LKS are not yet
understood (Fandiño, Connolly, Usher, Palm, & Kozak, 2011;
Hirsch et al., 2006).

LKS children initially acquire speech and language in a normal
way. At the age of three to seven years, they develop (semi-) acute
aphasia in a period of days to months. Aphasia is mostly receptive
(phonological decoding) and develops into expressive impairments
at a later stage (Lanzi, Veggiotti, Conte, Partesana, & Resi, 1994).
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Auditory agnosia, i.e. the inability to distinguish sounds is also
reported in LKS. Currently the language disorders in LKS are there-
fore classified as verbal agnosia or auditory agnosia (Cockerell,
Bølling, & Nakken, 2011). It is unclear whether the inability to dis-
tinguish sounds reflects a specific phonological decoding defi-
ciency or whether there is a more general auditory-perceptual
processing deficit affecting the analysis of any type of sounds (ver-
bal or non-verbal) (Pedro & Leisman, 2005).

As well as language disorders other higher-order cognitive
functions such as memory and attention can be affected as well.
These deficits may arise as a consequence of epileptic seizures
and/or their associated treatment. These cognitive dysfunctions
are often associated with dramatic changes on a behavioral level.
Two-thirds of studied LKS patients show signs of behavioral
change including aggression, attention and concentration disor-
ders, as well as resistance against behavioral change (disengage-
ment, task switching), echolalia, echopraxia, and even psychotic
behaviors (Zivi, Broussaud, Daymas, Hazard, & Sicard, 1990). This
might also be correlated to an inability to link sounds to facial
expressions and/or body language. Normally, humans are very
good in connecting emotional sounds to facial expressions (i.e.
sound of laughter with a smiling face (De Gelder & Vroomen,
2000) or in associating body language with emotional sounds
(Van den Stock, Grèzes, & de Gelder, 2008)), but if this connection
is lost, emotional sounds will not be interpreted correctly and will
likely lead to fear in the patient.

Behavioral treatment of any form of audio-visual communica-
tion usually leads to a reduction of problematic behavior
(Appleton, 1995; Deonna, Prelaz-Girod, Mayor-Dubois, &
Roulet-Perez, 2009) and quality of life is greatly improved. The
degree of recovery is determined by the time of onset, the response
to anti-epileptic medication and the severity of communication
problems. To our knowledge there are no reports of full recovery
and individual variation is high; while some patients may have
permanent language disorder, some regain much of their language
capabilities.

Neuro-anatomical abnormalities in LKS patients have been
reported based on volumetric MRI analysis. These abnormalities
are mainly gray matter volume reduction in bilateral superior tem-
poral areas, foremost in planum temporale and superior temporal
gyrus (Takeoka et al., 2004).

This anatomical finding received support by functional studies.
Dysfunction of superior-temporal and perisylvian areas, both dur-
ing the active phase as well as long lasting dysfunction was
reported using a single or four word repetition task during positron
emission tomography (PET) (Majerus et al., 2003). The tip of the
left temporal lobe was also found to be inactive in a LKS case study
using resting-state PET (Shiraishi, Takano, Shiga, Okajima, & Sudo,
2007).

Electroencephalography (EEG) studies during the active epilep-
tic phase have shown that auditory information (speech and natu-
ral sounds) seems to be processed normally within the brain stem,
as the EEG is normal for the early (brain stem related) auditory
processing time window (Steinlein, 2009).

With regard to more complex auditory integration, LKS patients
in the active and recovered phase suffer from permanent dysfunc-
tion of associative auditory cortex as measured in a dichotic listen-
ing task during EEG recordings (Metz-Lutz, de Saint Martin, Hirsch,
Maquet, & Marescaux, 1999; Plaza, Rigoard, Chevrie-Muller, Cohen,
& Picard, 2001; Wioland, Rudolf, & Metz-lutz, 2001). This dysfunc-
tion is expressed as unilateral dichotic extinction, contra-lateral to
the epileptic focus (Wioland et al., 2001). Furthermore, short-term
phonological memory is impaired in LKS, even in patients who
have recovered fairly well (Majerus et al., 2003).

It seems that language functions in LKS are reorganized from
the left to the right hemisphere, as was demonstrated in a single
case follow-up fMRI study (Datta et al., 2013). The initial active
epileptic focus for this patient was localized with source EEG in
the left fronto-centro-temporal area. The language network
detected by fMRI was also left lateralized initially, but seems to
have transferred into the right hemisphere as observed by
follow-up fMRI.

There is no impairment in the visual domain in LKS; one impor-
tant observation in the clinics in contact with LKS patients is that
many of them show astonishing recovery of communication skills
using alternate means, such as non-verbal signing (Deonna et al.,
2009; Perez et al., 2001; Stefanatos, 2011). Moreover, the ability
to learn and use written language is found not to be impaired
(Denes, 1998). The patient described in the latter study had ‘‘a
flawless performance in lexical decision tasks, as well in the writ-
ten naming subtest of BDAE (..) and in written naming following
semantic cuing’’ (Denes, 1998).

The question we address here is what is the neural mechanism
that allows LKS patients to compensate for their sudden loss of
auditory language functions? If the typical route to access meaning
about objects/events via spoken language is blocked, how does the
brain accommodate the plastic changes needed to recover commu-
nication skills?

The present study simultaneously examined auditory, visual
and audiovisual processing abilities in LKS using the smallest pos-
sible units of spoken and written language (speech sounds and let-
ters). When healthy children learn how to read, a crucial first step
is to learn the correspondence between written letters and speech
sounds (Van Atteveldt, Formisano, Goebel, & Blomert, 2004). This
integration of written letters and letter sounds (multimodal inte-
gration) is acquired with high efficiency in a normal developing
child (Van Atteveldt et al., 2004) but may be impaired in LKS.

The goal of the present investigation was twofold. Firstly, we
aimed to examine the unimodal (only written letters/only letter
sounds) and multimodal (simultaneous written letters and letter
sounds) integration of letters and sounds using functional mag-
netic resonance imaging (fMRI). We studied the case of an adult
female LKS patient whose communication abilities were largely
restored following long-term multi-sensory intervention training
(see case description). We compared the results of uni- and multi-
modal processing found in the patient with the results from an
identical experiment in healthy controls (N = 12) (Blau, Van
Atteveldt, Ekkebus, Goebel, & Blomert, 2009). Second, the language
disorders might be related to abnormalities in connectivity of the
temporal and associative cortices in the epileptic phase (Hirsch
et al., 2006), therefore a second major goal of this paper is to inves-
tigate the white matter pathways in temporal and associative cor-
tex in a LKS patient after the active epileptic phase with DTI.
Specifically, the connections arising from the primary auditory cor-
tex were reconstructed to investigate how Heschl’s gyrus is con-
nected to higher language areas. In addition, we investigated the
arcuate fasciculus, as this fiber bundle connects the most relevant
functional areas of interest related to language and information
integration between temporal lobe and frontal lobe. Specifically
we looked into connections between inferior frontal gyrus and
superior temporal gyrus/superior temporal sulcus.
2. Materials and methods

2.1. Subjects

2.1.1. Recovered LKS patient
We present a case of a 27-year old female ‘‘I.’’, diagnosed with

LKS. At present she lives a full live as an educated married woman
with a full time job. In the cause of this investigation she had an
audiometric evaluation (Viataal Audiometric Centre NL 2009),
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her audiogram was found to be in a normal range (right and left
ear < 20 dB in the 200 Hz–8 kHz range). We are able to present a
detailed case and development description since author WP has
been working with I. on speech and language therapy from early
childhood until the present.

