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1 Introduction

1.1 Pharmaco-refractory epilepsy

Epilepsy is defined as a disorder of the brain characterized by an enduring
predisposition to generate epileptic seizures (Fisher et al. 2014). It is one of the
most common neuropediatric diseases. In Europe, the incidence in children and
adolescents is estimated at 70/100,000 (Forsgren et al. 2005).

About one third of these patients suffers from pharmaco-refractory epilepsy
(Anyanwu and Motamedi 2018). This means that epileptic seizures persist after
adequate trials of at least two antiepileptic drugs which are tolerated and
appropriately chosen and used in monotherapy or combination therapy (Kwan
et al. 2010). Pharmaco-refractory epilepsy is also referred to in other ways, for

example, as refractory, drug-resistant or medically-intractable epilepsy.

Even though the mechanisms underlying pharmaco-resistance in epilepsy are
not completely understood, the pathogenesis is likely multifactorial. The type
and severity of the underlying neuropathology are considered relevant factors in
pharmaco-refractory epilepsy. Furthermore, it is hypothesized that increased
expression and activity of efflux pumps of the blood-brain barrier can limit
penetration of antiepileptic drugs to the seizure focus (Kwan 2000; Schinkel
1997). Alternative hypotheses suggest reduced drug sensitivity due to an
epilepsy-induced alteration of cellular targets of antiepileptic drugs (Dalic and
Cook 2016) or due to abnormal reorganization of neuronal circuitry (Kwan and
Brodie 2002). Other researchers theorize that in some patients, autoimmune
processes may play a role in the pathogenesis of pharmaco-refractory
epilepsies (Palace and Lang 2000). Additional studies note that genetic variants
of proteins that are involved in the pharmacokinetics and pharmacodynamics of
antiepileptic drugs may be causal for pharmaco-resistance (Dalic and Cook
2016).



Introduction 2

Recurrent seizures can lead to progressive structural damage of the nervous
system as well as to impaired cognitive development in children (Bjgrnaes et al.
2001). In addition, patients with pharmaco-refractory epilepsies have higher
incidences of psychiatric illnesses such as depression and substance abuse.
Adding to these burdens are social, educational and vocational disadvantages.
These effects of pharmaco-refractory epilepsies are accompanied by reduced
quality of life, and moreover by increased mortality and decreased life
expectancy (Laxer et al. 2014).

Even if patients with pharmaco-refractory epilepsies represent the minority of
the population with epilepsy, they require the overwhelming majority of time,
effort and focus from their treating physicians (Laxer et al. 2014).

1.2 Pediatric epilepsy surgery

Epilepsy surgery is an effective treatment option for pharmaco-refractory
epilepsy (Anyanwu and Motamedi 2018; Engel 2011; Téllez-Zenteno et al.
2005). This intervention aims at seizure freedom, insofar as the underlying
neuropathology makes this achievable, or alternatively, at the reduction of
frequency and severity of seizures. Moreover, epilepsy surgery can be
conducted in order to cease or decrease the antiepileptic medication and to
enhance neurodevelopment. The patients as well as their families strive for

improved quality of life postoperatively.

Early surgical treatment in infants and young children has been recommended
by researchers due to children’s greater brain plasticity and the compensational
capacity in childhood (Chugani et al. 1996; Gleissner et al. 2005). In preventing
harmful consequences of uncontrolled epileptic seizures and drug therapy, early
interventions may ameliorate brain development of severely impaired children
(Bajer et al. 2019; Freitag and Tuxhorn 2005; Jonas et al. 2004; Jonas et al.
2005; Loddenkemper et al. 2007; Skirrow et al. 2011; Viggedal et al. 2013).
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Epilepsy surgery requires a complex presurgical evaluation in an epilepsy
center including confirmation of the diagnosis, classification of the seizure type
and identification of the epileptogenic zone. The presurgical workup serves to
evaluate the patient’s suitability for surgical treatment and to define the most

beneficial surgical approach (Anyanwu and Motamedi 2018).

In general, a complete resection of the epileptogenic zone provides the highest
chances for postoperative seizure freedom, but the side effects of functional
impairments increase with the extension of resection. Thus, the amount of
cortex to resect (or disconnect) must be weighed against the risks and

individualized in every patient.

In a majority of infants and young children with pharmaco-refractory epilepsies,
a favorable seizure outcome can be achieved by epilepsy surgery. Seizure-free
rates between 48% and 73% have been reported (Bittar et al. 2002; Duchowny
et al. 1998; Dunkley et al. 2011; Loddenkemper et al. 2007; Ramantani et al.
2013; Reinholdson et al. 2015; Steinbok et al. 2009; Sugimoto et al. 1999;
Wyllie et al. 1996). An established epilepsy surgery method is hemispherotomy,
which is applied in patients with pharmaco-refractory epilepsies resulting from
diffuse hemispheric diseases. In this surgical treatment, the complete
hemisphere affected by severe epilepsy is disconnected from other areas of the
nervous system. This functional isolation of the epileptogenic zone provides
good seizure outcome, with seizure-free rates between 57% and 90% (Basheer
et al. 2007; Palma et al. 2019; Panigrahi et al. 2016; Roth et al. 2017; Shimizu
2005). As hemispherotomy always produces hemiparesis and homonymous
hemianopia on the contralesional side, it is principally considered in patients
with preexisting motor and visual deficits. However, in some patients with good
motor functions and / or intact visual field, the new acquisition of hemiparesis
and / or hemianopia can be tolerated if the advantages of hemispherotomy

outweigh these side effects.
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1.3 Visual pathway

A large proportion of the brain serves visual function. The visual cortex,
including the vision-associated areas, corresponds to approximately 55% of the
entire cortical area in primates (Felleman and van Essen 1991; Moraes 2013;
Prasad and Galetta 2011). The functional organization of the visual sensory
system begins in the retina, where the first three neurons of the visual pathway
are located. The first of these neurons are the retinal photoreceptor cells. There
are two classes of photoreceptor cells, i.e. rods and cones, and these convert
light energy into an electrochemical signal. This signal is passed to bipolar cells,
which correspond to the second neuron, and then to ganglion cells, which are
also known as the third neuron. The ganglion cell axons form the optic nerve,
which carries visual information to the optic chiasm. Here, nasal fibers from
each eye cross over to the opposite side of the brain, whereas temporal fibers
remain on the same side. This semidecussation brings together fibers dealing
with the same part of the visual field. Therefore, the optic tract carries fibers
from both the ipsilateral temporal retina and the contralateral nasal retina to the
lateral geniculate nucleus. In this specialized portion of the thalamus, the
synapse to the fourth neuron is located. Information travels through the optic
radiation, which fans out in the temporal and parietal lobes (»Figure 1). The
optic radiation terminates in the primary visual cortex located in the occipital
lobe, where the first analysis of visual information is performed (Joukal 2017;
Kandel et al. 2000; Koenraads 2016; Moraes 2013; Prasad and Galetta 2011).

From the primary visual cortex, the ventral and dorsal streams carry information
to extrastriate areas, where further processing takes place. The ventral stream
projects from the occipital lobe to the temporal lobe and largely determines
perceptual object identification including color, contrast and shape. This stream
is therefore also called the “what pathway”. In contrast, the dorsal stream
passes from the occipital lobe to the parietal lobe and not only carries
information about spatial features and movement but also mediates the required
sensorimotor transformations for visually guided actions. The dorsal stream is

also referred to as the “where pathway” (Goodale and Milner 1992; Joukal
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2017). Ultimately, both dorsal and ventral streams send visual information to
distant cortical areas for the highest levels of processing (Prasad and Galetta
2011). Even the proponents of this dualistic model, however, admit that it is an

oversimplification of the true situation, given that strong interactions occur

between the two networks (Terpening and Watson 2007).

Fibers representing superior
retinal quadrants
(inferior visual field)

Lateral geniculate nucleus

Primary visual cortex

Fibers representing inferior
retinal quadrants
(superior visual field)

Meyer's loop

Figure 1: Course of the optic radiation. Source: Drawn by Kilian Weidig.

Fibers relaying input from the inferior part of the retina pass through the
temporal lobe sweeping rostrally in a broad arc called Meyer’s loop, which
passes around the inferior horn of the lateral ventricle, and finally turning
caudally to reach the occipital pole below the calcarine fissure. In contrast,
fibers representing the superior part of the retina lie deep in the parietal lobe
and travel straight back terminating in the occipital pole above the calcarine

fissure.
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1.4 Visual field defects in children

In children, lesions in the cerebral part of the visual pathway can stem from
various conditions, such as genetic disorders, malformations, hypoxic-ischemic
encephalopathies, infections, elevated intracranial pressure, drugs and toxins,
hypoglycemia and other metabolic disorders, traumatic brain injuries, epileptic
seizure disorders and also epilepsy surgery (Haaga et al. 2018; Koenraads
2016). These lesions can be located at various points along the visual pathway,
resulting in specific visual field defects arising from the retinotopical

organization of the visual pathway at all levels (» Figure 2).

Left eye Right eye

Optic/
tract
Optic Lateral
radiation geniculate
/ nucleus

0

Visual cortex

Figure 2: Visual field defects produced by lesions at various points along

the visual pathway. Source: Drawn by Kilian Weidig.

As shown in (1), optic nerve lesions lead to total or partial loss of vision in the
corresponding eye. Optic chiasm lesions, which are marked in (2), can be
caused by space-occupying lesions around the sella turcica (e.g. pituitary

tumours) and typically result in bitemporal hemianopia, meaning that vision is
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missing in the temporal visual field halves of both the right and left eye. As
represented in (3), optic tract lesions produce contralateral homonymous
hemianopia, which means visual field loss of both eyes on the left or right side
of the vertical midline. Damage along more medial parts of the optic radiation
results in inferior homonymous quadrantanopia, while damage along more
lateral parts of the optic radiation causes superior homonymous quadrantanopia
on the contralesional side (4). Injury to the primary visual cortex can lead to a
phenomenon called macular sparing, which is shown in (5). Macular sparing
means the exception of foveal vision in homonymous hemianopia or
homonymous quadrantanopia. The exact mechanism of macular sparing is still
uncertain (Kolb and Whishaw 2009). One hypothesis is that the macular region
of the visual cortex has a double blood supply from the middle cerebral artery
and the posterior cerebral artery. If there is damage to one vascular pathway,
there is still another artery which provides blood to the macular region of the
visual cortex. This means that vision in the center of the visual field is

preserved, whereas vision in peripheral areas is lost (Leff 2004).

Pediatric visual field defects can have serious consequences on a child’s motor,
emotional, social and psychological development (Koenraads 2016; van Hof-
van Duin et al. 1998). Early identification of visual field defects is important for
correct interpretation of a child’s behavior, for parent counseling and for the
timely initiation of appropriate rehabilitation. Moreover, visual field assessment
can play a role in monitoring the progression of a brain disorder, in determining
a child’s prognosis, and in evaluating the presence of a visual field defect in

children eligible for epilepsy surgery (Koenraads 2016).

For various reasons, visual field defects in children can be easily overlooked.
First, vision is an internalized function. Compared to motor, verbal or cognitive
dysfunctions, visual impairment including visual field loss is less obvious and
might therefore be regarded as relatively less important in complex

combinations of multiple disabilities (Harbert et al. 2012; Koenraads 2016).
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Second, children with visual field defects often compensate well in daily life, so
that they do not present typical problems like bumping into objects or people.
Third, visual acuity testing may reveal normal results in children who have
visual field defects due to retrogeniculate lesions, but only if the cortex
representing the macula is intact. Additionally, pupillary light reflexes are
normal, since fibers that subserve the light-pupillary reflex leave the optic tract
and enter the brainstem before the lateral geniculate nucleus (Good et al.
1994).

