Masaryk University Brno
Faculty of Medicine

Department of Optometry and Orthoptics

PUPIL RESEARCH IN CLINICAL PRACTICE

Habilitation thesis

(Collection of Articles)

MUDr. Karolina Skorkovska, Ph.D.

Brno 2017



Acknowledgment

I would like to thank my research co-authors and colleagues, it has been an honour and a privilege working
with you over the past years. | am particularly grateful to professors Barbara Wilhelm and Helmut Wilhelm,
heads of the pupil laboratory in Tiibingen, for their kind leadership and friendship that was crucial for my
professional life. 1 want to thank doc. Svatopluk Synek, CSc. for his support of my fellowship activities in
Tiibingen and prof. Eva Vlkova, CSc. for her permission to apply for habilitation degree in ophthalmology.
Most of all 1 would like to thank my partner, Martin Jansa, and the whole family for their love, patience and

support.



Abstract

Examination of pupils in patients with disorders of the eye, the visual pathway or the central nervous system
provides interesting information about the anatomy and pathophysiology of the pupil light reflex. Classically,
the pupil light reflex pathway is considered to be a simple reflex arc consisting of the retinal ganglion cells,
intercalated neurons in the midbrain, the oculomotor nerve and short ciliary nerves. However, with the
discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs), we have learned that the pupillomotor
information delivered to the midbrain may originate not only in the outer retinal layer (activation of rods and
cones) but also in the inner retinal layer (activation of ipRGCs), and pupillographic measurements in patients
with various disorders of the visual pathway support the existence of two pupillomotor channels that drive the
pupil light reaction —the subcortical (more primitive, luminance channel associated with the ipRGCs) and the
suprageniculate (responds to shifts in structured stimuli, is driven by the rods and cones and receives input
from the visual cortex and extrastriate areas). The pupil provides a valuable subject of research to experts in
different fields. In ophthalmology, the examination of the pupil light reaction offers a unique objective method
of testing the visual pathway function. This habilitation thesis is presented as a collection of published articles

with a commentary that introduces into the topic and describes the current state of knowledge.
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1 Introduction

Examination of pupils is an integral part of a medical examination. It offers an objective evaluation of the
functioning of the central nervous system including the visual pathway and as such is of interest particularly
to neurologists and ophthalmologists. Further, the pupils are an efferent structure of the sympathetic and
parasympathetic nervous systems and as such can be subject to various pharmacological tests of the autonomic
nervous system. When we are sleepy, the so-called “pupillary oscillations” on the pupillary edges can be
observed and used to measure the level of sleepiness. This method has found use in occupational medicine,
sleep medicine and psychology. Therefore, the pupil provides an interesting subject of research to experts in
different fields.

In ophthalmology, the examination of the pupil light reaction offers a unique objective method of testing the
visual pathway function. The pupil light reflex can be tested manually or with automated procedures.
Researchers worldwide have developed many different devices to test different aspects of the pupil light
reaction under specific conditions and in various diseases. Some of these solutions have been successfully
adapted into practice and are produced commercially. Some are available only as prototypes and used mostly

for research purposes.

Classically, the pupil light reflex pathway is considered a simple reflex arc consisting of the retinal ganglion
cells, intercalated neurons in the midbrain, the oculomotor nerve and short ciliary nerves. However, pupil
experts have always been aware of some contradictory clinical findings that were subject to debate and could
not fully be explained by the widespread belief of the functioning of the pupil light reflex and as a result, the
pupil light reflex is no longer considered a pure subcortical reflex arc. Moreover, the pupillary research has
received new impetus since the discovery of the melanopsin containing retinal ganglion cells (intrinsically
photosensitive retinal ganglion cells, ipRGCs) in 2002. Further development of this knowledge has brought

new insights into the understanding of the pupillary behaviour.

As part of the research group in Tiibingen, Germany I could be part of different projects dealing both with
clinical applications and the pathophysiology of the pupil light reflex. The presented habilitation thesis

summarizes my work in the field of pupil research.



2 Anatomy of the pupil light reflex

The neural pathway of the pupillary light reflex as first described by Wernicke [1] in the 1880s consists of four
neurons (Fig. 1). Afferent fibers of the retinal ganglion cells travel in the optic nerve and undergo
hemidecussation at the chiasm before entering the optic tract. In the posterior third of the optic tract, the
pupillomotor fibers separate from the sensory fibers, branch medial via the brachium of the superior colliculus
to the lateral geniculate nucleus and synapse in the ipsilateral pretectal nucleus in the dorsal midbrain.
Intercalated neurons from each pretectal nucleus then project to both Edinger-Westphal nuclei and
parasympathetic fibers from the Edinger Westphal nuclei innervate the iris pupillary sphincter muscle.
According to this model, the suprageniculate visual pathway should have no influence on the pupillary light
reflex. However, studies in patients with lesions of the retrogeniculate pathway have shown that the pupillary
pathway is more complex than previously assumed and the retrogeniculate visual pathway and the visual

cortex are also involved in the pupillary light reaction.

Fig. 1: The human pupillary pathway as first described by Wernicke consists of four neurons (excluding
photoreceptors and bipolar cells in the retina): retinal ganglion cells (1), intercalated neurons in
the midbrain (2), oculomotor nerve (3) and short ciliary nerves (4). The simplicity of this model can
be no longer accepted. Reprinted from [1]



3 Examination of pupils

Examination of the pupils offers an objective evaluation of visual function as well as of the vegetative
pathways to the eye. Essential information is gathered within a short time. This makes pupillary inspection a
valuable part of routine ophthalmological, neurological and general medical examinations. Due to the
proximity of pupillary pathways to various anatomic structures, pupillary dysfunction can be caused by a
variety of disorders, some of which may be life-threatening. Due to differences in the course of pupillomotor
and sensory fibers, pupillary tests can help in the localization of a visual pathway lesion. The ophthalmologist
plays a key role in detecting pupillary disorders and in directing further investigations. Therefore, one should
have a good knowledge of the diagnostic significance of pupillary function and dysfunction.

The problem of pupillary tests is the high interindividual variability of the pupil light reaction, which makes it
almost impossible to decide without any other information if the pupil light reflex is normal or pathological.
On the other hand, the difference of the pupil light reaction between both eyes, or between the corresponding
parts of the visual field is much less variable and so comparative examination methods like the swinging-
flashlight test or pupil perimetry are of great benefit.

There are several ways of how to examine the pupil light reaction. Some methods are based on the asymmetry
in the afferent visual pathway, others on the examination of the visual field by means of measuring the pupil
light reaction to focal light stimuli or on stimulation methods that are similar to multifocal electroretinography.
Recently developed chromatic pupillography can identify pupil light response mediated by the rods, cones or

the intrinsically photosensitive retinal ganglion cells containing melanopsin.

3.1 Relative afferent pupillary defect and swinging flashlight test

The most frequently evaluated pupillary parameter in clinical practice is the relative afferent pupillary defect
(RAPD). It is typically related to lesions within the anterior visual pathway and is almost always present in
unilateral or asymmetric bilateral diseases of the optic nerve, chiasm or the optic tract. It can be diagnosed by
means of the swinging flashlight test and is characterized by diminished pupillary constriction on direct

illumination with a normal consensual response to illumination of the contralateral eye.



Swinging flashlight test can be performed as follows: In a darkened room ask the patient to fixate an object in
a few meters’ distance. Shine with the ophthalmoscope in an angle of 45° from below and from the distance
of 20 to 40 cm into the patient’s eyes. Move the light quickly from one eye to the other and observe the direct
pupil light reaction of both pupils. Both pupils should be illuminated for the same time (ca. 2 seconds) and the
switch between both eyes should be repeated at least five times. If a relative afferent pupillary defect is present
on one side, then at the illumination of this eye both pupils will either enlarge without any previous contraction
or this contraction will be smaller and shorter. RAPD can be quantified by means of neutral density filters and
expressed in log units: A filter is placed between the light source and the “good eye”. If there is still a RAPD
defect visible, a filter with higher density is chosen until the difference in pupillary constriction between both
eyes disappears or even the RAPD switches side. The density of the filter necessary to compensate the side

difference is a measure for the RAPD.

The presence of RAPD allows valuable conclusions as to the cause of visual loss. No RAPD will be found if
the visual loss is caused by media disturbance. Not even the densest unilateral cataract ever causes an RAPD.
There are even many cases of cataracts and corneal opacities causing RAPD on the other side! This is because
the test light is scattered directly onto the macula by the opaque media, while with clear media the eye is
illuminated by the image of the test light in the retinal periphery (Ulbricht’s bowl effect). Unilateral or
asymmetrical optic nerve disease, on the other hand, will always cause RAPD. With retinal diseases, RAPD
varies but is never as clearly expressed as with optic nerve diseases. After an optic neuritis, the RAPD may
persist, despite normalized visual acuity and field. Amblyopia may cause a mild RAPD, rarely exceeding 0.6
log units, mostly 0.3 or less. However, in the presence of a RAPD, the diagnosis of amblyopia should be made

with caution [3].

Optic tract lesions, lateral geniculate lesions and, retrogeniculate lesions very close to the LGN produce
contralateral RAPD in spite of symmetrical field defects. This finding could never be explained sufficiently
with the conventional model of the pupillary pathways. Only recent research using modern imaging methods

partially helped to solve the problem and will be discussed in paragraph 4.

3.1.2 Swinging flashlight test in glaucoma

Glaucoma is the second leading cause of blindness worldwide. It is defined as chronic, progressive optic

neuropathy leading to typical changes of the optic nerve head and visual field. Until late in the course of the



disease the patient may not be aware of any visual impairment. With early diagnosis and treatment can the
visual loss be stopped or at least slowed down. Therefore, to prevent blindness from glaucoma, population

screening for glaucoma is necessary.

The major risk factor of the disease is high intraocular pressure. So, the most important examination method
in glaucoma is the measurement of intraocular pressure. This method has high specificity; however, the
sensitivity is quite low. In a substantial group of glaucoma patients, the intraocular pressure may be statistically
normal. Perimetry also belongs to standard diagnostic methods in glaucoma, nevertheless is time-consuming

and especially older patients may experience difficulties.

Even in developed countries, it is estimated that 50% of glaucoma sufferers remain undetected [4]. Since many
cases of glaucoma go unidentified and untreated, attempts have been made to create effective screening for
glaucoma. However, although we dispose of methods that help us diagnose glaucoma, screening methods

have for the most part been ineffective and inaccurate in detecting the disease.

RAPD accompanies almost always a unilateral or a bilateral, asymmetric optic nerve lesion. Primary open-
angle glaucoma affects usually both eyes, however, proceeds often asymmetrically and as such should result
in RAPD. Therefore, the swinging-flashlight-test might be a suitable screening tool for glaucoma.
Nevertheless, until recently, the prevalence of RAPD in glaucoma patients has not been evaluated in detail.

We were one of the first groups to investigate the prevalence of RAPD in glaucoma patients.

In our paper “Relative afferent pupillary defect in glaucoma” [A] we report a retrospective study the aim of
which was to estimate the frequency of RAPD in glaucoma and to find whether its occurrence relates to the
severity of the visual field defect and its side asymmetry as detected by standard automated perimetry. Among
patients with primary open angle glaucoma examined at the glaucoma unit of our university eye hospital
patients were identified in whom a swinging-flashlight-test as part of their routine examination was carried
out. The central 30° visual field was examined by means of static perimetry using the Tiibinger Automatic
Perimeter or the Octopus Perimeter. The visual field findings and their side difference were compared between

patients with and without RAPD by means of the Wilcoxon rank-sum test.

In each patient, we calculated a visual field score as follows: (number of absolute defects + % number of

relative defects) / number of all defects in the visual field. Therefore, a higher score indicates a more advanced



visual field loss. The asymmetry of the visual field was calculated as the absolute difference in the visual field
score of both eyes.

After having taken into consideration the inclusion criteria, 100 glaucoma patients were included in the study,
34 of them had RAPD (34%). For the visual field analysis, only the data of 85 patients, who received the same
perimetric strategy, were used. 25 of them had RAPD (29%). The calculated visual field scores in patients
with RAPD were significantly higher than those in patients without RAPD (p < 0.01), that means their visual
field loss was generally more advanced. Also, the side difference in the visual field of both eyes was
significantly greater in patients with RAPD (p < 0.01). A receiver operating characteristics (ROC) curve
showed that the side difference in visual field defect is a good predictor for RAPD with an area under the curve
(AUC) of 0.81.

In our study, RAPD could be diagnosed in about one third of patients with primary open angle glaucoma
which is in accordance with similar studies [5,6,7]. RAPD was found especially with more advanced visual
field loss and with visual field defects of greater side asymmetry. On the other hand, its absence did not mean
that there is no visual field defect at all.

We believe that the potential benefit or RAPD in glaucoma diagnostics is underestimated and the swinging-
flashlight test not used enough in clinical practice. It is an easy and objective test available to all doctors, not
only ophthalmologists, and as such a perfect complement in glaucoma suspects. It should not be considered
as a substitute to perimetry, but rather as a supplement to it. The presence of RAPD indicates an advanced
stage of the disease. The swinging-flashlight test can be particularly useful in patients who do not manage
standard perimetry well. This may be important now that the population is getting older and the number of
patients with dementia is increasing. The presence of RAPD can be used as a sign of progression and can be
helpful in the interpretation of visual field findings.

3.2 Pupil perimetry (campimetry)

Visual field examination (perimetry) is an important method in ophthalmology and neurology. It enables us
to localize lesions of the visual pathway and follow functional changes in time. Conventional perimetry is a
subjective examination method and its results may be greatly influenced by the cooperation of the patient.

Examination of the pupil light reflex (PLR), on the other hand, provides an objective assessment of the visual



pathway function. Though PLR shows great interindividual variability, its intraocular and interocular

differences between various regions of the visual field are much less variable.

Objective assessment of the visual field is a method that is lacking in ophthalmology. It would be useful in
patients who cannot master standard automated perimetry. This may be the case particularly with older people
and with the increasing age of our population, this is certainly an emerging problem. Further, an objective
visual field test can help unmask an attempt to simulate a visual field defect and as such be useful for expert

evidence.

Pupil perimetry or campimetry is an objective visual field test that measures PLR to focal light stimuli
projected onto the retina. Light stimuli are presented at various locations in the visual field like in standard
perimetry. However, as the threshold for the pupil light response is higher than the differential light threshold
in conventional perimetry, stimuli in pupil perimetry must be brighter or larger. Visual field defects in pupil
perimetry can be recognized by a reduced or absent pupil light reaction within these areas. Studies dealing
with clinical applications of pupil perimetry have shown that most diseases affecting the retina and the visual
pathway caused pupil field scotomata which match the defects found in standard perimetry [8,9,10,11].

Most of my pupil research has been devoted to pupil perimetry (campimetry). | have used the prototype device
developed in Tiibingen both for clinical and experimental work. Though first considered by my colleagues at
the eye clinic as a rather laboratory test, through my lectures and measurements, | have managed to make them
aware of pupil perimetry and this method has become part of the ophthalmological examination especially in
patients suspected of simulation. Apart from this, we have used pupil perimetry in several research projects
that should either test the usability of this method in different ocular diseases or help explain the physiology

and pathophysiology of the pupil light reflex.

In general, pupil perimetry can be performed either by means of a special pupillographic device or by a
modified standard perimeter. However, most of these devices serve for research purposes and only a few
machines are available commercially. In our laboratory, the pupillographic device consists of a computer, a
19-inch CRT screen for the stimulus presentation and a third monitor for a continuous monitoring of fixation
by observation (Fig. 7.5). Stimuli are displayed on the computer screen at a distance of 20cm from the subject’s
eye. A small red spot is presented for fixation. Blinds around the device prevent stray light from the room
disturbing the measurement. The pupil reaction is recorded by means of an infrared-sensitive video camera.

The pupil edges can be determined by the contrast of the dark fundus and a very light iris infrared reflex.



During the test, the examiner can observe the quality of fixation, the stimulus sequence, as well as the
continuous pupillographic curve. For the stimuli, white light is usually used and different stimulus intensities
can be tested with a constant background luminance of 2.7cd/m?. The stimulus is usually presented for 200ms

every 2000mes.

In contrast to standard visual perimetry, pupil perimetry represents a method for objective visual field
examination. As already said, it can be very useful particularly in patients suspected of stimulation or in patients

who do not manage standard perimetry well enough.

Fig. 2  Pupil perimetry (campimetry) in our pupil laboratory. The pupillographic device consists of a
computer, a screen for the stimulus presentation and a third monitor for a continuous monitoring
of fixation. The examination is carried out in darkness, separately for each eye



3.2.1 Pupil perimetry in patients with retinitis pigmentosa and functional visual field loss

Non-organic or functional visual loss is defined as loss of visual function where there is no lesion or organic
basis to explain it. A patient exhibiting this type of visual dysfunction may have a psychiatric illness such as
hysteria. But more often the patient perceives some secondary gain, such as disability pension. In children, it
is often a behaviour expressed when there is significant stress in their lives, for example impending divorce or

difficulties at school.

Disability diagnosis is a part of the social security system. Measurement of visual acuity, visual fields, and
extra ocular movement are fundamental primary tests for disability determinations. However, disability
assessment in ophthalmology may sometimes be difficult because the possibilities of an objective proof are
limited and suitable examination methods are not widely available. Therefore, patients suspected of simulation
should be preferably examined at centres where they have experience with the proceedings in such patients

and dispose of methods needed for an objective evaluation of vision.

Functional visual loss can manifest as decreased visual acuity or visual field loss. Visual acuity as indicated by
the patient can be verified by visual evoked potentials. However, in feigned visual field loss, it may be quite
difficult to prove simulation as reliable objective test are lacking. Standard automated perimetry is a subjective
test, the results of which fully depend on the patient’s response. To reveal feigned visual field loss, it is often

necessary to use special tricky tests to catch out the malingerer.

The most common pattern of feigned visual field defect is concentric visual field loss, followed by hemianopic
defects. In suspicion of simulated concentric visual field loss, kinetic perimetry may often be helpful. Repeated
testing of a region with the same test stimulus should yield a result that lies at about the same eccentricity as
the first presentation. Patients with non-organic abnormalities will frequently respond with ever-decreasing
eccentricity on repeat testing using the same stimulus. When the responses are plotted, it yields a field with a
spiralling isopter. Such spiral appearance is characteristic for non-physiologic visual field loss. Another proof
of feigned concentric visual field loss is a non-expanding or “tunnel field”. In this test, the isopters are plotted
with the patient seated 1m and 2m from the screen. Even in patients with organic concentric visual field loss,
the borders of the visual field should expand with increasing distance from the screen. If the isopter plotted at
2m will lie at the same distance from fixation as the isopter plotted at 1m, the patient is demonstrating a non-

expanding field, which is very suspicious of simulation [12].



Electrophysiological tests can also help disguise functional visual loss. Electroretinography measures the
electrical responses of various cell types in the retina, including the photoreceptors (rods and cones), inner
retinal cells (bipolar and amacrine cells), and the ganglion cells. Depending on the parameters of the stimulus
and adaptation level of the examined eye, full-field flash ERG reflects the activity of the rods or cones.
However, unless 20% or more of the retina is affected with a diseased state the full-field ERGs are usually

normal and as such not very suitable in feigned visual field loss.

Multifocal ERG (mfERG) uses an alternating stimulus with multiple hexagons and allows assessment of ERG
activity in small areas of the retina. MfERG may be more useful in feigned visual field loss than the full-field
ERG because it provides a topographic overview of the electrical activity of the retina and can be better
compared with perimetry, especially in the central region. The pattern ERG (PERG), evoked by an alternating
checkerboard stimulus, primarily reflects the activity of retinal ganglion cells and may be useful in assessing
the function of these cells in diseases like glaucoma. The visual evoked potentials (VEP), is a measurement of
the electrical signal recorded at the scalp over the occipital cortex in response to light stimulus. The VEP
provides information primarily about the function of central visual function because such a large region of
occipital cortex is devoted to macular projections. Thus, peripheral visual loss might be overlooked by VEP
testing. A modality that may be more useful in feigned visual field loss is the multifocal VEP (mfVEP). It is
designed to detect small abnormalities in optic nerve transmission and provide topographic correlation along
the visual pathway. However, only limited studies to date of the anterior visual pathways correlate visual field

abnormalities to the abnormalities confirmed by mf\VVEP [13,14].

As has already been said, to disclose non-organic visual field loss by objective methods may be a challenging
issue in ophthalmology. If an expert opinion is required, for example in social court issues, objective methods
are necessary. At first, an electroretinogram would be done of course, however, reduced ERG does not
necessarily imply visual field loss and blinking or otherwise poor compliance might produce reduced ERG
responses. It is, therefore, desirable to have an additional tool. Also, in the light of the emerging gene therapy

in ophthalmology, an objective visual field test would be helpful.

Pupil perimetry or campimetry represents such an objective method of testing the visual field by examining
the pupillary response to focal light stimuli projected onto the retina. It is therefore principally suited as a tool
to distinguish organic from non-organic visual loss. Before applying pupil perimetry in cases with constricted

visual fields it needs to be clarified that it is really possible to demonstrate organic constricted fields.
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Retinitis pigmentosa (RP) is an inherited, degenerative eye disease that causes severe vision impairment due
to the progressive degeneration of the rod photoreceptor cells in the retina. The progressive rod degeneration
is later followed by abnormalities in the adjacent retinal pigment epithelium and the deterioration of cone
photoreceptor cells. In the early stage of the disease patients first notice compromised peripheral and dim light
vision due to the decline of the rod photoreceptors. As peripheral vision becomes increasingly compromised,
patients experience progressive "tunnel vision™ and eventual blindness. Visual field defects are usually located
first in the mid-peripheral visual field and may progress to the far peripheral field, eventually extending into

the central visual field as tunnel vision increases.

Patients with retinitis pigmentosa and concentric visual field loss are therefore ideal for a comparison with
persons simulating such a visual field defect. We performed such a comparison in a study that was published
in 2009 in Graefe’s Archive for Clinical and Experimental Ophthalmology under the title “Pupil campimetry
in patients with retinitis pigmentosa and functional visual field loss” [B].

The aim of the study was to show in a small series of cases that pupil perimetry can demonstrate real concentric
visual field loss in retinal degeneration and distinguish from feigned visual field loss and normal visual fields.
By means of infrared-video-pupillography, light responses to perimetric stimuli were recorded. The stimulus
pattern consisted of 41 stimuli presented in the central 30° visual field. Stimulus intensity was 140 cd/m2. Five
healthy subjects, six patients with retinitis pigmentosa and two patients with suspected functional visual field
loss were examined. In all groups, the pupil fields were compared to the standard visual fields obtained on the
same day both by a subjective assessment of an experienced observer and statistical evaluation. To compare
the RP group with the control group, the pupil responses at individual eccentricities were analysed using a
two-tailed Wilcoxon rank-sum test. Due to the small number of patients with non-organic visual field loss,
their results were not evaluated by descriptive statistics or the non-parametric test, but the actual pupil response

was discussed in comparison to the other two groups.

Pupil perimetry in control subjects showed pupil light reaction at all tested locations in the visual field with the
highest amplitude in the centre of the visual field and a decrease towards periphery (Fig. 3). In patients with
retinitis pigmentosa whose visual field was constricted to the central 3 to 10°, the pupil reaction Was present
only within the preserved visual field (Fig. 4). Pupil perimetry in the two patients suspected of feigned
concentric visual field loss showed a well evocable pupil reaction at all tested locations, with no evidence of

any concentric constriction of the visual field in either eye.
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Fig. 3  Pupil field (30°) in a healthy person. At each tested location in the visual field, four pupillographic
curves can be observed. The columns graphically represent the intensity of the pupil light reaction.
The pupil light reaction is greatest in the centre of the visual field and decreases towards the

periphery.