She was invited to participate in the experiment, which was
voluntary and in accordance with the Maastricht University ethical
guidelines. Informed consent was obtained from the subject.

2.1.2. Early childhood
I. was born from a full-term gestation with uncomplicated preg-

nancy and delivery. First development was normal including nor-
mal language development. At the age of 4, her parents and the
preschool teacher observed problems in language comprehension.
At the time, she was perceived to suffer from progressive hearing
loss. Neurological examination (24 h EEG at the Sint Radboud
Hospital Child Neurology Center, Nijmegen, NL) lead to the diagno-
sis of Landau–Kleffner Syndrome.

The awake EEG showed low-frequency peaks or sharp wave
complexes, which were sometimes better expressed in the right
than in the left hemisphere with topographic maxima in cen-
tral/temporal regions. Bilateral bursts were also observed. During
sleep, epileptiform activity was seen in 80% of the recorded EEG,
and during Rapid Eye Movement (REM) sleep the epileptiform
focus was right-central lateralized.

At the age of five, language comprehension and language pro-
duction became increasingly disrupted. A year later, she was exam-
ined by a neuropsychologist, who did not observe any cognitive or
visuo-motor impairments, however her speech-language disorders
seemed to be caused by sensory aphasia. Additionally, language
perception was severely disrupted on a word/sentence level and
she was diagnosed with auditory agnosia and jargon-aphasia,
where speech is incomprehensible but seems to make sense to
the patient. Mixed-type aphasia, which is not solemnly caused by
auditory agnosia, combined with a very weak auditory memory
was diagnosed.

Expressive language was severely impaired as well as was the
abstraction of inner language. Memory of rhythm was pathologi-
cally weak, as were fine motor skills and memory of order of motor
tasks. Visual memory was intact; she had developed a ‘‘coding
strategy’’, that is the use of non-verbal gestures, mime, and objects
for communication. Lastly, non-verbal abstraction was weak and
hence problems in relating written letters to letter sounds were
to be expected.

At the age of seven, she scored in the average to above-average
(IQ 115) on the executive part of an intelligence test (Son-r
non-verbal intelligence test, www.testresearch.nl). Performance
on visual memory was equal or above average compared to her
age group. Spontaneous speech was characterized by
jargon-aphasia. Some meaningful two- and multiple-word sen-
tences were produced. At the articulation test, almost all words
were correctly pronounced. Errors consisted of word reduction.
However, she was severely impaired on auditory discrimination
and, comprehension of sentence structure, fluency of speech and
auditory memory.

At this point she was communicative, and focused on body lan-
guage and facial expressions of the other party to get additional
information. However, it was not to be expected at this point in
time that oral communication would be possible. Results indicated
positive skills with respect to inner language, concept forming and
using pictograms. Based on these investigations, she was admitted
into a specialized school for the deaf. The school curriculum, devel-
oped for deaf children with learning disabilities is based on visual-
ized and written conversation and the use of finger spelling. The
finger spelling system is the American Manual Alphabet used in
American Sign Language.
In the first evaluation, the Kaufmann Intelligence Test (Kaufman
& Kaufman, 1985; Mulder, Dekker, & Dekker, 1993) indicated that
she fitted the profile of the school’s pupils. The Kaufman intelli-
gence test (Dutch/Flemish edition) measures intelligence in differ-
ent domains. The average reference score on each subset of the
test, adjusted for The Netherlands and Flanders is 10 and standard
deviation is 3. The standardised scores of I. on hand-movement: 9,
number recall: above average, face recognition: average, gestalt
closure: 8, triangles: 14, matrices: 16, spatial memory: 10, photo
series: 14. The total score was above 91, indicating average
intelligence.

Her learning conditions for oral language, however, were so
weak that communication by speech was not possible during this
time. The ability to process information that is spatial in nature
and presented simultaneously was strong and written language
was predicted to play an important role in language development.
The ability to process temporally ordered information was weak,
causing problems when reading finger spelled language.
However, after an introduction period, active use of fingerspelling
was possible. Understanding spoken language was poor; almost no
words were being recognized based on hearing only.

2.1.3. Education
At the age of 13 she started secondary schooling at a school for

children with specific language impairment (SLI). After an interme-
diate year in practice-based education she reached a level suffi-
cient to start high school. Hereafter she was educated as a
teaching assistant to a Dutch MBO level (comparable US
Associate Degree) in a regular institute. She passed the theoretical
exams without problems given that reading materials were avail-
able. Oral instructions/teaching were only possible when the tea-
cher made eye contact with her. It turned out to be impossible
for her to do a standard internship as teaching assistant in a class-
room, since she could only understand children when they made
eye contact. In a group, she was found to be unable to understand
a child and to select a single voice in a group. Therefore, she did an
internship in a school for children with severe communication dis-
orders, which she completed successfully. Recently (2009), she was
awarded a bachelor’s degree as a teaching assistant which she
obtained in the standard time period.

2.1.4. Present
At present, she has a full-time job as a teaching assistant at a

school for the deaf. In order to fully understand colleagues and
children, she still needs to make eye contact. This also means that
I. cannot use a telephone. She continues to make mistakes when
speaking, in word form, sentence construction as well as melody
and accent. During work-related meetings, a strict communication
policy is used: each speaker has to indicate when he/she is speak-
ing and speakers have to speak in concession, not simultaneously.
In bigger meetings, a writing interpreter is used in order to help
her understand the Dutch language in full.

School practitioners developed the hypothesis that her
language disorder can be overruled by using the motor system
(finger spelling and gestures) instead of verbal auditory input,
which is in agreement with positive results obtained when using
finger spelling in LKS (Deonna et al., 2009; Stefanatos, 2011). In this
way spoken language skills were partly restored and understand-
ing of spoken language based on lip reading and gestures became
possible. In adulthood all former students who had followed a sim-
ilar program, expressed motor involvement – visible hand twitches
– while understanding spoken or written language.

Previous single case evaluations indicated the importance of
alternative visual communication systems in order to prevent
behavioral problems, emotional disturbances and delayed cogni-
tive development (Deonna et al., 2009). It was stated that the use

http://www.testresearch.nl
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of sign language or signed oral language, including finger spelling,
enabled successful recovery of communication functions. The fol-
lowing suggestion was made: ‘‘Important issues like successful
delayed restoration of unused cortical functions or the occasional
occurrence of good reading without phonology or the reorganiza-
tion of brain functions should be studied in patients with LKS’’
(Deonna et al., 2009).

2.1.5. Control subjects
We compared the patient data with the original MRI data of

healthy controls (Blau et al., 2009), with permission. MRI data on
12 healthy subjects, 4 females, mean (std) age 22.8(3.8) years were
acquired using the identical experimental paradigm and data
acquisition protocol on the same MRI scanner as for the patient
data.