Due to these missing clinical clues, special visual field assessment is required.
In children with brain diseases, however, visual field testing is often challenging
not only due to low cooperation and short attention span but also due to
additional deficits caused by the brain lesions, such as motor and cognitive
impairments. These hurdles in assessing the children in a useful manner often
lead physicians to avoid such measurements. Available methods for pediatric
visual field assessment are not widely used because they are relatively

unknown.

1.5 Neuroimaging of visual field defects

Neuroimaging techniques can be of value to objectively predict or diagnose not
only the presence but also the type of visual field defects in children.
Neuroimaging is generally divided into two main categories, namely structural
and functional imaging. Structural imaging aims at visualizing the various
structures of the brain and any physical abnormalities that may affect them,
whereas functional imaging measures activity in certain parts of the brain while

the patient performs special tasks.

A widely-used structural brain imaging method is Magnetic Resonance Imaging
(MRI). The most common MRI sequences are T1- and T2-weighted scans,
which can visualize cortical areas and the white matter. MRI plays a role in

identification of homonymous visual field defects as it serves to detect lesions of
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the retrochiasmatic visual pathway (Haaga et al. 2018). In most cases,
however, diagnosis of early acquired visual field defects cannot merely be

based on structural MRI, but requires additional measures.

One of these additional measures is the Diffusion Tensor Imaging (DTI)
technique, which is based on measuring the diffusion of water molecules. In
brain tissue, molecular diffusion is not free, but reflects interactions with many
obstacles, such as macromolecules, fibers and membranes. Water molecule
diffusion patterns can therefore reveal microscopic details about tissue
architecture (Basser et al. 1994; Pierpaoli et al. 1996). Fiber tractography uses
diffusion tensor data to enable three-dimensional visualization of specific white
matter fiber tracts like the optic radiation (Ciccarelli et al. 2005; O'Donnell and
Westin 2011; Okada et al. 2007; Wu et al. 2012). Damage or displacement of
fiber tracts can be visualized better than by conventional MRI (Lee et al. 2005).
Therefore, DTI and fiber tractography are valuable diagnostic tools in the
preoperative neurosurgical planning in order to protect relevant fiber tracts.
(Reith 2015).

Functional magnetic resonance imaging (fMRI) of the brain provides images of
changes both in local blood flow and in oxygenation that are evoked by neural
activity. This technique is capable of identifying brain areas that respond not
only to visual stimulation but also to the performance of vision-related tasks.
fMRI allows retinotopic mapping, which represents the correspondence
between the visual field and its representation in the visual cortex (Raz and
Levin 2014; Wandell and Winawer 2010). Moreover, fMRI enables localization
of higher visual functions in the occipital cortex (McFadzean et al. 1999). On
visual field maps, fMRI information can be integrated with other measures,
including electro-encephalography (EEG), magneto-encephalography (MEG)
and electro-corticography (ECoG), in order to clarify spatial locations of the
neural signals (Koenraads 2016; Wandell and Winawer 2010). Sophisticated
DTI and fMRI measures can also provide insight into the mechanisms of cortical
development and plasticity (Hoffmann and Dumoulin 2015).
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1.6 Mechanisms of compensation and adaptation in children with
homonymous hemianopia

Studies have shown that children with homonymous hemianopia can present
characteristic mechanisms of compensation and adaptation. First, an
anomalous head posture can occur. In turning the head to the side of the
absent hemifield, children move the non-seeing field off to the side and center
the seeing field (Donahue and Haun 2007; Good et al. 1994; Koenraads 2016;
Paysse and Coats 1997; Zangemeister et al. 1982).

Anomalous head posture in patients with homonymous visual field defects is
especially observable during tasks that require proper visual fixation
(Koenraads 2016). The patient can be asked to fixate a small object or optotype
positioned far away, while the examiner observes the head position of the
patient in order to detect anomalous head posture including face turn (to the left

or right), head tilt (to the left or right shoulder) or head tip (up or down).

Second, homonymous hemianopia in children is frequently accompanied by
strabismus. Exotropia has been suggested as a compensational mechanism
because it can expand the visual field equal to the angle of strabismic deviation
(Bronstad et al. 2018; Donahue and Haun 2007; Herzau et al. 1988; Jacobson
et al. 2012; Koenraads 2016; Levy et al. 1995; Saleh et al. 2006). Misalignment
of the eyes results in diplopia or confusion, both of which can be prevented
through anomalous retinal correspondence and suppression. These sensory
adaptation mechanisms are more likely to develop in childhood (Bagolini 1967;
Bronstad et al. 2018; Levy et al. 1995; Schor 2015).

Strabismus is mostly obvious and can be easily identified, but in some patients,
misalignment of the eyes is barely detectable. It may help to shine a small light,
such as a penlight, in the patient’s eyes, and observe corneal light reflexes.
When the position of both reflexes is symmetrical and located just slightly nasal
to the center of the pupil, no strabismus is present. In contrast, asymmetrically
positioned corneal light reflexes indicate the possibility of strabismus. Another

method of determining the presence of strabismus is to use a cover test. In the
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unilateral cover test, the patient focuses on an object, while the examiner
covers one eye with an occluder and simultaneously observes the uncovered
eye. In case of manifest strabismus, covering the fixating eye causes an eye
movement in the deviating eye in order to look at the target. If the deviating eye
is covered, there is no eye movement of the other eye because it is already
fixating. In the alternate cover test, binocular vision is interrupted by alternately
covering the right and left eye, making any form of latent and / or manifest
strabismus visible (Kaufmann and Esser 2012).

Third, homonymous visual field defects can be compensated for by special eye
movement strategies (Jacobson et al. 2012; Meienberg et al. 1981; Meienberg
1983; Pambakian et al. 2000; Tant et al. 2002; Zangemeister 1995; Zihl 1995a,;

Zihl 1999). These can be assessed in visual search tests.

1.7 Research questions

Specific neuroimaging findings as well as the clinical clues described above can
raise suspicion of homonymous visual field defects in pediatric patients. Little is
known, however, about the particular diagnostic and prognostic implications of
these impairments in children. Focusing on pediatric epilepsy surgery patients,
the scope of this thesis was (1) to study the prevalence and improve the
identification of homonymous visual field defects, and (2) to investigate
consequences and adaptation after surgically acquired new homonymous

hemianopias.

1.7.1 Identification, assessment and prevalence of homonymous visual

field defects in pediatric epilepsy surgery patients

The first study described in this thesis had three aims: First, to evaluate
“‘campimetry” as a new examination method for visual field assessment in

children. Second, to assess the prevalence of homonymous visual field defects
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in pediatric epilepsy surgery patients. Third, to analyze strabismus and
anomalous head posture as potential clinical signs for homonymous visual field
defects. The clinical study is described in detail in the publication which forms

the first part of the results section of this thesis.

1.7.2 Effects of surgically induced homonymous hemianopia on visual

search in pediatric epilepsy surgery patients

During pediatric epilepsy surgery, one visual hemifield is sometimes sacrificed
in the attempt to cure pharmaco-refractory epilepsies. These situations offer the
unique chance to investigate the effects of a newly acquired homonymous
hemianopia on visual search, using a prospective pre / post approach. This was
the aim of the second study of this thesis. To our knowledge, this has never
been done before; all previous publications on the effects of hemianopia have
studied patients with unexpectedly acquired brain lesions, hence no pre-
hemianopia data could be gathered. The clinical study is described in detail in
the publication which forms the second part of the results section of this thesis.
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2 Results

2.1 Study I: Uncovering homonymous visual field defects in
candidates for pediatric epilepsy surgery
(Neumayr L, Pieper T, Kudernatsch M, Trauzettel-Klosinski S,
Staudt M,
published in European Journal of Paediatric Neurology)

The first part of the results is formed by the printout of an article by Neumayr et
al., which was published in European Journal of Paediatric Neurology in 2020.
The following is the detailed bibliographic data of the publication:

Neumayr L, Pieper T, Kudernatsch M, Trauzettel-Klosinski S, Staudt M
(2020) Uncovering homonymous visual field defects in candidates for
pediatric epilepsy surgery. European Journal of Paediatric Neurology
25:165-171.
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Objectives: Perimetry in children can be challenging due to low cooperation and short attention span.
Especially during the pre-surgical work-up of children with pharmaco-refractory epilepsies, however,
diagnosing homonymous visual field defects (HVFDs) can be crucial for planning surgical strategies.
Here, we evaluated “campimetry” for visual field testing in children. Furthermore, we analyzed stra-
bismus and anomalous head posture as clinical signs for HVFDs.

Methods: Campimetry and a standard orthoptic examination were performed in 18 patients (age range:

ﬁgvlgfrggid defects 3y 2 m—18 y) who underwent epilepsy surgeries in our center during the study period, and in 11
Perimetry additional patients (age range: 2 y 10 m—22 y 10 m) with suspected or confirmed HVFDs.

Anomalous head posture Results: In 16/18 patients of our unselected surgery cohort, pre- and postoperative campimetry was
Strabismus successfully completed. Of these, only 7/16 patients had intact visual fields pre- and postoperatively,

while 5/16 patients already showed preoperative HVFDs and 4/16 patients suffered newly acquired
HVFDs as calculated consequences of the surgery. Regarding clinical signs, strabismus (mostly esotropia)
and anomalous head posture were specific indicators of HVFDs (strabismus: 6/12 with HVFDs vs 1/18
without; anomalous head posture: 8/12 with HVFDs vs 0/18 without).
Conclusions: For perimetry in children with limited cooperation, we suggest campimetry as it allows
early detection and fast delineation of HVFDs. This is particularly important in pediatric epilepsy surgery
patients, who display a surprisingly high proportion of HVFDs (9/16). Both, strabismus and anomalous
head posture can indicate such HVFDs. Therefore, clinicians should pay attention to these clinical signs,
especially in the context of epilepsy surgery.

© 2019 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights reserved.

Homonymous hemianopia
Hemispherotomy

1. Introduction

Epilepsy surgery is an effective alternative treatment for
pharmaco-refractory epilepsies.' In contrast to adults, who
typically require circumscribed lesionectomies or standard tem-
poral lobe resections, many children need multilobar resections,
often involving the entire temporal and/or occipital lobes. Severe
cases can even require hemispherotomies.* ® Such surgical treat-
ments unavoidably result in contralateral hemianopias.

* Corresponding author. Schoen Klinik Vogtareuth, Krankenhausstr. 20, 83569,
Vogtareuth, Germany.
E-mail address: LNeumayr@schoen-klinik.de (L. Neumayr).

https://doi.org/10.1016/j.ejpn.2019.11.003

Some of these children have preexisting complete hemianopias
due to brain lesions causing their epilepsies, so that resections or
disconnections of the optic radiation or the visual cortex do not
cause new deficits. In contrast, in children with preoperatively
normal visual fields (or with incomplete hemianopias), the clinical
team must discuss whether the chance to successfully treat the
epilepsy justifies sacrificing one hemifield of vision. Hence, when
making these decisions, it is crucial to know about any preexisting
HVFDs in candidates for epilepsy surgery.

In cooperative adults, the visual field can be easily examined
using conventional perimetry techniques. In children, perimetry
presents a major challenge due to lower cooperation and shorter
attention spans. Infants and toddlers as well as children who have
deficits in cognition, behavior and attention are typical pediatric

1090-3798/© 2019 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights reserved.
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epilepsy surgery candidates, so that standard testing strategies
demanding the patients’ full cooperation and concentration are not
feasible.

To date, no well-established perimetry technique exists for this
cohort. In clinical practice, children's visual fields are usually
assessed using confrontational perimetry. While this examination
is quick and easy, it does not result in an accurate objective quan-
tification of the visual field.”