Fig.4 (left) Schematic drawing of advanced concentric visual field loss in a patient with retinitis
pigmentosa as detected by kinetic perimetry (Goldmann stimulus V4), (right) Corresponding pupil
field with pupil light reaction present only within the preserved visual field
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Also, when compared by statistics, the pupil responses differed significantly between the control subjects and
the RP patients in the centre of the visual field, as well as at the eccentricity of 10, 20 and 30 degrees. The pupil
constriction amplitude of patients with feigned visual field loss resembled the results of the control subjects

and differed completely from the results of RP patients.

Pupil perimetry could reproduce the visual field in retinitis pigmentosa very well. Pupil perimetry in patients
with functional concentric visual field loss did not show a pattern like retinitis pigmentosa at all. On the
contrary, it confirmed normal functions in allegedly blind areas of the visual field, thereby ruling out a severe
retinal dystrophy. This study provided evidence that pupil perimetry is applicable in differential diagnoses of
retinal dystrophy and functional concentric visual field loss.

Before our study was published, not much information existed about the pupillary visual field in retinitis
pigmentosa. Since then, our paper has been cited by other studies dealing with the non-organic visual loss or

retinitis pigmentosa in general.

To disclose non-organic hemifield defects it may sometimes be sufficient to perform a binocular perimetry
test. Not to get uncovered, patients often close one eye during the examination, which can be recognized by
the presence of blind spot on the printout. Electrophysiological methods in simulated hemifield loss have only
limited value. Pupil perimetry, on the other hand, can be very helpful as shown by our group in the paper
“How sensitive is pupil campimetry in hemifield loss?”” published in Graefe’s Archive for Clinical and
Experimental Ophthalmology in 2009. Surprisingly, visual field defects caused by retrogeniculate lesions
could be reproduced by pupil perimetry even better than defects due to pregeniculate lesions of the visual

pathway.

The ability of pupil perimetry to objectify hemifield defects justifies its use in the examination of patients with
suspected functional visual loss. For clinical practice, it would certainly be desirable to know the sensitivity
and specificity of pupil perimetry in feigned hemifield loss, however, this is not realistic as the number of
patients with functional visual field loss shall never reach the limits needed for a satisfactory statistical analysis
and so we can only draw conclusions from our clinical experience. That retrogeniculate lesion can be
demonstrated by pupil perimetry is of importance for the diagnosis of feigned hemifield loss, because in this
situation no other ophthalmological findings such as optic atrophy or relative afferent pupillary defect can be

observed to disprove the presence of a hemifield defect.
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According to our results, pupil perimetry can help reveal non-organic visual field loss and can be a good
supplement to other examination methods used in these cases, where as many objective proofs as possible are
welcome. The only disadvantage is that pupil perimetry is not widely available. In our laboratory, the patients
were examined on a prototype device and unfortunately, we have not yet managed to start a commercial
production of this equipment. In the past, researchers worldwide usually performed pupil perimetry by
modifying standard perimetry, e.g. the Octopus perimeter. Of course, stimuli used in pupil perimetry must
have different properties than the ones used in standard perimetry, but otherwise only an infrared video camera
for the registering of pupil light reaction is necessary. Fortunately, a few devices have become available
commercially during the last two years, for example, the NuCoria Visual Field Analyzer (NuCoria, Australia)
or Pupilmetrix™ PLR60 (Applied Neurodiagnostics, Ltd, UK). However, there are not enough studies

available yet that would show the sensitivity and specificity of these devices.

3.2.2  Pupil perimetry in glaucoma

Glaucoma is a progressive optic neuropathy which, if untreated, can lead to severe damage to the visual field.
The disease is diagnosed by clinical examination of intraocular pressure, optic nerve head and visual field,
although because of the high variability involved in visual field testing it can be difficult to identify people
with early disease. For this reason, there has been a continuing search for an objective method of examining
the eye for signs of glaucomatous damage. Apart from evaluating the prevalence of RAPD in glaucoma
patients, we have also decided to examine if pupil perimetry can become a useful screening tool for glaucoma.

Glaucoma only seldom progresses symmetrically on both eyes. That is why a relative afferent pupillary defect
is often present. Also, the damage to the visual field is often asymmetric not only between both eyes but also
damage to the retinal nerve fibres is often asymmetric between the upper and lower retina [15,16,17]. Using
these principles, Asman and Heijl [18] reported the development of the ‘Glaucoma Hemifield Test” which
uses standard perimetric results obtained from the Humphrey field analyser to empirically determine socalled
‘up-down’ differences in the probability maps to detect localized visual field loss. The method is based on the
knowledge that early visual field defects (in glaucoma) are frequently restricted to either the upper or lower
hemifield and that localized defects are manifested by asymmetries in the differential light sensitivities across

the horizontal meridian.
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Based on this knowledge we hypothesized that this asymmetric change, characteristic of glaucomatous retinal
nerve fibre damage, may be detectable as asymmetries in relative sensitivity of the pupillary light reflex (PLR)
in the upper and lower retinal hemifield when compared to healthy people. We designed a study, the aim of
which was to find out if the pupillographic assessment of the visual field by means of pupil perimetry can
identify glaucomatous visual field defects and as such be used for glaucoma screening purposes. The results
were published in 2012 in Klinische Monatsblitter fiir Augenheilkunde under the title ,,Glaucoma screening
by means of pupil campimetry” [C].

For the study, 20 patients with open angle glaucoma (study group) and a visual field defect in at least one eye
were examined by means of standard automated and pupil perimetry. Their results of pupil perimetry were
compared to 30 healthy subjects (control group). Based on the characteristic pattern of visual field changes in
glaucoma patients we designed a special stimulus pattern for pupil perimetry. It consisted of 16 white-light-
stimuli within the central 30° visual field and particularly between 10° and 20° above and below the fixation
mark, that is in the so-called Bjerrum region, where the arcuate visual field defects mostly occur. Three
stimulus intensities (16,4 cd/m?; 27,1 cd/m? und 40,5 cd/m?) were tested. The individual pupil light reaction
(PLR) amplitudes at all examined locations in the visual field, their sums and partial sums were compared
between both groups by the two-sided two-sample t-test. The diagnostic performance of the method in

glaucoma diagnosis was evaluated by ROC-curves (receiver operating characteristics).

The average PLR at all locations in the visual field was reduced in glaucoma patients compared to healthy
persons (Fig. 5). The sums of the PLR were reduced in glaucoma patients as well. Significant differences in
the PLR were found especially in the central and paracentral visual field. The best AUC-values (area under
the curve) were reached with the highest stimulus intensity, the highest AUC-value overall was 0,769.
However, although the difference in PLR between glaucoma patients and the control group was significant,

the reached AUC-values fell short of being ideal for screening purposes.
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Fig. 5 Comparison of the average pupil light reaction in glaucoma patients and healthy subjects with its
standard deviation at the tested locations in the visual field MO to M 16 [C]

Nevertheless, our study brought several interesting findings. Surprisingly, the central pupil response was
reduced by the same amount as in the Bjerrum region, which is rather unexpected when considering the classic
course of glaucoma. A typical visual field defect in glaucoma is an arcuate defect respecting the course of
nerve fibres on the retina and sparing the visual field centre. Damage to the centre of the visual field with a
decrease in visual acuity is usually observed in advanced stages of the disease. Nevertheless, our study showed
a significantly reduced PLR particularly in the centre of the visual field and the highest AUC values were
reached for the central and paracentral visual fields. However, a similar result was obtained in recent perimetric
studies with regionally condensed stimulus arrangements; in patients with moderate glaucoma, visual field
defects in the paracentral region, particularly in the upper half field, were detected [19]. So, the central and
paracentral visual field seems to be affected in glaucoma patients sooner than expected. This can cause

significant problems with reading, driving, etc. and should not be underestimated in clinical practice.

The use of pupillography in glaucoma patients has been recently examined by other research groups as well.
Kalaboukhova et al. evaluated the frequency of RAPD in glaucoma patients and healthy subjects by means of
their special infrared pupillometry. Their test could detect glaucomatous optic neuropathy with a sensitivity of
86,7% at a specificity of 90%, which is, however, still too low for a screening method [20]. Similar to our
study, Chen proposed that the asymmetric change, characteristic of glaucomatous retinal nerve fibre damage,
may be detectable as asymmetries in relative sensitivity of the pupillary light reflex (PLR) in the upper and
lower retinal hemifield. With his testing algorithm, the pupillary evaluation of retinal asymmetry in a test group

of 40 glaucoma patients and 40 control patients agreed with perimetry in 70% of eyes tested [21]. Wride et al.
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tested the same approach in 30 glaucoma patients and 30 healthy subjects with a commercially available
device The Pupilmetrix™PLRG60. The sensitivity of the method reached even 93,1% at a specificity of 76,7%.

The overall agreement with the clinical diagnosis of glaucoma was 84,7% [22].

Apparently, changes in the pupil light reaction can be detected in glaucoma patients by various methods,
however, up to now none of these methods has proved itself as a good screening method for glaucoma. With
regard to the new discoveries in retinal physiology, the use of pupillometry in glaucoma patients has been
evaluated by other pupillographic methods as well and will be presented further. I summarise the advances of
pupillography in glaucoma in the article “Current state of pupil-based diagnostics for glaucomatous optic
neuropathy” that was published in the journal “Ophthalmologe’ in 2012 [D].

3.2.3 Pupillomotor receptive fields

The principle of pupil perimetry is similar to visual perimetry — white light stimuli of defined intensity are
presented on a background of defined luminance at defined locations in the visual field. In pupil perimetry, the
patient’s response to the stimulus is not signalled by pressing a button, but the pupil light reaction is registered
by means of an infrared video camera. As such, pupil perimetry represents an objective method of visual field

examination.

Most used in our practice is a stimulus pattern consisting of 41 stimuli located within the central 30°. The
diameter of the individual stimuli is 4°. For all stimuli, white light is used, stimulus intensity is 140 cd/m? with
a constant background luminance of 2.7 cd/m2. Each stimulus is presented for 200 ms every 2000 ms. A small
red spot is presented constantly as a fixation mark. The perimetry program presents each stimulus at each
tested location four times. If the pupil size cannot be recorded four times without problems (e.g. of blinks), the
stimulus is presented more often until four recordings of the pupil size are done for each stimulus. Afterwards,
the average amplitude of the pupillary response in mm for each tested location in the visual field is calculated

and graphically displayed from these four pupillary responses.

In visual perimetry, the raster comprises usually 60-80 test spots. In automated perimetry, the standard stimulus
is Goldmann stimulus size 111, which corresponds to the diameter of 0,43° and the duration of stimuli is usually
about 100ms. So, the stimuli used in visual perimetry are much smaller than the ones used in pupil perimetry
(4°) because when comparing both perimetric methods, methodological differences must be considered.
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Pupillomotor threshold is higher than the visual threshold, and it varies considerably between individuals.
Additionally, intraindividual variability exists. In most individuals, stimulus intensity has to exceed the visual
threshold considerably to provide a stable and repeatable pupillary response. So, the stimuli used in pupil
perimetry are much larger and brighter than stimuli used in visual perimetry to elicit a pupil light reaction. On
the other hand, brighter stimuli increase stray light and this limits the maximal level of stimulus brightness
because the local response is replaced by a stray-light response. In quite a few patients with visual field defects
in conventional perimetry proven by objective morphologic findings, pupil perimetry fails to demonstrate a
scotoma. If the stimulus is chosen too dim, it may remain below the pupillomotor threshold; if it is too bright,
it will elicit a stray light response. It is virtually impossible to find for each individual and each retinal location
a stimulus that elicits a local response without any additional stray light effect. Techniques that help to extract
the local response from stray light “noise” tried to be adapted from electrophysiological recordings [23].

Although the results were promising, their incorporation into practice failed.

In view of the necessity of repeated measurements due to the variability of the PLR, the number of stimulus
locations is limited. The test would otherwise be endless and unbearable for the patient. With our stimulus
pattern, the test lasts about 5-6 minutes per one eye, depending on the cooperation of the patient. This is a

reasonable time usually well tolerated by the patients.

The stimuli used in pupil perimetry are much larger the stimuli used in visual perimetry - 4° versus 0,43°. The
size of stimuli in visual perimetry is derived from the size of the retinal receptive fields as known from
psychophysiology. The receptive field of an individual sensory neuron is the particular region of the sensory
space (e.g., the body surface, or the visual field) in which a stimulus will modify the firing of that neuron.
Receptive fields have been identified for neurons of the auditory system, the somatosensory system, and the
visual system. For example, the receptive field of a ganglion cell in the retina of the eye is composed of input
from all of the photoreceptors which synapse with it, and a group of ganglion cells, in turn, forms the receptive

field for a cell in the brain. This process is called convergence.

Hartline in 1940 introduced the concept of a receptive field to describe the spatial properties of retinal ganglion
cells in frogs [24]. The classic center-surround receptive field organization of ganglion cells was discovered
some Yyears later in cats [25] and monkeys [26]. Their psychophysical equivalent, i.e. concentric areas of

summation and inhibition found using subjective methods have been named perceptive fields [27].
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The retinal receptive field is identified as the region of the retina where the action of light alters the firing of
the neuron [24]. Each receptive field is arranged into a central disk, the "center”, and a concentric ring, the
"surround", each region responding oppositely to light. For example, light in the centre might increase the

firing of a particular ganglion cell, whereas light in the surround would decrease the firing of that cell [25,26].

The properties of stimulus in visual automated threshold perimetry are based on longstanding experience and
knowledge about retinal receptive fields. They are thought to be the basis of the relationship between the
threshold luminance and size of stimulus as described by the Ricco [28] and Piper laws [29] on complete and
partial summation. For smaller stimulus areas, Ricco’s law holds: the threshold luminance of the stimulus is
indirectly proportional to the area of stimulus (L x A= C, where L stands for the threshold stimulus luminance,
A is the stimulus area and C a constant). This is due to the complete summation found within the center of the
receptive field which produces a slope of 1 when log sensitivity (1/threshold) is plotted as a function of log
area. As soon as the surrounding areas are covered by the stimulus and inhibitive interaction becomes
involved, only a partial spatial summation occurs. This is defined by Piper’s law (L x VA = C), in which
sensitivity is proportional to the diameter of the stimulus: the slope of the line on logarithmic coordinates is
less than 1. The critical area, defining the center of the receptive field is found at the intersection of these two
lines of different slope. Scholtes et al. showed that in the range of the smallest diameters there was a
straightforward agreement with Ricco’s law whereas large stimulus diameters curves follow more or less
Piper’s law [30].

However, is there any physiological background that would substantiate the size of the stimuli used in pupil
perimetry? Is there any pupillary analogy to the current retinal receptive fields? Do summation and inhibition
occur in the pupillomotor system? This was supposed to be answered by our project on pupillomotor receptive
fields. The aim of our study was to obtain information about pupillomotor summation areas, i.e. areas of the
retina which, when stimulated, show evidence for spatial summation and possibly inhibition of the pupillary
response. It was a novel and challenging project, but at the same time quite difficult because there was only
very few and old information available in the literature. In the end, our study was published in Graefe’s Archive
for Clinical and Experimental Ophthalmology in 2014 under the title “Investigation of summation

mechanisms in the pupillomotor system” [E].

Computerized infrared (IR) pupil campimetry was performed in 30 normal subjects aged 18 to 32 years (10

males, 20 females, mean age 27.4 + 3.1 SD). The subjects were recruited from the staff and students of the
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University Eye Hospital in Tiibingen. To gain information about the spatial characteristics of the pupillary
response, we recorded the change in pupil diameter caused by stimuli of increasing size at four different retinal
eccentricities, each with four different stimulus luminances. For each stimulus intensity, 12 stimuli were tested
with diameters of 1°-10° in one deg steps, 12° and 15° in order of increasing size. \WWe examined three different
locations in the upper temporal visual field quadrant: 0°, 20° and 40° eccentricity, as well as at 20° in the lower
nasal visual field quadrant (-20°), alternating between them to avoid adaptation.

The perimetry program presented each stimulus at each tested location four times. If the pupil size could not
be recorded four times without artefacts (e.g. blinks), the stimulus was presented more often until four valid
recordings of the pupil size were obtained for each stimulus. The pupillary response (i.e. the change in pupil
diameter) was analysed for each pupil record.

In data analysis, the average of the pupillary response amplitudes of all subjects was calculated for each
stimulus location and intensity. The logarithms of these averaged values were plotted against the logarithm of
the area of the stimulus and a piecewise linear fit of the data was calculated (broken stick). The break and offset

were determined.

When the average log amplitude of the pupil light reaction was plotted as a function of the log area of the
stimulus, a bi-linear curve could be observed (Figs 1-3). The change in the pupil response to smaller and larger
stimuli could be particularly observed at higher stimulus intensities (87 and 140 cd/m?). The intersection points
of the two linear responses are 2.01° in the fovea, 2.80° at 20° upper temporal retina, 2.85° at 20° lower nasal
retina and 4.86° at 40° upper temporal retina. The gain of the two-phase stimulus-response curve for smaller
stimuli was different from that for larger stimuli and resembled the relationship between threshold energy of
light stimulus and stimulus diameter known from psychophysical experiments [25,26]. The two-phase
response in pupil size indicates that with increasing spot diameter, the response profile of the summation area
alters. We hypothesized that the break in this stimulus-response curve might give an estimation of the size of
the pupillomotor summation area. WWhen the stimulus becomes larger than the assumed summation area and

invades an inhibitory surround, the stimulus response decreases.

Our results indicate that pupillomotor summation areas are larger than receptive fields of a retinal ganglion
cell, their size increases with eccentricity in the visual field and the pupillomotor sensitivity of the retina
decreases with distance from the fovea, in agreement with our knowledge about retinal receptive fields

measured psychophysically [31].
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There is no information about pupillomotor summation areas in the literature. Comparison of the pupillary
and sensory threshold in relation to the area, duration, and localization of the stimulus at different levels of
adaptation has been studied in the fovea and at 20 degrees nasal only by Alexandridis in the1970s [32]. His
results show that threshold measurements of the pupillomotor response curve both in peripheral and central
stimulation are in agreement with Ricco’s law up to a stimulus size of 30° diameter and that larger stimuli
follow Piper’s law. With sensory threshold measurements, Ricco’s law holds only for smaller stimulus sizes,
especially in the periphery. However, Alexandridis investigated summation effects of pupillomotor threshold

but did not define any receptive fields.

In conclusion, the results of our study show that the pupillary light reaction is related to the size, intensity and
retinal location of the stimulus. The relationship between size and pupil reaction can with caution be
considered as biphasic and can be fit by two intersecting lines. These results are reminiscent of receptive field
behaviour and suggest that pupillomotor summation areas might exist within the pupillary pathway. They
show larger diameters than the receptive fields of the retinal ganglion cells but respect the summation rules
valid for the retinal receptive fields. If this is so, stimuli used in pupil perimetry should really be larger than the

stimuli used in standard visual perimetry to counteract this difference.

3.3 Multifocal pupillography

As already mentioned, there is a strong demand for objective perimetry both in ophthalmology and neurology.
Not only to disprove malingering or simulation but also to examine patients who cannot master conventional
perimetry well. Multifocal pupillography is a promising new method of objective visual field evaluation that
could become part of clinical practice in ophthalmology quite easily as electrophysiological equipment is

available at almost every university eye center.

In 2012 and 2014 | applied for a grant project the aim of which was to test multifocal pupillography in the
diagnosis of ocular disorders, particularly in patients with a pre- or retrogeniculate lesions of the visual
pathway. Results of the patients” group should have been compared to a group of healthy subjects. For the
purposes of the project, a special infrared camera should have been attached to the equipment currently
available at the electrophysiological laboratory of our department of ophthalmology in Brno. Unfortunately,

the project was never allocated support. Nevertheless, although I did not get the possibility to do the research

21



on multifocal pupillography, I think it should be listed in my enumeration of currently available pupillographic
techniques.

Multifocal techniques (multifocal electroretinography - ERG, pattern ERG and multifocal visual evoked
potentials - VEP) offer an objective evaluation of the function of the retina and the visual pathway. They are
based on the principal of multifocal stimulus presentation. These procedures enable a simultaneous scanning
of the electric activity from many regions of the retina. Stimuli are presented in the form of checkerboard
stimuli, in which individual areas periodically change its contrast. However, except for mfVEP, the
information is limited to retinal function. In optic nerve diseases and lesions of the higher visual pathway
mfERG stays normal. Moreover, these methods require a time-consuming fixation of electrodes and in
mfERG artificial mydriasis is necessary too. Multifocal pupillography (objective evaluation of the visual
pathway function by multifocal stimulation) is based on the idea, that the computer registers changes in pupil
diameter instead of electrical retinal activity. The examination by means of multifocal pupillography is short,
non-contact, does not require artificial mydriasis and is very little influenced by factors like lens opacity or

refractive error.

Multifocal pupillography is a method studied especially by the team of Ted Maddess in Australia. They tested
multifocal pupillography in various diseases including glaucoma [33,34], diabetic retinopathy [35] or age-
related macular degeneration [36]. Most of their studies dealing with multifocal pupillography investigated the
diagnostic accuracy of multifocal pupillography in glaucoma. Their studies showed that the pupil light reaction
in patients with glaucoma as detected by multifocal pupillography is smaller and its latency longer than in
healthy persons and the sensitivity and specificity of multifocal pupillography is similar to methods currently
used in glaucoma screening [33]. Recently it has been shown that multifocal pupillographic objective
perimetry may potentially be a useful method in monitoring progression of age-related macular degeneration
(AMD) and in assessing changes in retinal function after therapeutic interventions in early AMD [37].
Wilhelm from our research team showed in a few patients with optic neuropathy that objective perimetry by

means of multifocal pupillography can reproduce a visual field defect detected by standard perimetry [23].

Multifocal pupillography seems to be a promising method for objective evaluation of the retinal function. The
results of studies on multifocal pupillography are very interesting and encourage further development of this
method. However, the experience with multifocal pupillography in lesions of the visual pathway is still
missing. | hope I will have an opportunity to work with this method in the future and contribute to the clinical

introduction of this method.
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3.4  Pupillographic sleepiness test

In 1963, Lowenstein and co-workers described a phenomenon they named “fatigue waves “[38]: slow
rhythmic changes of the pupillary diameter that occurred in complete darkness in subjects who were obviously
sleepy. Later, in her famous monograph, Irene Loewenfeld wrote [39]: “Fatigue waves are involuntary and
unconscious, so that they cannot be produced deliberately; and best of all, running records can be obtained
without touching the subject. These show the slightest fluctuations from one moment to the next, from day to
day, from week to week, and over longer periods.” When this was published, in 1993, sleep medicine and

sleep disorders, especially hypersomnia, attracted new attention [40].

Pupillary oscillations in the dark are stronger when the subject is tired than when he is alert. The response of
the pupil in the sleepy state is determined by the noradrenergic pathway from the locus coeruleus to the
Edinger—Westphal nucleus and is directly related to the overall activity in the alertness-promoting locus
coeruleus [41,42,43,44]. Measurement of the pupillary oscillations, therefore, gives a measure of central
nervous system activity and sleepiness, which is reproducible and not prone to subject bias and motivation
[45].

Assessment of sleepiness is usually based on subjective gradings by the patient (e.g. Stanford Sleepiness Scale,
or on rather time-consuming and costly tests such as the multiple sleep latency test [40]. Only a few authors
applied pupillographic tests in sleep medicine between 1963 and 1993. The reasons for this rather limited use
of pupillography were mainly technical problems especially due to the long duration of the test. Assessment
of sleepiness requires examination times of at least 10 minutes. As video pupillography became available, the
possibility of image processing by personal computers was the appropriate tool to cope with the special

demands of long-term pupillography.