2.2. MR imaging

2.2.1. Functional magnetic resonance imaging
The stimuli and presentation design were adapted from Blau

and colleagues (Blau et al., 2009). Stimuli were visual letters and
auditory speech sounds corresponding to Dutch single letters.
Presented consonants were: b, d, g, h, k, l, n, p, r, s, t, z; vowels:
a, e, i, y, o, u. Stimuli were presented with Presentation software
(Neurobehavioral Systems, Inc.) in blocks corresponding to four
experimental conditions: unisensory letters (L): written ‘‘a’’,
unisensory speech sounds (S): spoken ‘‘/a/’’, multisensory congru-
ent LS pairs ‘‘a’’ ‘‘/a/’’, and multisensory incongruent LS pairs ‘‘a’’
‘‘/b/’’. One block was 20.8 s long, divided into four mini-blocks
(5.2 s). Each mini-block is composed of the MRI acquisition fol-
lowed by five silent stimuli presentations. During multisensory
stimulation, stimuli were presented simultaneously. Subject pas-
sively listened to and/or viewed the stimuli. The experiment
included four experimental runs, each composed of eight blocks
and alternating fixation periods. Each condition (40 trials) was
repeated twice per run. The order of blocks was
pseudo-randomised within runs, and the order of runs was coun-
terbalanced across subjects.

The experiment was explained and guided by her former tea-
cher and present colleague using speech and finger spelling, to
make sure that there were no communication problems while
instructing the subject.

MR imaging was performed on a 3T Allegra MR scanner
(Siemens, Erlangen, Germany) using a birdcage single coil. Blood
Oxygenation Level-Dependent (BOLD) signal was acquired with a
T2⁄ sensitive Echo-Planar Imaging (EPI) sequence and
TR/TE = 5200 ms/30 ms. We acquired 24 4.5 mm thick slices cover-
ing the whole brain, in a 64 � 64 matrix with Field of View (FOV)
192 � 192, resulting in 3 � 3 � 4.5 mm voxels. The volume acqui-
sition time was 1500 ms, followed by a silent period of 3700 ms,
during which stimuli were presented. Additionally, a high quality
T1 weighted anatomical image was acquired using an ADNI
MP-RAGE sequence (TR/TE 2250/2.6 ms) with 192 slices and a
matrix of 256 � 256. The FOV was 256 � 256 mm, resulting in
1 � 1 � 1 mm voxels.

Data analysis was performed in BrainVoyagerQX 2.1 (Brain
Innovation BV, Maastricht, NL). Functional data were first corrected
for slice scan time differences, subject motion artifacts, linear drifts
and low-frequency drifts using default settings. The fMRI data
were then co-registered to the anatomical data and converted into
standard Talairach space. Due to severe artifacts, the third run had
to be discarded from the fMRI data set.

The fMRI runs were analyzed using voxel-wise multiple linear
regression (General Linear Model GLM) of the BOLD time course.
The predictors – or regressors – for the GLM were modeled as a
convolution of the stimulus box-car time course (one for each
stimulus condition ‘‘Letters’’, ‘‘Sounds’’, ‘‘incongruent L/S pairs’’,
‘‘congruent L/S pairs’’) with a standard hemodynamic response
function (HRF), the 2-Gamma HRF. The 3 available runs were fed
into a fixed-effects GLM with z-normalization of the time courses
of each run to produce t-statistic maps. The maps were thresholded
at t = 2.839 with 197 degrees of freedom, resulting in p = .005.

To correct for multiple comparisons, we estimated a cluster
threshold according to the method described in Goebel, Esposito,
and Formisano (2006) at a p-value of 0.005, which reduces the
probability of type II errors commonly found when using the
False Discovery Rate (Lieberman & Cunningham, 2009). The cluster
threshold was estimated at 3 voxels (81 mm3). Percent BOLD signal
change was computed using a GLM with percent transform. Each
value in the time course is divided by the mean of the time course
and then multiplied by 100, thus obtaining a percent signal change
(BrainVoyagerQX User Guide). The extracted BOLD response in
selected Regions of Interest (ROIs) was further processed in
Matlab R2007b (The Mathworks, USA) using the BVQXtools tool-
box, available on http://support.brainvoyager.com/available-
tools/52. Because of non-normality of the data (tested with a prob-
ability plot using the ‘‘normplot’’ function in Matlab), statistical
tests on the % BOLD signal change were done by a Wilcoxon rank
sum test for equal medians, with p = 0.05.

From the Talairach normalized anatomical data, cortical recon-
structions were created using an automatic cortex reconstruction
procedure. The GLM results were projected on the 3D cortical rep-
resentation sheet and ROIs were defined on the cortical sheet.
Talairach coordinates of significantly active regions were visually
inspected and subsequently verified using the Talairach daemon
(http://www.talairach.org/).

In the control group 4 functional runs were obtained per sub-
ject. To obtain comparable statistical power in the control and
patient data, we discarded one randomly selected functional run
from each control subject data set. The data per subject was ana-
lyzed identically to the patient data.

We specifically investigated the volume of significantly acti-
vated regions to the unisensory auditory stimulus in the left and
right primary auditory cortex. The volume of the response areas
was obtained by determining activation cluster size with a thresh-
old of 300 anatomical voxels in the primary auditory cortex. The
volume fraction of the response area was calculated as

volume fractionL;R ¼
VAUD

VAUD;L þ VAUD;R
� 100

where VAUD,LR are the volumes of the left and right primary auditory
responses in mm3 and VAUD is the volume of the right or the left
response area.

Statistically robust across-subject activation patterns in the
control group were created by analyzing the data in a random
effects (RFX) GLM approach with percent transformation.
Because of the unbalanced group size of 12 controls and 1 patient,
we applied an analysis similar to Cavina-Pratesi, Kentridge,
Heywood, and Milner (2009). To allow for direct comparison with
the patient data, the group RFX-GLM results and the patient results
were thresholded at t = 3.428 resulting in p = 0.005. The optimal
cluster threshold was calculated using Monte Carlo simulations
in BrainVoyagerQX. The cluster size threshold was 20 fMRI voxels
(540 mm3) for the group and 3 fMRI voxels (81 mm3) for the
patient.
2.2.2. Diffusion tensor imaging
White matter structure can be investigated non-invasively with

diffusion-weighted MRI. By probing for microscopic water diffu-
sion in white matter axons with MRI and following the main direc-
tion of the diffusion tensor (diffusion-tensor based fiber tracking

http://support.brainvoyager.com/available-tools/52
http://support.brainvoyager.com/available-tools/52
http://www.talairach.org/
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‘‘DTI-based fiber tracking’’), this technique allows for reconstruc-
tion of WM fiber tracts in the brain (for an overview of the tech-
nique, see e.g. (Mori & Van Zijl, 2002) DW-MRI data were
acquired in the same recording session as the functional data. A
double-refocussed diffusion weighted SE-EPI sequence was used
to optimize data quality by minimizing the effects of eddy current
distortions. 75 slices (thickness 2 mm) covering the whole brain
were acquired with matrix size 128 � 128, field of view
256 � 256, resulting in 2 � 2 � 2 mm voxels. 72 isotropically dis-
tributed diffusion directions at a b-value of 1000 mm2/s were
acquired, as well as 7 interleaved b0 volumes. TR/TE 9400/83 ms,
acquisition time was 12 min 53 s.

2.2.3. DW-MRI data processing
The DWI data was checked for artefacts related to motion by an

affine registration of the non-diffusion weighted b0 volumes. No
significant motion was detected (the registration error was well
below 1 voxel), so no motion correction was performed. The data
was checked for eddy current distortions using a modified version
of the ICC algorithm (Zhuang et al., 2006). Very little distortion was
found due to the double-refocussed SE-EPI sequence and therefore
eddy current correction was omitted.