Previous studies have developed and tested special perimetry
methods for children.”>® All these methods have, however, spe-
cific disadvantages. In several of these procedures, confrontational
behavioral methods were used.>!t2141819.2122 These methods
were easy to perform and to implement in clinical practice, but they
were imprecise,>'*18192122 potentially intimidating®'>'*'®2! and/
or they required two examiners.'"'#1°??> Some authors used eye
tracking systems to observe patientss eye and head
movements.”%1°~17:2023 These technical devices were objective, but
they often required high investments of time and money and could
also be intimidating for children.”'>'5° Others used perimetry
with visual evoked potentials,''4?4~28 which, while it is objective,
does not provide information about the actual perception of a
stimulus. A special computer game for perimetry in children was
well accepted, but, even when tested in healthy children, showed
high inter-subject test variability."* The first aim of our study was to
overcome the disadvantages of these previous perimetry methods
by developing and evaluating “campimetry” as an easily applicable,
child-friendly, quick, yet precise assessment for visual fields in the
clinical setting.

The second aim of our study was to systematically analyze the
value of strabismus and anomalous head posture as potential
clinical signs for HVFDs in a clinical pediatric sample of candidates
for epilepsy surgery. These clinical signs have been described for
patients with HVFDs.??*~39 The recognition of such signs is
important since, in contrast to clearly evident sequelae of brain
lesions like motor dysfunction and mental retardation, the
impairment of visual function, and especially visual field defects,
can easily escape identification.”® Early onset visual field defects are
often well compensated, which hinders even experienced exam-
iners in detecting them during clinical observation, because typical
signs for hemianopias like bumping into objects do not occur.>>*°

Hence, children could be deprived of interventions to mitigate
epilepsy in some cases because of an unfounded fear of causing
new HVFDs.

2. Patients and methods

Between September 2017 and May 2018, 25 German-speaking
children and adolescents underwent epilepsy surgeries in our
center (median age: 8 y 6 m; age range: 2y 1 m—18 y 5 m); 13
further patients operated during this period did not understand
German and were therefore excluded. Of these 25 patients, 7 were
excluded because they did not understand any verbal commands or
could not sit on a chair for more than 10 min. The remaining 18
patients in this “surgery cohort” (median age: 8 y 10.5 m; age
range: 3 y 2 m—18 y) were supplemented by 11 additional patients
(median age: 10 y; age range: 2 y 10 m—22 y 10 m) examined
during the diagnostic phase with suspected or confirmed HVFDs, as
reported by the clinical staff of the pediatric epilepsy surgery ward.
Approval from the ethics committee of the Faculty of Medicine,
University of Tuebingen, and informed written consent from all 29
participants and/or their legal guardians were obtained.

The 18 patients in the surgery cohort were examined before
(median: 5 d) and after (median: 7.5 d) their operations as well as
about six months later (median: 6 m; range: 5 m—10 m), while the
additional 11 patients with suspected or confirmed HVFDs were
examined only once. All examinations included campimetry as well
as a standard orthoptic examination.

2.1. Campimetry

All children were examined binocularly using a custom-made
campimeter (Fig. 1) which was modified after a prototype devel-
oped in the Vision Rehabilitation Research Unit, Centre for
Ophthalmology, University of Tuebingen.*! The examiner asked the
patient to fixate on a central red spot of light on the plane surface of
the campimeter. By pressing buttons on a keyboard in an individual
chosen order and rate, the examiner briefly switched on white light
points around the red fixation point (three white points of light per
quadrant at 20° and 30° radius apart). Simultaneously, the eye
movements of the patient were observed. When the examiner

Fig. 1. (A) Campimeter. Around a central red fixation light, 24 white points of light are arranged (three per quadrant at 20° and 30° radius apart, respectively) (B) Campimetry
examination situation. The patient is asked to fixate on the central spot of light. In random order, the examiner briefly switches on white light points and simultaneously observes
the eye movements of the patient. The campimeter is positioned at a distance of 50 cm from the patient's corneal vertex, and its height is adjusted so that the patient is at eye level
with the central red fixation light. (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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noticed a directed eye movement of the patient towards the spot of
light tested, the corresponding test point was marked as
“perceived”; in the absence of an eye movement the test point was
marked as “not perceived”. The campimeter was positioned at a
distance of 50 cm from the patients’ corneal vertex, and its height
was adjusted so that the patients were at eye level with the central
red fixation light of the campimeter. A standard campimetry eval-
uation took 10—15 min.

2.2. Orthoptic examination

A trained orthoptist (LN) assessed the ocular alignment by
means of corneal light reflexes and the cover test. These exami-
nations were used to reveal strabismus such as intermittent or
continuous exotropia or esotropia as well as vertical strabismus.
Stereoscopic vision was checked with the Lang I Stereotest. In
addition, the level of eye motility was determined. Finally, the
orthoptist documented any anomalous head posture and
nystagmus.

3. Results
3.1. Campimetry

Campimetry was tried in all 29 patients. Two of these did not
cooperate sufficiently to perform campimetry (ages: 6 y 7 m and
10 y 3 m). These two patients were excluded from all further ana-
lyses, leaving 17 children in the surgery cohort and 10 in the cohort
with suspected or confirmed HVFDs. Of these 27 patients, 25 could
undergo the full examination, while in two (#4 and #5), we
detected incomplete hemianopias but could not exactly specify it
(ages: 11 y 5 m and 3 y 4 m). The demographic and clinical data of
these 27 patients (median age: 9y 1 m; age range: 2y 10 m—22 y
10 m) as well as the results of campimetry and orthoptic exami-
nation are outlined in Table 1. The age distribution and examin-
ability by the campimeter are shown in Fig. 2.

3.2. Prevalence of homonymous visual field defects

In the surgery cohort, the preoperative visual field was intact in
12/17 patients, while 5/17 patients had preexisting HVFDs (one
complete hemianopia, four incomplete hemianopias). As patient
#10 refused further examinations, the postoperative analysis in-
cludes only 16 patients. Postoperatively, of the five patients with
preexisting HVFDs, the one complete hemianopia remained un-
changed, while four incomplete hemianopias had been converted
into complete hemianopias. Of the eleven patients without preex-
isting HVFDs, four had newly acquired complete hemianopias,
while seven patients still had intact visual fields after the operation.
All patients with newly acquired or worsened HVFDs had under-
gone planned occipital resections/disconnections or temporal re-
sections involving the optic radiation; hence, all postoperative
deteriorations were expected effects of the operations.

In the cohort with suspected or already known HVFDs, 7/10
patients had intact visual fields, while in 3/10 children we discov-
ered or confirmed HVFDs (always complete hemianopias).

3.3. Clinical signs for visual field defects

Of the entire sample of 27 patients (both cohorts together), 26
could be analyzed for clinical signs: Patient #10 had to be excluded
due to inability to comply with the orthoptic examination, and
refused the postoperative examinations.

At the time of the first examination, 18/26 patients had intact
visual fields. Of these, 17/18 showed neither strabismus nor

anomalous head posture, and only 1/18 showed strabismus. The
remaining 8/26 children had preexisting HVFDs. Of these, all pa-
tients with pre- or perinatally acquired (“congenital”) HVFDs (5/5)
presented both strabismus and anomalous head posture, while of
the three patients with preexisting post-neonatally acquired HVFDs
(here: 8 months or older), none showed strabismus, and only 1/3
had anomalous head posture.

In the surgery cohort, four patients with preoperatively intact
visual fields sustained hemianopias as expected consequences of
their epilepsy surgeries. One of these four patients (#6) post-
operatively developed strabismus (exotropia) with diplopia (i.e.,
decompensated exophoria), which became intermittent (i.e.,
decompensating exophoria) six months later. Two patients devel-
oped anomalous head posture (still present after six months), and
only one neither (Fig. 3). Of the four patients with preoperative
incomplete hemianopias which converted into complete hemi-
anopias, we observed anomalous head posture, deteriorating in
patient #4 and developing anew in patient #5, but no change with
respect to strabismus.

In total, our cohort comprised 12 patients with HVFDs (8 pre-
existing, 4 acquired by surgery). Of these, 6/12 patients showed
strabismus - 5/6 had esotropia (one of them additionally dissoci-
ated vertical deviation) and 1/6 exotropia. In most cases, strabismus
was contralateral to the side of the brain lesion (n = 4), rarer was
ipsilateral (n = 1) or alternating (n = 1). Anomalous head posture
was noted in 8/12 patients with HVFDs. This head posture had
different presentations: 4/8 children turned their head in a hori-
zontal plane to the side of the hemianopia, while 4/8 patients
showed a head turn to the other side, a head tilt and/or chin-down.
In only 1/17 patients with an intact visual field, a head tilt was
noticed.

Thus, in this highly selected cohort of a pediatric epilepsy sur-
gery service, strabismus was found more frequently in children
with HVFDs (6/12 vs 1/18; p = 0.01, Fisher), and strabismus had a
positive predictive value of 86%, negative predictive value of 74%,
specificity of 94% and sensitivity of 50% for the presence of HVFDs.
Similarly, anomalous head posture was found more frequently in
children with HVFDs (8/12 vs 0/18; p < 0.001; Fisher), with a pos-
itive predictive value of 100%, a negative predictive value of 82%, a
specificity of 100% and a sensitivity of 67%.

4. Discussion

Our study produced three major findings. First, the campimetry
method we tested here yielded reliable information in a large pro-
portion of pediatric epilepsy surgery patients: Despite the many
problems of such patients in terms of cooperation, cognition and
attention, campimetry was possible in 15/25 (60%) patients of an
unselected cohort operated in our center during the study period.
This data suggests that the test may be a valuable tool to detect
HVFDs in young and/or cognitively impaired children. To our
knowledge, this is the first study to evaluate the applicability of this
device. The 24 white light points enable a more precise quantifica-
tion of the visual field extent than do confrontational perimetry and
other methods based on behavioral observation,®!'!1418192122 1
contrast to other devices,'>!4~1821:23 the patient is not restricted by
the campimeter because it is a plane surface rather than an enclo-
sure, and thus it is less intimidating. Furthermore, some previously
described methods require both an examiner and an
observer,'"'41%22 while campimetry is feasible with only one person.
Compared to eye tracking systems,”®'°~172023 our device is less
expensive. Another advantage of campimetry is that this examina-
tion takes only a short time (approximately 5—15 min), which fits the
children's short attention spans. Furthermore, the order of the test
points can be variably chosen so that the examiner can adapt the



17

Results

L. Neumayr et al. / European Journal of Paediatric Neurology 25 (2020) 165—171

168

*129J9p PIAY [BNSIA ‘A ‘[erodwa) “dwa) ‘uondasal “sal YSL Y ‘ee[ewodna] JendLuaALdd “JAd ‘a8eyLioway Jenoruaatad ‘HAd ‘eLASoDIW

-£10d ‘DN sa1[eWwoUr 943 pUP SII[PWIOUR JBIPIED ‘SII[PWIOUR [BLIS)IE ‘PWOISUBPWIY ‘SAI[PWOUR BSso) Jolalsod ‘GIyHd ([eiatred “red [e31d1dd0 “220 3[qe[ieAe Jou ‘e/u ‘AI91Ie [B1qa1ad J[PpIW ‘YDA dewW ‘W )] T Juanjonb
duadifPIul Y a391dwodur “dur ‘eidoueiway ‘uyay :[eIuoly “olj :eis|dsAp [e21110D [BJ0) ‘D4 (9[PWd) ‘J ‘UONPIAIP [BINIDA PAIRIOSSIP ‘AAQ -239[dwod “dwod :Suneuraye “)e :ainisod peay snojewoue ‘JHY :SUONRIAJIQQY
‘Z8 OIA ‘L9 DId :SL# 1L DIA ‘%S Old :6# "TL OIA ‘8S DId :£# (DIA) 3uanonb duadifaiul [eqiaA ay3 pue (D1d) Jusnonb 2ouasi[a3ur aduewIoyIad 3Y) UIIMIS] SIIUISHIP JUBIYIUSIS AYSIY PIMOYS GL# PUB G# ‘L# SIUINIE ...
‘(6% PUn Gg U2aM13q pPajewnsa O 1) Jusuiredwt SANIUS0D 3)eIIPOW YIM PIsouserp A[[edIUl]D e G# PUB H# ‘€4 SIUaNe( .,