The pupillographic sleepiness test (PST) is an objective method for measuring pupillary oscillations. The
method has now been used for 15 years in sleep medicine, sleep research and clinical pharmacology, and has
been tested both in the laboratory [40,45, 46,47] and in field studies [48,49]. Normal values for the outcome
parameter, the pupillary unrest index (PUI), have been determined for adults [50] with no effect of gender or
age. The pupillographic measures correlate significantly with the sleep latency of the multiple sleep latency
test, a method that is internationally well known and widely used, as well as with sleepiness-related frequency
bands in the waking electroencephalography (EEG) [51]. Unlike many other methods applied routinely in

sleep laboratories, the use of the PST is not restricted to the clinical setting. It does not require highly
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specialized equipment or personnel and is not time-consuming. Its validity to assess sleepiness has been
previously investigated, and the correlation with subjective sleepiness, duration of night sleep, sleep latency in
the multiple sleep latency test, as well as the relationship of sleepiness-related spontaneous oscillations of the

pupil to the waking EEG in patients or sleep-deprived normal subjects is known [45,46,47].

In many studies, the pupillographic sleepiness test proved to be a fast and relatively simple method to measure
sleepiness. It can be used in diagnosis, to determine whether a patient really suffers from daytime sleepiness
or in therapy, to assess whether therapy is successful or not. An example of a relatively common sleep disorder
is the sleep apnea syndrome affecting mostly men after the age of forty. Estimates of disease prevalence are in
the range of 3% to 7% [52], with certain subgroups of the population bearing a higher risk. However, this is
probably an underestimate, because many sufferers remain undiagnosed. Obstructive sleep apnea is being
increasingly recognized as an important cause of medical morbidity and mortality. If left untreated, it leads to
excessive daytime sleepiness, cognitive dysfunction, impaired work performance, and decrements in health-
related quality of life. Observational and experimental evidence suggests that obstructive sleep apnea may
contribute to the development of systemic hypertension, cardiovascular disease, and abnormalities in glucose
metabolism. Sleep apnea is also considered as a risk factor for low tension glaucoma and floppy eyelid
syndrome. The treatment of sleep apnea syndrome consists in many cases of nasal continuous positive air
pressure (NCPAP).

The pupillographic sleepiness test can be applied in traffic medicine, to advise a patient about his ability to
drive a car. A mobile version of PST was used in several on-road studies, especially with professional truck
drivers [53]. From the occupational medicine point of view, PST can give an objective opinion on the patient’s
ability to go back to work. This approach has been used in studies involving people working night shifts and
exhibited to stress like the medical doctors [48,49]. PST examination has also been included in psychological
studies. A large study on daytime sleepiness and its relation to the sleep behaviour was performed in school
children [54].

Although | have not performed a study with PST, | have personal experience with this method from our
laboratory and PST certainly belongs to the list of pupillographic examination methods. PST, as produced by
AMTech (Figs. 6 and 7), was developed by our pupil research group — professors Barbara Wilhelm and
Helmut Wilhelm, engineering support was provided by Holger Liidtke.
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Fig. 6 PSTxslll Pupillographic Sleepiness Test (AMTech, Germany). Recording the spontaneous and

involuntary pupil movement in darkness is
objectively. The sleepiness waves are mo

the simplest method to measure and evaluate sleepiness
nitored by means of a IR-videocamera with built-in IR-

illumination. The subject is bespectacled with a pair of goggles which are opaque for visible light

and transparent for infrared light. Thereb

y the measurement is performed in darkness and only a

crimson and dim fixation target is seen. The Pupillographic Sleepiness Test is an easy to operate,
non-invasive and fast tool to obtain an objective assessment of the central nervous activation and
drug related vigilance. Areas of application are sleep medicine, occupational medicine and

pharmacology (www.amtech.de).
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Fig. 7 The pupillographic curve shows extreme u

ndulations of a sleepy person's pupil. The protocol gives

information about the pupil diameter and the PUI over time, the horizontal and vertical eye

position, the rate and duration of blinking

and the data quality (www.amtech.de)
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3.5 Pharmacological testing in pupillary disorders

Pupillary disorders can be produced by different conditions. It may be a pure ocular pathology like acute angle
closure glaucoma or anterior uveitis that cause moderate mydriasis and pupilloplegia. Pseudoexfoliation
syndrome is often accompanied by insufficient mydriasis due to damage of the dilator muscle. Lesions of the
visual pathway can produce a relative afferent pupillary defect. And eventually, dysfunction of the
autonomous nerve systems can also result in pupillary disorders by affecting the function of both pupillary

muscles — pupillary sphincter and dilator muscles.

One of the best known pupillary symptoms is anisocoria. Anisocoria means a different size of both pupils. In
some cases, it may be a sign of damage to the central nervous system, in other cases, its presence may not be
alarming. The differential diagnosis of anisocoria may seem complicated and the patients often travel back
and forth between a neurologist and ophthalmologist. Indeed, the diagnosis of anisocoria may sometimes be
difficult and may require additional examinations. However, if certain rules are followed during the diagnostic
process, the diagnosis should usually be established.

If the difference between both pupils is less than 1mm and the pupil light reaction is otherwise normal, then
the anisocoria can be labelled as physiological. If the anisocoria is accompanied by ptosis and the so-called
pupil dilation lag, Horner syndrome should be suspected. If the anisocoria is accompanied by disturbed pupil
light reaction, motility disorders, and diplopia, it may be due to an oculomotor palsy. In case anisocoria is
accompanied by disturbed pupil light reaction and a normal near reflex, then one can suspect a tonic pupil.
Other causes of anisocoria include damage to the midbrain or the iris itself. Sometimes, it may be necessary

to search for possible botanical or pharmacological effect on the size of the pupils.

To prove some of the above mentioned diagnoses, a pharmacological pupillary test may be necessary. The
two most common situations in which a pharmacological test is required in clinical practice include the Horner
syndrome and the tonic pupil. In the tonic pupil, the affected pupil is larger than the other one, does not react
to light, but near reaction is preserved. On the slit lamp, under high magnification, worm-like movements of
the pupillary edges can be observed. Tonic pupil is caused by unilateral parasympathetic lesion and affects
mostly middle aged women. The tonic pupil may often cause diagnostic problems. Though it is a relatively
common condition, it does not always look quite typical. The question of whether it is the tonic pupil, is best

resolved by administering 0,1% pilocarpine to both eyes and evaluating the response of the involved pupil
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relative to the opposite pupil after 30 minutes. Unlike the other eye, tonic pupil reacts to pilocarpine 0,1% with
constriction due to cholinergic denervation [55].

Horner syndrome is classically described as the triad of miosis, upper lid ptosis with mild elevation of the
lower lid and, depending on the site of the lesion, anhidrosis of the ipsilateral side of the face and/or bodly.
Horner syndrome occurs as a result of disruption to the ipsilateral sympathetic innervation to the eye and face.
Usually, a dilation lag is present as well. The long and complicated course of the oculosympathetic pathway
predisposes it to a wide variety of pathologic processes, ranging from harmless vascular headaches to life-
threatening conditions, such as carotid artery dissection, jugular vein thrombosis, or malignancy. Depending

on the cause of Horner syndrome, early recognition and intervention can be lifesaving.

Sometimes, it may be difficult to distinguish physiologic anisocoria from Horner syndrome. This distinction
can be difficult because Horner syndrome may have subtle clinical manifestations. Ptosis may be absent.
Anisocoria may be absent. At best, each finding is minimal. And each finding can be generated by other
causes. Especially in acute onset, the diagnosis of Horner syndrome can be postulated without a
pharmacological proof. In other cases, for confirmation of Horner syndrome, we often depend on topical
pharmacological testing. But what kind? I have pursued this topic in my article “Pharmacological Tests for

Horner Syndrome” that was published in 2016 in Czech and Slovak Ophthalmology [F].

Cocaine is an indirect sympathomimetic agent, which works by blocking the re-uptake of noradrenaline from
the synaptic space. In the normal eye, this should produce an increase in pupil diameter, while in Horner
syndrome, the pupil will fail to dilate [55]. However, testing with cocaine has limitations. First, the normal
control pupil may not dilate due to the relatively weak dilating effect of cocaine. Second, there is the risk of a
false-positive result if the affected pupil is incapable of dilating for another reason. Third, cocaine is a
controlled substance, which is often difficult to obtain. Cocaine testing in Horner syndrome has lost its luster
as the gold standard for diagnosing oculosympathetic paresis in recent years owing mainly to the increased

difficulty in maintaining its easy availability and it is slowly being replaced by other substances.

Apraclonidine is an adrenergic drug with a weak agonist action on o-1 receptors and a strong agonist action
on 0-2 receptors. In Horner syndrome, there is an upregulation of a-1 receptors in response to the loss of
sympathetic innervation, which results in supersensitivity of the affected pupil such that it dilates in response

to apraclonidine. In contrast, a normal pupil will either show no change in size or constrict because of o.-2
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activity. The current criterion for the diagnosis of Horner syndrome is a reversal of anisocoria after bilateral
administration of topical apraclonidine.

Apraclonidine testing for the diagnosis of Horner syndrome is rapidly becoming the new standard for
pharmacologic testing in Horner syndrome. In several studies, apraclonidine showed to be comparable with
cocaine in detecting denervation supersensitivity in Horner syndrome [56,57]. As for cocaine, apraclonidine
is useful for diagnosing Horner syndrome, but not for localization of the site of the lesion. However, this
substance, produced commercially as a glaucoma medication (Iopidine®), is not available in the Czech

Republic. Is there any other option?

In my article, | present a patient, who was examined at our department due to anisocoria that has been present
for more than one year. Besides the anisocoria, the patient had no other pathological symptoms. The pupil on
the right eye was larger than on the left eye by more than 1mm. Photoreaction was present in both eyes with a
dilation deficit on the left eye. There was also a slight ptosis on the left. The anterior and posterior eye segment
was normal, only the iris of the left eye was slightly decoloured. The ophthalmological finding was pointing
to Horner syndrome on the left side. The cause of the syndrome was not found until then. This is not unusual

as the cause of Horner syndrome remains unknown in up to one-third of patients.

When | wanted to perform the cocaine test, | found that nowadays it is very complicated for an ophthalmologist
to obtain cocaine, as it is no longer used as an anaesthetic drug and it is a controlled substance. My attempt to
order a single bottle of apraclonidine from abroad was not successful either. Also, other substances like
hydroxyamphetamine or pholedrine are not available anymore in the pharmacy. Therefore, based on literature
search, | decided to conduct an experiment with phenylephrine 1%. Phenylephrine 10% is currently used as a

mydriatic agent (Neosynephrine-POS®) and so available to all ophthalmologists.

Because of the principle of denervation sensitivity, Horner syndrome produced by a lesion interrupting the
postganglionic fibres should dilate the pupil when 1% phenylephrine is placed in the conjunctival sac [57]. |
measured the pupillary diameter before and one hour after the administration of 1% phenylephrine to both
eyes. Before instillation of the drops, the pupils measured 5mm (right eye) and 3mm (left eye). After one hour,
the anisocoria was almost reversed, with pupils measuring 5mm (right eye) and 5 mm (left eye), and the ptosis
has partially resolved. The result of the test pointed to a postganglionic sympathetic lesion on the left.
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To confirm my experiment, | performed this test also with cocaine one month after the first test. The
administration of 5% cocaine caused dilation of the control pupil, the size of the pupil affected by Horner

syndrome did not change. The test confirmed the diagnosis of Horner syndrome on the left.

The usability of phenylephrine for a pharmacological test in Horner syndrome has been tested by other studies
as well. Ramsay reported denervation supersensitivity to 1% phenylephrine in 71% of tested patients with
Horner syndrome [58]. In another study with 14 patients diagnosed as having isolated postganglionic Horner

syndrome, the sensitivity of 1% phenylephrine was 81% and the specificity 100% [59].

According to some studies, denervation supersensitivity needs 1-2 weeks to develop [60]. Because the 1%
phenylephrine test is primarily based on denervation supersensitivity, a false-negative result may occur in very
recently acquired Horner syndrome [61,62,63]. On the other hand, cases were published in which denervation
sensitivity developed very fast, even within a few hours [56]. To resolve this controversy, a study with many

patients would be necessary, however, this is rather difficult in Horner syndrome.

Based on my experiment and the results of other studies, the use of 1% phenylephrine for a pharmacological
test in Horner syndrome is possible and currently represents the best available option in our country. However,
topical cocaine (2,5%) should be further used in small children under the age of one year, because other o1-

sympathomimetic agents may cause severe autonomic side effects in that age group [63].
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4 Pupil light reflex in new light

The anatomy of the human pupil light reflex (PLR) pathway is a matter of debate. The neural pathway of the
PLR was first described by Wernicke in the 1880s [1]. Afferent fibres from the retina travel in the optic nerve
and undergo hemidecussation at the chiasm before entering the optic tract. Fibres emerging in the nasal retinal
halves cross over to the contralateral optic tract, fibres from the temporal half of the retina proceed ipsilateral.
In the posterior third of the optic tract, the fibres branch medial to the lateral geniculate nucleus (LGN) and synapse
in the ipsilateral pretectal nucleus. Intercalated neurons from each pretectal nucleus then project to both Edinger-
Westphal nuclei and parasympathetic fibres from the Edinger-Westphal nuclei innervate the iris pupillary sphincter
muscle. However, clinical observations of pupillary behaviour in patients with different lesions of the visual

pathway have repeatedly challenged this classical view of the PLR pathway.

Relative afferent pupillary defect (RAPD) is typically related to lesions within the anterior visual pathways
and is almost always present in unilateral or asymmetric bilateral disease of the optic nerve, chiasm or the optic
tract. However, studies in patients with lesions of the retrogeniculate pathways have shown that pupillary
disorders (RAPD and pupillary hemihypokinesia) are possible even with lesions not involving the classical
reflex arc [65,67,67].

So, the pupillary pathway seems to be more complex than previously assumed. The pupil is not controlled
only subcortically, and the retrogeniculate visual pathway and the visual cortex are also involved in the
pupillary light reaction. This hypothesis is supported by the recent discovery of retinal ganglion cells
containing melanopsin which are intrinsically photosensitive and apart from other functions serve the pupil
light reflex [68,69,70,71]. Clear anatomic evidence is still lacking but pupillographic measurements in patients
with various disorders of the visual pathway support the existence of two pupillomotor channels that drive the
pupil light reaction — the subcortical (more primitive, luminance channel associated with the intrinsically
photosensitive retinal ganglion cells) and the suprageniculate (responds to shifts in structured stimuli, is driven
by the rods and cones and receives input from the visual cortex and extrastriate areas).

I have summarized this topic in my article “Afferent pupillary disorders in postchiasmal lesions of the visual
pathways” in Klinische Monatsbltter fiir Augenheilkunde in 2009 [G] and recently in the chapter “Pupillary
disorders in homonymous visual field defects” in the book on Homonymous visual field defects that | have
edited for the Springer International Publishing. This book was published in May 2017 [H].
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4.1 RAPD in optic tract lesions

Optic tract lesions are characterized by homonymous visual field defects, asymmetric bilateral optic disc
atrophy (more pronounced contralateral to the lesion) and contralateral RAPD (Fig. 8). The closer the lesion
is located to the chiasm the more incongruent the visual field defects are. Visual acuity is usually not affected.
The suggested causes for this contralateral RAPD in an optic tract lesion are a greater nasal photoreceptor
density, a ratio of crossed to uncrossed fibers in the chiasm of 53:47 and a temporal visual field 61% to 71%
larger than the nasal field [72]. A tract lesion disrupts fibers from the contralateral nasal retina and the ipsilateral
temporal retina, thus disproportionally diminishing input from the contralateral eye and producing a
corresponding RAPD. However, the magnitude of RAPD in patients with an optic tract lesion can range from
0.3 logE to 1.0 logE and this can, probably, be completely explained neither by the rather small asymmetry of

crossed to uncrossed fibers nor the difference between temporal and nasal hemifield [73].
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Fig. 8 Schematic representation of different findings according to the course of the pupil light
reflex pathway (OT — optic tract, M — midbrain, N3 — oculomotor nerve, OR — optic
radiation). Lesions of the optic tract result in homonymous hemianopia with contralateral
RAPD. Lesions of the brachium of the superior colliculus cause contralateral RAPD but no
visual field defect. In suprageniculate lesions with sufficient distance from lateral
geniculate body homonymous hemianopia without RAPD develops [H].
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Patients with an optic tract lesion represent a unique model for studies of the hemifield organization of the
afferent pupillomotor system. A complete tract lesion enables the comparison of the pupil light reaction from
temporal and nasal retina without the disturbing influence of stray light because only the intact retinal half can
participate in the pupil light reaction. Because of stray light such an estimation of the nerve fiber distribution
in the pupillary pathway is not precisely possible in a healthy eye with both retinal halves functioning. By
means of pupillography it could be shown that in the case of separate light stimulation of either of the retinal
halves in optic tract lesions, the pupil light reaction was always greater in the preserved temporal visual field
ipsilateral to the site of the tract lesion, compared to the functional contralateral nasal visual field. So, RAPD
in optic tract lesions probably reflects the difference in light sensitivity of the intact temporal and nasal visual
field [74].

4.2  RAPD without visual field loss

Prior to the termination of retinal ganglion cell axons in LGN, the pupillomotor fibers branch off and travel
via the brachium of the superior colliculus to the ipsilateral pretectal nucleus, where they synapse with the next
neuron of the pupillomotor pathway. This small region between the optic tract and pretectal area is called
pretectal afferent pupillary pathway and is located inside the dorsal midbrain in the brachium of the superior
colliculus. A pathology in this area will cause a contralateral RAPD without any visual impairment — that
means no decrease in visual acuity, no visual field loss and no optic atrophy (Fig. 7). If the lesion was located
more proximally (e.g. in optic tract), a visual field defect would be present and on the other hand, if the lesion

was more distally (e.g. in Edinger Westphal nucleus), an anisocoria would be observed.

There are several reports [75,76,77] in the literature dating back to 1920s that describe patients with a unilateral
RAPD without any visual impairment. Most of the patients had a pathology in the dorsal midbrain and all
authors considered the cause lesion of the pretectal afferent pupillary pathway in dorsal midbrain. Recently, it
has been shown by means of pupil perimetry that the pupil field in these patients looked exactly like the visual
field in an optic tract lesion [67]. So, the RAPD without visual loss is simply a variant of the RAPD in an optic
tract lesion, in which the site of the lesion is moved towards dorsal midbrain and leaves the visual function

intact.
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4.3  RAPD in suprageniculate lesions with homonymous visual field defect

Detection of a RAPD in acute homonymous hemianopias has been commonly used in differentiating
infrageniculate from suprageniculate lesions, since neither optic atrophy nor a RAPD should occur in acquired

affections of the optic radiation or the visual cortex. However, there are exceptions.

For instance, RAPD was described in patients with congenital occipital hemianopia [78]. The suggested
mechanism was transsynaptic optic tract atrophy after intrauterine or perinatal damage to the suprageniculate
visual pathway, which presumably affected also the afferent pupillary fibers to the pretectal area of the

midbrain. This explanation sounds plausible and in accordance with what was written above.

Further, there are numerous studies, reporting disturbances of the PLR in patients with acquired HVFDs due
to lesions not involving the optic tract, that are no more compatible with the traditional model of the pupillary
pathway: either the presence of pupillary “hemiakinesia” or “hemihypokinesia” in the blind part of the visual
field [65,79-86] or RAPD contralateral to the brain lesion, as a response to full-field light stimulation [87,88].
Results of these studies provide evidence that the pupil light reaction is not a pure subcortical pathway.

Further progress in understanding the underlying anatomic pupillary pathway could be achieved thanks to
advances in neuroimaging. Modern methods of analysis enable us to define any lesion very precisely. Like
this, clinically relevant RAPD, as a response to full-field light stimulation, could be limited to suprageniculate
lesions that were found closer than 10mm to the LGN or involving it, but sparing the optic tract. In lesions
located more than 18 mm from the LGN, RAPD did not occur [88]. It was concluded that RAPD was probably
not caused by a lesion of the visual pathway itself but by a lesion of the intercalated neurons between the visual
pathway and the pupillomotor centers in the pretectal area of the midbrain, comparable to the lesions that cause
RAPD without visual field loss. Further, using a new strategy of lesion analysis by combining subtraction
techniques with the stereotaxic probabilistic cytoarchitectonic map it was found, that a region in the early
course of the optic radiation in the temporal white matter, close to the LGN, seems to be associated with the
presence of RAPD. This finding is consistent with the hypothesis that the connection between visual pathway
and pretectal area in the dorsal midbrain is probably closely related to the LGN and its involvement in
suprageniculate homonymous hemianopias can lead to RAPD. So, there seems to be more input from
suprageniculate neurons and the occipital cortex but the exact anatomy of this connection is still unclear. It
may be that the critical area in the early course of the optic radiation near LGN is the site of integration of

cortical signals in relation to the PLR into the pupillomotor pathway. Another explanation could be that some
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afferent pupillomotor fibers of infrageniculate origin bypass the LGN and then travel through this critical area
to the mesencephalon.

In summary, the classical view of the pupillary pathway in postchiasmal lesions of the visual pathway is
basically true. Infra- and suprageniculate lesions can still be distinguished by the presence of RAPD. However,
it must be kept in mind that RAPD can develop also in lesions in the surroundings of the pretectal area. And
the situation is even more complicated in the case of pupillary hemihypokinesia that is to be discussed.

4.4  Pupillary hemihypokinesia

According to the classic idea of the pupillary pathway, infrageniculate lesions should present with a
hypokinesia, suprageniculate lesions should not. However, many studies [6579-86] in patients with
retrogeniculate damage and homonymous visual field defects have provided evidence for impairment of pupil
responses to small localized stimuli registered by pupillography. Early clinical reports dating back to the 1940s
were later reproduced by other groups using modern pupillometric techniques in patients well documented by
magnetic resonance imaging or computed tomography and currently, there is no doubt that the retrogeniculate
visual pathway or even visual cortex is involved in the pupillary light reaction. In patients with retrogeniculate

damage, the so-called pupillary hemihypokinesia can be observed which differs from RAPD.

Pupillary hemihypokinesia (or akinesia) means a reduced or absent pupil light reaction to perimetric stimuli in
the blind part of the visual field and was observed in all kinds of postchiasmal lesions (Fig. 7.9). The first
pupillometric measurements in patients with suprageniculate lesions were performed already by Harms in
1949 [79] and have challenged the Wernicke's description of the pupil light reflex. Harms found reduced pupil
light reaction in war veterans with occipital lobe injuries. At that time, his results were called into question and
the findings ascribed to the transsynaptic degeneration or to an overlooked pregeniculate damage. Harm's
findings were eventually reproduced many times, later also with the help of modern pupillographic equipment
and sophisticated imaging methods. Still, even today we can only speculate about the underlying cause of this

phenomenon.

In my research, | have performed pupil perimetry in patients with pregeniculate and retrogeniculate lesions of
the visual pathway. The aim of my measurements was (1) to show that pupil perimetry can reproduce visual

field defects found in standard perimetry and (2) to collect evidence of cortical influence on the pupil light
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reflex. My observations were summarized in the article “How sensitive is pupil campimetry in hemifield
loss?” published in 2009 in Graefe’s Archive for Clinical and Experimental Ophthalmology [I]. The purpose
of the study was to demonstrate the ability of pupil perimetry to reproduce visual field defects caused by pre-
and retrogeniculate lesions of the visual pathway. We wanted to address the understanding of the pupil reflex
pathways, particularly the involvement of retrogeniculate structures but also show how far is pupil perimetry
suited to disprove feigned hemifield defects.

For this study, 8 patients with a pregeniculate lesion (Group 1) and 8 patients with a retrogeniculate lesion of
the visual pathway (Group 2) were selected from the patients of our neuro-ophthalmological department in
Tiibingen. All pregeniculate lesions were caused by tumours of the anterior visual pathway. Retrogeniculate
lesions, on the other hand, were mostly due to occipital ischemia. Patients in both groups showed a visual field
defect respecting the vertical midline. In all patients, the site and cause of lesion of the visual pathway were

confirmed by magnetic resonance imaging or computed tomography.