The DWI data was co-registered to the anatomical data set in
BrainVoyagerQX 2.2 (Brain Innovation BV, Maastricht NL). The dif-
fusion tensors were calculated in BrainVoyagerQX and exported to
in-house developed C/C++ fiber tracking software. For fiber track-
ing, an FA threshold of 0.15 was set. The angular threshold was
set at 30 degrees and the step size at 0.5 mm. Reconstructed fibers
were visualized in BrainVoyagerQX on the anatomical data set.
Cross-validation of the AF fiber tracts was performed in
ExploreDTI (Leemans, Jeurissen, Sijbers, & Jones, 2009).
Constrained Spherical Deconvolution (CSD) reconstruction and
fiber tracking were done using default settings.

From the anatomical data, the gray matter cortical sheet was
reconstructed in BrainVoyagerQX. On the cortical sheet, Heschls
gyrus was marked as a 3-D ROI in accordance with the delineation
in Sigalovsky, Fischl, and Melcher (2006). The ROI was then
back-projected onto the DWI data set in order to create a 2-D
ROI. The ROIs needed to reconstruct the arcuate fasciculus were
created on axial slices of the DW-MRI images according to the
ROI definitions in Catani et al. (2007), Gharabaghi et al. (2009).

For comparison of the reconstructed fiber tracts in this single
case to control data, we used the arcuate fibers supplied in the
Fig. 1. Language network model for healthy subjects (left) and hypothesized model bas
‘‘dual stream’’ model (Hickok & Poeppel, 2007) and a model for letter-sound integration (
hemisphere as opposed to the right hemisphere in normals. We hypothesize that in LKS th
integration (see text for further explanation).
white matter atlas from Thiebaut de Schotten et al. (2011), which
is composed of major fiber tracts in 40 right-handed healthy con-
trol subjects (20 male and 20 female) aged 18–22 years. The
anatomical image was co-registered to the average atlas brain
anatomy using FSL-FLIRT (Smith et al., 2004).

The reconstructed AF fibers were back-projected on the subjects
anatomical image, and then converted to Nifti using the
Nifti-converter v1.08 for BrainVoyagerQX. The registration matrix
obtained from FSL-FLIRT was used to convert the reconstructed
fibers of the arcuate fasciculus in the patient into the atlas brain
space.

3. Theory

In order to understand the neural mechanisms underlying the
auditory and language dysfunctions in LKS, we reviewed the exten-
sive literature on brain language networks. The recent
‘‘dual-stream’’ model (Hickok & Poeppel, 2007) for speech process-
ing is one of the most advanced models for speech processing to
date. The model, summarized in Fig. 1, suggests that sensorimotor
processes are key in speech perception. Early speech processing is
done in the superior temporal gyrus and sulcus (STG/STS). The STG
performs spectrotemporal analysis of the input signal, and STS
phonological access and representation. Further processing occurs
in two streams: a temporal lobe ventral stream for speech compre-
hension (lexical access and combinatorial processes) and a strongly
left dominant stream for sensorimotor integration (Hickok, Houde,
& Rong, 2011).

The motor speech system is activated during passive listening
to speech and may provide a modulatory influence on speech per-
ception (Hickok et al., 2011). The responsible neural network is
comprised of premotor cortex, area Spt, STG and the cerebellum.
After passing through this network, speech input is passed through
to higher areas for lexical and conceptual processing.

Normally, literacy is acquired later in development than spoken
language and takes more effort than spoken language. Spoken lan-
guage is more natural and acquired without effort. In healthy nor-
mal readers, skilled reading is very likely to still automatically
activate phonological representations (Van Atteveldt, Roebroeck,
& Goebel, 2009).

The model for integration of letters and sounds adds visual
input to the system. Visual and auditory input is combined in the
STG and then processed further on in the system along the
ed on results in this paper for LKS (right). The ‘‘healthy’’ model is comprised of the
Van Atteveldt et al., 2009). In this LKS case, the IFG activation is present in the right
e sensori-motor integration is disrupted and IPL is not recruited during letter-sound
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fasciculus (Van Atteveldt et al., 2009). From the STG, there is also
feedback to the auditory cortex if stimuli are presented syn-
chronously. Secondly, there might be feedback to the visual cortex
from the STG. The authors do not discuss the role of the inferior
parietal lobule (IPL) in this network, however there is evidence
from DTI-based fiber tracking that IPL is part of the dorsal stream
(Catani, Jones, & fFytche, 2005).

Taken together the model of speech processing and findings
from PET/EEG suggest that a failure to transmit incoming auditory
information beyond early sensory cortices in the temporal lobe
leaves LKS patients unable to access meaning from spoken words,
as the processing within the language network within temporal
lobe is hampered due to limited connectivity in this region.
4. Results

4.1. Functional MRI

4.1.1. Response to unisensory stimuli
To locate the regions where the unisensory stimuli differ signif-

icantly, the contrast auditory > visual was set (contrast vector [au-
ditory visual congruent incongruent] = [1�100]). Fig. 2 shows the
brain regions in which neural responses were driven by speech
sounds as opposed to visual letters as a t-statistic map with
p < 0.005 and a cluster size threshold of 3 fMRI voxels (81 mm3).
A more detailed overview of the brain regions is given in Table 1.
Regions activated by the auditory stimulus include the primary
auditory cortex (PT/HG BA 41/42) bilaterally, which shows a
remarkable difference in the activation pattern between the right
and left hemisphere. The activation in the left hemisphere shows
a patch-like pattern, while the activation in the right hemisphere
shows a more equally distributed pattern. The size of the right
hemispheric activation is significantly larger than the left hemi-
spheric region, see Table 1 and Fig. 2. In the healthy subjects the
left and right primary auditory cortex activations are similar in
size, see Fig. 3. The average volume fraction of the left primary
Fig. 2. Contrast of unisensory activation auditory speech sounds > visual letters as t-stat
Displayed in red are the areas in which activation of speech sound > visual letters: The
temporal gyrus and the precentral gyrus bilaterally. In the left hemisphere, a region within
that showed activation of visual letters > speech sounds. The visual stimulus significant
there is a region activated in the precentral gyrus. A detailed overview of ROIs is given in
is referred to the web version of this article.)
auditory cortex is 53.7% and right is 46.3% in the controls, while
it is 17.5% versus 82.5% in the LKS patient. The volume fraction
in the LKS patient is significantly different from the control group
(t-test, t = 5.310, p = 2.4e�4).

Additional regions preferentially activated by speech sounds
versus visual letters include the superior temporal sulcus/gyrus
(STS/STG, BA 41/42, BA 13) and pre-central gyrus (preCG,
Brodmann Area BA 4) bilaterally. Remarkably, we found that sim-
ilar regions in the controls respond to the visual stimuli, see
Fig. 5c and d.

In the left hemisphere a region in the precentral gyrus (BA 6)
was also activated. Brain areas that preferentially responded to
the presentation of visual letters as opposed to speech sounds
include the primary visual cortex, lateral occipital regions BA
18/19, as well as the fusiform gyrus (BA 37) bilaterally. In the left
hemisphere, a region in the precentral gyrus (BA 6), and two
regions in the precuneus (BA 7, 31) were also active in response
to the visual stimulus.