*s1eaA ¢ Jo aSe ay3 1e uondasal [e3idd0-o1aned-oroduwrd) e Jo aduanbasuod e se parmnddo Ajuo eidoueruay 1aylaym Io ‘erdouerway o) peaj Apeaife pey u
\ - -

*19AMOY ‘SP[aY [ENSIA 3] UO S1I3JJd Pey pey YdIYm JO auou - (91 #) SIeak {1 pue (G1#) S1eak g pue £ ‘(9#) sieak g Jo aSe ay3 Je ‘Apnis ayl Suliaua a10Jaq sauadins Asdajids suoSiapun pey sjuaned aiow a1y,
0159] UTR1q [2IIU2SUO0D AY) JSYIdYM PapIdap aq Jouued It ‘[ 4 Juaned uj,

= I "GWwa) sBeULIOWaY 5 Jown] VL T 12
B B B [EIEES OB VO 7ot T |9t
B B B [EIEIES OB VO 7ot "3
- - B 4 -dws) jown) uBiusg 001 TR
s [GIEEICE ¥ UOROIEIU VO 78 N3
Asasunsou < = [CITEEITE Tdwa1 a>3 53 ("R F73
- - - |eauaduod 7°dwa1 @24 69 I3
- 0> Y UvaH T Tdway Qi Kinfur peap 8 T [0z
wng B “dwo> 1 uvan 153 3 90-1ed-GW7 (U0 Y o%0ms of (T3 "l 133
gunL ¥ eidonos3 qwio> g UvaH [EIEES T330-12d-dWa1 433 (13 W (8T
P - - - oot ETEECT = . TOT CIIEETE W) eWoursAey oet T
- - - - oTZT 770153y - L 7703 BWOVS0ASY or'LT EES
- - - - - oToT 770153y - - - ) 7ied-01U01} 033 oT'ot 1 [st
ammou < | - - - - - 9% 7701y 53y - - - €L €3U38U0> 7705 G4 58 T [
B B B B B (3 Tdwa) soy B E B 06 [EIEES T dway EA T et
- - - - - 'S 770508 - - - 80T €11U380> ELE] TS N
- Wopt - Wap! g 73 "dway S0y - 70AG 3 eldonox3 ) [ENua3U0> 731 O S150535 BWOIpUAS IDVHA ST NG
A o0 o0 o0 o/u oE 3 ALOI0I5UGSIWaH SIGOUILIDXa 10U - 6L [EIEEES ¥ 120-02] SWOIPUAS J3GOAN 33N e "
- - - - 30 UYaH T6 ¥ - - - 65 €11U38U0> ¥ UO2IEJUT VO 0'6 176
ainpasnboe < wap! - FEY - “dwod Y uyeH s Al - - - w |enuaduod 7 uonduey YUM HAJ s's w s
Aimou Wap! g ywng B 0> g UvaH FR) ] B B B ) [EIEES  UOR>18JUl SNOUBA U3 HAJ 8 T ¢
- e1donoxg - e eidonox3 | dwod 1 uyaH 0'8T Y 220-"dwa) sy - - 170 1831u38u0> Y dway 0'8T w |9
P B Wwng B “qwo> Y UvaH TE T AWOI01GSIWaH B B DUIYUVOH | ae/u wg "GWaY- 0] Y0NS S1WBU3S! 1§ SBEUIOWSY PIOUUPEIRANS Ve W |5
ain 7 o7 e TuinL + wap! Wapt dwosuven | TTAT ¥ GMOP-UIP T IIL e/ eldonos3 ETETTE T e [EIEETES <<y 4>l_ ST T v
a2 a < [ o0 Wap! Wap! qwios g UvaH vE 77330-1ed-dwia} 53y guinL Teidonos3 EEVITE Y gy [EIEIE 77330~ 12d- AU} SWOIPUAS 13GaAN 33N | 3 T €
Wap! Wap! Wap! Wap! EITERINZT] G ] L V4aAaT EES] ETEITET ) [EIEIES ¥ UORIEJUT SNOUSA (M A £ Tz
7/ Wapt Wopt Wopt Wopt “qwo> g UVeH TeT TAWwor01dSIwaH oL ¥ eidonos3 “qwo> YUveH | Ov A€/ 1eussuos W41 SUOISa| JE[>MUaAIRd ‘UOREINW TVFI0D TEr Tt
dHY snwsiqens. dHY snwsigens. QA (wiA) dHY snuwsiqens Qin ol (weA) (w:h) #
Asagins sgewep uoneujwexs
dn-mojjo3 angesadoisod resdy AsaBang angesadoasg ureiq 1030500 3¢ o8y sisouseiq ooty | | ¥

‘syuanied [[e jo eiep [edwunpd pue dyderSowaq

L a1qeL



Results

18

L. Neumayr et al. / European Journal of Paediatric Neurology 25 (2020) 165—171 169
6 Onot considered examinable
. @ examination unsuccessful
Oexamination partially successful

") @ examination successful
=4
2
=
©
23
s
»
kP
€
S
c

1 -

0123 456 7 8 9 10111213 14 1516 17 18 19 20 21 22
age (years)

Fig. 2. Age distribution and examinability by the campimeter. The two patients with partially successful examinations (#4 and #5; in yellow) showed incomplete hemianopias,
which could not be exactly outlined further. (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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Fig. 3. Strabismus and anomalous head posture in patients with and without homonymous visual field defects (HVFDs). Note that the preoperative data of the four patients with
“HVFD induced by operation” (right column) are included in the left column (“no HVFD") as well; hence, the numbers do not sum up to the total number of patients in the study.
Preoperatively, these four patients showed neither strabismus nor anomalous head posture.

sequence to the patients' reactions. Hemianopia and quadrantanopia
can be effectively detected by campimetry, but the method is suit-
able neither for scotomas nor for peripheral visual field loss due to
the 30° radius external examination border. Campimetry represents
the central 30° radius which is estimated to be the part of the visual
field that is mainly used in everyday life.*’

Second, we found an unexpectedly high prevalence of HVFDs in
pediatric epilepsy surgery patients. Preoperatively, we found intact
visual fields in 12/17 patients (71%), which is notably higher than
the proportion of children with preoperatively intact visual fields in
previous studies, ranging between 21% and 36%.%>34%3 Ppost-
operatively, 9 of our 16 patients were hemianopic (four of which as
calculated and accepted consequences of the surgeries). This
highlights the importance of following up on this issue in pediatric
epilepsy surgery departments. Ivanov et al. emphasized the ne-
cessity of rehabilitation in cases with newly acquired visual field
defects and investigated the effect of a computer-based visual
search training as a new rehabilitation approach for children with
homonymous hemianopia.**

Third, we confirmed strabismus and anomalous head posture as
valuable clinical indicators for HVFDs in an epilepsy surgery setting,
with positive predictive values of 86% and 100%, respectively.

Strabismus in our cohort was typically detected in patients with
hemianopias due to congenital brain lesions (5/5 vs 1/7 with later-
acquired hemianopias), and in these surprisingly always as eso-
tropia, although this seems to be functionally unfavorable. In
contrast, the many previous studies®"?%3032:3335=3745 on stra-
bismus in patients with HVFDs reported mostly exotropia.

Several authors have suggested exotropia to the side of the
homonymous visual field defect as a compensatory mechanism
because it leads to functional enlargement of the binocular visual
field when it is accompanied by an anomalous retinal correspon-
dence and “panoramic vision”.*%*?233% In our cohort, exotropia
was only found postoperatively in one patient (#6), who had
normal retinal correspondence and thus suffered from diplopia.
Therefore, we do not consider exotropia as a compensatory
mechanism in this patient, nor could we find evidence supporting
this hypothesis in the rest of our cohort. We suggest insufficient
fusion due to the HVFDs as a possible explanation for strabismus in
our patients; moreover, insufficient development of binocularity
and also the underlying structural brain damage might be further
explanations for this phenomenon. The latter is in accordance with
Good et al., who proposed that exotropia occurs coincidentally as a
consequence of neurological damage.”!
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Anomalous head posture was discovered in 8/12 patients with
HVFDs. This association has already been reported in several
studies.?"*1333638.3% Turning one's head to the side of the blind
hemifield is considered a compensatory mechanism as it centers
the residual visual field together with eye movements.”"*® This
head posture could also be of benefit for exploring the blind
hemifield when making saccades to this side.’' > Our findings
are consistent with these theories insofar as 4/8 patients with
anomalous head posture did indeed turn their heads to the side of
HVFDs. It remains unclear, however, why four other patients
showed different anomalous head postures like a head-tilt or a turn
towards the seeing hemifield.

Admittedly, our study has several limitations. Given the small
sample size, caution must be taken in generalizing the results.
There was also no differential verification of campimetry, such as
comparison of our results with different perimetry methods. The
only validation comes from the patients who suffered hemianopias
as consequences of epilepsy surgeries: In all eleven patients,
campimetry confirmed this anatomically unquestionable visual
field defect. In very young patients, however, the results of
campimetry may be less reliable than in older children. An addi-
tional drawback of our study is that reproducibility was not tested
in each campimetry examination. In the 14 patients who under-
went follow-up examinations, the findings of the postoperative
campimetry could be confirmed. Inter-subject test variability,
however, was evaluated neither in preoperative campimetry nor in
any of the examinations of patients who did not undergo epilepsy
surgery. Furthermore, the orthoptist who performed the campim-
etry as well as the orthoptic examinations was aware of the chil-
dren's clinical backgrounds and (suspected) pathologies, which
may have influenced the examination results. Additionally we
cannot exclude that strabismus and anomalous head posture might
have developed after our six-month follow-up period. Indeed,
Koenraads et al. described strabismus and anomalous head posture
occurring only after the first postoperative year in 8/17 and 11/24
children who underwent hemispherectomy, respectively.>* Finally,
the unexpectedly high predictive value of strabismus for HVFDs in
our cohort must be assumed to arise from the fact that this selected
cohort is comprised of almost exclusively children with focal brain
lesions and can by no means be generalized to the general pediatric
population.

4.1. Clinical implications of our study

HVFDs must be expected in many candidates for pediatric epi-
lepsy surgery. In these children, however, obtaining valid infor-
mation about visual fields represents a major challenge and
requires an appropriate examination method. We suggest
campimetry as it allows early detection and fast delineation of
HVFDs. Campimetry is easy to establish in everyday clinical prac-
tice, it requires low investments in time and personnel and it can be
reliably performed in most children, including toddlers.

In such children, any kind of strabismus and/or anomalous head
posture can indicate HVFDs. Consequently, it is crucial that clini-
cians pay attention to these clinical signs. Their detection in the
context of epilepsy surgery requires visual field assessment.
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Study II: Sacrificing one visual hemifield during pediatric
epilepsy surgery: effects on visual search

(Neumayr L, Gschaidmeier A, Trauzettel-Klosinski S, Pieper T,
Kudernatsch M, Hofer W, Bajer C, Staudt M,

published in European Journal of Paediatric Neurology)

The second part of the results is formed by the printout of an article by Neumayr

et al.,, which was published in European Journal of Paediatric Neurology in

2020. The following is the detailed bibliographic data of the publication:

Neumayr L, Gschaidmeier A, Trauzettel-Klosinski S, Pieper T,
Kudernatsch M, Hofer W, Bajer C, Staudt M (2020a) Sacrificing one
visual hemifield during pediatric epilepsy surgery: Effects on visual

search. European Journal of Paediatric Neurology 29:103-107.
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Objectives: To investigate early and late effects of planned surgically acquired homonymous hemianopias
on visual search in children and adolescents.

Methods: This prospective study included five patients (5y 5 m—18y 0 m; 2 girls) with pharmaco-
refractory epilepsies in whom one visual hemifield was sacrificed as part of the surgical strategy, and,
as controls, seven patients (5y 11 m—18y 0 m; 6 girls) undergoing epilepsy surgeries not affecting the
visual fields. Visual search was studied using the “Table Test”, which is an everyday life-like visual search
test. General processing speed was studied using a standard IQ subtest.