Both groups were examined by means of infrared-video-pupillography, light responses to perimetric stimuli
were recorded. The stimulus pattern consisted of 41 test spots of 4° diameter and 140 cd/m? luminance
distributed in the central (30°) visual field. Background luminance was 2.7 cd/m?. The pupil field loss of one
randomly selected eye of each patient was assessed by three skilled visual field interpreters blinded to the
patients” data. The observers were asked to draw the pattern of the estimated field defect. The spatial
concordance of the visual field and the pupil field as entered by the observers was assessed by the K-Train
method. In this method, developed by Schiefer et al. [89], quality of the perimetric examination is
quantitatively assessed by the ratio of intersection area and union area of the observer’s result and the real
visual field defect. This sub-score reaches a maximum in the case of perfect coincidence, and goes down to
zero if the two isopter sets do not have anything in common. Finally, to compare the results in both groups

statistically, the ratios in the two cohorts were averaged and compared using the Wilcoxon rank-sum test.

The concordance between pupil and conventional perimetry was better in the group of patients with
retrogeniculate lesions. Ratios of the intersection area and the union area in this group were significantly higher
compared to the group with pregeniculate lesion of the visual pathway (p<0.05). So, in contrary to the state of
knowledge, pupil perimetry could demonstrate retrogeniculate visual pathway lesions better than the
pregeniculate lesions (Figs. 9 and 10). This is in contradiction to the classical view of the pupillary pathways
where a retrogeniculate lesion actually should not influence pupillary function, whereas pregeniculate lesions
should show pupillary scotomata.
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Fig. 9 (top) Visual field in a patient with pituitary adenoma affecting the entire visual field of the left eye
and the temporal hemifield of the right eye. (bottom) Pupil field of the right eye showing a
corresponding pupil field defect in the temporal hemifield [H]
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Fig. 10 (top) Visual field in a patient with superior left homonymous quadrantanopia due to an ischemia.
(bottom) Pupil field of the same patient showing a reduced or absent pupil light reaction in the
affected portion of the visual field [H].
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The findings, for example, can be explained by the view, that in pre- and retrogeniculate lesions different
components of the light response may be involved to a different extent. The steady-state component of the
pupillary light response regulates the resting pupil diameter depending on the ambient light level; it is
characterized by a large spatial summation and a wide dynamic range. This component is represented basically
by the subcortical pupillary pathway. The transient component of the pupil light response is responsible for
the constriction of the pupil in response to brisk light stimuli. In the presence of this component, the steady-
state signal is largely discarded. The transient component reflects merely novel changes in luminance contrast;
it is characterised by a “limited spatial summation, band-pass temporal response characteristics, and high
contrast gain” [90,91]. It is obvious that the stimulus characteristics of pupil perimetry predominantly address
this transient component. There is strong evidence that - after cortical processing of specific stimulus
characteristics - projections from the extrastriate visual cortex contribute considerably to the transient pupil

response component.

Indeed, pupillographic measurements with specific stimuli (isoluminant pattern stimuli, chromatic stimuli or
moving stimuli) in patients with a retrogeniculate lesion indicate the possible existence of two separate
pupillomotor channels: the PLR in the blind hemifield was reduced but not absent. However, all the other
specific, “higher” pupil responses to stimulus attributes, like stimulus color, structure, or motion, were
completely lost. On the other hand, studies in patients with Parinaud’s syndrome [92] demonstrated that there
was a small, residual PLR and preserved reactions to pattern and colour stimuli as well as preserved pupillary
sleepiness-related oscillations. Again, the existence of a cortical input to the pupillary pathway was suggested,

since the retinal afferent input to the pretectal nuclei had been apparently damaged.

Hence, it is considered that two or more distinct channels could serve the PLR: a more primitive “luminance
channel,” which connects the retina directly with the pretectal area and responds to diffuse light, and ““pattern
channel,” which is mediated suprageniculately and responds to shifts in structured stimuli, like isoluminant
grating, motion, and isoluminant color stimuli. The PLR is primarily mediated by the luminance channel and
to a smaller extent by the “weaker,” suprageniculate pattern channel (Fig. 11). It seems that the intrinsically
photosensitive retinal ganglion cells operate merely on the subcortical level, whilst the cortical pathway may
rely more on ganglion cells that carry predominantly cone inputs. Additionally, it needs to be considered that
a pupillary constriction could also be evoked by temporarily cancelling the inhibition of the Edinger Westphal
nucleus by the central sympathetic inhibiting system. This might provide a second pathway for pupillary

constriction.
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In conclusion, pupillary findings in patients with pregeniculate lesions of the visual pathway are consistent
with the assumed subcortical course of the pupil light reflex arc. However, the evidence of pupillary
hemihypokinesia in patients with homonymous visual field defects due to retrogeniculate lesions of the visual
pathway supports the hypothesis that the afferent pupillary system is not purely a subcortical reflex arc but
consists of two pathways: one of these via intrinsically photosensitive retinal ganglion cells (ipRGCs) directly
reaching the dorsal midbrain, the other running through the normal RGCs via the visual cortex although the
exact anatomy of this pathway is still unclear. The subcortical pathway accounts for changes in pupil diameter
to stimuli of high intensity, whereas the cortical part responds particularly to higher stimulus attributes like

colour, structure or motion. Future research will certainly provide further understanding of the problem.
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Fig. 11 Schematic drawing of the current view of the pupillary light reflex pathway. Afferent pupillomotor
fibers travel in the optic nerve and undergo hemidecussation at the chiasm before entering the
optic tract. In the posterior third of the optic tract, the pupillomotor fibers branch medial via the
brachium of the superior colliculus to the lateral geniculate nucleus (LGN) and synapse in the
ipsilateral pretectal nucleus (PN) in the dorsal midbrain. Intercalated neurons from each pretectal
nucleus then project to both Edinger-Westphal nuclei. Parasympathetic fibers from the Edinger-
Westphal nuclei (NEW) travel with the oculomotor nerve to the ciliary ganglion (CG) and via the
short ciliary nerves (SCN) innervate the iris pupillary sphincter muscle. However, there seems to be
more input from suprageniculate neurons and the visual cortex (CX), although the exact anatomy
of this connection is still unclear. It may be that stimuli with different attributes are processed at a
different level — subcortically or by suprageniculate neurons and the visual cortex. The proposed
site of integration of cortical signals to the pupillary response should be located in the early course
of the optic radiation near the LGN [88].
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5 Intrinsically photosensitive retinal ganglion cells

In 2002, the pupil research was given new impetus by the discovery of intrinsically photosensitive retinal
ganglion cells containing melanopsin (ipRGCs). The cells were identified by the group of Rob Lucas, a
neurobiologist from the University of Manchester. Rob Lucas was invited to the Pupil Colloquium in Crete in
2003, where | was also presenting the results of my research. | remember what a disarray his presentation
caused at that time and it was clear to everybody that a new era was coming. And indeed, since then many
different studies on ipRGCs have been performed worldwide both in the fields of chronobiology and pupil
research. | have summarized the current knowledge on ipRGCs in a paper that was published in Czech and
Slovak Ophthalmology in 2016 [J].

The ipRGCs were first identified in chronobiological experiments in mice. The work by Lucas et al.
demonstrated that transgenic mice lacking both rod and cone photoreceptors retain a pupillary light reflex that
does not rely on local iris photoreceptors. These data, combined with their previous reports that rodless and
coneless mice show circadian and pineal response to light, suggested that multiple non-image forming light
responses use non-rod, non-cone ocular photoreceptors in mice. An action spectrum of the PLR demonstrated
that this response is driven by a single opsin/vitamin A-based photopigment with a peak sensitivity around
479nm. These data represented the first functional characterization of a non-rod, non-cone photoreceptive
system in the mammalian central nervous system [92]. Their further experiments showed that the

photopigment is consistent with melanopsin [93].

The remarkable feature of melanopsin is that it functions as a photopigment and confers intrinsic
photosensitivity to cells that express it [94]. In 2002, Berson et al. unequivocally demonstrated that
melanopsin-expressing retinal ganglion cells are capable of depolarization to light stimulation in the absence
of any synaptic input from rods and cones. In other words, these ganglion cells can function as independent
photoreceptors [95]. This concept represents a breakthrough in our understanding of retinal circuitry and the
process of photoreception and phototransduction that has previously held steadfast for more than 100 years.
This select subset of retinal ganglion cells has a dual source of input: transsynaptic input conveyed from
photoreceptor-mediated  phototransduction and intrinsic  activation via melanopsin  mediated

phototransduction. Either input alone or a summed input from both systems can generate cell discharge.
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The existence of a parallel nonrod, noncone photoreceptive pathway in vertebrate eyes helped to explain many
contradictory findings. Ophthalmologists recognized for long that certain clinical observations in patients with
profound visual loss from photoreceptor disease could not be adequately explained by the traditional model
of photoreception. Phenomena such as excessive light sensitivity, normal circadian rhythm, relative
reservation of the pupil light reflex in outer retinal disorders, and paradoxical pupillary constrictions in
darkness were difficult to reconcile with the traditional view that rods and cones were the only photosensitive
cells of the eye [96,97].

Circadian biologists struggled with another seeming contradiction. Mice lacking functional rods and cones
maintained a normal day/night cycle and their diurnal oscillation could be phase-shifted with light entrainment
[98,99,99] Yet, mice lacking eyes did not demonstrate a circadian rhythm, indicating that the eyes were
necessary for circadian entrainment, but rods and cones were not [100]. The discovery of melanopsin and a
subset of intrinsically photosensitive retinal ganglion cells containing this photopigment has provided an
anatomic basis for explaining these clinical puzzles and has prompted a new look at the connections between
the retina and the brain.

So, the mammalian eye has two different sensory systems that respond to different qualities of light. The
classic photoreceptor system (rods and cones) serves the familiar function of image formation which, by way
of connections and processing by recipient neurons in the retina and visual cortex, provides for conscious
visual perception. In contrast, the newly recognized melanopsin photoreceptive system functions in irradiance
detection, much like a light meter. Irradiance detection is a measure of environmental brightness and occurs at
asubconscious level. Irradiance detection serves to set the circadian clock. IpPRGCs project to the brain centres
for circadian rhythm (the suprachiasmatic nucleus and the intergeniculate division of the lateral geniculate
nucleus) and sleep (ventrolateral preoptic nucleus).

In addition to their role in circadian entrainment, the melanopsin-expressing retinal ganglion cells mediate the
pupil light reflex. Apart from the central projections mentioned above, the melanopsin-expressing retinal
ganglion cells also project to the olivary pretectal nucleus of the dorsal midbrain, forming the afferent limb of
the pupil light reflex [68]. This direct connection to the main pupil integrating centre by intrinsically
photosensitive cells explains why people blind from photoreceptor disease can still have an intact pupil light
reflex and normal circadian rhythm. It seems that rods, cones, and ipRGCs are complementary in driving the

circadian rhythm and the pupil light reaction. For example, rods regulate the circadian rhythm in low light
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intensities, whereas IpRGCs get involved with higher light intensity. It can be assumed that such a

complementary behaviour applies also for the pupil light reflex.

With the discovery of ipRGCs, we have learned that the pupillomotor information delivered to the midbrain
may originate not only in the outer retinal layer (activation of rods and cones) but also in the inner retinal layer
(activation of ipRGCs). To determine the contribution of the individual photoreceptors to the pupil light reflex
is more difficult in humans than in mice, where transgenic models can be generated. A certain help, however,

can be provided by pupillography.

Fig. 12 depicts a typical pupil response to a 10csecond bright light in a normal human subject. Note that there
are two components forming the response waveform during the constriction phase. When the light stimulus is
turned ON, there is a rapid-onset, high-velocity pupil constriction until it reaches a minimum pupil size
(maximal constriction amplitude). This early transient response is quickly followed by pupillary redilation, or
escape, to a more sustained state of partial pupil constriction (sometimes also called the postillumination pupil
response or PIPR) that continues for the remainder of the light stimulus. There is evidence, that the transient
and sustained components of the pupil light reflex in humans can be explained by the proportional light input
from the rod and cone photoreceptors and intrinsic retinal ganglion cell photoactivation. The data from pupil
recordings in primates and humans support the hypothesis that the early transient pupil constriction under
photopic conditions represents predominantly cone-driven response and that the sustained pupil constriction
represents a summation of the adapted cone response and the steady-state intrinsic retinal ganglion cell
activation. This assumption is supported by the electrophysiologic behaviour of the melanopsin-expressing
ganglion cells. The individual components of the pupil light reaction can be subtracted by the so-called

chromatic pupillography [94].
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Fig. 12 An example of a pupillographic recording to a 5 second bright white light in a normal human
subject. There are two components forming the response waveform during the constriction phase.
When the light is turned ON, the transient phase is characterized by a short-latency, high-velocity
maximal change in pupil size. Thereafter, the pupil partly redilates, or escapes, to a state of partial
pupil constriction that represents the sustained phase of the pupil light reflex (modified from
reference 71)

5.1  Chromatic pupillography

Melanopsin-expressing retinal ganglion cells constitute only about 0,2% of all retinal ganglion cells, which is
about 3000 ipRGCs per eye. Five subtypes of ipRGCs have been morphologically and functionally
characterized so far. They all have large bodies and large dendritic fields. They can be stimulated either by
their own intrinsic, melanopsin-mediated response to light, by the rods and cones via synaptic connections
with bipolar cells, or can be activated by both ways. The intrinsic activation of ipRGCs requires brighter and
longer stimuli (100cd/m?2) than the activation of rods and cones [102].

With time it became evident that the PLR is driven by rod-, cone- and ganglion cell-mediated activity. The

absorption maximum of melanopsin in rodents has been defined as being around 479 nm and so the spectral
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sensitivity of the ipRGCs differs from that of rods (497 nm) and cones (S-cones have an absorption maximum
around 420 nm, M-cones around 534 nm, and the L-cones have an absorption maximum of 563 nm) [103].
White light, which is mostly used in pupillography, includes a wide range of wavelengths, so that the pupil

light reaction is a summation of responses from all photosensitive cells in the retina.

However, as the receptor cells have different absorption maxima and sensitivities, selective activation of each
receptor system separately by stimuli of different wavelengths and different intensities is possible. By using
different narrow-band-width (coloured) light stimuli presented under dark and light adaptation, the PLR can
be weighted to favour rod, cone or melanopsin activation in humans. That said, there is a renewed interest in
the PLR as a means to assess retinal function noninvasively and this paradigm has developed into a method
called chromatic pupillography.

While the rods and cones are found in the outer retinal layers, retinal ganglion cells are located in the inner
retinal layers. So, the use of chromatic stimuli to elicit different pupillary responses may serve as an objective
clinical pupillary test to assess the function of either of these retinal layers and as such help in the detection of
retinal diseases and in assessing new therapeutic approaches particularly in hereditary retinal diseases like
retinitis pigmentosa. Since its introduction, many protocols for the characterization of ipRGCs function have
been developed and tested not only in healthy subjects but also in glaucoma [104,105], optic nerve diseases
[106,107] or retinal dystrophies.

Most experiments with chromatic pupillography have been performed in patients with retinitis pigmentosa as
they present a unique model of a photoreceptors” disease. In patients with retinitis pigmentosa, their rod-
weighted and cone-weighted pupil responses are reduced compared with normal controls [107,108,109]. In
advanced stages of the disease, the pupil light reaction may be even more sensitive than standard
electroretinography for detecting residual levels of photoreceptor activity [110]. Interestingly, the melanopsin-
mediated pupil response is preserved in some patients with retinitis pigmentosa, whereas in others it is
abnormally low [107,109,110]. The reasons for this differential response of inner retinal function are not yet
elucidated. In some patients, completely blind from end-stage outer retinal degeneration, a slow PLR can still
be clinically observed. This pupil response is derived mainly from inner retinal (melanopsin-mediated)
phototransduction [94] and explains why patients blind from the rod and cone degeneration can retain a
circadian rhythm [111,112].
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The research group in Tiibingen followed the news on the intrinsically photosensitive retinal ganglion cells
since the beginning. My colleagues developed their own version of chromatic pupillometry, currently
manufactured as the Compact Integrated Pupillograph (CIP, producer AMTech, Germany). With this
instrument, I, together with my colleague from Japan, measured pupillary responses to chromatic stimuli first
in healthy subjects and later compared the results to patients with retrogeniculate lesion of the visual pathway.
Our measurements in healthy people were summarized in the article “Pupillary response to chromatic stimuli”,

that was published in the journal of Czech and Slovak Neurology and Neurosurgery in 2014 [K].

The aim of this study was to compare chromatic pupillary responses in a group of healthy subjects and
determine if this method can be used for assessing outer and inner retinal function. The study group consisted
of 17 healthy subjects. Subjects were tested with the Compact Integrated Pupillograph (CIP) — the chromatic
pupillometer at our pupil laboratory in Tiibingen. The measurements were performed in a darkened room.
During the examination, one eye was illuminated by the coloured light stimulus and the pupil light reaction
was registered in the other eye by an infrared video camera. Each stimulus was presented five times and the
mean pupil contraction amplitude was calculated. In each subject, only the right eye was included in the study.
For the study, we have developed our own protocol and the parameters of the stimulus were as follows:
intensity 28 Ix, duration 4 secs, and color blue (420420 nm) and red (605+20 nm). The examined pupil
parameters were baseline pupil diameter, maximal constriction time, relative amplitude at maximal
constriction, at 3 secs after stimulus onset, at stimulus offset, at 3 secs after stimulus offset and at 7 secs after

stimulus offset. Pupil response parameters to red and blue light were evaluated by paired t-test.

Red light has the longest wavelength (650nm) and activates mostly the cones. Blue light corresponds to a
wavelength of about 450 nm. At low intensities, blue light activates the rods, with increasing intensity also the
intrinsically photosensitive retinal ganglion cells and partially the cones become involved. According to the
current knowledge, the intrinsic activation of the melanopsin-expressing retinal ganglion cells is invoked

mostly by light stimuli of short wavelength (about 482nm), high intensity (100cd/m?) and long duration (13s)
[5].

In our study, except for the baseline pupil diameter (p=0,148), there was a significant difference in all pupil
response parameters to red and blue light (p=0.001). With blue light, the relative amplitude was significantly
greater and the time to maximal pupil constriction significantly longer compared to red light for all tested time
points. Blue light evoked the ,,sustained”” pupil contraction, while the red light rather the ,,transient” contraction
(Fig. 13).
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Fig. 13 The relative pupil light response amplitude to red and blue light stimulus in healthy subjects. With
blue light, the relative amplitude is significantly greater and the time to maximal pupil constriction
significantly longer compared to red light for all tested time points (indicated by the vertical lines
A-D). Blue light evokes the ,sustained” pupil contraction (driven by ipRGCs), while the red light
rather the ,transient” contraction (driven by rods and cones) [K].

It can be assumed, that greater relative pupillary amplitude in response to blue light is caused by the additional
activation of the ipRGCs. Longer latency of pupillary constriction to blue stimulus supports the current
evidence on the behaviour of the melanopsin-expressing retinal ganglion cells as published by Dacey et al.,
who studied the electrophysiological properties of a single in vitro retinal ganglion cell containing melanopsin.
His in vitro recordings in macaque and human retinas showed that ipRGCs display a typical transient increase
in firing rate at stimulus onset and a unique sustained firing that continues after light offset [102]. On the
contrary, a cone-driven response to red light exhibits a rapid-onset, maximal burst of cell firing that attenuates

and ceases during the light stimulus, that is, a transient cell response.

The electrophysiological properties of retinal photoreceptors correspond to the two components forming the
response waveform during the pupil constriction phase. When the light stimulus is turned ON, there is a rapid-
onset, high-velocity pupil constriction until it reaches a minimum pupil size (maximal constriction amplitude).
This early transient response is quickly followed by pupillary redilation, or escape, to a more sustained state
of partial pupil constriction that continues for the remainder of the light stimulus. The “transient” and
“sustained” can be explained by a different contribution of the rods, cones, and ipRGCs to the pupil light

reaction.

With our examination protocol, it was possible to unmask differences in pupil response to red and blue light

in healthy subjects and to confirm the contribution of the melanopsin retinal ganglion cells to the pupil light
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reflex preferably with blue light. Chromatic pupillography appears as a sensitive method for an objective
evaluation of the function of the outer and inner retina. This can be useful in the evaluation of the progression
of the disease or the effect of treatment, particularly in patients with retinal degeneration who are nowadays

the target group of many experimental studies.

511 Chromatic pupillography in patients with homonymous hemianopia

The pupil light reflex is considered to be a simple subcortical reflex. However, as already said, many studies
proved that patients with homonymous hemianopia due to a retrogeniculate lesion of the visual pathway
showed pupillary hemihypokinesia, i.e. reduced or absent pupil light reflex to perimetric stimuli in the blind

part of the visual field.

Factors believed to cause pupillary hemihypokinesia are the existence of another unknown pupillary pathway
or retrograde trans-synaptic degeneration in occipital lesions. We now know that a small subset of retinal
ganglion cells express (RGCs) the photopigment melanopsin and are intrinsically photosensitive. These
intrinsically photosensitive retinal ganglion cells (ipRGCs) help to synchronize circadian rhythms and
contribute to the pupil light reflex. Our hypothesis is that the afferent pupillary system consists of two
pathways: one of these via the intrinsically photosensitive retinal ganglion cells directly reaching the dorsal
midbrain, the other running through the normal RGCs via the visual cortex. If this was true, based on the results
of our previous study, the pupillary response parameters for stimuli optimized for the ipRGCs should not be
influenced in lesions of the postgeniculate visual pathways, whereas the response to stimuli that are not
addressing the ipRGCs should be reduced. The purpose of our next study was to test the hypothesis of two
separate pupillomotoric pathways. The paper with the results of this study has been preliminarily accepted to

an impacted journal and hopefully will be published soon.

For the purpose of this study, 12 patients (59.1+18.8 years) with homonymous hemianopia due to
postgeniculate lesions of the visual pathway and 20 healthy controls (58.6+12.9 years) were examined using
chromatic pupillography. In all patients, the site and cause of lesion of the visual pathway were confirmed by
magnetic resonance imaging and/or computed tomography. All patients had a homonymous visual field
defect, varying from a complete homonymous hemianopia to homonymous paracentral scotomas. All patients
showed normal optic discs without atrophy. One eye lacking the temporal visual field due to hemianopia and

one randomly selected eye from normal controls were used for evaluation.
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The parameters of the stimuli were the same as in the previous study on chromatic pupillography, that is the
intensity was 28 lux of corneal illumination, stimulus duration was 4.0 secs, and colours were blue (420420
nm) and red (605+20 nm). The examined parameters were baseline pupil diameter, latency, relative amplitude
at maximal constriction, measured also at 3 secs after stimulus onset, at stimulus offset, at 3 secs after stimulus

offset, and at 7 secs after stimulus offset.

In the control group, the short-wavelength response showed a transient pupil constriction after stimulus onset
and a pronounced pupillary capture, then a sustained, post-stimulus pupil constriction following stimulus
offset. The red response also showed the transient pupil constriction but of smaller amplitude when compared
to blue light after stimulus onset, and no pupillary capture but a fast pupil redilation after stimulus offset. This
is in accordance with the results of our previous study.

The statistical analysis of the differences between both groups showed that the pupil response parameters to
long wavelength (red light), that is the relative amplitude at maximal constriction (p=0.004), at 3secs after
stimulus onset (p=0.004) and at stimulus offset (p=0.001) of hemianopia patients were significantly smaller
than those of healthy controls. Regarding the blue response, there were no significant differences between the

two groups.

Because we did not see a difference between healthy controls and patients for the blue stimulus, the hypothesis
that the ipRCSs’ pupillary pathway does not run via the postgeniculate visual pathways seems to be confirmed.
The ipRGCs might send axons directly to the olivary pretectal nucleus, the midbrain region associated with

the pupil light reflex, and others to the suprachiasmatic nucleus and intergeniculate leaflet.