We investigated the hemodynamic response (BOLD response) in
the primary auditory cortex more closely with a ROI analysis. The
ROIs encompassed the primary auditory cortex BA 41, center of
gravity (x,y,z) = (42,�35,14) and (�38,�35,14) and visual cortex
BA 18, (x,y,z) = (26,�76,�8) and (�35,�81,�8). Fig. 4 shows the
BOLD response in primary auditory and visual cortex to the uni-
modal stimuli (only visual/only auditory). The primary auditory
cortex shows a typical activation BOLD response to the auditory
stimulus, while the BOLD response to the visual stimulus did not
significantly differ from baseline. In the visual cortex, we observe
a response to the visual stimulus, while the response to the audi-
tory stimulus remains at baseline level. Combined with the results
of the audiogram (normal range) it can be stated that this subject
has the capacity to detect sounds, including vocals and language.

4.1.2. Relative contribution of auditory and visual stimuli
In Fig. 5, the relative contribution of auditory and visual stimuli

is shown on the inflated cortical sheet. Relative contribution of the
beta-values, with v for visual and a for auditory, is computed as
istic map of activation with p < 0.005 and a cluster threshold of 3 voxels (81 mm3).
auditory stimulus significantly activates the primary auditory cortex, the superior
the medial frontal gyrus (pre-SMA) is also activated. Displayed in blue are the areas

ly activates occipital regions and fusiform gyrus bilaterally. In the left hemisphere,
Table 1. (For interpretation of the references to color in this figure legend, the reader



Table 1
Regions activated by the unisensory conditions with p < 0.005 and cluster size 3 voxels in the LKS patient, and in the control
group. Center of gravity coordinates for LKS only in Talairach coordinates (mm) and size in mm3. BA: Brodmann Area; VIS: visual
stimulus; AUD: auditory stimulus. Gray rows represent areas that are activated by a different stimulus in LKS versus controls.

Left Hemisphere
LKS Controls

Region Center of gravity Area stim size present Stim
x y z

Cuneus -24 -70 17 BA 18 VIS 196 YES VIS
Fusiform Gyrus -43 -64 -14 BA 37 VIS 2992 YES VIS
Inferior Occipital Gyrus -25 -90 -3.3 BA 18 VIS 271 YES VIS
Medial Frontal Gyrus -3.4 -6.3 53 BA 6 AUD 83 YES VIS
Middle Occipital Gyrus -31 -82 6.9 BA 19 VIS 87 NO -
Precentral Gyrus -37 -12 41 BA 6 VIS 112 YES VIS
Precentral Gyrus -49 -10 46 BA 4 AUD 369 NO -
Precentral Gyrus -54 -6 23 BA 4 AUD 117 YES VIS
Superior Temporal Gyrus -35 -35 15 BA 41 AUD 132 YES AUD
Superior Temporal Gyrus -47 -25 6.9 BA 41 AUD 305 YES AUD
Superior Temporal Gyrus -50 -41 16 BA 13 AUD 134 YES AUD
Superior Temporal Gyrus -62 -31 8.3 BA 42 AUD 146 YES AUD

Right Hemisphere
LKS Controls

Region Center of gravity Area stim size present Stim

x y z
Fusiform Gyrus 43 -48 -17 BA 37 VIS 2232 YES VIS
Fusiform Gyrus 28 -52 -13 BA 37 VIS 88 YES VIS
Fusiform Gyrus 23 -83 -19 BA 19 VIS 157 YES VIS
Fusiform Gyrus 28 -74 -23 BA 19 VIS 563 NO -
Inferior Occipital Gyrus 40 -69 -7.3 BA 19 VIS 308 YES VIS
Lingual Gyrus 27 -79 -4.1 BA 18 VIS 1516 YES VIS
Precentral Gyrus 47 -7.5 42 BA 4 AUD 330 YES VIS
Precuneus 26 -70 21 BA 31 VIS 741 YES VIS
Precuneus 24 -61 49 BA 7 VIS 138 YES VIS
Superior Temporal Gyrus 49 -24 7.8 BA 41 AUD 2546 YES AUD
Superior Temporal Gyrus 41 -32 3.1 BA 41 AUD 208 NO -
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Fig. 3. Activation pattern in primary auditory cortex of left: healthy controls and right: LKS patient, displayed on the same slice (z = 5 in TAL coordinates) and with the same
statistical threshold. In the controls (A–L) the size of the activated areas in left and right hemisphere are similar, while in the patient the activation pattern in the left
hemisphere is much smaller than in the right hemisphere. Relative sizes of the activation pattern are shown in the lower right panel. In the patient, area of activation in the
left hemisphere is significantly smaller than in the right hemisphere.



Fig. 4. Mean BOLD signal change response to unisensory auditory (dashed line) and visual stimuli in primary auditory cortex and visual cortex. Error bars represent signal
standard error of the mean. In the auditory cortex the response is stronger to the auditory stimulus, while in the visual cortex the response is stronger to the visual stimulus
and response to the auditory stimulus stays at baseline level.

Fig. 5. Relative contribution GLM map superimposed on inflated cortical sheet. Color coding of significantly activated regions relative to the presented unisensory stimulus.
Red indicates auditory, yellow activation by both stimuli, and green indicates significant activation by visual stimuli. The upper two rows show the cortex of the patient, the
lowest row shows the results from an earlier study (VC Blau et al., 2009) in 13 healthy controls. In the patient, the left primary auditory cortex is showing a smaller activation
pattern than the controls (HG/PT, arrow in A). The left IFG is not visible in the patient while it is in the controls (IFG, arrow in B). The right IFG shows activation in response to
auditory stimuli in the patient, but is not visible in the controls. The bilateral parietal areas responding to visual stimuli in the controls (IPL, arrows in C and D) is not found in
the patient. The areas in the precentral gyrus in the controls are activated by the multi-sensory or visual stimuli, while in the patient they are activated by the auditor stimuli.
HG/PT: Heschl’s gyrus/planum temporale; IFG: inferior frontal gyrus; IPL: inferior parietal lobule. Fig. 4c and d: Reprinted from Blau et al. (2009), Copyright (2009), with
permission from Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Regions significantly activated by contrast congruent > incongruent at p < 0.005 and a
cluster threshold of 5 voxels. (x,y,z) in Talairach coordinates [mm], size in mm3. BA:
Brodmann Area; STIM: Stimulus; CON: Congruent; ICON: Incongruent.

Region x y z Area Stim Size

Right hemisphere
Inferior frontal gyrus 8 2.1 24 BA 9 ICON 219
Middle frontal gyrus 4 28 30 BA 9 ICON 151

Left hemisphere
Posterior cingulate �3.5 �48 23 BA 23 CON 190
Middle frontal gyrus �34 43 24 BA 10 ICON 144
Insula �43 9.4 0.95 BA 13 ICON 203
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RC ¼ bm � ba

bm þ ba
ð1Þ

The contribution of the auditory stimulus is shown in red, the
contribution of the visual stimulus in green and the areas where
both stimuli elicit a response are colored yellow. The response pat-
tern to unisensory auditory and visual stimuli is discussed earlier,
so the focus is on the regions that are activated by both unisensory
stimuli. A detailed description can be found in Table 2. In the right
hemisphere, these are superior occipital gyrus (associative visual,
BA 19), middle temporal gyrus (BA 21), and superior temporal
gyrus STG, as well as cingulate gyrus and a region on the medial
part of the superior frontal gyrus (motor planning).
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In the left hemisphere, we also found regions involved in motor
planning: medial and middle frontal gyrus, which are activated by
both unisensory stimuli.