Results: All five patients with newly acquired homonymous hemianopias showed a relative disadvantage
of visual search times for objects in their newly blind hemifields immediately after the surgery. Six
months later, this relative disadvantage had recovered completely in all patients. Nevertheless, compared
with the preoperative situation, overall search times were still prolonged in the hemianopic patients, but
this effect could be mitigated or even overcompensated by improvements in processing speed.

Conclusions: Children with homonymous hemianopias inflicted by epilepsy surgery develop effective
compensation strategies to minimize the relative disadvantage of visual search in their blind hemifields.
For changes in overall visual search times between the preoperative and the six-month follow-up ex-
amination, we could demonstrate overlapping effects of (a) deterioration by hemianopia and (b)
amelioration by improved processing speed as part of the cognitive improvements achieved by

amelioration of the epilepsy.

© 2020 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Visual search refers to the ability to find a target among simul-
taneously presented distractors. This demanding cognitive task
depends on both visual sensory perception and visual processing
speed. Impairments in these skills can lead to reduced visual search
performance [1].

Retrochiasmal damage of the visual pathway causes contrale-
sional homonymous hemianopia, which can impair spatial inte-
gration of visual information processing. Hence, visual search
disorders can arise, i.e. difficulties in finding objects in the visual

* Corresponding author. Krankenhausstr. 20, 83569, Vogtareuth, Germany.
E-mail address: LNeumayr@schoen-klinik.de (L. Neumayr).

https://doi.org/10.1016/j.ejpn.2020.09.003

space corresponding to the affected field [2—5]. For obvious reasons,
however, all previous studies share the problem that no behavioral
data could be obtained from the period before the hemianopia had
occurred, i.e. when the patients still had intact visual fields.

In our prospective study, we collected five patients with the rare
situation of planned surgically acquired homonymous hemianopias
in patients with pre-operatively intact visual fields. In all five pa-
tients, resective or disconnective surgeries were performed in order
to relief the patients from pharmaco-refractory epilepsies, know-
ingly sacrificing one visual hemifield during this attempt. These rare
situations provide a unique chance to perform a pre/post analysis of
the consequences of a newly acquired hemianopia for visual search
and their compensation. A similar approach has been chosen by
Koenraads et al. [6], focusing on ophthalmological findings —
including visual fixation, acuity and compensatory mechanisms — in

1090-3798/© 2020 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights reserved.
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a cohort of 45 children who underwent hemispherectomy, of whom
many were tested before and after surgery and some had no pre-
surgical hemianopia. In this study, the majority of children had a
good visual outcome after hemispherectomy. It was shown that
these children frequently develop anomalous head posture and
exotropia as part of a coping strategy. [6].

2. Patients and methods

Twelve sufficiently cooperative patients (5y — 18y; 8 girls) with
preoperatively intact visual fields receiving epilepsy surgeries in
our center were included. The “study group” consisted of five pa-
tients with planned postoperative hemianopias, the *“control
group” of seven patients with postoperatively intact visual fields
(»Table 1). Apart from patient #28, all participating subjects had
also been included in a study on the detection of visual field defects
in pediatric epileptic patients, during which they received assess-
ments of their visual fields by campimetry. In this study [7], stra-
bismus and anomalous head posture, which can serve as
compensation mechanisms for homonymous hemianopia, were
examined in 12 patients with homonymous visual field defects. Of
these, strabismus was found in 6/12 patients and anomalous head
posture was detected in 8/12 patients [7]. In the present study,
postoperative changes in these compensatory strategies were
detected in three patients: Patient #6 had developed exotropia,
while patients #7 and #8 had developed anomalous head posture.
Here, we used the same patient numbers to allow their cross-
identification in this previous publication. After the surgeries
inflicting new hemianopias, all five patients in the “study group”
underwent several weeks of individualized inpatient rehabilitation
with a special focus on the new hemianopia and/or performed a

Table 1

European Journal of Paediatric Neurology 29 (2020) 103—107

computerized saccade training program [8] (»Table 1). It was
shown in a previous study that computerized saccade training
improved search time in children with hemianopia [8]. To analyze
the effects of these interventions was, however, not the aim of this
study. Approval from the local ethics committee and informed
consent were obtained.

Visual search was studied using the Table Test [9] before the
surgeries (median, 5 d; range, 1-85 d), several days after the sur-
geries (median, 7.5 d; range, 6—13 d) and about six months later
(median, 6 months; range, 5—10 months) (» Fig. 1A and B).

Postoperative changes in visual search times might, however,
not only be caused by changes in vision (here: hemianopia), but
also by altered cognitive parameters. Hence, we also analyzed
processing speed using the Zahlen-Symbol-Test (in English IQ tests:
“coding”) of the Hamburg-Wechsler-Intelligenz Test fiir Kinder
(HAWIK) Version Il or the Hamburg-Wechsler-Intelligenz Test fiir
Erwachsene (WIE). These data were obtained before (median, 5 d;
range, 1-70 d) and about six months after the surgeries (median, 6
months; range, 5—6 months). The test results are given as raw
values between 0 and 119 (<17 years olds) or 133 (>17 years olds),
higher values representing higher processing speed.

3. Results

In all twelve patients studied, epilepsy surgeries went without
complications. At the time of the follow-up examination, antiepi-
leptic medication had already been reduced in 4/12 patients,
remained the same in 6/12 patients, while in patients #14 and #17,
additional drugs had been introduced due to ongoing seizures after
epilepsy surgery. The demographic and clinical data as well as the
medication are outlined in »Table 1.

Demographic and clinical data. Patients are numbered as in our previous study [7]; patient #28 was recruited anew. The top five patients suffered hemianopias as calculated
consequences of their epilepsy surgeries (“study group”), the bottom seven patients had surgeries not involving the visual system (“control group™). 'Age at first examination;
2Table Test overall median search times (affected half-field/intact half-field/both half-fields); 3Engel classification. Abbreviations: BCT, brivaracetam; CBD, cannabidiol oil; CLB,
clobazam; CST, computerized saccade training program,; f, female; FCD, focal cortical dysplasia; fro., frontal; HeAn, Hemianopia; HRO, hemispherotomy; IR, inpatient reha-
bilitation with special focus on hemianopia, L, left; LAC, lacosamide; LEV, levetiracetam; LTG, lamotrigine; m, male/months; MCA, middle cerebral artery; n.a., not available
(due to young age); occ., occipital; OXC, oxcarbazepine; par., parietal; PGB, pregabalin; PHT, phenytoin; R, right; Res., resection; RFA, rufinamide; STM, sulthiame; temp.,
temporal; TPM, topiramate; TT, Table Test; VGB, vigabatrine; VPA, valproate; y, years; ZST, Zahlen-Symbol-Test (measuring processing speed); |, reduced dosage.

Pt Sex Age [1] Diagnosis Preoperative Type of Postoperative Follow-up (~6 months) Seizure
# m) ZST  TTmedian  Medication *""*Y TTmedian  Rehabili- HeAn ZST ~ TT median  Medication f;]t'mme
raw search time [2] search time [2] tation raw search time [2]
value (s) (s) value (s)
6 m 18;0 Gangliogliomatemp.R 97 1.3/1.2/13 LTG Res. 29/1.3/1.7 IR+ CST L 80 2.4/1.6/1.9 unchanged 1A
temp. R
7 f 85 Perinatal MCA infarct L 19 1.3/2.0/1.6 CBDLTG HROL 2.7/1.4/19 IR R 24 2.2/4.0/3.0 CBDLTG | 1A
STM STM
8 m 5,5 Intraventricular na. 3.2/1.7/1.8 CLBOXC HROL 3.9/14/26 IR+ CST R n.a. 2.1/2.2[2.2 0oXcC 1A
hemorrhage L
9 f 9;0 Perinatal MCA infarct R 8 2.3/1.4/2.0 STM HROR  23/12/1.5 CST L 25 1.6/1.6/1.6 unchanged 1A
28 m 11;1 Cavernomas occ. R 38 1.5/1.1/1.4 0XC Res. 1.8/1.4/1.6 IR+ CST L 45 1.4/1.8/1.5 unchanged 1B
temp.-
occ. R
11 f 17;5 Hippocampal sclerosis L, 57 1.3/1.3/1.3 LTG Res. 1.3/1.2/1.3 - 72 1.1/1.0/1.0 unchanged 1A
polymicrogyria temp. L temp. L
12 f 5;11 FCDfro.L na. 1.2/1.4/1.3 OXCPHT Res. fro. 1.6/1.5/1.6 - n.a. 1.7/1.2/1.5 OXCPHT | 1A
L
13f 7;8 Ganglioglioma temp. L 43 1.0/1.0/1.0 LAC OXC Res. 1.2/1.1/11 - 44 1.0/0.8/0.9 OXC 1B
temp. L
14f 85 FCD fro. L 23 1.9/1.2/1.5 CLB LAC Res. fro. 1.6/1.4/1.5 - 24 1.4/1.4/1.4 LACOXC 4B
OoXC L VGB VPA
15 f  10; 10 FCD fronto-centro-par. L 24 1.8/1.1/15 LACPGB  Res. fro. na. - 30 1.1/1.5/1.1 unchanged 4 A
PHTRUF L
16 m 17; 10 Astrocytoma fronto-par. 53 1.5/1.2/1.3 LACLEV  Res. fro.- 1.3/1.1/1.2 - 59 1.1/0.9/1.0 unchanged 1A
L par. L
17 f 18;0 Cavernoma temp. R 67 1.2/1.1/1.1 LEV OXC  Res. 1.1/1.11.1 - 79 0.9/0.9/0.9 BCTOXC | 2B
TPM temp. R TPM
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Fig. 1. (A, B) Table Test (modified after Roth et al. [9]). On a white tabletop (60 x 80 cm?), twenty objects are arranged as two ellipses in a patient's visual angle of 20° and 30°. (A)
The patient sits in front of the table, with a predefined distance (37 cm horizontal, 46 cm vertical) between her eye level and the center point of table. A cloth covers the tabletop. At
viewing height of the patient, the examiner shows a target object. (B) When the examiner opens the cover, the patient searches the arrangement of objects and, when found, points
at the identical object. The examiner measures the search time with a manual stopwatch, covers the objects again, and presents the next object. In this sequence, all twenty objects

are presented in a pre-defined order.

(C) Ratios (affected/intact hemifield) of side-specific median search times for the ten objects on each half of the Table Test. Boxplots of patients with newly acquired homonymous
hemianopia are displayed in red, of patients with postoperatively intact visual fields in green.

(D) Ratios (follow-up/preoperative) of Zahlen-Symbol-Test raw values and overall median search times in patients with newly acquired hemianopia (in red) and in patients with
postoperatively intact visual fields (in green). No Zahlen-Symbol-Test data were available in #8 and #12 due to young age. The findings in patient #9 are explained in » Fig. 2.

Regarding visual search, we found that, immediately after the
surgery, the patients with newly acquired hemianopias had devel-
oped a relative disadvantage for objects in their newly blind hemi-
field, whereas no asymmetries had developed in controls (» Fig. 1C)
(p < .001; Two-Way Mixed ANOVA with repeated measures).
Already six months later, however, this relative disadvantage in the
study group had disappeared (p = .36).

Analyzing overall median search times (i.e. comprising both
visual half-fields), we found that the five patients who had newly
acquired hemianopias showed significantly longer median search
times than the seven patients who had undergone surgeries leaving
the visual fields intact (F(1, 7) = 13.992, p = .007). Interestingly, this
was the case already prior to the surgeries — although, at that time,
both subgroups still had intact visual fields, as documented by
campimetry. Comparing overall visual search times before and six
months after the surgeries, we found that all patients with newly
acquired hemianopias had deteriorated (except patient #9),
whereas all patients with intact visual fields had improved (except
patient #12, not included in Fig. 1D since no Zahlen-Symbol-Test
was performed, see above) (» Fig. 1D).