In contrast, the red response via other RGCs pathway was significantly reduced in hemianopia patients for the
parameters after stimulus onset compared to the normal controls, but not after stimulus offset. As expected,
there was no sustained pupil constriction for the red-light stimulus. Although the detailed anatomy of the
pathway from visual cortex to the pretectal nuclei in humans is still unknown, interesting studies have been

done on cortical input to the pupil light reflex.

Wilhelm BJ et al. [113] assessed the pupil responses as well as spontaneous pupillary oscillations in patients
with damage to the dorsal midbrain ( Parinaud’s syndrome) and demonstrated that there was a small, residual
pupil light reflex and preserved pupil colour and grating responses as well as preserved sleepiness related
pupillary oscillations. By comparison, Keenleyside MS et al. [114] observed that in patients with
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homonymous hemianopia the pupil light reflex in the blind hemifield was reduced but not absent. However,
all pupil responses to stimulus attributes like stimulus color, structure, or motion which are regarded to be

driven by cortical inputs were completely lost.

There are several possibilities how to explain this phenomenon. First, pupillary hemihypokinesia may not be
caused by a lesion in the visual cortex itself, but by a lesion of the intercalated neurons travelling between the
visual cortex and the pupillomotor nucleus in the pretectal area of the midbrain [67]. Second, the retrograde
trans-synaptic degeneration from occipital lesions may have an effect on pupillary hemihypokinesia. For a
long period of time, there was the view that retrograde trans-synaptic degeneration of RGCs does not occur in
humans after acquired damage to the occipital lobe [115]. However, there are contradictory papers more
recently using magnetic resonance imaging [116], and optical coherence tomography [117-119], revealing
optic tract atrophy, peripapillary retinal nerve fibre layer thinning, retinal nerve fibre layer loss and ganglion
cell complex thinning. Moreover, Jindahra P et al. reported that retinal changes can be detected as early as 3.6
months following damage to the occipital lobe [120]. These findings support the assumption that retrograde
trans-synaptic degeneration may have an effect on pupillary hemihypokinesia. On the other hand, Y oshitomi
T et al [121] found pupillary hemihypokinesia only five days after a stroke which would be far too early for a
retrograde trans-synaptic degeneration to develop. Based on our findings, retrograde trans-synaptic
degeneration is either a less relevant mechanism for the pupil pathway and/or it may spare projections
travelling from ipRGCs.

We are aware that there are limitations of our study: The blue stimulus was probably too bright driving the
pupil to mechanical limits. Also, the patient group may have been too inhomogeneous comprising both small
and large visual field defects. However, our results support the hypothesis of two separate pupillary pathways
and should be further investigated.

5.1.2 Chromatic pupillography in glaucoma

It is evident from studies that glaucoma selectively damages certain types of retinal ganglion cells earlier than
others. This finding has led to the development of new perimetric techniques like blue-on-yellow perimetry,
frequency doubling technology perimetry, motion automated perimetry or high pass resolution perimetry. In
standard achromatic perimetry, early visual field defects in glaucoma may be missed due to the overlap of

receptive fields of different retinal ganglion cells. Specific stimuli and conditions used in new perimetric
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methods enable us to test only a certain group of retinal ganglion cells (parvocellular, koniocellular or
magnocellular cells) and like this detect early visual field loss in glaucoma earlier than standard achromatic
perimetry [122]. However, with time it has also been shown that these methods have high variability, are
rather too difficult to be used in daily clinical practice and in fact, no superiority to standard achromatic
perimetry could be shown [123]. Except for FDT perimetry, most of these methods are currently used only

for research purposes.

Nevertheless, the concept of selective damage to certain types retinal ganglion cells in glaucoma is generally
accepted and has been shown both in vitro and vivo. Interestingly, changes have been found not only on the
retina but also in the lateral geniculate body of monkeys [124]. Now, how vulnerable are the intrinsically

photosensitive retinal ganglion cells to glaucoma damage?

Kankipati et al. found that the postillumination pupil response (PIPR) was significantly reduced in glaucoma
patients compared to healthy controls and correlated with the amount of visual field damage [105]. In a study
by Feigl et al. it was observed that ipRGC function was reduced in advanced glaucoma patients compared
with patients with early glaucoma and healthy subjects [125]. The fact that the PIPR was not reduced in early
glaucoma is consistent with in vitro ocular hypertension experiments in rats that show that ipRGCs have a
high cellular resistance to injury-induced damage [126]. Studies in patients with toxic neuropathy or hereditary
mitochondrial neuropathy indicate a robustness of ipRGCs to injury as well and a neuroprotective role of
pituitary adenylate cyclase-activating polypeptide has been discussed [127]. Melatonin has also been

suggested to be neuroprotective in glaucoma because of its antioxidant and antinitridergic properties [128].

Monitoring glaucoma progression is as important as an early diagnosis and requires precise assessment of
functional loss and structural change relative to baseline measurements. The gold standard for monitoring
functional loss is standard automated perimetry, and statistical programs are available to assist the
ophthalmologist in the difficult task of assessing progression. While imaging techniques are likely to be useful
earlier in the course of disease, the monitoring and prognostication for advanced glaucoma are far more
challenging. Visual sensitivity is more variable, testing requires larger stimuli, and statistical programs to
assess progression of advanced stages are not available. The “macula split” as demonstrated by the size V
target on the macula program of the Humphrey field analyzer can be used as a crude measure to assess the
prognosis of vision and the probability of a wipe-out after surgery. So, the determination of ipRGC function
using the blue PIPR may have potential to monitor or determine progression in the later stages of the disease,

where other methods are lacking.
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6 Conclusion

Current examination methods of visual function are mostly subjective methods. In fact, only electrophysiology
and pupillography represent objective tests of ocular function. Pupillary tests have been traditionally used in
neuro-ophthalmological conditions, however during the last years, these tests have become more popular also
in other fields of ophthalmology like glaucoma. With the development of retinal prostheses for restoration of
sight to patients blinded by retinal degeneration that are being developed by a number of companies and
research groups worldwide, pupillography is used with advantage as an objective tool to assess the gained

vision. Further, examination of pupils may be useful in sleep medicine, psychology, biology or pharmacology.

Some pupillary test can be performed manually, others need special equipment. Such equipment is mostly not
commercially available and so is the pupil research usually confined to few centres worldwide that have long
experience in this area. | was lucky to be part of the pupil research group in Tiibingen. I could participate in
very interesting and novel projects the results of which are very interesting and sometimes quite revolutionary.
I learned how to conduct scientific work, process and present my results. I met many inspiring people and
keep in touch with them. | learned a lot about neuro-ophthalmology and try to retain and improve my
knowledge as much as possible. I hope my habilitation thesis gives a good overview of how | have contributed

to the pupil research.

51



\‘

10.

11.

12.

13.

References

Wernicke C. Uber hemianopische Pupillenreaktion. Fortschr Med 1883;1:9-53
Wilhelm H. Pupille und retrogenikulére Sehbahn. Ophthalmologe 1996;93:319-324

Wilhelm H. Neuro-ophthalmology of pupillary function — practical guidelines. J Neurol
1998;245:573-583

Quigley H. Glaucoma. Lancet 2011;377:1367-77

Jonas JB, Zach FM, Naumann GO. Quantitative pupillometry of relative afferent defects in
glaucoma. Arch Ophthalmol 1990;108:479-480

Lankaranian D, Altangerel U, Spaeth GL et al. The usefulness of a new method of testing
for a relative afferent pupillary defect in patients with ocular hypertension and glaucoma.
Trans Am Ophthalmol Soc 2005;103:200-208

Schiefer U, Dietzsch J, Dietz Ket al. Associating the magnitude of relative afferent
pupillary defect (RAPD) with visual field indices in glaucoma patients. Br J Ophthalmol
2012;96:629-633

Alexandridis E, Krastel H, Reuther H. Pupillenreflexstorungen bei Lisionen der oberen

Sehbahn. Albrecht Von Graefes Arch Klin Exp Ophthalmol 1979;209:199-208

Kardon RH, Kirkali PA, Thompson HS. Automated pupil perimetry. Ophthalmology
1991;98:485-496

Schmid R, Luedtke H, Wilhelm B, Wilhelm H. Pupil campimetry in patients with visual
field loss. Eur J Neurol 2005;12:602-608

Bresky R, Charles S. Pupil motor perimetry. Am J Ophthalmol 1969;68:108-112

Choplin NT, Edwards RP. Non-physiologic field loss. In: Choplin NT, Edwards RP (eds)
Visual fields. Slack Incorporated, 1998, pp 102-102

Klistorner Al, Graham SL, Grigg JR et al. Multifocal topographic visual evoked potential:
improving objective detection of local visual field defects. Invest Ophthalmol Vis Sci
1998;39:937-950

52



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Alshowaeir D, Yiannikas C, Klistorner A. Multifocal Visual Evoked Potential (mfVEP)
and Pattern-Reversal Visual Evoked Potential Changes in Patients with Visual Pathway
Disorders: A Case Series. Neuroophthalmology 2015;39(5):220-233

Aulhorn E, Karmeyer H. Frequency distribution in early glaucomatous visual field defects.
Documenta Ophthalmologica 1977;14:75-83

Hart WM, Jr, Becker B. The onset and evolution of glaucomatous visual field defects.
Ophthalmology 1982;89(3):268-279

Asman P, Hejl A. Evaluation of methods for automated hemifield analysis in perimetry.

Arch Ophthalmol 1992;110(6):820-826

Asman P, Heijl A. Glaucoma Hemifield Test. Automated visual field evaluation. Arch
Ophthalmol 1992;110(6):812-819

Schiefer U, Papageorgiou E, Sample PA et al. Spatial Pattern of Glaucomatous Visual Field
Loss Obtained with Regionally Condensed Stimulus Arrangements. Invest Ophthalmol Vis
Sci 2010;51:5685-5689

Kalaboukhova L, Fridhammar V, Lindblom B. Relative afferent pupillary defect in
glaucoma: a pupillometric study. Acta Ophthalmol Scan 2007;85:519-525

Chen Y, Wyatt HJ, Swanson WH et al. Rapid pupil-based assessment of glaucomatous
damage. Optom Vis Sci 2008;85(6):471-481

Wride N, Habib M, Morris K et al. Clinical evaluation of a rapid, pupil-based assessment

of retinal damage associated with glaucoma. Clin Ophthalmol 2009;3:123-128

Wilhelm H, Neitzel J, Wilhelm B et al. Pupil perimetry using M-sequence stimulation
technique. Invest Ophthalmol Vis Sci 2000;41:1229-1238

Hartline HK. The receptive field of the optic nerve fibers. Amer J Physiol 1940;130: 690-
699

Kuffler SK. Discharge patterns and functional organization of mammalian retina. J
Neurophysiol 1953;16: 37-68

Hubel DH, Wiesel TN. Receptive field of optic nerve fibers in spider monkey. J Physiol
1960;154: 572-580

53


https://www.ncbi.nlm.nih.gov/pubmed/?term=Alshowaeir%20D%5BAuthor%5D&cauthor=true&cauthor_uid=27928359
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yiannikas%20C%5BAuthor%5D&cauthor=true&cauthor_uid=27928359
https://www.ncbi.nlm.nih.gov/pubmed/?term=Klistorner%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27928359
https://www.ncbi.nlm.nih.gov/pubmed/27928359
http://www.ncbi.nlm.nih.gov/pubmed/18521026
http://www.ncbi.nlm.nih.gov/pubmed/18521026
http://www.ncbi.nlm.nih.gov/pubmed/19668555
http://www.ncbi.nlm.nih.gov/pubmed/19668555

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jung RL, Spillmann L. Receptive-field estimation and perceptual integration in human
vision. In: Young FA, Lindsley DB (eds) Early Experience and Visual Information
Processing in Perceptual and Reading Disorders. National Academy of Sciences,
Washington DC, 1970, p. 181-197

Ricco A. Relazioni fra il minimo angolo visuale ¢ 1’intensita luminosa. Ann Ottol 1877;6:

373-479

Piper H. Uber die Abhingigkeit des Reizwertes leuchtender Objekte von ihren Flichen
bzw. Winkelgrofle. Z Psychol Physiol Sinnesorg 1903;32: 98-112

Scholtes AM, Bouman MA.. Psychophysical experiments on spatial summation at threshold
level of the human periheral retina. Vision Res 1977;17:867-73

Hallett PE. Spatial summation. Vision Res 1963;3: 9-24

Alexandridis E. Réumliche und =zeitliche Summation pupillomotorisch wirksamer
Lichtreize beim Menschen. Albrecht v. Graefes Arch Clin Exp Ophthalmol 1970;180: 12-
19

Carle CF, James AC, Kolic M et al. High resolution multifocal pupillographic objective
perimetry in glaucoma. Invest Ophthalmol Vis Sci 2011;1;52(1):604-10

Maddess T, Bedford SM, Goh XL et al. Multifocal pupillographic visual field testing in
glaucoma. Clin Exp Ophthalmol 2009;37:678-686

Sabeti F, Nolan CJ, James AC et al. Multifocal Pupillography Identifies Changes in Visual
Sensitivity According to Severity of Diabetic Retinopathy in Type 2 Diabetes. Invest
Ophthalmol Vis Sci 2015;56(8):4504-13

Sabeti F, Maddess T, Essex RW. Multifocal pupillographic assessment of age-related
macular degeneration. Optom Vis Sci 2011;88(12):1477-85

Sabeti F, Maddess T, Essex RW. Multifocal pupillography identifies ranibizumab-induced
changes in retinal function for exudative age-related macular degeneration. Invest
Ophthalmol Vis Sci 2012;53(1):253-60

Lowenstein O, Feinberg R, Loewenfeld IE. Pupillary movements during acute and chronic
fatigue. Invest Ophthalmol 1963;2: 138-157

54


https://www.ncbi.nlm.nih.gov/pubmed/26200488
https://www.ncbi.nlm.nih.gov/pubmed/26200488
https://www.ncbi.nlm.nih.gov/pubmed/24987814
https://www.ncbi.nlm.nih.gov/pubmed/24987814

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Loewenfeld IE. The pupil. Anatomy, physiology and clinical applications. Wayne State
University Press, 1993, Detroit

Wilhelm H, Liidtke H, Wilhelm B. Pupillographic sleepiness testing in hypersomniacs and
normals. Graefe’s Ach Clin Exp Ophthalmol 1998;236:725-729

Breen LA, Burde RM, Loewy AD. Brainstem connections to the Edinger—Westphal nucleus
of the cat: a retrograde tracer study. Brain Res 1983;261:303-306

Koss MC, Gherezghiher T, Nomura A. CNS adrenergic inhibition of parasympathetic
oculomotor tone. J Auton Nerv Syst 1984;10:55-68

Samuels ER, Szabadi E. Functional neuroanatomy of the noradrenergic locus coeruleus: its
roles in the regulation of arousal and autonomic function part I: principles of functional

organisation. Curr Neuropharmacol 2008;6:235-253

Samuels ER, Szabadi E. Functional neuroanatomy of the noradrenergic locus coeruleus: its
roles in the regulation of arousal and autonomic function part Il: physiological and
pharmacological manipulations and pathological alterations of locus coeruleus activity in
humans. Curr Neuropharmacol 2008;6:254-285

Lidtke H, Korner A, Wilhelm B, Wilhelm H. Reproduzierbarkeit des pupillographischen
Schlafrigkeitstests bei gesunden Mannern. Somnologie 2000;4:170-172

Wilhelm BJ, Wilhelm H, Ludtke H et al. Pupillography for objective vigilance assessment.
Methodological problems and possible solutions. Ophthalmologe 1996;93:446-450

Wilhelm B, Wilhelm H, Ludtke H et al. Pupillographic assessment of sleepiness in sleep-
deprived healthy subjects. Sleep 1998;21:258-265

Wilhelm BJ, Widmann A, Durst W et al. Objective and quantitative analysis of daytime
sleepiness in physicians after night duties. Int J Psychophysiol 2009;72:307-313

Wilhelm B, Heine C, Widmann A et al. How sleepy are construction workers during
extended shifts? An objective investigation of spontaneous pupillary oscillations in tunnel
workmen. Somnologie 2010;14:200-206

55



50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

Wilhelm BJ, Korner A, Heldmaier K et al. Normwerte des pupillographischen
Schlafrigkeitstests fiir Frauen und Manner zwischen 20 und 60 Jahren. Somnologie
2001;5:115-120

Merritt SL, Schnyders HC, Patel M et al. Pupil staging and EEG measurement of sleepiness.
Int J Psychophysiol 2004;52:97-112

Punjabi NM. The epidemiology of adult obstructive sleep apnea. Proc Am Thorac Soc
2008;5(2):136-143

Peters T, Griiner Ch, Durst W. Sleepiness in professional truck drivers measured with an
objective alertness test during routine traffic controls. Int Arch Occup Environ Health
2014;87:881-888

Urschitz MS, Heine K, Brockmann PE, Peters T, Durst W, Poets CF, Wilhelm B. Subjective
and objective daytime sleepiness in schoolchildren and adolescents: results of a community-
based study. Sleep Med 2013;14(10):1005-12

Wilhelm H, Wilhelm B. Diagnostik von Pupillenstorungen. In Schiefer, U., Wilhelm, H.,
Zrenner, E., Burk, A. (Eds), Praktische Neuroophthalmologie, Heidelberg, Kaden Verlag,
2003, pp. 53-66

Cooper-Knock J, Pepper | et al. Early diagnosis of Horner syndrome using topical
apraclonidine. J Neuro-Ophthalmol 2011;31:214-216

Freedman, KA, Brown SM. Topical apraclonidine in the diagnosis of suspected Horner
syndrome. J Neuroophthalmol 2005;25:83-5

Ramsay DA. Dilute solutions of phenylephrine and pilocarpine in the diagnosis of
disordered autonomic innervation of the iris. J Neurol Sci 1986;125-34

Danesh-Meyer HV, Savino P, Sergot R. The correlation of phenylephrine 1% with
hydroxyaphetamine 1% in Horner’s syndrome. Br J Ophthalmol, 88, 2004, 4:592-593

Miller N. The autonomic nervous system. In: Miller NR, Newman NJ, eds. Walsh and
Hoyt’s clinical neuro-ophthalmology. 6th edn. Philadephia: Lippincott Williams &
Wilkins, 2004:660

56



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Dewan MA, Harrison AR, Lee MS. False-negative apraclonidine testing in acute Horner
syndrome. Can J Ophthalmol 44, 2009:109-110

Kawasaki A, Borruat FX. False negative apraclonidine test in two patients with Horner
syndrome. Klin Monatsbl Augenheilkd 225, 2008:520-522

Falzon K, Jungkim S, Charalampidou Set al. Denervation supersensitivity to 1%
phenylephrine in Horner syndrome can be demonstrated 10 days after the onset of
symptoms. Br J Ophthalmol 2009;93:130

Wilhelm H, Tonagel F, Heine Ch. Was tun bei Horner-Syndrom? Z prakt Augenheilkd
2014;35

Skorkovskéa K, Wilhelm H, Liidtke H, Wilhelm B. How sensitive is pupil campimetry in
hemifield loss? Graefes Arch Clin Exp Ophthalmol 2009;247:947-53.

Schmid R, Lidtke H, Wilhelm B, Wilhelm H. Pupil campimetry in patients with visual field
loss. Eur J Neurol 2005;12:602-8

Papageorgiou E, Wermund T, Wilhelm H. Pupil perimetry demonstrates hemifield
pupillary hypokinesia in a patient with a pretectal lesion causing a relative afferent pupil
defect but no visual field loss. J Neuroophthalmol 2009;29:33-6.

Hattar S, Liao HW, Takao M, Berson DM, Yau KW. Melanopsin-containing retinal
ganglion cells: architecture, projections, and intrinsic photosensitivity. Science
2002;295:1065-70.

Hattar S, Lucas RJ, Mrosovsky N et al. Melanopsin and rod-cone photoreceptive systems

account for all major accessory visual functions in mice. Nature 2003;424:76-81.

Lucas RJ, Hattar S, Takao M et al. Diminished pupillary light reflex at high irradiances in
melanopsin knockout mice. Science 2003;299:245-7

Kawasaki A, Kardon RH. Intrinsically photosensitive retinal ganglion cells. J
Neuroophthalmol 2007;27(3):195-204.

Kupfer C, Chumbley L, Downer J. Quantitative histology of optic nerve, optic tract and
lateral geniculate nucleus of man. J Anat 1967;101:393-401.

57


http://www.ncbi.nlm.nih.gov/pubmed/19225802
http://www.ncbi.nlm.nih.gov/pubmed/19458574

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Schmid R, Wilhelm B, Wilhelm H. Naso-temporal asymmetry and contraction anisocoria
in the pupillomotor system. Graefes Arch Clin Exp Ophthalmol 2000;238:123-8.

Kardon RH, Kawasaki A, Miller NR. Origin of the relative afferent pupillary defect in optic
tract lesions. Ophthalmology 2006;113:1345-53.

Johnson RE, Bell RA. Relative afferent pupillary defect in a lesion of the pretectal afferent
pupillary pathway. Can J Ophthalmol 1987;22:282-4.

Forman S, Behrens MM, Odel JG et al. Relative afferent pupillary defect with normal visual
function. Arch Ophthalmol 1990;108:1074-5.

King JT, Galetta SL, Flamm ES. Relative afferent pupillary defect with normal vision in a
glial brainstem tumor. Neurology 1991;41:945-6.

Tychsen L, Hot WF. Relative afferent pupillary defect in congenital occipital hemianopia.
Am J Ophthalmol 1985;100:345-6.

Harms H. Grundlagen, Methodik und Bedeutung der Pupillenperimetrie fiir die Physiologie
und Pathologie des Sehorgans. Albrecht von Graefes Arch Ophthalmologie 1949;149:1-68.

Harms H. Hemianopische Pupillenstarre. Klin Monatsbl Augenheilk 1951;118:133-47.
Bresky R, Charles S. Pupil motor perimetry. Am J Ophthalmol 1969;68:108-12.

Cibis GW, Campos EC, Aulhorn E. Pupillary hemiakinesia in suprageniculate lesions. Arch
Ophthalmol 1975; 93:1322-7.

Alexandridis E, Krastel H, Reuther R. Pupillenreflexstérungen bei Lasionen der oberen

Sehbahn. Albrecht Von Graefes Arch Klin Exp Ophthalmol 1979;209:199-208.

Hellner KA, Jensen W, Mueller-Jensen A. Fernsehbildanalytische pupillographische
Perimetrie bei Hemianopsie. Klin Monatsbl Augenheilkd 1978;172:731-5.

Kardon RH. Pupil perimetry. Editorial review. Curr Opin Ophthalmol 1992;3;565-70.

Schmid R, Luedtke H, Wilhelm B, Wilhelm H. Pupil campimetry in patients with visual
field loss. Eur J Neurol 2005;12:602-8.

Wilhelm H, Wilhelm B, Petersen D et al. Relative afferent pupillary defects in patients with
geniculate and retrogeniculate lesions. Neuro-ophthalmology 1996;16:219-24.

58



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Papageorgiou E, Ticini LF, Hardiess G et al. The pupillary light reflex pathway:
Cytoarchitectonic probabilistic maps in hemianopic patients. Neurology 2008;70:956-63.

Schiefer U, Nowomiejska K, Krapp E et al. K-Train —a computer-based, interactive training
program with an incorporated certification system for practicing kinetic perimetry:
evaluation of acceptance and success rate. Graefe’s Arch Clin Exp Ophthalmol
2006;244:1300-1309

Barbur JL, Keenleyside MS, Thompson WD. Investigations of central visual processing by
means of pupillometry. In: Kulikowski JJ, Dickinson CM, Murray TJ , editors. Seeing

contour and colour. Oxford: Pergamon Press; 1987, p.431-51.

Barbur JL. Learning from the pupil - studies of basic mechanisms and clinical applications.
In: Chalupa LM, Werner JS, editors. The visual neurosciences. Cambridge, MA: MIT Press;
2004, p.641-56.