Results obtained earlier (Blau et al., 2009) in a group of healthy
controls are shown in the bottom row of Fig. 5. The 13 controls (4
female, mean age 26.8 years, standard deviation 5.4) were scanned
and analyzed using exactly the same protocol. The patient data
shows a smaller activation pattern in response to auditory stimuli
in the left primary auditory cortex, indicated by the arrow in
Fig. 5a. IFG activation is present in the right hemisphere of the
patient (arrow in Fig 5b), but in the left hemisphere of the control
group. Furthermore, using this analysis the activation in bilateral
superior parietal cortex (black arrows in Fig. 5c and d) of the con-
trols is not found in the patient. The areas in the precentral gyrus in
the controls are activated by the multi-sensory or visual stimuli
(yellow–green colors, arrows in Fig 5c and d), while in the patients
these areas are largely activated by the auditory stimuli.

Since STG is assumed to be involved in integration of letters and
sounds (Blau et al., 2009; Van Atteveldt et al., 2004), we investi-
gated the % BOLD signal change more closely. The % BOLD signal
change was extracted from two ROIs, encompassing left and right
STG around previously reported STG coordinates (�46,�26,6),
(45,22,7) (Blau et al., 2009). The ROI was defined on the cortical
sheet and projected back onto the 2D slices. The extracted values
are not normally distributed, as assessed by the Matlab ‘‘normplot’’
command. Therefore, we used a non-parametric Wilcoxon rank sum
test for equal medians to infer on differences between the
conditions.

4.1.3. Letter-sound integration in the superior temporal gyrus
When looking at the congruent versus the incongruent condi-

tion; that is, congruent versus incongruent letter-sound pairs, we
find that there is a significant higher response (Wilcoxon rank
sum test for equal medians, (p < 1e�30) for the congruent condi-
tion than for the incongruent letter-sound pair in the patient. We
compared the fMRI response for the congruent and incongruent
condition in the STG with the controls. The mean beta values were
extracted from the left and right STG for every subject and for the
patient. Fig. 6a shows the distribution of mean beta values in the
controls. The beta values of the patient (green � in Fig. 6a) match
those of the controls.

4.1.4. Multi-sensory interaction
The Multisensory Interaction index (MSI) is a measure for the

amount of integration of the multisensory stimuli relative to the
maximum unisensory response
a

Fig. 6. (a) Box-and-whisker plot of mean beta values in the controls. Green �marks the b
75th percentiles and whiskers are the data extremes. The patient’s beta values fit into th
MSI is different for the congruent versus incongruent condition in both hemispheres, in
color in this figure legend, the reader is referred to the web version of this article.)
MSI ¼ ðMS� USmaxÞ
USmax

; ð2Þ

where MS = median value of the multisensory stimulus (=congruent
or incongruent stimulus), USmax = median of the largest unisensory
response. A positive MSI value indicates a response enhancement
with respect to the unisensory stimulus, while a negative MSI rep-
resents suppression of the response.

In Fig. 6b, the MSI in the left and right STG (same ROI as used for
Fig. 6a) for this subject is shown. Bilaterally, the MSI is more neg-
ative for the incongruent as for the congruent condition (L:
�0.167 versus �0.479; R: �0.173 versus �0.465), indicating a
modulation of the response, which possibly represents integration
of letters and sounds.

4.2. DTI based fiber tracking

Full brain fractional anisotropy (Fig. S1) and mean diffusivity
maps (Fig. S2) are available as supplemental materials.

4.2.1. Fiber reconstructions from Heschl’s gyrus
The reconstructed fiber tracts originating from left and right HG

are shown in Fig. 7a. From the left HG reconstructed fibers curve
upwards around the sylvian fissure and project into the superior
bank of the sylvian fissure and inferior frontal gyrus. A small por-
tion of the fibers projects anteriorly into the tip of the temporal
lobe, and posterior segment projects into the occipital lobe.

In the right hemisphere a proportion of the reconstructed fibers
curve around the posterior part of the sylvian fissure. A segment
projects into superior parietal cortex, while another segment pro-
jects forwards medial to the sylvian fissure into the inferior frontal
lobe. A third segment projects into the cerebellum.

4.2.2. Arcuate fasciculus fiber reconstructions
Fiber reconstructions of the arcuate fasciculus in both hemi-

spheres are shown in Fig. 7b and c. The left hemisphere AF recon-
struction in Fig. 7b runs from the posterior parts of the superior
and middle temporal gyri, then arches around the anterior part
of the sylvian fissure and ends posterior of the inferior frontal
gyrus.

The right hemisphere’s AF main segment (blue in Fig. 7c) fol-
lows a similar path as in the left hemisphere, from the superior
MTG/STG around the posterior part of the sylvian fissure to parts
posterior of the inferior frontal gyrus. Two other segments were
found in the tractography results; one posterior segment (green
in Fig. 7c) running from superior MTG/STG to inferior parietal lobe,
b

eta value found in the patient’s STG. Red line is the median, box edges are 25th and
e distribution of the controls. (b) Multi Sensory Interaction (MSI) for the patient. The
dicating a multi-sensory integration effect. (For interpretation of the references to



Fig. 7. (a) Tractography reconstructions of pathways originating from Heschl’s gyrus in both hemispheres. In both hemispheres, HG connects to the upper bank of the sylvian
fissure. In the left hemisphere a segment projects into the occipital lobe. In the right hemisphere, HG tracts project to superior parietal cortex, a segment projects into Broca’s
area and a segment projects into the cerebellum via the amygdala. (b, c) Left and right arcuate fasciculus reconstruction. In red and blue the long segments of the AF. In green,
the short segments of the AF, which are typically found in the left hemisphere. (d, e) Cross-validation of left and right arcuate fasciculus reconstruction using CSD and
streamline fiber tracking. DTI and CSD fiber tracking results are highly similar. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Reconstructed AF fibers (red in the left hemisphere, blue in the right) in I. are in good agreement with the AF from the atlas (in green). In the right hemi-sphere we
found a projection into the inferior parietal lobe, which is present in the atlas in both hemispheres, but was not found in the left hemisphere of I. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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and a segment running from inferior parietal lobe toward parts
posterior of the inferior frontal gyrus, which is the yellow segment
in Fig. 7c.