Regarding processing speed, we found, as expected, a strong
negative correlation between the Zahlen-Symbol-Test raw values
and the Table Test median search times in the preoperative situa-
tion (i.e. with intact visual fields in all patients; r(10) = —0.842;
p =.002; Spearman), indicating faster visual search in patients with
higher processing speed. Six months after the surgery, processing

105

speed has improved in all patients except patient #6 (mean = +6
value points) (»Fig. 1D).
To investigate the differential effects of hemianopia (yes/no) and

changes in Zahlen-Symbol-Test raw values (%) on Table Test

%). we conducted a stepwise linear
multiple regression analysis. The factor hemianopia (beta = 0.689,
t = 2.688, p = .028) and the factor Zahlen-Symbol-Test changes
(beta = —0.542, t = —2.574, p = .037) were retained in the model as
statistically significant predictors, with hemianopia explaining
475% of the variance and the Zahlen-Symbol-Test explaining
additional 25.5% of changes in Table Test median search times.

median search times (

4. Discussion

As expected, immediately after acquiring hemianopia, visual
search for objects in the newly blind hemifield was markedly
impaired compared with objects in the intact hemifield. The major
and surprising finding of our study was that, already six months
later, all patients had recovered completely regarding this relative
side-disadvantage, indicating highly effective mechanisms of
compensation. In how far the early compensation found in the
present study was influenced by our rehabilitative measures (see
» Table 1) must be investigated in future studies.

These findings are compatible with studies on adults recording
eye movements in hemianopic patients to analyze scanning
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1 day post-OP

Fig. 2. MRI of patient #9 with improved visual search despite newly acquired hemianopia (see » Fig. 1D and »Table 1). This girl suffered from neonatal seizures and developed
unilateral spastic cerebral palsy. MRI displayed a (presumably perinatal) infarct in the territory of the right middle cerebral artery leaving the optic radiation intact (A: axial T2-
weighted image; B: color-coded fractional anisotropy map; arrows = intact optic radiation). Epilepsy developed at the age of 5 years and never responded sufficiently to anti-
epileptic drugs, so that, at the age of 9 years, vertical parasagittal hemispherotomy was performed (C: coronal T2 trufi image). Six months after the surgery, the girl was not only
seizure-free, but her concentration and attention span had noticeably improved, her verbal intelligence quotient (IQ) was unchanged at 71, whereas her performance IQ had slightly
improved from 54 to 61. Here, the Zahlen-Symbol-Test raw value had improved from 8 (preoperative) to 25 (follow-up). Despite her newly acquired hemianopia, the overall median
Table Test search time had improved from 2.0 s (preoperative) to 1.6 s (after 6 months). We hypothesize that the marked improvement in processing speed led to overcompensation
for the visual field loss and resulted in net improvement of overall visual search performance. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

patterns [2,4,9—11]. Here, hemianopic patients initially displayed
less systematic scan patterns and prolongation of scanpaths
[2,4,10]. In the hemianopic direction, patients presented a “stair-
case strategy” consisting of hypometric, stepwise saccades [10].
Fixations appeared more frequently and were more widely
distributed, with a greater proportion of time spent in the blind
hemifield [2,4,9,10]. With increasing duration of hemianopia, some
patients developed more and more beneficial eye movement stra-
tegies such as involuntary exploratory saccades towards the blind
hemifield. Searching saccades increased in length and/or overshot
the target [2,10,11].

Only few studies exist on visual search in children with hemi-
anopia [3,8]. Tinelli et al. found that patients with congenital visual
field defects did not show differences in visual search between both
visual field halves, whereas in children with acquired hemianopia
(examined at least 11 months after its onset), visual search times
were significantly longer when the target was presented in the
hemianopic field compared with the intact field [3]. This is in
contradiction with our study showing full compensation of the
relative disadvantage in the blind hemifield six months after
acquiring hemianopia. We can only speculate on the reasons for this
discrepancy; potentially relevant differences are the less artificial
character of the examinations (e.g. not restricting head movements)
and the less challenging task in our study — or the fact that all pa-
tients in our cohort received individualized neurorehabilitative
measures with special respect to their new hemianopia. Indeed, the
computerized saccade training program we used has been shown to
improve search times in children. In this study [8], differences be-
tween the two hemifields were not assessed. Interestingly, these
authors reported that overall search times decreased with
increasing age of the children [8]. This could be compatible with our
finding of search times correlating with processing speed if one
assumes faster processing speed with increasing age in children [12].

Six months after the surgery causing hemianopia, despite a full
compensation of the relative disadvantage of objects in the newly
blind hemifield, we still found a prolongation of overall visual
search times in most hemianopic patients compared with the
preoperative assessment. In addition to hemianopia, we identified
changes in processing speed as a significant predictor for overall
visual search performance, with significant overlapping effects of
(a) deterioration by hemianopia and (b) amelioration by improved
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processing speed (an effect of successful epilepsy surgery).

Interestingly, the five patients who lost one visual hemifield due
to epilepsy surgery had shown higher median search times than
the control group already preoperatively, i.e., with still intact visual
fields. This could indicate that the underlying brain damage and/or
the epileptic dysfunction in these children was more severe, justi-
fying the surgical decision to sacrifice one visual hemifield in order
to cure the epilepsies.

Admittedly, this study has several limitations. First, the cohort in
the study seems quite small; on the other hand, the situation of
sacrificing one visual hemifield in children with intact visual fields
during epilepsy surgery is rare, so that five patients nevertheless
represent a comparatively large sample, allowing statistical group
analysis. Second, as patients were not able to be deprived of post-
surgery rehabilitative treatment, the study did not include a
“control group” of patients that had such surgeries but did not
receive any visual therapy. Hence, we could not differentiate be-
tween spontaneous compensation and therapy-induced improve-
ment. Third, the children's improvement in Zahlen-Symbol-Test
performance postoperatively could possibly have also been influ-
enced by a third variable (other than processing speed), such as
better cooperation or focus of attention. In this context, it should be
taken into consideration that all five patients with postoperative
hemianopia were seizure-free after surgery (Engel 1), while two
controls (patient #14 and #15) postoperatively had no worthwile
seizure improvement (Engel 4). On the other hand, these two Engel
4 cases showed improvements in both Table Test median search
times and Zahlen-Symbol-Test raw values in the follow-up exam-
ination compared with the preoperative situation; hence, it seems
unlikely that differences in seizure outcome between the two
groups influenced our results. Moreover, retest effects could
partially explain the improved search times [13]. On the other hand,
since retest effects concern both the study group and the control
group alike, these effects cannot explain the differences between
the two groups. Finally, awareness of the new hemianopia was not
assessed in our study. Future studies should investigate whether
such awareness could help to compensate, by improving voluntary
compensatory mechanisms.

Our study has important clinical implications: Parents of chil-
dren who will undergo hemianopia-causing surgeries should be
informed that effective compensation strategies can be expected to
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minimize the disadvantage of the blind hemifield [8]. Nevertheless,
side-independent disadvantages in visual search may result, which
again might be outweighed by improvement in other cognitive
parameters.
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3 Discussion

3.1 Identification, assessment and prevalence of homonymous

visual field defects in pediatric epilepsy surgery patients

3.1.1 Identification of homonymous visual field defects in children

Identification of visual field defects in children presents a major challenge as
children often do not complain about visual impairments and, in addition, some
patients have excellent compensation strategies so that even experienced
examiners do not suspect the presence of visual field defects (Haaga et al.
2018; Harbert et al. 2012; Jacobson et al. 2012; Tinelli et al. 2011).
Consideration of special clues in clinical observation, however, can be helpful to
prevent homonymous visual field defects in the pediatric population from going
unrecognized. Furthermore, neuroimaging techniques are valuable in assessing
the integrity of the visual pathway and in prediction of visual field defects. The
combination of several methods has great potential to improve our
understanding of the visual system and to contribute to the identification of
homonymous visual field defects in children.

In Study I, we confirmed strabismus and anomalous head posture as valuable
clinical indicators for homonymous visual field defects in an epilepsy surgery
setting. We thus claim that clinicians should pay attention to these clinical signs,

especially in children with brain lesions (Neumayr et al. 2020b).

Interestingly, most of our patients with strabismus had esotropia. This is in
contrast to previous studies, which have suggested exotropia as a
compensatory mechanism due to the beneficial lateral extension of the visual
field (Donahue and Haun 2007; Jacobson et al. 2012; Koenraads et al. 2014;
Koenraads 2016; Levy et al. 1995). The question arises why our study yielded
results different from the others. A possible explanation could be provided by

comparing strabismus in hemianopic patients with secondary strabismus
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caused by eye diseases. While loss of fusion and binocularity due to ocular
diseases in adulthood lead to secondary exotropia, the consequence in children
IS mostly esotropia. It is unclear from which age on the secondary strabismus is
more likely exotropia than esotropia (Steffen and Kaufmann 2020). Our patients
with visual field defects due to congenital brain lesions were young at onset of
strabismus. Therefore, it appears plausible that this was the reason why they
tended to present esotropia. We assume that esotropia in our patients is a
consequence of insufficient fusion and binocularity due to restricted visual fields

and not a compensatory mechanism.

Besides strabismus, a head turn to the non-seeing hemifield is considered a
compensatory mechanism in patients with homonymous hemianopia, since the
residual visual field is centered (Good et al. 1994). Surprisingly, half of the
patients in our study with anomalous head posture showed a head-tilt or a turn
towards the seeing hemifield. The reason for this form of anomalous head

posture remains unclear.

In our study, strabismus and anomalous head posture had positive predictive
values of 86% and 100%, respectively, for the presence of homonymous visual
field defects. These unexpectedly high positive predictive values have to be
regarded in consideration of the highly selected patient cohort in our study. In
an unselected cohort of children, most of the patients with strabismus and / or
anomalous head posture do not have visual field defects (Kaufmann and Esser
2012).

3.1.2 Visual field assessment in children

In Study I, we evaluated campimetry for visual field assessment in children. As
this test allows uncovering of homonymous visual field defects and is well
accepted by most children, including toddlers, we suggest establishment of
campimetry in clinical practice (Neumayr et al. 2020b).
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Besides campimetry, several methods exist for visual field assessment in
children. Even if most of these are relatively unknown and not widely used, they
should be taken into account when orthoptists, pediatric neuro-ophthalmologists
or pediatric neurologists search for an appropriate testing method.

For various reasons, the type of testing method performed may influence the
results. A general distinction is made between kinetic and static perimetry
techniques. In kinetic perimetry, a stimulus is moved from a patient's non-
seeing area to a seeing area, and the location where the object is first seen is
recorded. In static perimetry, in contrast, stationary stimuli are presented with
increasing luminance until the threshold of perception is reached. Prior studies
have shown that in infants and toddlers, measured visual field extent is larger

for moving than for static targets (Delaney et al. 2000; Dobson et al. 1998).

Moreover, test results may depend on whether the execution is automatically
computerized or manually performed by an examiner. In automated perimetry,
stimulus presentation as well as recording of the patient’s responses can be
standardized, leading to more reproducible results. Manual perimetry, however,
can still be useful, especially in children, since the examiner can aid the
patient’s performance, keep up motivation and adapt the testing algorithms

individually to the patient.

Perimetry methods vary in their demands on the patient’'s mental and physical
skills. Testers should consider how long the patient, particularly children, can sit
still and concentrate. Some techniques, especially automated static perimetry,
can occupy much more time than, for example, confrontational perimetry or
campimetry. In addition, various methods require active verbal or non-verbal
responses of the patient, whereas in behavioral methods the patient’s eye
movements suffice for visual field assessment. As perimetry depends to a great
extent on subjective factors such as the patient’s cooperation, the examination
technigue must not exceed the child’'s capabilities. Though, visual field
assessment should be performed to the maximum mental and physical

capabilities of the patient. This means that the most sophisticated perimetry
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technique possible should be chosen. Therefore, the here presented method of
campimetry is well suited for young children and children with cognitive
impairments. As a standard campimetry evaluation takes about 10 — 15
minutes, this examination technique is appropriate especially for patients with
short attention span. Furthermore, it combines the advantages of static stimuli

and manual performance.