Wilhelm BJ, Wilhelm H, Moo S, Barbur JL. Pupil response components: studies in patients
with Parinaud’s syndrome. Brain 2002;125:2296-307

Lucas RJ, Douglas RH, Foster RG. Characterization of an ocular photopigment capable of

driving pupillary constriction in mice. Nat Neurosci 2001;4: 621-626

Kawasaki A, Kardon RH. Intrinsically photosensitive retinal ganglion cells. J Neuro-
Ophthalmol 2007;27(3): 195-204

Berson DM, Dunn FA, Takao M. Phototransduction by retinal ganglion cells that set the
circadian clock. Science 2002;295:1070-3

Fu Y, Liao HW, Do MT et al. Non-image-forming ocular photoreception in vertebrates.
Curr Opin Neurobiol 2005;15:415-22

Berson DM. Strange vision: ganglion cells as circadian photoreceptors. Trends Neurosci
2003;26:314-20

Foster RG, Provencio I, Hudson D et al. Circadian photoreception in the retinally
degenerate mouse (rd/rd). J Comp Physiol 1991;169:39-50

Freedman MS, Lucas RJ, Soni B et al. Regulation of mammalian circadian behavior by

non-rod, non-cone ocular photoreceptors. Science 1999;284:502-4

59



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Lucas RJ, Freedman MS, Lupi D et al. Identifying the photoreceptive inputs to the
mammalian circadian system using transgenic and retinally degenerate mice. Behav Brain
Res 2001;125: 97-102

Yamakazi S, Goto M, Menaker M. No evidence for extraocular photoreceptors in the
circadian system of the Syrian hamster. J Biol Rhythms 1999;14:197-201

Dacey DM, Liao HW, Peterson BB et al. Melanopsin-expressing ganglion cells in primate
retina signal colour and irradiance and project to the LGN. Nature, 433; 2005: 749-754

Bailes HJ, Lucas RJ. Melanopsin and inner retinal photoreception. Cell Mol Life Sci
2010;67: 99-111

Kankipati L, Girkin CA, Gamlin PD. Postillumination pupil response in subjects without
ocular disease. Invest Ophthalmol Vis Sci 2010;51:2764-2769

Kankipati L, Girkin CA, Gamlin PD. The post-illumination pupil response is reduced in
glaucoma patients. Invest Ophthalmol Vis Sci 2011;52:2287-2292

Kawasaki A, Collomb S, Léon L et al. Pupil responses derived from outer and inner retinal
photoreception are normal in patients with hereditary optic neuropathy. Exp Eye Res
2014;120: 161-166

Kardon RH, Anderson SC, Damarjian TG et al. Chromatic pupillometry in patients with
retinitis pigmentosa. Ophthalmology 2011;118: 376-381

Park JC, Moura AL, Raza AS et al. Toward a clinical protocol for assessing rod, cone, and
melanopsin contributions to the human pupil response. Invest Ophthalmol Vis Sci
2011;52:6624-6635.

Lorenz B, Strohmayr E, Zahn S et al. Chromatic pupillometry dissects function of the three
different light-sensitive retinal cell populations in RPE65 deficiency. Invest Ophthalmol
Vis Sci 2012; 53:5641-5652

Kawasaki A, Crippa SV, Kardon R et al. Characterization of pupil responses to blue and
red light stimuli in autosomal dominant retinitis pigmentosa due to NR2E3 mutation. Invest
Ophthalmol Vis Sci 2012;53: 5562-5569

60



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Zaidi FH, Hull JT, Peirson SN et al. Short-wavelength light sensitivity of circadian,
pupillary, and visual awareness in humans lacking an outer retina. Curr Biol 2007;17:2122—
2128

Czeisler CA, Shanahan TL, Klerman EB et al. Suppression of melatonin secretion in some
blind patients by exposure to bright light. N Engl J Med 1995;332:6-11

Wilhelm BJ, Wilhelm H, Moro S, Barbur JL. Pupil response components: studies in patients
with Parinaud's syndrome. Brain 2002;125:2296-2307

Keenleyside M, Barbur J, Pinney H. Stimulus-specific pupillary responses in normal and

hemianopic subjects. Perception 1988;17:347
Miller NR, Newman SA. Transsynaptic degeneration. Arch Ophthalmol 1981;99: 1654

Bridge H, Jindahra P, Barbur J, Plant GT. Imaging reveals optic tract degeneration in
hemianopia. Invest Ophthalmol Vis Sci 2011;52: 382-388

Goto K, Miki A, Yamashita T et al. Sectoral analysis of the retinal nerve fiber layer thinning
and its association with visual field loss in homonymous hemianopia caused by post-
geniculate lesions using spectral-domain optical coherence tomography. Graefes Arch Clin
Exp Ophthalmol 2016;254(4):745-56

Tanito M, Ohira A. Hemianopic inner retinal thinning after stroke. Acta Ophthalmol
2013;91(3):237-8

Yamashita T, Miki A, Iguchi Y et al. Reduced retinal ganglion cell complex thickness in
patients with posterior cerebral artery infarction detected using spectral-domain optical
coherence tomography. Jpn J Ophthalmol 2012;56: 502-510

Jindahra P, Petrie A, Plant GT. Thinning of the Retinal Nerve Fibre Layer in Homonymous
Quadrantanopia: Further Evidence for Retrograde Trans-Synaptic Degeneration in the
Human Visual System. Neuro-Ophthalmology 2012;36:79-84

Yoshitomi T, Matsui T, Tanakadate A, Ishikawa S. Comparison of threshold visual
perimetry and objective pupil perimetry in clinical patients. J Neuroophthalmol 1999;19:89-
99

61



122.

123.

124.

125.

126.

127.

128.

Sample PA, Bosworth CF, Blumenthal EZ et al. Visual function-specific perimetry for
indirect comparison of different ganglion cell populations in glaucoma. Invest Ophthalmol
Vis Sci 2000;41: 1783-90

Racette L, Sample PA. Short-wavelenth automated perimetry. Ophthalmol Clin North Am
2003;16:227-236

Yucel YH, Zhang Q, Weinreb RN et al. Atrophy of relay neurons in magno- and
parvocellular layers in the lateral geniculate nucleus in experimental glaucoma. Invest
Ophthalmol Vis Sci 2001;42:3216-22

Feigl B, Mattes D, Thomas R et al. Intrinsically photosensitive (melanopsin) retinal
ganglion cell function in glaucoma. Invest Ophthalmol Vis Sci 2011;52:4362-4367

Li RS, Chen BY, Tay DK et al. Melanopsin-expressing retinal ganglion cells are more
injury-resistant in a chronic ocular hypertension model. Invest Ophthalmol Vis Sci
2006;47(7):2951-2958

La Morgia C, Ross-Cisneros FN, Hannibal J et al. Melanopsin expressing retinal ganglion

cells: implications for human diseases. Vision Res 2011;51:296-302

Rosenstein RE, Pandi-Perumal SR, Srinivasan V et al. Melatonin as a therapeutic tool in

ophthalmology: implications for glaucoma and uveitis. J Pineal Res 2010;49(1):1-13

62



8 Collection of articles

(arranged in order of appearance in text)

A. Skorkovska K, Wilhelm H, Liidtke H, Wilhelm B. Relative afferent pupillary defect in
glaucoma. Klinische Monatsblétter fiir Augenheilkunde 2011;228(11):979-983

B. Skorkovska K, Liidtke H, Wilhelm H, Wilhelm B. Pupil campimetry in patients with
retinitis pigmentosa and functional visual field loss. Graefe's Archive for Clinical and
Experimental Ophthalmology 2009;247(6):847-853

C. Skorkovska K, Kelbsch C, Blumenstock G, Wilhelm H, Wilhelm B.
Glaucoma screening by means of pupil campimetry. Klinische Monatsblatter fiir
Augenheilkunde 2012;229(11):1097-1102

D. Skorkovska K, Schiefer U, Wilhelm B, Wilhelm H. Current state of pupil-based
diagnostics for glaucomatous optic neuropathy. Ophthalmologe 2012;109(4):351-357

E. Skorkovska K, Wilhelm H, Liidtke H, Wilhelm B, Kurtenbach A. Investigation of
summation mechanisms in the pupillomotor system. Graefe's Archive for Clinical and
Experimental Ophthalmology 2014;252(7):1155-1160

F. Skorkovska K. Farmakologické testy u Hornerova syndromu - kazuistika. Cesk Slov
Oftalmol 2016;72(2):39-43

G. Skorkovska K, Wilhelm H. Afferent pupillary disorders in postchiasmal lesions of the
visual pathways. Klinische Monatsblétter fiir Augenheilkunde 2009;226:886-890

H. Skorkovska K, Wilhelm H, Wilhelm B. Pupillary disorders in homonymous visual field
defects. In: Skorkovska, K. (editor). Homonymous visual field defects. Springer
International Publishing, 2017. p. 107-119. ISBN 978-3-319-52282-1

I.  Skorkovska K, Wilhelm H, Liidtke H, Wilhelm B. How sensitive is pupil campimetry
in hemifield loss? Graefe's Archive for Clinical and Experimental Ophthalmology
2009;247(7):947-953

J. Skorkovska K, Skorkovska S. Vnitiné fotosenzitivni gangliové buiiky sitnice. Cesk

Slov Oftalmol 2015;71(3):144-9

63



K. Skorkovska K, Maeda F, Kelbsch C, Peters T, Wilhelm B, Wilhelm, H.
Pupillary response to chromatic stimuli. Cesk Slov Neurol N 2014;77(3):334-338

64



A. Skorkovska K, Wilhelm H, Liidtke H, Wilhelm B.
Relative afferent pupillary defect in glaucoma.

Klinische Monatsblitter fiir Augenheilkunde 2011;228(11):979-983



Autoren

Institute

Schliisselworter

© Glaukom

© Pupille

© relativer afferenter
Pupillendefekt

© Gesichtsfeld

© Perimetrie

Key words

© Glaucoma

© pupll

© relative afferent pupillary
defect

© visual field

© perimetry

eingereicht 10.1.2011
akzeptiert 4.4.2011

Bibliografie

DOI http://dx.doi.org/10.1055/
s-0031-1273356
Online-Publikation: 16.8.2011
Klin Monatsbl Augenheilkd
2011; 228: 979-983 © Georg
Thieme Verlag KG Stuttgart -
New York - ISSN 0023-2165

Korrespondenzadresse
Dr. Karolina Skorkovska
Augenklinik, Universitats-
klinikum Tibingen
Schleichstr. 12

72076 Tibingen

Tel.: ++49/7071/29873 16
Fax: ++49/7071/2953 61
skorka@centrum.cz

K. Skorkovska'- 2, H. Wilhelm', H. Liidtke?, B. Wilhelm'

T Augenklinik, Universitatsklinikum Tiibingen

Klinische Studie

Relativer afferenter Pupillendefekt bei Glaukom
Relative Afferent Pupillary Defect in Glaucoma

2 Augenklinik, St. Anne Universitatskrankenhaus, Brno, Tschechien

3 Datinf GmbH, Tiibingen

Zusammenfassung

v

Hintergrund: Ziel der Studie war festzustellen,
wie hdufig ein relativer afferenter Pupillendefekt
(RAPD) bei Glaukompatienten ist und ob sein Auf-
treten mit dem Ausmaf von Gesichtsfelddefekten
und ihrer Seitendifferenz bei schwellennah-tiber-
schwelliger Rasterperimetrie abhangt.

Patienten und Methoden: Es wurden retrospek-
tiv Patienten mit Offenwinkelglaukom aus der
Glaukomsprechstunde der Universitdtsaugenkli-
nik Tiibingen herausgesucht, bei denen die Pupil-
len im Rahmen einer Standarduntersuchung mit
dem Swinging-Flashlight-Test untersucht wur-
den. Das zentrale 30°-Gesichtsfeld wurde mittels
statischer Rasterperimetrie mit dem Tiibinger Au-
tomatik-Perimeter oder dem Octopus-Perimeter
untersucht. Die Gesichtsfeldbefunde und ihre Sei-
tendifferenz wurden zwischen Patienten mit und
ohne RAPD mit dem Wilcoxon-Rangsummentest
verglichen.

Ergebnisse: Nach der Beriicksichtigung von Aus-
schlusskriterien wurden 100 Patienten mit pri-
mdrem Offenwinkelglaukom in die Studie aufge-
nommen, 34 davon wiesen einen RAPD (34%)
auf. Fiir die Gesichtsfeldanalyse konnten die Da-
ten von 85 Patienten verwendet werden, da bei
diesen eine identische perimetrische Strategie
verwendet wurde. 25 Patienten davon hatten ei-
nen RAPD (29%). Die berechneten Gesichtsfeldde-
fektmafle waren bei Patienten mit RAPD signifi-
kant grofer als bei Patienten ohne RAPD, ihre
Gesichtsfeldbefunde also insgesamt fortgeschrit-
tener. Auch die Seitendifferenz zwischen Ge-
sichtsfeldern beider Augen war bei Patienten mit
RAPD signifikant groBer (p<0,01). Eine ROC(Re-
ceiver Operating Characteristics)-Kurve stellte
dar, dass die Seitendifferenz im Gesichtsfeldbe-
fund mit einer AUC (area under curve) von 0,81
ein guter Pradiktor fiir den RAPD ist.
Schlussfolgerung: Der RAPD tritt ungefihr bei
einem Drittel der Patienten mit Offenwinkelglau-

Abstract

v

Background: The aim of this retrospective study
was to estimate the frequency of relative afferent
pupillary defect (RAPD) in glaucoma and whether
its occurrence relates to the severity of the visual
field defect and its side asymmetry as detected by
standard automated perimetry.

Patients and Methods: Among patients with
primary open angle glaucoma examined at the
glaucoma unit of our university eye hospital pa-
tients were identified in whom a swinging-flash-
light test as part of their routine examination was
carried out. The central 30° visual field was exam-
ined by means of static perimetry using the Tii-
binger Automatic Perimeter or the Octopus Peri-
meter. The visual field findings and their side
difference were compared between patients with
and without RAPD by means of the Wilcoxon
rank-sum test.

Results: After having taken into consideration
the inclusion criteria, 100 glaucoma patients
were included in the study, 34 of them had an
RAPD (34%). For the visual field analysis only the
data of 85 patients, who received the same peri-
metric strategy, were used. 25 of them had an
RAPD (29%). The calculated visual field scores in
patients with RAPD were significantly higher
than those in patients without RAPD (p<0.01),
that means their visual field loss was generally
more advanced. Also the side difference in visual
field of both eyes was significantly greater in pa-
tients with RAPD (p<0.01). A receiver operating
characteristics (ROC) curve showed that the side
difference in visual field defect is a good predictor
for RAPD with an area under curve (AUC) of 0.81.
Conclusion: RAPD can be diagnosed in about one
third of patients with primary open angle glauco-
ma. It can be found especially with more ad-
vanced visual field defects and visual field defects
with greater side asymmetry. Its absence does not
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kom auf. Er findet sich vorwiegend bei starker ausgepragten Ge-
sichtsfeldausfdllen und Gesichtsfeldausfdllen mit einer groRen
interokularen Differenz. Wir raten, den Swinging-Flashlight-Test
in die Glaukomdiagnostik einzuschlieRen.

mean that there is no visual field defect at all. We advise to in-
clude the swinging-flashlight test in glaucoma diagnostics.

Einleitung

v

Das Glaukom ist die zweithdufigste Ursache von Blindheit
weltweit. In 2020 wird es 79,6 Millionen Glaukompatienten
geben, davon 74% Patienten mit Offenwinkelglaukom, welches
bei 5,9 Millionen Personen eine beidseitige Blindheit verursa-
chen wird [1]. Eine der wichtigsten Aufgaben ist es, zu erken-
nen, ob ein Gesichtsfeldausfall droht und deshalb die Therapie
intensiviert werden muss.

Ein relativer afferenter Pupillendefekt (RAPD) ist ein wichtiges
Kklinisches Zeichen, das typischerweise Ldsionen der vorderen
Sehbahn anzeigt. Ein RAPD begleitet fast immer eine einseitige
oder bilaterale asymmetrische Sehnervschddigung. Das primd-
re Offenwinkelglaukom betrifft zwar meistens beide Augen,
verlduft aber oft asymmetrisch und eine glaukomatdse Opti-
kusneuropathie kann deswegen einen RAPD zur Folge haben.
Das Ziel unserer retrospektiven Studie war festzustellen, wie
hdufig ein RAPD bei Glaukompatienten ist und ob sein Auftre-
ten mit dem Ausmaf von Gesichtsfelddefekten und ihrer Sei-
tendifferenz abhdngt.

Methode

v

Es wurden retrospektiv die Akten von Patienten der Glaukom-
sprechstunde der Universitdtsaugenklinik in Tiibingen zwischen
den Jahren 2006-2009 durchgeschaut. In die Studie wurden
Patienten mit bilateralem primdrem Offenwinkelglaukom aufge-
nommen, bei denen die Pupillen von einem neuroophthalmo-
logisch erfahrenen Oberarzt untersucht worden waren. Die Aus-
schlusskriterien waren wie folgt: Engwinkelglaukom, sekunddres
Offenwinkelglaukom wie Pigmentdispersionsglaukom oder Pseu-
doexfoliationsglaukom, Netzhauterkrankung, andere Sehnerv-
erkrankung als Glaukom, Strabismus, Amblyopie, fortgeschritte-
ne einseitige Katarakt, Zustand nach einem intraokularen
chirurgischen Eingriff (auRer einer erfolgreichen Katarakt-Ex-
traktion oder Trabekulektomie), die Anwendung von Miotika
oder anderen Medikamenten, die die Pupillomotorik beeinflus-
sen, nicht verwertbare Perimetrie mit mehr als einem Drittel
falsch positiver Antworten.

Die Patienten hatten am Untersuchungstag eine Routineunter-
suchung erhalten (Visuspriifung, Spaltlampenmikroskopie,
Fundusbeurteilung und Perimetrie). Der Swinging-Flashlight-
Test wird bei uns folgendermaBen durchgefiihrt: In einem
moglichst dunklen Raum wird der Patient aufgefordert, ein
Objekt in einigen Metern Abstand zu fixieren. Das Licht eines
Ophthalmoskops wird in einem Winkel von 45° aus 20 bis
40cm von unten auf die Augen gerichtet. Dann bewegt man
mehrfach das Licht rasch von einem Auge zum anderen und
beobachtet dabei die direkten Lichtreaktionen beider Pupillen.
Beide Pupillen miissen bei diesem Test gleich lang (ca. 2's) be-
leuchtet werden. Der Wechsel zwischen beiden Augen wird
mindestens 5-mal wiederholt. Liegt ein RAPD an einem Auge
vor, dann erweitern sich bei Belichtung dieses Auges entweder
beide Pupillen ohne vorausgehende Kontraktion, oder diese
Kontraktion wird abnormal gering und kurz ausfallen. Mittels

Graufiltern ldsst sich der relative afferente Pupillendefekt
quantifizieren [2].

Nach dem Ergebnis des Swinging-Flashlight-Tests wurden Pa-
tienten in 2 Gruppen aufgeteilt. In Gruppe 1 war ein relativer
afferenter Pupillendefekt vorhanden, in Gruppe 2 gab es kei-
nen RAPD. Zwar ldsst sich mittels Graufiltern der relative affe-
rente Pupillendefekt quantifizieren, jedoch wurde diese Unter-
suchung nur bei wenigen Patienten vorgenommen.

Die Gesichtsfelduntersuchung fand bei allen Patienten in die-
ser Studie am selben Tag wie die Pupillenbeurteilung statt.
Das zentrale 30°-Gesichtsfeld wurde mittels statischer Raster-
perimetrie mit dem Tiibinger Automatik-Perimeter oder dem
Octopus-101-Perimeter untersucht. Verwendet wurde ein
Programm mit 192 Testpunkten, maximale Stimulusleucht-
dichte 1000 cd/m?, Hintergrund 10cd/m? Die Antwortkon-
trolle erfolgte mittels insgesamt mindestens 10 vorgetdusch-
ter Punktdarbietungen, die Fixationskontrolle durch weitere
10 Darbietungen knapp iiberschwelliger Priifpunkte im Zen-
trum.

Bei der Perimetrie kam in der iiberwiegenden Zahl der Fille
eine schwellennah-iiberschwellige Methode zum Einsatz [3].
Im Fall schwellenbestimmender Perimetrie wurde bei diesen
Patienten nur der RAPD ausgewertet und der Gesichtsfeldbe-
fund nicht in die Korrelationsberechnungen eingeschlossen.
Dies traf in 15 Fdllen zu.

Aus der Anzahl der absoluten und relativen Ausfélle und der ge-
samten Priifpunkte wurde fiir jedes Auge ein Gesichtsfeldscore
(eigentlich ein Gesichtsfeldausfall-Score) wie folgt berechnet:
(Anzahl absoluter Defekte +%2 Anzahl relativer Defekte)/Anzahl
der Priifpunkte im Gesichtsfeld

Ein hoherer Score bedeutet also ein schlechteres Gesichtsfeld.
Eine dhnliche Methode zur Quantifizierung des Gesichtsfeld-
ausfalls haben Wilhelm et al. fiir das Tiibinger Automatik-Peri-
meter (TAP) benutzt [4].

Aus den Gesichtsfeldscores beider Augen wurde fiir jeden Pa-
tienten die Seitendifferenz, die absolute Differenz der Ge-
sichtsfeldscores, berechnet. Sowohl die Gesichtsfeldscores als
auch ihre Seitendifferenz wurde zwischen den Gruppen mit
dem Wilcoxon-Rangsummentest verglichen.

Ergebnisse

v

Es wurden Daten von 110 Glaukompatienten gesammelt, bei
denen im Rahmen einer Routineuntersuchung in der Glau-
komsprechstunde die Pupillen untersucht wurden. Nach der
Beurteilung von Ausschlusskriterien blieben 100 Glaukompa-
tienten, davon 34 mit RAPD (34%). Bei 15 Patienten wurde
eine fiir die Studienauswertung ungeeignete perimetrische
Strategie eingesetzt. Fiir die Gesichtsfeldanalyse wurden also
schlieRlich die Daten von 85 Patienten mit primdrem Offen-
winkelglaukom verwendet.

In Gruppe 1 (Glaukompatienten mit RAPD) wurden 25 Patien-
ten eingeschlossen (29%), davon waren 9 Frauen und 16 Mdn-
ner. Das Medianalter der Patienten betrug 69 Jahre. In Gruppe
2 (Glaukompatienten ohne RAPD) waren es 60 Patienten
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Tab.1 Visus (BCVA), Gesichtsfeldscores mit ihrer Seitendifferenz und das Alter der Patienten mit RAPD (Gruppe 1).

Median 25% Perzentil 75 % Perzentil Minimum Maximum
Alter 69 60 76 43 85
GF score rechts 0,223 0,070 0,458 0,010 0,846
GF score links 0,229 0,065 0,469 0,018 0,839
GF score Differenz 0,188 0,100 0,406 0,011 0,724
BCVA rechts 0,90 0,80 1,00 0,20 1,30
BCVA links 0,90 0,60 1,00 0,10 1,30
Tab.2 Visus (BCVA), Gesichtsfeldscores mit ihrer Seitendifferenz und das Alter der Patienten ohne RAPD (Gruppe 2).
Median 25% Perzentil 75% Perzentil Minimum Maximum
Alter 65 56 72 34 84
GF score rechts 0,043 0,024 0,166 0,010 0,607
GF score links 0,046 0,026 0,178 0,010 0,544
GF score Differenz 0,046 0,005 0,114 0,000 0,323
BCVA rechts 1,00 0,90 1,00 0,70 1,25
BCVA links 1,00 0,90 1,00 0,50 1,25
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Abb.1 Gesichtsfeldscores vom rechten Auge in beiden Gruppen (Box-
Plot-Diagramm).

(71%), 31 Frauen und 29 Madnner, mit einem Medianalter von
65 Jahren. Der Median, das 25. und 75. Perzentil, das Mini-
mum und Maximum der besten korrigierten Sehscharfe, der
Gesichtsfeldscores beider Augen und ihrer Seitendifferenz sind
fiir beide Gruppen in © Tab. 1, 2 zusammengefasst.