The lateralization index, computed for the number of streamli-
nes in the AF is (#streamlines right � #streamlines left)/(right +
left) = (17,641 � 12,470)/30,111 = 0.172, which means the AF is
right lateralized. In healthy volunteers, the AF is not lateralized
(Thiebaut de Schotten et al., 2011).
4.2.3. Comparison of the arcuate fasciculus to the white matter atlas
In Fig. 8 the overlap of the left and right AF in I. with the WM

atlas AF is shown. The reconstructed fibers in I. are in good agree-
ment with the atlas. In the left hemisphere however, the segment
connecting the temporal and inferior parietal lobe is not found in I.,
while it is present in the WM atlas of control subjects. In the right
hemisphere, AF reconstruction is similar to the controls and we did
find a segment connecting inferior parietal lobe with STG/MTG.
5. Discussion

5.1. Right lateralized response to auditory speech sounds

In healthy adults investigated with the same experiment, the
response to unisensory speech sounds is bilaterally similar and
spread out over the PT/HG (Van Atteveldt et al., 2004). In our
patient, we observed a larger response area in the right compared
to the left hemisphere. In the right hemisphere a coherent area of
activation (2754 mm3) was found compared to a more scattered
and in total smaller area of activation (583 mm3) in the left hemi-
sphere. The deviating response in the left hemisphere cannot be
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related to a hearing deficit, since the audiogram is normal and the
BOLD response in the primary auditory cortex is comparable to
that in healthy subjects studied with the same experiment (Van
Atteveldt et al., 2004). A previous single case fMRI experiment,
evaluating the response to spoken words in a left-handed
post-epileptic phase LKS patient (Sieratzki, Calvert, Brammer,
David, & Woll, 2001) revealed a similar, although less pronounced,
right lateralization: right auditory cortex showed an increase
response relative to the left hemisphere, despite the fact that the
epileptic foci were on the right side in the reported case. In a recent
single case fMRI study of a LKS patient during the active epileptic
phase, a right lateralization of language functions was also
observed (Datta et al., 2013).

Although the activated cortical area differs greatly in the right
and the left hemisphere, the shape of BOLD responses to the
unisensory stimuli in auditory and visual cortex are in line with
results obtained earlier in healthy subjects (Blau et al., 2009),
indicating that early auditory and visual cortex function normally
and are able to relay information up to higher cortical areas for
further processing. Since the subject is proficient in reading, the
processing of visual letters is therefore considered to be effective.

5.2. Pre-central gyrus and pre-SMA activation in response to auditory
speech sounds

Activation of pre-motor areas has been reported for speech
sound perception (Wilson, Pinar Saygin, Sereno, & Iacoboni,
2004). These regions are related to speech production using the
mouth and lips and have been found to be robustly activated in
healthy subjects while passively listening to meaningless monosyl-
lables (Wilson et al., 2004). The reported MNI coordinates from left
precentral gyrus (�50,�6,47) and right precentral gyrus
(55,�3,45) correspond to TAL coordinates: left
(x,y,z) = (�49.5,�3.7,43.5), right (54.5,�1,41.5) and overlap the
premotor areas in this subject, which are centered around
(�49,�10,46) and (47,�7.5,42). A surprising finding is that in
healthy subjects, similar areas are more strongly activated by the
visual letter stimuli than by the auditory stimuli.

Considering the fact that finger spelling is the native language
of this subject, it is surprising that the pre-motor areas for fin-
ger/hand movements are not recruited in this experiment. The
motor areas related to finger movements lie a bit more superior
(�35.5,�14.6,65.3), as reported in Moore et al. (2000). Finger
twitching is observed frequently in LKS patients, who use sign lan-
guage/finger spelling, when listening to spoken language (Sieratzki
et al., 2001) and personal observations with multiple patients
(author WP). It could therefore very well be that for more complex
words and sentences, rather than the single letters presented in the
current study, finger spelling or sign language is adopted as an aid
to understanding.

5.3. Integration of letter-sound pairs in the STG

In healthy subjects, auditory cortex and auditory association
areas in the superior temporal cortex (STS/STG) have been impli-
cated in the integration of letters and speech sounds. Greater neu-
ral responses were observed when the letters and the sounds were
matching (congruent) as opposed to mismatching (incongruent),
indicating specialized processing for the learned audiovisual asso-
ciation between letters and sounds. In contrast, dyslexic adults and
children have been shown to be impaired in their integration of
letters and speech sounds in those same temporal brain regions
(Blau et al., 2010, 2009).

In our patient, the observed activity in the STG was similar to
that of healthy subjects. When looking at the MSI index, we
observed a bilateral modulation of the BOLD response between
congruent and incongruent condition, which has been interpreted
as indication for multi-sensory integration (Blau et al., 2009; Van
Atteveldt et al., 2004). For our LKS patient, it might indicate that
processing of single letters is functionally intact, and that problems
occur at a higher order information processing of words or
sentences.

5.4. DTI findings

In this study, we investigated the white matter pathways orig-
inating from Heschl’s gyrus as well as the main white matter struc-
ture relevant for language processing, the arcuate fasciculus, with
DTI-based fiber tracking. We observed significant differences
between LKS patient and healthy controls. Fibers originating from
Heschl’s gyrus seem to be left-right inverted with respect to HG
fibers found in a control study (Barrick, Lawes, & Clark, 2004). In
addition, whereas the long segment of the arcuate fasciculus was
as in healthy controls (visible in both hemispheres), wee did not
find the short segments in the left arcuate fibers reported in
healthy subjects (Catani et al., 2007; Thiebaut de Schotten et al.,
2011). In contrast the short segments seemed to be intact in the
right hemisphere.

Data on the white matter pathways originating from HG inves-
tigated with DW-MRI is sparse. One study found a posterior path-
way between posterior regions and Heschl’s gyrus (HG) and
posterior Superior Temporal Gyrus (STG) using DTI based proba-
bilistic fiber tracking (Upadhyay et al., 2007). An anterior path-
way, connecting anterior HG and anterior STG, was also found,
but this pathway was less dense than the anterior pathway
(Upadhyay et al., 2008). Another study using DTI based determin-
istic fiber tracking reported asymmetrical pathways (Barrick et al.,
2004) in 30 healthy subjects. The study reported that in the left
hemisphere reconstructed fibers pass beneath the planum tempo-
rale and terminated within the insular cortex and inferior frontal
gyrus. In the right hemisphere, fibers passed beneath planum
temporale and terminated within parietal and occipital lobes.
Evidence from functional MRI showed that HG is connected to
anterior STG, STS and IFG in the left hemisphere (Scott &
Johnsrude, 2003), which seem to complement the white matter
connection pattern.

In the patient, portions of the fibers originating from HG project
into anterior parts of the STG in both hemispheres, as well as addi-
tional fibers connecting HG in the left hemisphere with the pole of
the temporal lobe and the occipital lobe. In the right hemisphere,
we found additional fibers projecting toward inferior parietal and
inferior frontal lobe, which seemed to be integrated within the
arcuate fasciculus to some degree. Fibers descending into the cere-
bellum as part of the auditory processing pathway were also found.
Interestingly, in the patient, the fiber tracts originating from right
HG projecting to inferior frontal areas seemed to resemble the left
inferior frontal fibers found in healthy controls (Barrick et al.,
2004).