When searching for an appropriate testing method, the examiner should also
consider the expected type of visual field defect. In patients with retrochiasmal
brain lesions, such as some candidates for epilepsy surgery, complete or
incomplete homonymous hemianopia can be expected. This visual field defect
can be detected by confrontational behavioral methods such as campimetry
(Neumayr et al. 2020b). A different type of visual field defect can appear in
patients with epilepsy treated with vigabatrin. This anti-epileptic drug can cause
visual field constriction, which is detectable by monocular kinetic visual field
investigation such as Goldman perimetry (Kedar et al. 2011; Willmore et al.
2009). Due to its 30° radius external examination border, the campimeter is not
suitable for identifying vigabatrin-associated peripheral visual field defects
(Neumayr et al. 2020b). Furthermore, campimetry is also unable to identify
enlarged blind spots, which can appear in children with increased intracranial
pressure. These visual field defects can only be detected by automated static

perimetry.

In summary, the examiner has to analyze several prerequisites demanded by
both the examination method and the patient in order to choose an appropriate
testing method for visual field assessment, especially in children. The role of
campimetry in this context is that the patient has to meet only low requirements

in form of sitting still for 10-15 minutes and following simple instructions.

3.1.3 Prevalence of visual field defects in children with brain diseases

In Study |, we found visual field defects in 56% of pediatric epilepsy surgery

patients (Neumayr et al. 2020b). This is in line with prior studies that described
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a high prevalence of visual field defects in children with various brain diseases.
Porro et al. examined pediatric patients with spastic hemiparesis, detecting
visual field defects in as many as 75% of the children (Porro et al. 1999). Other
researchers studied children with cerebral palsy and uncovered visual field
defects in 56 — 62% (Guzzetta et al. 2001; Jacobson et al. 2010). Mohn et al.
assessed visual fields in children with a variety of neurological disorders and
found restrictions of the visual field in 64% (Mohn and van Hof-van Duin 1983).
Moreover, visual field defects have been reported in 36% of children with
hypoxic or ischemic brain injury (Groenendaal et al. 1989; Taylor 1992). All in
all, visual field defects are common in children with brain disorders. Therefore,
perimetry should be considered routinely in neuropediatric departments,
especially when clinical indicators such as strabismus or abnormal head

position are present.

3.2 Effects of surgically induced homonymous hemianopia on

visual search in pediatric epilepsy surgery patients

In Study IlI, we analyzed the effects of surgically acquired homonymous
hemianopia on visual search times. As expected, we found a relative
disadvantage in the newly blind hemifield in the first postoperative days.
Surprisingly, this had completely disappeared already after six months. In
contrast, overall visual search performance was still impacted after six months.
Besides hemianopia, we found changes in processing speed as a significant
predictor for median visual search times (Neumayr et al. 2020a).

3.2.1 Visual search patterns in patients with homonymous hemianopia

Several studies have analyzed visual search behavior in hemianopic patients by
means of oculography (Meienberg et al.; Meienberg et al. 1981; Pambakian et
al. 2000; Tant et al. 2002; Zangemeister et al. 1982; Zihl 1995a; Zihl 1999). This
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technique allows the recording of saccades and fixations. A saccade is an eye
movement used to redirect the line of vision in order to bring the object of
interest onto the fovea (Mezey et al. 1998). A fixation, in contrast, is defined as
the maintaining of the gaze on a single location (Komogortsev et al. 2010).
Differences in visual search patterns were found between persons with intact
visual field and those with homonymous hemianopia (Meienberg et al. 1981,
Pambakian et al. 2000; Tant et al. 2002; Zangemeister et al. 1982; Zihl 1995a;
Zihl 1999). Subjects with intact visual field use the eccentricity of a new target’s
image on the retina to calculate the size of a saccade needed to get to it. Thus,
when the target is perceived in the peripheral visual field, in most cases a single
saccade suffices to reach the target directly. Hemianopic patients, however, do
not have visual information about the position of a target in the blind hemifield,

rendering visual search more complicated (Meienberg et al. 1981).

Several studies reported that visual search behavior is less systematic in adult
patients with homonymous hemianopia than in healthy controls. In hemianopic
patients, visual search is characterized by prolongation of scanpaths and
search times. During visual search in the direction of the hemianopia, patients
present a “staircase strategy” consisting of hypometric, stepwise saccades.
Thus, specifically in the blind hemifield, saccades have shorter amplitudes, but
occur in higher numbers. Fixations also appear more frequently and are more
widely distributed, with a greater proportion of fixation time spent in the blind
hemifield (Chédru et al. 1973; Gassel 1963; Ishiai et al. 1987; Kerkhoff 1999;
Meienberg et al. 1981; Pambakian et al. 2000; Tant et al. 2002; Zangemeister
et al. 1982; Zangemeister 1995; Zihl 1999). In accordance with these findings,
Study Il showed that in patients with newly-acquired hemianopia, Table Test
search times in the blind hemifield increased markedly, indicating
disadvantageous visual search patterns in the blind visual field half (Neumayr et
al. 2020a).

When a target is repeatedly presented at the same place within the blind
hemifield, patients with homonymous hemianopia are capable of learning the

target position. Once patients have found the target with the “staircase
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strategy”, they can increase the length of saccades towards the target, and
finally reach it with one large saccade. This ability is called prediction
(Meienberg et al.; Meienberg et al. 1981; Meienberg 1983).

With an increasing duration of hemianopia present, some patients develop more
and more beneficial eye movement strategies such as involuntary exploratory
saccades towards the blind hemifield (Trauzettel-Klosinski 2010). Furthermore,
searching saccades can increase in length and can overshoot the target
(Meienberg et al. 1981; Meienberg 1983). Zihl has described spontaneous
compensation in some patients within three months after onset of homonymous
hemianopia (Zihl 1995a; Zihl 1999). In a study of patients with at least six
months of preexisting hemianopia, Pambakian observed highly significant
evolution of a spontaneous compensatory eye movement strategy (Pambakian
et al. 2000). Likewise, Study Il confirms these reports on beneficial eye
movement strategies occurring after few months of hemianopia present. In our
patients, the visual search disadvantage of the blind hemifield compared to the
seeing hemifield had disappeared within six months of onset of hemianopia

(Neumayr et al. 2020a).

3.2.2 Cognitive abilities underlying visual search

Several cognitive abilities are needed to perform visual search successfully
(Hattenschwiler et al. 2019; Treisman and Gelade 1980). In our study patients,
we considered these cognitive abilities in measuring processing speed by the
Zahlen-Symbol-Test of the Hamburg-Wechsler-Intelligenz Test fur Kinder
(HAWIK) Version 1l or the Hamburg-Wechsler-Intelligenz Test fir Erwachsene
(WIE).

First, visual search involves visual attention, which allows the selection of
relevant information while filtering out irrelevant stimuli in the visual field
(Desimone and Duncan 1995; McMains and Kastner 2009). Visual attention

depends on bottom-up and top-down mechanisms. Bottom-up mechanisms are
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considered to operate on raw sensory input and rapidly and involuntarily shifting
attention to salient visual features. These mechanisms are referred to as
stimulus-driven processes. Top-down mechanisms, conversely, are thought to
derive from knowledge about the current task and to be facilitated by the
individual’s internal valuations or goals, in a user-driven manner (Connor et al.
2004; Wolfe 2010). The anatomical basis of visual attention has been divided
into three cognitive networks that carry out the functions of alerting, orienting
and executive control (Fan et al. 2005; Fan and Posner 2004; Petersen and
Posner 2012; Posner and Petersen 1990). Alerting describes achieving and
maintaining a state of high sensitivity to incoming stimuli, whereas orienting
represents the ability to prioritize sensory input by selecting a modality or
location, and executive control resolves conflict between competing areas of the
brain that might be simultaneously active (Carrasco 2011; Ebaid and Crewther
2019; Petersen and Posner 2012; Posner and Petersen 1990; Raz 2004).

Second, visual search requires central processing, which describes the brain’s
ability to use and interpret visual information. Visual processing comprises the
capacity to perceive, analyze, synthesize, and think in visual patterns, including
the ability to store and recall visual representations (Hattenschwiler et al. 2019).
As visual processing is affected by visual attention, these tasks do not occur
independently (Carrasco 2011; Chica and Lupiafiez 2009; Hopfinger and West
2006).

Third, successful visual search performance necessitates working memory. This
cognitive system allows individuals to temporarily retain information in an active
state and to manipulate and recall this information for a limited period of time
after storage (Baddeley 1992; Hattenschwiler et al. 2019).

3.2.3 Visual- versus cognitive-elicited visual search impairments

Considering the cognitive functions underlying visual search, the question

arises whether impaired visual search behavior in hemianopic patients is merely
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caused by the visual field defect or by additional brain damage. Zihl has
suggested that additional lesions to the ipsilateral posterior thalamus or the
parieto-occipital cortex results in poor spatial organization of visual scanning
(Zinl 1995a). Tant et al., in contrast, have observed impaired visual scanning
behavior in healthy subjects without brain damage when hemianopia was
simulated. These researchers therefore concluded that oculomotor dysfunctions
in patients with homonymous hemianopia do not result from the brain damage
but are visually elicited, namely by the visual field defect (Tant et al. 2002).
Moreover, visual field defects possibly lead to altered cognitive processing
mechanisms. Pambakian et al. have suggested that hemianopic patients trade
off “bottom up” processing for a more “top down” cognitive approach in which
cognitive mechanisms exert significant control over visual scanning (Pambakian
et al. 2000). In our study, we also found evidence for surgical damage to induce
additional problems. On the contrary, our patients improved in processing
speed. We conclude that both visual and cognitive factors may influence visual

search performance in an interaction.

In our study, both hemianopia and changes in visual processing speed were
significant predictors for visual search time. Despite the surgically acquired
brain damage, all patients except one showed improved processing speed six
months after the surgery compared to the preoperative situation (Neumayr et al.
2020a).

3.2.4 Consequences for treatment approaches for homonymous visual
field defects

Several rehabilitative strategies have been suggested for homonymous
hemianopia in adults. These therapeutic approaches fall into three main groups,
namely optical therapies, eye movement-based therapies, and visual field
restitution therapies (Lane et al. 2008; Schofield and Leff 2009; Trauzettel-
Klosinski 2009, 2012; Trauzettel-Klosinski 2017).
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First, optical aids such as prisms can be used in an attempt to improve visual
perception by distorting or replacing parts of the intact hemifield with parts of the
blind hemifield (Schofield and Leff 2009). This means that the patient’s visual
field is artificially expanded such that parts of the visual world, which would
otherwise fall into the blind field, now appear in the seeing field (Lane et al.
2008). Optical devices may be helpful in a few hemianopic patients, but they are
not recommended in general (Bowers et al. 2008; Hedges et al. 1988; Rossetti
et al. 1998; Rossi et al. 1990; Schofield and Leff 2009; Trauzettel-Klosinski
2010).

Second, eye movement-based therapies attempt to enlarge the field of gaze by
increasing the rate of effective eye movements. These therapies are based on
the assumption that the visual field defect itself cannot be changed significantly.
Therefore, eye movement-based treatments aim at alleviating disabilities by
teaching patients to make frequent eye movements into the blind hemifield and
to shift attention to the blind side (Bolognini et al. 2005; Haan et al. 2016;
Kerkhoff et al. 1992; Lane et al. 2008; Pambakian et al. 2004; Roth et al. 2009;
Schofield and Leff 2009; Trauzettel-Klosinski 2010; Trauzettel-Klosinski 2012;
Trauzettel-Klosinski 2017; Zihl 1995b). This treatment approach intends to
advantageously harness preexisting eye movement strategies. Thus,
understanding visual search patterns, which occur spontaneously in hemianopic

patients, is crucial for development of tailored eye movement-based therapies.