In Gruppe 1 waren die Gesichtsfeldscores signifikant groRer als
in Gruppe 2 (p<0,01), die Gesichtsfeldbefunde also insgesamt
fortgeschrittener (© Abb.1, 2). Auch der interokulare Unter-
schied im Gesichtsfeldscore beider Augen (Seitendifferenz)
war in Gruppe 1 groRer als in Gruppe 2. Der Unterschied in
der Seitendifferenz zwischen beiden Gruppen war statistisch
signifikant (p<0,01, © Abb. 3).

Um festzustellen, ab welchem Gesichtsfeldunterschied ein
RAPD mit groBerer Wahrscheinlichkeit zu erwarten ist, wurde
als Grenzwert der Median der Gesichtsfelddifferenzen aller Pa-
tienten genommen. Dieser liegt fiir beide Gruppen zusammen
bei 0,063. In Gruppe 1 war die Gesichtsfelddifferenz bei 19
(76%) Patienten grofRer und bei 6 (24%) Patienten kleiner als
der Median. In Gruppe 2 war die Gesichtsfelddifferenz bei 24
(40%) Patienten groRer und bei 36 (60%) Patienten kleiner als
der Median.

Abb.2 Gesichtsfeldscores vom linken Auge in beiden Gruppen (Box-Plot-
Diagramm).
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Abb.3 Absolute Differenz im Gesichtsfeldscore in beiden Gruppen.

Dies ldsst sich sehr gut mittels einer ROG-Kurve darstellen (Re-
ceiver Operating Characteristics), wo sich die Seitendifferenz
mit einer AUC (area under curve) von 0,81 als ein guter Prd-
diktor fiir RAPD zeigt (© Abb.4).
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Abb.4 ROGKurve fiir die Seitendifferenz im Gesichtsfeldbefund als Pra-
diktor fiir einen RAPD (AUC=0,81).

Diskussion

v

Das Ziel unserer retrospektiven Studie war zu zeigen, wie oft
ein RAPD bei Glaukompatienten beobachtet wird und ob ein
Verhdltnis zum Gesichtsfeldbefund besteht. Bei etwa einem
Drittel der Patienten der Glaukomsprechstunde wurde ein
RAPD gefunden. Unsere Studie zeigte weiterhin, nicht tiberra-
schend, dass bei Glaukompatienten mit RAPD die Seitendiffe-
renz im Gesichtsfeldbefund gréfer ist als bei Patienten ohne
RAPD. Patienten mit RAPD hatten zudem stdrker fortgeschrit-
tene Gesichtsfeldausflle als solche ohne.

Als Schwdche der Studie kann man anfiihren, dass die Patien-
ten Klinikpatienten sind und deshalb vielleicht nicht die Ver-
teilung in einer Praxis widerspiegeln. Ahnliche Zahlen wie in
dieser Studie finden sich aber auch an anderer Stelle. Jonas
et al. untersuchten RAPD mittels einer Infrarot-Video-Kamera
des Octopus-Perimeters. Sie fanden einen RAPD bei 7 von 17
Glaukompatienten und schlieBen daraus, dass eine quantitati-
ve Pupillometrie bei Glaukomdiagnostik hilfreich sein kann
[5]. Lankaranian et al. verglichen 3 Methoden zur Erkennung
vom RAPD bei Glaukompatienten. Mit dem klassischen Swin-
ging-Flashlight-Test wurde bei 29% der Glaukompatienten ein
RAPD entdeckt [6]. Unsere Studie fand einen RAPD bei 34%
der Glaukompatienten. Man kann demnach bei ungefdhr
einem Drittel der Glaukompatienten einen RAPD erwarten.
Wir glauben, dass der potenzielle Beitrag eines RAPD bei der
Beurteilung eines Glaukomschadens unterschdtzt und im klini-
schen Alltag zu wenig genutzt wird. Trotz aller Einfachheit,
Verfiigbarkeit und Objektivitit wird der Swinging-Flashlight-
Test im Rahmen von Glaukomdiagnostik nicht routinemaRig
durchgefiihrt, obwohl er manchmal sensitiver als pupillometri-
sche Verfahren sein kann [2]. Leider gibt es nur einzelne Stu-
dien {iber den Beitrag des Swinging-Flashlight-Tests beim
Glaukom. In der oben genannten Studie von Lankaranian et
al. [6] konnte ein RAPD mit automatischer Pupillografie bei
56% der Glaukompatienten, mit dem klassischen Swinging-
Flashlight-Test bei 29% der Patienten und mit einer besonde-
ren VergroRerungstechnik mittels+20 dpt-Linse bei 60% der

Patienten nachgewiesen werden. Dieser Test wurde aber erst
nach dem {iblichen Swinging-Flashlight-Test durchgefiihrt, so-
dass eine gewisse Voreingenommenbheit der Untersucher nicht
auszuschlieBen ist. 60% RAPD erscheinen nach unserer Erfah-
rung zu hoch. Kalaboukhova et al. untersuchten das Vorliegen
eines RAPD bei Glaukompatienten und gesunden Probanden
mittels Infrarotpupillometrie. Sie stellten fest, dass ihr Test
eine glaukomatdse Optikusneuropathie mit einer Sensitivitat
von 86,7% bei einer Spezifizitit von 90% erkennen kann, die
allerdings fiir einen Screening-Test immer noch zu niedrig ist
[7].

Es wurde schon mehrfach versucht, den objektiven Swinging-
Flashlight-Test mit subjektiven Methoden zu vergleichen. In al-
len im Folgenden zitierten Arbeiten wurden allerdings unter-
schiedliche Erkrankungen der vorderen Sehbahn bewertet, wo-
runter das Glaukom nur einen kleinen Teil darstellte. Die erste
Arbeit zu diesem Thema publizierte Thompson 1982 [8].
Durch eine Analyse von Goldmann-Gesichtsfeldern kam er zu
einer Unterteilung des Gesichtsfelds in 60 einzelne Parzellen,
von denen jede einen RAPD von 0,05 log-Einheiten reprdsen-
tieren sollte. Lagreze und Kardon untersuchten die Korrelation
zwischen RAPD und retinalem Ganglienzellverlust. Sie stellten
eine signifikante Korrelation fest mit Korrelations-Koeffizien-
ten von 0,7 fiir das Humphrey-Gesichtsfeld und 0,63 fiir das
Goldmann-Gesichtsfeld [9].

Wilhelm et al. [4] untersuchten bei 98 Patienten mit Optikus-
neuropathien unterschiedlicher Pathogenese die Korrelation
vom RAPD mit Sehscharfe, zentraler Lichtunterschiedsemp-
findlichkeit (zLUE) und Gesichtsfeldbefund bei tiberschwelliger
Rasterperimetrie. Wahrend Visus und zLUE nur eine schwache
Korrelation mit dem RAPD zeigten, korrelierte die Anzahl der
nicht gesehenen Priifpunkte bei der 30°-Perimetrie maRig mit
dem RAPD. Ein nicht gesehener Punkt entsprach einem RAPD
von etwa 0,01 log-Einheiten. Thre Ergebnisse hinsichtlich der
Korrelation vom Gesichtsfeldausfall und RAPD sind gut ver-
gleichbar mit denen anderer Autoren, die Schwellenperimetrie
verwendeten. Es zeigte sich also, dass es mdglich ist, durch
Zdhlen der nicht gesehenen Priifpunkte bei tiberschwelliger
Perimetrie das Ausmaf3 des pupillomotorischen Empfindlich-
keitsverlusts ebenso gut abzuschdtzen wie durch Bestimmung
des Gesamtverlusts bei schwellenbestimmender Perimetrie.
Zur Quantifizierung des Gesichtsfeldausfalls hatten Wilhelm et
al. alle absoluten Ausfélle mit 1, alle relativen, unabhdngig von
der Tiefe, mit 0,5 bewertet und addiert. In unserer Studie ha-
ben wir eine dhnliche Methode benutzt. Diese Formel beriick-
sichtigt zwar nicht die Exzentrizitit der Defekte und die Tiefe
des relativen Defekts, allerdings spiegelt das Raster von TAP
und Octopus die lokal unterschiedliche pupillomotorische
Empfindlichkeit der Netzhaut dadurch wider, dass es zentral
verdichtet ist. Auch wird bei den meisten Glaukompatienten
in unserer Klinik fiir die Verlaufskontrollen immer noch die
schwellennah-iiberschwellige Perimetrie verwendet, bei der
keine genauen lokalen Schwellen oder Gesamtverlust in dB
(Mean Defect) bestimmt werden.

© Abb.1 und © Abb.2 zeigen aber, dass es auch unter den
Patienten ohne RAPD klar asymmetrische Gesichtsfeldbefunde
gab. Ein Skotom bedeutet nicht unbedingt einen kompletten
Verlust der Ganglienzellen. Es kann nur eine Dysfunktion der
Ganglienzellen ohne einen aktuellen Verlust an Neuronen zei-
gen. Eine andere Erkldrung bietet die unterschiedliche Basis bei-
der Untersuchungsmethoden. Wahrend bei Perimetrie schwel-
lennah Lichtstimuli angeboten werden, wird ein RAPD mit klar
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iberschwelligen Lichtintensititen getestet. Moglicherweise un-
tersuchen beide Methoden auch verschiedene Ganglienzellpopu-
lationen mit anderen rezeptiven Feldern, die von einer glauko-
matosen Optikusneuropathie unterschiedlich betroffen sein
konnen und deren unterschiedliche Eigenschaften zu den Ab-
weichungen zwischen Perimetrie und RAPD beitragen konnen.
Diese Uberlegungen werden auch durch die letzten Erkenntnisse
zum pupillomotorischen Einfluss der Melanopsin-enthaltenden
lichtempfindlichen retinalen Ganglienzellen unterstiitzt [10,
11]. Das visuelle System ist streng retinotop, seine Schddigung
wiirde also perimetrisch nachweisbare Ausfdlle verursachen,
wdhrend durch Schiddigung des Kanals mit Melanopsin-Gang-
lienzellen ein RAPD zu erwarten wdre [12]. Unsere eigene For-
schung, deren Ergebnisse noch nicht publiziert wurden, ldsst
vermuten, dass die pupillomotorischen rezeptiven Felder in ih-
rer Verteilung der visuellen Empfindlichkeit der Netzhaut ent-
sprechen, allerdings viel grofer sind als die klassischen rezepti-
ven Felder. In einem Netzhautgebiet mit beschddigten retinalen
Ganglienzellen konnten die iibrigen pupillomotorisch wirksa-
men Ganglienzellen aufSerhalb dieses Areals immer noch stimu-
liert werden. Also kénnte ein zwar (zwischen beiden Augen)
asymmetrischer, aber kleiner Gesichtsfeldausfall ohne Einfluss
auf die Pupillenreaktion bleiben.

Es stellt sich die Frage, ob ein RAPD vor einem Gesichtsfeld-
ausfall entstehen kann. Das konnte dadurch verursacht sein,
dass bereits eine groRere Anzahl Neuronen ausgefallen sein
muss, bevor es zu einem messbaren Gesichtsfeldausfall kommt
[13], wdhrend ein RAPD auch durch eine diffuse Herabsetzung
der LUE zustande kommen kann. Gerade bei diesen Patienten
wiirde der RAPD die zusdtzliche Information beisteuern, dass
der Schaden bereits grofRer ist, als sich nach dem Gesichtsfeld-
befund vermuten lief3e. In der Studie von Lagreze und Kardon
[9] konnten anhand der Regressionsanalyse Patienten mit
deutlichem RAPD und relativ kleinem Gesichtsfelddefekt be-
stimmt werden und umgekehrt. In ihrer Studie war der Swin-
ging-Flashlight-Test so sensitiv wie die Perimetrie. In unserer
Studie gab es keine Patienten mit RAPD, die keinen Gesichts-
feldausfall aufwiesen. Im Falle eines RAPD war wenigstens ein
minimaler Gesichtsfelddefekt immer vorhanden.

Somit ist der Swinging-Flashlight-Test nicht als Ersatz, sondern
als Ergdnzung der Perimetrie aussagekrdftig. Sein Vorhanden-
sein zeigt ein fortgeschritteneres Stadium an. Der entscheiden-
de Vorteil ist allerdings, dass diese Untersuchung objektiv und
unabhdngig vom Patienten ist. Dies ist vor allem dann bedeu-
tend, wenn ein Patient bei der Perimetrie keine verldsslichen
Angaben macht. Damit ist bei einer Zunahme der Patienten
mit Demenz immer hdufiger zu rechnen. Ein RAPD kann somit
eine Verschlechterung anzeigen und bei der Interpretation der
Gesichtsfelder helfen. Auch das Verschwinden eines RAPD
kann eine Verschlechterung anzeigen, wenn sich das bislang
bessere an das schlechte Auge anndhert.

Klinische Studie

Schlussfolgerung

v

Der relative afferente Pupillendefekt tritt ungefihr bei einem
Drittel der Patienten mit Offenwinkelglaukom auf. Er begleitet
vorwiegend stdrker ausgeprdgte Gesichtsfeldausfille und Ge-
sichtsfeldausfdlle mit einer groRen interokularen Differenz.
Sein Fehlen bedeutet aber nicht, dass kein Gesichtsfeldausfall
vorliegt und umgekehrt kann ein RAPD bei scheinbar minima-
len Gesichtsfeldausfillen vorhanden sein. Wir raten, den Swin-
ging-Flashlight-Test bei Glaukompatienten routinemaRig anzu-
wenden.
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Abstract

Background The aim of our study was to test in a small
series of cases if pupil perimetry can prove real concentric
visual field loss in retinal degeneration and distinguish from
feigned visual field loss.

Methods By means of infrared-video-pupillography, light
responses to perimetric stimuli were recorded. The stimulus
pattern consisted of 41 stimuli presented in the central 30°
visual field. Stimulus intensity was 140 cd/m”. 5 healthy
subjects, 6 patients with retinitis pigmentosa and 2 patients
with suspected functional visual field loss were examined.
Results Pupil perimetry was able to reproduce the visual
field in retinitis pigmentosa very well. Normal subjects and
patients with suspected feigned visual field loss showed
normal pupillomotor fields, different from the findings in
retinitis pigmentosa.

Conclusions This study provides sufficient evidence that
pupil campimetry is applicable for differentiating between
retinal dystrophy and functional concentric visual field loss.
Possible residual light sensitivity of the blind retina due to
melanopsin ganglion cells is obviously not sufficient to
provide a pupillary light response to perimetric stimuli.

Keywords Pupil campimetry - Pupil perimetry -
Retinitis pigmentosa - Concentric visual field loss -
Functional visual field loss
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Introduction

To diagnose a retinal degeneration like retinitis pigmentosa
(RP) is usually not a problem. However, there are
occasionally patients with normal fundus appearance
showing severely constricted fields. This might be non-
organic visual loss, either feigned or psychogenic. To
disclose non-organic visual field loss by objective methods
may be a challenging issue in ophthalmology. If expert
opinion is required, for example in social court issues,
objective methods are necessary. At first an electroretino-
gram would be done of course, however, reduced ERG
does not necessarily imply visual field loss and blinking or
otherwise poor compliance might produce reduced ERG
responses. It is therefore desirable to have an additional
tool. Also, in the light of the emerging gene therapy in
ophthalmology an objective visual field test would be
helpful.

Pupil perimetry or campimetry also represents an
objective method of testing the visual field by examining
the pupillary response to focal light stimuli projected
onto the retina. It is therefore principally suited as a tool
to distinguish organic from non-organic visual loss.
Before applying pupil perimetry in cases with constricted
visual fields it needs to be clarified that it is really
possible to demonstrate organic constricted fields. Al-
though it is not likely that the recently decribed
melanopsin retinal ganglion cells would respond to short
and dim stimuli [1, 2] one could argue that residual
pupillary light reaction might be possible in blind areas of
the visual field. The aim of our study was to show in a
small series of cases that pupil perimetry can demonstrate
real concentric visual field loss in retinal degeneration and
distinguish from feigned visual field loss and normal visual
fields.
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Methods

For the purpose of this study, a group of 5 healthy subjects,
6 patients with retinitis pigmentosa and 2 patients with
feigned concentric visual field loss were examined.

Patients with retinitis pigmentosa included in our study
suffered from advanced disease of both eyes and had
fulfilled the following inclusion criteria: visual field
reduced to the central 10° or less; last ERG less than half
a year ago, with a marked reduction of amplitudes and
increase in latencies in both full-field and the multifocal
ERG; typical ocular signs of RP; no other ocular disease
which could interfere with the visual field or pupil light
reaction. The study group of patients with RP consisted of 4
females and 2 males aged 29 to 71 years (median
48.5 years).

Two male patients with presumed concentric functional
visual field loss aged 27 and 29 years were recruited from our
neuro-ophthalmological clinic. Subjective visual acuity was
bilateral light perception in one and 0.3 right and 0.5 left in
the other patient. Both patients pretended to have markedly
constricted visual field. The diagnosis of feigned visual loss
was based on the absence of any objective sign of visual loss
in any test including electrophysiologic testing and on
inconsistency of vision and observed behaviour.

As control subjects served 5 healthy subjects with
normal ophthalmological findings, normal pupil light
reaction and normal visual field in both eyes. The control
group consisted of 4 females and 1 male aged 26 to
56 years (median 27 years).

The study was approved by the local institutional ethics
committee and followed the tenets of the Declaration of
Helsinki. All participants received written information
about the pupillometry and gave their written consent.

All subjects underwent a thorough ophthalmological
examination including either static perimetry, using Tiibin-
gen Automatic Perimeter, or Goldmann 90° kinetic peri-
metry of both eyes. Finally, the computerized infrared (IR)
pupil campimetry was performed. In all subjects both eyes
were tested consecutively, one eye always being covered
with a black eye patch during the test. The pupillographic
device consisted of a computer, a 19 inch CRT screen for
the stimulus presentation and a small fixation control
display. Stimuli were presented on the computer screen at
a distance of 20 cm from the subject’s eye. Blinds around
the device prevented straylight in the room from disturbing
the measurement. The pupil reaction was recorded by
means of an IR-sensitive video camera. The stimulus
pattern consisted of 41 stimuli presented in the visual field
centre and three concentric rings within the central 30°
visual field. Stimulus diameter was 4°. For all stimuli white
light was used, stimulus intensity was 140 cd/m” with a
constant background luminance of 2.7 c¢d/m>. Each stimu-

@ Springer

lus was presented for 200 ms every 2000 ms. A small red
spot was presented constantly for fixation. The perimetry
program presented each stimulus at each tested location
four times. If the pupil size could not be recorded four
times without problems (e.g. of blinks), the stimulus was
presented more often until four recordings of the pupil size
were done for each stimulus. The pupillary response was
analysed for each pupil record. Afterwards the four
pupillary responses were averaged. Using these averaged
values the further analysis was done.

In all groups the pupil fields were compared to the
standard visual fields obtained on the same day both by a
subjective assessment of an experienced observer and
statistical evaluation. For statistical analysis the mean of
the pupil light reaction in the centre of the visual field and
at the eccentricity of 10, 20 and 30 degrees, was calculated
in each subject. The median, mean, standard deviation,
minimum and maximum were calculated in the control and
RP group.

To compare the RP group with the control group, the
pupil responses at individual eccentricities were analysed
using a two-tailed Wilcoxon rank-sum test. Due to the small
number of patients with non-organic visual field loss, their
results were not evaluated by descriptive statistics or the
non-parametric test, but the actual pupil response discussed
in comparison to the other two groups.
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Fig. 1 Pupillomotor field in a healthy person. The column represents
the mean value of pupil light response in mm at each tested location in
the visual field. The mean value is calculated as an avarage of
individual amplitudes of four displayed pupillographic curves. The
error bar above the column represents the standard error (SE) of the
mean value
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Results

Pupil campimetry in control subjects showed pupil light
reaction at all tested locations in the visual field with the
highest amplitude in the centre of the visual field and a
decrease towards periphery (Fig. 1). In patients with
retinitis pigmentosa whose visual field was constricted to
the central 3 to 10°, the pupil reaction was present only
within the preserved visual field. No pupillary response
could be recorded outside the area where Goldmann V4
was seen (Fig. 2). The median, mean, standard deviation,
minimum and maximum of the pupil light reaction in the
centre of the visual field and at the eccentricity of 10, 20
and 30 degrees in the control and RP groups, are listed in
Table 1.

In the two patients with suspected feigned visual field
loss one patient (1) pretented that he had a concentric visual
field loss up to the central 10° on both eyes. There was no
visible ocular pathology. The second patient (2) could
identify only a few stimuli close to the centre of the visual
field in both eyes during the visual field test. Ocular fundus
of this patient showed only typical myopic changes. A
relative afferent pupillary defect was not present with either
of these patients. Magnetic resonance imaging scans of the
brain and optic nerve had not revealed any pathology. Pupil
campimetry in both patients showed a well evocable pupil
reaction at all tested locations, with no evidence of any
concentric constriction of the visual field in either eye
(Fig. 3). The actual pupil reaction [mm] at defined
eccentricities of the visual field for both patients is listed
in Table 2.

The pupil responses differed significantly between the
control subjects and the RP patients in the centre of the
visual field (p=0.029), as well as at the eccentricity of 10,
20 and 30 degrees (all p=0.006). The pupil constriction
amplitude of patients with feigned visual field loss
resembled the results of the control subjects and differed

Table 1 Characteristics of pupil light reaction in the group of control
subjects and RP patients

Eccentricity Median Mean SD Minimum Maximum

[mm] [mm] [mm)] [mm)]

Control 0° 1.80 1.76 0.36 1.25 2.26
group  10° 1.23 122 0.27 091 1.65
20° 1.04 1.03 0.24 0.71 1.33

30° 0.81 0.87 0.22 0.56 1.09

RP 0° 1.01 1.04 0.52 0.22 1.75
group 10° 0.42 0.34 0.27 0.01 0.69
20° 0.02 0.04 0.04 0.01 0.09

30° 0.04 0.07 0.09 0.01 0.25

Median, mean, standard deviation, minimum and maximum are
obtained from the mean values calculated for each subject at different
eccentricities

from the results of RP patients especially at 10, 20 and 30
degrees eccentricity.

Discussion

Pupil perimetry was able to reproduce the visual field in
retinitis pigmentosa very well. Pupil perimetry in patients
with functional concentric visual field loss did not show a
pattern similar to retinitis pigmentosa at all. On the
contrary, it confirmed normal functions in allegedly blind
areas of the visual field, thereby ruling out a severe retinal
dystrophy.

This is in accordance with other studies dealing with the
clinical applications of pupil perimetry which have shown
that most diseases affecting the retina and the visual
pathway cause pupil field scotomata which match the
defects found in standard perimetry [3, 4, 5, 6]. Visual field
defects in pupil campimetry can be recognized by a reduced
or absent pupil light reaction within these areas.

Not much information exists about the pupillary visual
field in retinitis pigmentosa. Alexandridis et al. [7] showed
that it is possible to objectify visual loss in patients with
retinitis pigmentosa by means of the pupillography.
However, in his experiments he did not use pupil perimetry
but central threshold measurement.

Use of pupil campimetry to test patients with functional
visual loss has been investigated by other studies, as well
[4, 5, 8,9, 10]. To our knowledge, only two studies [8, 9]
included a few patients with retinitis pigmentosa. Moore et
al. [8] included 2 patients with retinitis pigmentosa, who
showed no pupil response in the peripheral field, similar to
ours. Based on the data of 17 patients with suspected
functional visual field loss, the authors called pupil
perimetry a method, which can objectively substantiate
functional field loss when focal pupillary responses are
normal but visual threshold is not. Yoshitomi et al. [9] also
examined 2 patients with retinitis pigmentosa and found a
congruence between conventional and pupil perimetry.
Rajan et al. [10] conducted a study on 3 patients with
presumed functional visual field loss respecting the mid-
lines. They concluded that in cases of functional visual field
loss where the pattern is not consistent with retro-chiasmal
disease, pupil perimetry can provide objective evidence for
normal visual fields. Kardon et al. [4] tested pupil perimetry
in normal subjects and patients with various visual field
defects. One patient in their study group with functional
hemifield loss demonstrated a completaly normal pupil
field.