If we look at the arcuate fasciculus, it was shown in a study with
40 healthy subjects (Catani et al., 2007) in all subjects that STG/STS
was connected to IFG via the long segment of the arcuate fasciculus
(AF) in the left hemisphere. In the right hemisphere, the majority
(62.5%) of subjects did not have a homologue AF connection. In
20% of the subjects, the right AF was found to be weaker, and in
17.5% of subjects it was equal to the left AF. This indicates a left-
ward lateralization of the arcuate fasciculus. Another study
(Gharabaghi et al., 2009) reported the presence of a right AF homo-
logue in 12/12 subjects, but did not report a lateralization index,
since only the right AF was investigated. A very recent study in
40 healthy subjects (Thiebaut de Schotten et al., 2011) reported
again a strong leftward lateralization of the AF long segment. Our
results show the presence of the long segment of the AF in both
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hemispheres. Additional to the long segment of the AF connecting
superior STS and STG to IFG in the left hemisphere, there are two
shorter segments reported to connect superior STS and STG to
the inferior parietal lobule (associative auditory cortex) and con-
necting the inferior parietal lobule to IFG (Catani et al., 2007;
Thiebaut de Schotten et al., 2011). The shorter segments of the
AF were also found in the right hemisphere in healthy subjects
(Catani et al., 2007; Gharabaghi et al., 2009; Thiebaut de
Schotten et al., 2011). We did not find evidence for these short seg-
ments of AF in the left hemisphere, while these segments are con-
sistently found in the left hemisphere of healthy subjects, as also
reported in the WM atlas. In the current study, the short segments
projecting to the inferior parietal lobe were found to exist only in
the right hemisphere.

It should be noted that differences between the patient data and
results from the literature might also exist because of methodolog-
ical differences, e.g. different acquisition and processing of the DTI
data. It is difficult to estimate the impact of methodological differ-
ences in across-subjects comparisons. Most recently, first sugges-
tions have been made how to quantify differences between
tractography methods when applied to global connectivity mea-
sures (Bastiani, Shah, Goebel, & Roebroeck, 2012). However, it
remains a challenge to estimate the effect of the tractography
method in local fiber bundles as we have tracked here. Given the
high number of subjects in the atlas we believe it is a reliable
source for comparison.

The current study is limited in the sense that fiber tracts from
an individual subject are investigated. To our knowledge,
post-mortem data from LKS patients is not available and clearly
we cannot resort to animal studies. Therefore, we need to rely on
white matter atlases obtained in healthy subjects. A dissimilarity
in fiber tracts found here and the atlas might also arise from differ-
ences in the regions of interest used to seed the fibers. The data in
the atlas used here (Thiebaut de Schotten et al., 2011) was
obtained on a 1.5T system with a b-value of 1300 s/mm2, and
was processed with different software and different fiber tracking
stopping criteria (FA = 0.2, angle = 45 degrees), which might influ-
ence the comparison. We have cross-validated our AF fiber track-
ing results obtained with DTI and streamline fiber tracking with
a CSD reconstruction of the data combined with streamline fiber
tracking. The CSD method is better able to resolve kissing and
crossing fiber tracts. Although our data is not particularly suited
for CSD reconstruction because a higher b-value up to
b = 3000 s/mm2 is recommended for CSD (Tournier, Calamante,
Gadian, & Connelly, 2004), we have obtained highly similar results
between DTI and CSD fiber tracking.

Within the healthy system, the short segments in the left hemi-
sphere are possibly connecting the arcuate fasciculus with a sec-
tion on the border of the left inferior parietal lobe and sylvian
fissure, termed the sylvian-parietal temporal area (Spt) (Hickok,
2009; Hickok & Poeppel, 2007). Spt is regarded crucial for
sensory-motor integration of speech or non- speech sounds (e.g.
music). Spt is also crucial with regard to verbal short term memory
functions, as it is part of phonological short-term memory circuit.
Consequently, this area is essential when learning to speak, online
guidance of speech sequences, and for acquiring new vocabulary
(Hickok & Poeppel, 2007).

LKS patients in the active and recovered phase suffer from per-
manent dysfunction of associative auditory cortex as measured in
a dichotic listening task during EEG recordings (Metz-Lutz et al.,
1999; Plaza et al., 2001; Wioland et al., 2001). Furthermore,
short-term phonological memory is consistently found to be
impaired in LKS, even in patients who have recovered fairly well
(Majerus et al., 2003). It was found to be weak in the patient in
the early active stage of LKS (Pullens, 1995). In addition, she cur-
rently continues to make mistakes in sentence construction, word
form, melody and accent and has troubles with learning new vocab-
ulary when presented verbally (observations by WP) Our finding
indicate a potential correlation of missing short fasciculate seg-
ments in the left hemisphere with the observed language deficits.

The results presented here in fibers originating from Heschl’s
gyrus and the arcuate fasciculus suggest a rightward lateralization
of language-related WM pathways. Currently we can only specu-
late about the re-organization of these fibers in the right hemi-
sphere. There is some evidence that in deaf signers, the right
hemisphere is more involved in sign language processing than
the left hemisphere (Neville et al., 1998) but this is being debated,
see (MacSweeney, Capek, Campbell, & Woll, 2008) for an overview.
Since the patient’s ‘‘native language’’ is sign language, the right
hemisphere has possibly taken over language processing functions
from the left hemisphere. A second possibility is that the left tem-
poral lobe was more severely affected during the epileptic phase,
causing the right hemisphere to take over some functions.

Based on the models described in the introduction and the fMRI
and DTI data presented here we have constructed a hypothetical
model of language processing in LKS. Key observations are that
the right auditory cortex is less activated, that the right IFG is acti-
vated instead of the left IFG in healthy controls, that IPL activation
is absent in the patient data, and that the auditory stimulus acti-
vates pre-motor areas instead of the visual stimulus in control
subjects.

We hypothesize that the absence of arcuate fibers directed
toward the left inferior parietal lobe causes auditory information
to not interact with the motor system, thereby restricting phono-
logical short-term memory, (speech) sound-motor interaction
and online feedback of speech and might be one of the neuronal
factors underlying LKS.

Combined with previous findings that short-term phonological
memory is weak in LKS (Majerus et al., 2003), we suggest that the
IPL and auditory sensory-motor integration is disrupted in LKS.
Moreover, visual language (lip reading or finger spelling) has
developed into the more natural language in this patient. As a con-
sequence, when an auditory stimulus is presented, this requires a
higher workload for the pre-motor areas translating the auditory
input into a visual representation (i.e. a word form of the mouth
or a character from a finger spelling alphabet) instead of the other
way around as in healthy subjects, where a visual input seems to
be translated into a motor representation.

5.5. Conclusions and Hypothesis

In this study, the integration of visual letters and auditory
sounds in a recovered, post-epileptic phase Landau–Kleffner
patient was investigated with fMRI. To our knowledge this is one
of the first fMRI studies investigating the underlying functional
and neuro-anatomical mechanisms of LKS.

With DTI-based fiber tracking the neuro-anatomy of the lan-
guage system was investigated. We observed a lack of fibers pro-
jecting from the arcuate fasciculus to the left inferior parietal
lobe, which is possibly related to the disruption in short-term
phonological memory and auditory sensory-motor integration in
LKS.

The results from the letter-sound integration in the STG suggest
that in recovered LKS, language processing of single letters is prob-
ably organized in the same way as in normals, suggesting the lan-
guage system is still intact within local STG circuits. However, the
information might not be accessible in the same way as in normal
adults related to a disruption of the auditory sensory-motor inte-
gration and short term phonological memory in the IPL.

Although this article is based on fMRI data of a single subject,
the outcome seems to be in line with observations and data from
researchers in the field of LKS. Until now there was no evidence,
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but anecdotal, over the use of visually supported communication
systems in the treatment of this syndrome. Further investigation
on al larger scale, including more subjects and a lager test battery
will give us more clarity over the importance of language acquisi-
tion through visual information channels.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bandc.2015.07.
003.
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