Third, visual field restitution therapies are designed to restore visual function in
the damaged hemifield. This is both the most ambitious and controversial
approach (Lane et al. 2008). Kasten et al. have introduced a computerized
visual field restitution treatment method. During a treatment session, the patient
fixated on a central point. Simultaneously, visual stimuli were repeatedly
presented in the transition zone, which is the border region between the blind
and the intact hemifield. Repeated stimulations aimed at activating residual
neuronal structures and thus recovering vision in the area of the visual field
defect (Kasten et al. 1998). While there was early promise for the potential of

such training, subsequent studies have regarded any supposed visual field
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increase as the product of undetected eye movements during visual field
assessment (Horton 2005; McFadzean 2006; Plant 2005; Reinhard et al. 2005;
Roth et al. 2009).

All therapies described were extensively tested in adults. In children, however,
research on rehabilitation of homonymous visual field defects is rare. Ivanov et
al. have tested visual search training in hemianopic children and have observed
improvement in search strategies and in search times (lvanov et al. 2018).
Werth et al. have studied visual field restitution training in children with
homonymous hemianopia due to ischemic or traumatic retrogeniculate lesions
and have found possible visual field widening (Werth and Moehrenschlager
1999; Werth and Seelos 2005). This effect may trace back to greater neuronal
plasticity in children. Therefore, visual field assessment in this study is difficult
to interpret and visual field improvements could reflect compensatory

mechanisms rather than restorative ones (Lane et al. 2008).

In conclusion, currently rehabilitation strategies are not widely used in
homonymous hemianopia, neither in adults nor in children. Compensatory
therapies, however, are most promising as several studies have reported
significant improvements following the training (Bolognini et al. 2005; Haan et
al. 2016; Kerkhoff et al. 1992; Lane et al. 2008; Pambakian et al. 2004; Roth et
al. 2009; Schofield and Leff 2009; Trauzettel-Klosinski 2010; Trauzettel-
Klosinski 2012; Trauzettel-Klosinski 2017; Zihl 1995b). Further research is
required in order to put forward the development of rehabilitation strategies
especially for children with homonymous visual field defects. The results of this
thesis support approaches of eye movement-based compensation therapy and
suggest special visual search training in hemianopic children. This rehabilitation
strategy can enhance the patients’ spontaneous compensation mechanisms,
which were reported in Study Il. For successful compensatory training, the
children have to fulfil several cognitive requirements. Participants must be able
to understand that they have to find specific visual targets, hold the target in
working memory, attend to a visual scene, and inhibit attention to distracting

stimuli. As compensatory training is a long-term therapy, it requires weeks of
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commitment. This can be challenging for young patients, especially when they
do not have an appreciation of their own visual impairment (Waddington and
Hodgson 2017). Visual search training cannot enlarge the visual field, but it can
improve visual search performance in hemianopic children. This therapy has the
potential to optimize the patients’ visual outcome and to improve their

orientation, mobility, independence and quality of life.
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4 Summary

Epilepsy surgery is an established treatment option for children with pharmaco-
refractory epilepsy. Whenever the resected or disconnected brain area includes
parts of the retrochiasmal visual pathway or the visual center, patients suffer
homonymous visual field defects postoperatively. Some candidates for pediatric
epilepsy surgery have preexisting visual field defects due to the underlying brain
damage, meaning that resections of the visual pathway would not produce new
visual field defects. Thus, in epilepsy surgery departments, visual field
assessment is an important component of presurgical evaluation. In children,
however, this examination presents a major challenge due to low cooperation

and attention span.

In Study |, we evaluated “campimetry” for visual field testing in children. This
examination method was successfully completed in 16/25 patients of an
unselected cohort of pediatric epilepsy surgery patients as young as 2 years.
We therefore suggest this device for visual field assessment in toddlers as well
as in cognitively impaired children. Moreover, we investigated the prevalence of
homonymous visual field defects in pediatric epilepsy surgery patients. The
prevalence was unexpectedly high in our study cohort (9/16), emphasizing the
importance of pursuing this issue. We also analyzed strabismus and anomalous
head posture as potential clinical signs for homonymous hemianopia in children.
Since both were confirmed as valuable clinical indicators with high positive
predictive values (strabismus: 86%; anomalous head posture: 100%), detection
of strabismus and / or anomalous head posture in pediatric epilepsy surgery

patients requires visual field assessment (Neumayr et al. 2020b).

When epilepsy surgery induces homonymous hemianopia in children, visual
search disorders can arise. With an increasing duration of hemianopia,
adaptation mechanisms can mitigate impairments. In Study IlI, we compared
visual search behavior in patients with and without surgically acquired

hemianopia. In the unique clinical situation of epilepsy surgery in which one
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visual hemifield is knowingly sacrificed in the attempt to cure pharmaco-
refractory epilepsies we performed a pre / post analysis of the consequences of
a newly acquired homonymous hemianopia for visual search. The patients
performed an everyday life-like visual search test, called Table Test, few days

before and after epilepsy surgery as well as six months postoperatively.

We compared the visual search times of the patients’ intact and affected
hemifields. Patients showed a marked relative disadvantage of visual search in
the newly blind hemifield a few days after epilepsy surgery. Six months later,
the children had adapted to this situation, and the relative disadvantage had
disappeared completely. Furthermore, we analyzed median search times and
their predictability in terms of hemianopia and processing speed. In the six-
month follow-up, overall median search times (i.e., combining both hemifields)
were still affected in hemianopic children when compared with their
preoperative situation. In addition to hemianopia, improved processing speed
was a significant predictor for faster median visual search time (Neumayr et al.
2020a). This demonstrates that visual search is influenced by both visual and
cognitive abilities, including visual processing. The study results underline that
not only seizure freedom, but also achievable cognitive improvements can

justify the sacrifice of a visual hemifield in epilepsy surgery.

In order to optimize the outcome of patients with homonymous hemianopia,
special rehabilitation is necessary. Our Study Il supports the concept of eye
movement-based treatment approaches, showing that hemianopic children
develop effective compensation strategies to minimize the relative disadvantage
of visual search in their blind hemifields. Visual search training might enhance
these compensation mechanisms and therefore be beneficial for these young

patients.
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5 Deutsche Zusammenfassung (German summary)

Epilepsiechirurgie ist eine etablierte Behandlungsoption fir Kinder mit
pharmakorefraktaren  Epilepsien. Wenn sich im resezierten oder
diskonnektierten Hirnareal Teile der retrochiasmalen Sehbahn oder der
Sehrinde befinden, leiden die Patienten postoperativ. an homonymen
Gesichtsfelddefekten. Ein  Teil der Kandidaten fur eine padiatrische
epilepsiechirurgische Operation weist vorbestehende Gesichtsfelddefekte
aufgrund der zugrunde liegenden epileptogenen Hirnschadigung auf, sodass
Resektionen der Sehbahn keine neuen Gesichtsfelddefekte verursachen. In
epilepsiechirurgischen Abteilungen ist die Gesichtsfelduntersuchung daher ein
wichtiger Bestandteil der prdoperativen Diagnostik. Bei Kindern stellt diese
Untersuchung aufgrund der reduzierten Kooperation und Aufmerksamkeits-
spanne jedoch eine grof3e Herausforderung dar.

In Studie | haben wir die ,Kampimetrie“ zur Gesichtsfeldtestung bei Kindern
evaluiert. Diese Untersuchungsmethode wurde bei 16/25 Patienten einer nicht
selektierten Kohorte von padiatrisch-epilepsiechirurgischen Patienten ab einem
Alter von 2 Jahren erfolgreich durchgefuhrt. Wir empfehlen diese Methode
daher zur Gesichtsfeldtestung bei Kleinkindern sowie bei kognitiv
beeintrachtigten Kindern. Dariber hinaus untersuchten wir die Pravalenz
homonymer  Gesichtsfelddefekte  bei  padiatrisch-epilepsiechirurgischen
Patienten. Die Pravalenz war in unserer Studienkohorte unerwartet hoch (9/16),
was die Bedeutung dieses Themas unterstreicht. AuRerdem analysierten wir
Strabismus und Kopfzwangshaltung als mdgliche klinische Hinweise fur eine
homonyme Hemianopsie bei Kindern. Da beide als wertvolle Kklinische
Indikatoren mit hohen positiv pradiktiven Werten (Strabismus: 86%;
Kopfzwangshaltung: 100%) bestatigt wurden, muss die Detektion von
Strabismus und / oder Kopfzwangshaltung bei padiatrisch-
epilepsiechirurgischen Patienten eine Gesichtsfeldtestung nach sich ziehen,

sofern moglich (Neumayr et al. 2020b).
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Wenn eine epilepsiechirurgische Operation bei Kindern eine homonyme
Hemianopsie verursacht, konnen visuelle Suchstérungen auftreten. Mit
zunehmender Dauer der Hemianopsie kdnnen Anpassungsmechanismen die
Beeintrachtigungen mildern. In Studie Il haben wir das visuelle Suchverhalten
bei Patienten mit und ohne chirurgisch erworbener Hemianopsie verglichen. In
der einmaligen Kklinischen Situation der Epilepsiechirurgie, in welcher eine
Gesichtsfeldhalfte wissentlich geopfert wird, um pharmakorefraktare Epilepsien
zu heilen, fuhrten wir eine pra- / post-Analyse der Folgen einer neu erworbenen
homonymen Hemianopsie fir die visuelle Suche durch. Die Patienten fiihrten
wenige Tage vor und nach einer epilepsiechirurgischen Operation sowie sechs
Monate postoperativ einen alltagsdhnlichen visuellen Suchtest durch, den
sogenannten Table-Test.

Wir verglichen die visuellen Suchzeiten in den intakten und betroffenen
Gesichtsfeldhalften der Patienten. Wenige Tage nach der epilepsie-
chirurgischen Operation zeigten die Patienten einen deutlichen relativen
Nachteil der visuellen Suche im blind gewordenen Halbfeld. Sechs Monate
spater hatten sich die Kinder an diese Situation adaptiert und dieser relative
Nachteil war vollstandig verschwunden. Dariiber hinaus analysierten wir die
medianen Suchzeiten und ihre Vorhersagbarkeit in Bezug auf Hemianopsie und
Verarbeitungsgeschwindigkeit. In der Sechsmonatskontrolle waren die
medianen Suchzeiten (d.h. Uber beide Halbfelder hinweg) bei hemianopen
Kindern im Vergleich zu ihrer préoperativen Situation immer noch
beeintrachtigt. Neben der Hemianopsie war die Verarbeitungsgeschwindigkeit
ein signifikanter Pradiktor fur die mediane visuelle Suchzeit (Neumayr et al.
2020a). Dies zeigt, dass die visuelle Suche sowohl von visuellen als auch von
kognitiven  Fahigkeiten beeinflusst wird, einschlieBlich der visuellen
Verarbeitung. Die Studienergebnisse unterstreichen, dass nicht nur die
Anfallsfreiheit, sondern auch erreichbare kognitive Verbesserungen das Opfer
einer Gesichtsfeldhalfte bei epilepsiechirurgischen Operationen rechtfertigen

konnen.
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Um das Outcome von Patienten mit homonymer Hemianopsie zu optimieren, ist
eine spezielle Rehabilitation erforderlich. Unsere Studie Il unterstitzt das
Konzept Augenbewegungs-basierter Behandlungsansatze und zeigt, dass
hemianope Kinder wirksame Kompensationsstrategien entwickeln, um den
relativen Nachteil der visuellen Suche in ihrem blinden Halbfeld zu minimieren.
Visuelles  Suchtraining kann  mdglicherweise diese Kompensations-
mechanismen verbessern und daher fur diese jungen Patienten von Vorteil

sein.
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