Pupil perimetry has its limitations too. First, only the
central 30° of the visual field can be tested. Pupil light
reaction elicited by light stimuli further in the periphery is
only subtle and variable and can be hardly registered by
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Patient 1

Fig. 3 Pupillomotor fields of 2 patients with feigned concentric visual
field loss. During standard visual field test, patient 1 could identify
only a few stimuli close to the centre of the visual field, patient 2 gave

current techniques. Second, it is accompanied by a greater
variability in the measurements than the standard perimetry
[11] and cannot be performed in patients with marked
efferent pupillary disorders. Reduced pupil contraction can
also be due to supranuclear inhibition (fear, stress), small
pupil size, autonomic neuropathy or systemic drugs with
anticholinergic effects. Such a pupil field might appear
constricted, however, all responses are reduced, the central
and the peripheral. According to our results, the appearance
of a pupil field in retinitis pigmentosa patients is typical and
should not be mistaken. Third, there is the unavoidable
problem of straylight which might pretend a pupil light
response in a blind area of the visual field. Fortunately, this
played a minor role in our retinitis pigmentosa cases as
demonstrated in Fig. 2. The responses outside the function-
al visual field area are absent or very small. However, when
trying to map small defects, straylight may frustrate such an
attempt.

Table 2 Mean pupil light reaction [mm] in the centre of the visual
field and at the eccentricity of 10, 20 and 30 degrees in two patients
with feigned visual field loss

0° 10° 20° 30°
Patient 1 1.59 1.27 0.83 0.80
Patient 2 1.28 0.85 0.66 0.71

Again, these values were calculated from the mean values at a
particular eccentricity in the visual field

@ Springer

Patient 2

a visual field of 10°. However, their pupillograms at all tested
locations are normal, giving no evidence of any concentric visual field
loss. For further explanation of the graphs, see Fig. 1

Pupillary function in patients with retinitis pigmentosa
needs also to be discussed in the context of new knowledge
on retinal anatomy. Recent studies in mammals [12] have
provided overwhelming evidence that ocular photorecep-
tion is not limited to rods and cones. A small subset of
retinal ganglion cells expressing melanopsin has been
shown to be directly photosensitive. These retinal ganglion
cells project to the olivary pretectal nuclei, the retino-
recipient area responsible for the pupillary light reflex, and
the suprachiasmatic nuclei, the circadian pacemaker in the
brain [13, 14]. They do not serve vision and might be
spared in retinal cone-rod-dystrophies.

Experiments on rodless and coneless mice have
shown that pupillary light response persists in the
absence of rods and cones. It could be argued that
those ganglion cells might provide light responses even
in the blind visual field of retinitis pigmentosa patients.
However, melanopsin exerts influence only at high
irradiances and does not respond to short stimuli but
rather to sustained stimuli. Probably, the rod/cone and
melanopsin system together provide the full dynamic
range of the normal pupillary reflex [15]. Thus, light
stimuli used in our experiments were below the threshold
of the photosensitive ganglion cells in the affected regions
of the retina.

In conclusion, this study provides sufficient evidence
that pupil campimetry is applicable in differential diagnosis
of retinal dystrophy and functional concentric visual field
loss. To determine specificity and sensitivity further studies
with more patients are necessary.
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Zusammenfassung

v

Hintergrund: Ziel der Studie war festzustellen, ob
eine pupillografische Untersuchung des Gesichts-
felds mittels Pupillenkampimetrie glaukomatdse
Gesichtsfeldveranderungen aufdecken kann und
somit fiir Glaukom-Screening geeignet wadre.
Patienten und Methoden: Es wurden 20 Patien-
ten mit Offenwinkelglaukom und 30 gesunde
Probanden mittels der Pupillenkampimetrie un-
tersucht. Alle Glaukompatienten hatten einen
glaukomatdsen Gesichtsfelddefekt an mindestens
einem Auge. Das Reizmuster bestand aus 17 wei-
Ben Lichtreizen, die im zentralen 30°-Gesichts-
feldbereich, besonders im Bjerrum-Bereich, dar-
geboten wurden. Der Stimulusdurchmesser war
6°. Jeder Stimulus wurde fiir 200 ms alle 2000 ms
prdsentiert. Es wurden insgesamt 3 Priifpunkt-
Leuchtdichten getestet (16,4 cd/m?; 27,1 cd/m?
und 40,5 cd/m?). Die einzelnen Pupillenlichtreak-
tionen (PLR) an allen gepriiften Punkten im Ge-
sichtsfeld, deren Summen und Teilsummen wur-
den zwischen beiden Gruppen mit dem 2-seitigen
Zweistichproben-t-Test verglichen. Die Trenn-
schdrfe der Methode beim Glaukom wurde mit
ROC-Kurven (receiver operating characteristics)
bewertet.

Ergebnisse: Die durchschnittliche PLR war bei
Glaukompatienten an allen Messorten im Ge-
sichtsfeld niedriger als bei gesunden Probanden.
Auch bei der Summenbildung der Amplituden
waren die Werte der Glaukompatienten geringer.
Signifikante Unterschiede in der PLR zeigten sich
vor allem im zentralen und parazentralen Ge-
sichtsfeld. Die besten AUC-Werte (area under the
curve) wurden unter Verwendung der héchsten
Helligkeit erzielt, der gréSte AUC-Wert lag bei
0,769.

Schlussfolgerung: Obgleich der Unterschied der
PLR zwischen Glaukompatienten und der Kon-
trollgruppe statistisch signifikant war, waren die
erzielten AUC-Werte zu gering, um die gewiinsch-

Abstract

v

Background: The aim of the study was to find out
if pupillographic assessment of the visual field by
means of pupil campimetry can identify glauco-
matous visual field defects and as such be used
for glaucoma screening purposes.

Patients and Methods: 20 patients with open an-
gle glaucoma and 30 healthy persons were exam-
ined by means of pupil campimetry. All glaucoma
patients had a glaucomatous visual field defect in
at least one eye. The stimulus pattern consisted of
17 white-light stimuli which were presented
within the 30° visual field, particularly in the
Bjerrum region. The stimulus diameter was 6°.
Each stimulus was presented for 200 ms and the
interval between the stimuli was 1800 ms. Three
stimulus intensities (16.4 cd/m?; 27.1 cd/m? and
40.5 cd/m?) were tested. The individual pupil light
reaction (PLR) amplitudes at all examined loca-
tions in the visual field, their sums and partial
sums were compared between both groups by
the two-sided two-sample t test. The diagnostic
performance of the method in glaucoma diagno-
sis was evaluated by ROC curves (receiver operat-
ing characteristics).

Results: The average PLR at all locations in the vi-
sual field was reduced in glaucoma patients com-
pared to healthy persons. The sums of the PLR
were reduced in glaucoma patients as well. Signif-
icant differences in the PLR were found especially
in the central and paracentral visual fields. The
best AUC values (area under the curve) were
reached with the highest stimulus intensity, the
highest AUC value overall was 0.769.

Conclusion: Although the difference in PLR be-
tween glaucoma patients and the control group
was significant, the reached AUC values fell short
of being ideal for screening purposes. A surprising
finding was that the most central pupil response
was reduced by the same amount as that in the
Bjerrum region.
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te Sensitivitdt und Spezifitat fiir ein geeignetes Glaukom-Scree-
ning zu erreichen. Ein tiberraschender Befund war, dass die Pu-
pillenantwort auf den zentralsten Reiz im gleichen Umfang redu-
ziert war wie in der Bjerrum-Region.

Einleitung

v

Einer von 40 Erwachsenen iiber 40 Jahre leidet an Glaukom mit
einer Beeintrachtigung des Sehens. Das bedeutet, dass 60 Millio-
nen Menschen weltweit Glaukom haben, und 8,4 Millionen da-
von sind blind auf beiden Augen. Sogar in entwickelten Lindern
bleibt die Halfte von Glaukompatienten unerkannt [1]. Und doch
ist die Frithdiagnose bei dieser Erkrankung von hochster Bedeu-
tung. Durch Therapie ldsst sich der Glaukomschaden verhindern
oder zumindest aufhalten.

Nach geeigneten und universalen Screening-Tests auf Glaukom
wird also seit Langem dringend gesucht. Diese Verfahren miissen
auch Nichtaugendrzten zugdnglich sein, sie miissen schnell und
einfach sein und sollten moglichst wenig von der Mitarbeit des
Patienten und vom Koénnen und der Erfahrung des Untersuchers
abhdngen.

Ein mogliches objektives Verfahren ist die pupillografische Prii-
fung der visuellen Afferenz. Ein Glaukom beginnt nur selten sym-
metrisch und somit hat ein Glaukom in aller Regel einen relativen
afferenten Pupillendefekt im schlimmer betroffenen Auge zur
Folge [2]. Auch ist das Gesichtsfeld selten symmetrisch betroffen.
Es sollte sich demnach beim Glaukom eine deutlichere Streu-
ung der pupillomotorischen Empfindlichkeit im Gesichtsfeld fin-
den als beim Normalen. Das Ziel unserer Studie war zu zeigen, ob
eine pupillografische Untersuchung des Gesichtsfeldes mittels
Pupillenkampimetrie glaukomatdse Gesichtsfeldverdanderungen
aufdecken kann und somit fiir Glaukom-Screening geeignet ware.

Patienten und Methoden

v

Fiir diese Studie wurden 20 Glaukompatienten mit Offenwinkel-
glaukom, Pseudoexfoliationsglaukom, Pigmentdispersionsglau-
kom oder Normaldruckglaukom untersucht. Die Patientengrup-
pe bestand aus 12 Frauen und 8 Mdnnern (Durchschnittsalter
58,4 £10,1 Jahre). Alle Patienten hatten einen glaukomatosen Ge-
sichtsfelddefekt an mindestens einem Auge. Die Ausschlusskrite-
rien waren wie folgt: Engwinkelglaukom; Netzhauterkrankung;
Optikusneuropathie (aufler Glaukomneuropathie); Amblyopie;
Strabismus; Z.n. intraokularem chirurgischen Eingriff (auRer
einer nicht komplizierten Katarakt-Extraktion); Anamnese einer
intraokularen Entziindung; Medikamenteneinnahme mit Ein-
wirkung auf die PLR; gestorte PLR; fortgeschrittener Glaukom-
schaden des Gesichtsfeldes mit Beeintrachtigung der Sehscharfe,
der einen Vergleich beider Gesichtsfeldhdlften und eine gute Fi-
xation wdhrend der Pupillenuntersuchung verhindern wiirde;
schwer wiegende Grunderkrankungen, die gegen eine Teilnah-
me an der Studie sprechen. Als Kontrollgruppe dienten 30 gesun-
de Personen (Durchschnittsalter 58,0 + 10,2 Jahre), davon 18 wa-
ren Frauen und 12 Mdnner. Zu den Einschlusskriterien zdhlten
fiir die gesunden Probanden Visus 1,0; Augendruck <21 mmHg;
ein physiologischer Augenbefund und eine normale Pupillen-
lichtreaktion (PLR). Die Studie wurde durch die Ethik-Kommis-
sion der Medizinischen Fakultdt in Tiibingen genehmigt, und ein
schriftliches Einverstindnis zur Studienteilnahme von jedem
Probanden verlangt.

Jeder Proband wurde am Untersuchungstag ophthalmologisch
untersucht (Visuspriifung, Spaltlampenmikroskopie, Priifung
der PLR und Fundusbeurteilung). Die Gesichtsfelduntersuchung
fand bei Glaukompatienten am selben Tag wie die Pupillen-
beurteilung statt. Das zentrale 30° Gesichtsfeld wurde mittels
statischer Rasterperimetrie mit dem Tiibinger Automatik Peri-
meter oder dem Octopus 101 Perimeter untersucht.

SchlieRlich wurde bei allen Probanden die Pupillenperimetrie
(Kampimetrie) durchgefiihrt. Diese Methode ist auf dem Prinzip
einer Infrarot-Video-Pupillografie aufgebaut. Die pupillenkampi-
metrische Messeinrichtung besteht aus einem 19 Zoll Bildschirm,
auf dem die Lichtreize (Stimuli) dargeboten werden, einer Infra-
rot-sensitiven Videokamera zur Aufzeichnung der PLR, einem
kleinen Monitor fiir die stindige Uberwachung der Fixation so-
wie einem Computer mit einem weiteren Monitor zur Steuerung
des Messprogramms. Die Untersuchung findet in einem abge-
dunkelten Raum statt. Die Lichtstimuli werden auf dem Bild-
schirm etwa 20 cm vom Auge des Probanden prasentiert. Der Pa-
tient wird aufgefordert, wiahrend der Messung so wenig wie
moglich zu blinzeln und einen Punkt in der Mitte des Bildschirms
zu fixieren. Bei allen Probanden wurde in dieser Studie nur ein
Auge untersucht, das andere Auge war mit einer lichtdichten Au-
genklappe abgedeckt.

Das Reizmuster bestand aus 17 weif3en Lichtreizen, die im zentra-
len 30°-Gesichtsfeldbereich dargeboten wurden, besonders zwi-
schen 10° und 20° oberhalb und unterhalb des Fixationsorts
(= Bjerrumbereich), wo sich die Nervenfaserbiindeldefekte beim
Glaukom meistens finden. Der Stimulusdurchmesser war 6°. Jeder
Stimulus wurde fiir 200 ms alle 2000 ms prasentiert. Es wurden
insgesamt drei unterschiedliche Priifpunkt-Leuchtdichten H1 =
16,4 cd/m?, H2 = 27,1 cd/m? und H3 = 40,5 cd/m? nacheinander in
unabhdngigen Messreihen getestet. Die Hintergrundbeleuchtung
wurde auf 0,7 cd/m? konstant eingestellt. Das Perimetrie-Pro-
gramm wiederholte jeden Stimulus vier Mal, um intraindividuelle
Schwankungen auszugleichen. Wenn die Aufzeichnung unzu-
langlich war (z.B. wegen Blinzeln), wurde der Stimulus mehrfach
dargeboten, bis vier verldssliche Aufnahmen der PLR zur Ver-
fiigung standen. Anhand der vier pupillografischen Kurven der
PLR pro Messort wurde der Mittelwert der Reflexamplitude in
mm bestimmt. Dieser Durchschnittswert wurde dann fiir die
weitere Analyse benutzt.

Das Primdrkriterium der statistischen Analyse war die Amplitude
der PLR auf die Testreize an allen gepriiften Punkten im Gesichts-
feld und deren Vergleich bei Gesunden und Glaukompatienten.
Da von einer Normalverteilung der Werte ausgegangen werden
konnte, wurde fiir die statistische Analyse der t-Test verwendet.
Um die Aussagekraft der Methode umfassend zu priifen, wurden
auBBer dem Vergleich der PLR an Einzelpunkten im Gesichtsfeld
zwischen Glaukompatienten und Gesunden auch deren Sum-
men, Teilsummen und Differenzen zwischen dem oberen und
unteren Halbfeld verglichen und jeweils die ROC-Kurven gebildet.
SchlieBlich wurde noch der Ausgangs-Pupillendurchmesser vom
Anfang der Untersuchung an allen gepriiften Stellen im Gesichts-
feld zwischen beiden Gruppen verglichen. Engere Pupillen konn-
ten ndmlich zur reduzierten retinalen Beleuchtung und somit zur
geringeren Pupillenkontraktion fiihren.
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Abb.1 a Die Gesichtsfelduntersuchung zeigt bei diesem Glaukompatien-
ten ausgedehnte Gesichtsfeldausfdlle im unteren Halbfeld beider Augen (Ge-
rat Octopus 101, Haag Streit). b Der Gesichtsfelddefekt am linken Auge

Ergebnisse

v

Zur Veranschaulichung der Darstellbarkeit der glaukomatésen
Gesichtsfelddefekte mittels der Pupillenkampimetrie sind die Er-
gebnisse der Pupillenkampimetrie und automatischer Perimetrie
von 2 Glaukompatienten dargestellt. Bei einem Patienten ver-
ursachte ein Glaukom groRe Nervenfaserbiindeldefekte im unte-
ren Halbfeld beider Augen. Diese Defekte bilden sich pupillenkam-
pimetrisch sehr gut ab, die PLR ist im unteren Halbfeld erniedrigt
(C Abb. 1). Bei dem anderen Patienten hatte das Glaukom einen
typischen Nervenfaserbiindeldefekt im Bjerrum-Bereich am lin-
ken Auge zur Folge. Dieser Defekt konnte mittels der Pupillen-
kampimetrie nicht nachgewiesen werden (© Abb. 2).

Zur Schematisierung und Standardisierung des Untersuchungs-
ablaufs wurden die 17 Testorte im Gesichtsfeld vom Zentrum
aus gegen den Uhrzeigersinn von MO bis M16 durchnummeriert
(© Abb. 3). Aus dem Vergleich der Amplituden der PLR an 17 Ein-
zelpunkten im Gesichtsfeld ergab sich, dass die durchschnittliche
PLR bei Glaukompatienten an allen Messorten niedriger als bei
gesunden Probanden war. Der t-Test zeigte signifikante Unter-
schiede zwischen beiden Gruppen an den Messorten M2, M4,
M7 und M8 (p<0,05) unter Verwendung von Helligkeit 1, an
den Messorten M1, M2, M5, M6, M8, M9 und M12 (p <0,05) bei
Helligkeit 2 und an den Messorten MO bis M15 (p <0,05) bei Hel-
ligkeit 3, wobei der Unterschied an den Messorten MO bis M2 und
M4 bis M8 am deutlichsten war (p <0,01). Die Differenz zwischen
der PLR beider Gruppen wird mittels der grafischen Darstellung
fiir Helligkeit 3 deutlich - an allen Messorten im Gesichtsfeld ver-
lduft die Kurve der Amplitudenmittelwerte der Gesunden ober-
halb der Kurve der Patienten (© Abb. 4).

Der Ausgangs-Pupillendurchmesser bei Glaukompatienten war
im Mittelwert 6,37 + 1,06 mm. Bei gesunden Probanden lag der
Mittelwert bei 6,93 +1,34mm. Die Pupillendurchmesser der
Glaukompatienten waren an allen Stellen im Gesichtsfeld kleiner
als diejenigen der gesunden Probanden, der Unterschied war
aber mit einer einzigen Ausnahme (Messort MO, p = 0,046) statis-
tisch nicht signifikant.

Um die diagnostische Trennschadrfe der Methode zu beurteilen,
wurden fiir alle Messorte und alle Leuchtdichten ROC-Kurven an-
gefertigt. Alle Kurven lagen dabei oberhalb der Winkelhalbieren-

konnte mittels der Pupillenkampimetrie bei H1 gut dargestellt werden. Die
Hohe der roten Balken spiegelt die Intensitat der Pupillenlichtreaktion am
entsprechenden Ort im Gesichtsfeld wider.

den, die Fliche unter der Kurve (AUC) war also immer grof3er als
0,5. Die grofSten AUC-Werte wurden an jedem Testort unter Ver-
wendung der Helligkeit 3 (40,5 cd/m2) erzielt, diese Stimulus-
leuchtdichte konnte also zwischen den Glaukompatienten und
gesunden Probanden am besten unterscheiden (© Abb.5). Der
grofite AUC-Wert von 0,769 wurde bei Helligkeit 3 am Messort
Nr. 5 erreicht. Da sich die Leuchtdichte 3 als beste fiir die Unter-
scheidung zwischen beiden Gruppen gezeigt hat, wurde in den
weiteren Analysen nur diese Leuchtdichte verwendet.

Als ndchstes wurden die Summen von Amplituden der PLR bei
Helligkeit 3 von MO bis M16 (30°-Gesichtsfeld), von MO bis M4
(zentrales Gesichtsfeld) und von MO bis M8 (zentrales und para-
zentrales Gesichtsfeld) gebildet und diese zwischen Glaukom-
patienten und gesunden Probanden verglichen. Dabei zeigte sich,
dass die Glaukompatienten auch bei der Summenbildung der
Amplituden jeweils geringere Werte aufwiesen als die Kontroll-
gruppe. Im t-Test ergab sich erneut ein statistisch signifikanter
Unterschied zwischen beiden Gruppen. Geringere p-Werte wur-
den dabei fiir das zentrale und parazentrale Gesichtsfeld erzielt
- Messorte MO bis M8 (© Tab. 1). Die erzielten AUC-Werte iiber-
schritten fiir jeden Summenvergleich den Wert 0,7 (© Tab. 2),
allerdings waren diese nicht groRer als beim Vergleich von Ein-
zelpunkten bei Helligkeit 3.

Als letztes wurden noch die Differenzen der Amplituden der PLR
von entsprechenden Stellen im oberen und unteren Gesichtsfeld
berechnet und diese zwischen Glaukompatienten und Proban-
den verglichen. Diese Analyse wurde erneut nur fiir die Helligkeit
3 durchgefiihrt. Zu erwarten wadre, dass ein asymmetrischer
Glaukomschaden in oberer und unterer Retina zu einem grof3e-
ren Unterschied zwischen den Amplitudenwerten der PLR des
oberen und unteren Gesichtsfelds fithren kénnte als bei der Kon-
trollgruppe und somit der Betrag der jeweiligen Differenz gréSer
wadre. AuBer dem Vergleich von Messorten M5 und M8 zeigte der
t-Test in diesem Fall allerdings keinen signifikanten Unterschied
zwischen beiden Gruppen. Auch die AUC-Werte (0,369-0,647)
fithrten dabei zu keiner Verbesserung der Giite der Methode.
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Abb.3 Schematische Darstellung der Lokalisation der Messorte MO bis
M16 im 30°-Pupillengesichtsfeld.

Diskussion

v

Diese prospektive Studie zeigte einen signifikanten Abfall der
Amplitude der PLR der Glaukompatienten gegeniiber der Norm
an allen gepriiften Orten im 30°-Gesichtsfeld. Die mogliche kli-
nische Anwendung der Methode wurde mittels ROC-Kurven
bewertet, welche die fiir ein geeignetes Glaukom-Screening er-
forderliche Trennschdrfe aber nicht erreichen konnten. Sum-
men- oder Differenzenbildung fiihrten dabei zu keiner relevan-
ten Verbesserung der AUC-Werte gegeniiber der Auswertung
der Einzelpunkte. Unsere Studie erbrachte allerdings interessan-
te Erfahrungen, die als Ausgangspunkte fiir zukiinftige Versuche
dienen kénnen.

' _Dmmlmplm\'eﬂe = RA
30°

vttty
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.'_.._/ ’ ’lf
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lieR sich mittels der Pupillenkampimetrie in diesem Fall nicht gut nachweisen.
Die Hohe der roten Balken spiegelt die Intensitdt der Pupillenlichtreaktion am
entsprechenden Ort im Gesichtsfeld wider.
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Abb.4 Vergleich der Mittelwerte der Pupillenreaktion bei Glaukom-
patienten und gesunden Probanden und ihre Standardabweichung an
Messorten MO bis M16 bei Helligkeit 3.

Gegeniiber der urspriinglich beabsichtigten Fritherkennung zeig-
te diese Studie auf, dass sich Glaukomat6se nicht nur in ihrer
Schwellenwahrnehmung von Normalbeobachtern unterschei-
den. Perimetrien sind meistens schwellenbestimmend. Die Pu-
pillenkampimetrie priift dagegen Antworten auf iiberschwellige
Lichtreize. Die Glaukompatienten der Studie unterschieden sich
von den Normalbeobachtern umso mebhr, je weiter tiberschwellig
der verwendete Lichtreiz war. Diese und auch die folgenden dis-
kutierten Ergebnisse haben moglicherweise grundsatzliche Be-
deutung fiir das Verstandnis des Sehens und die Art des Schadens
beim Glaukom.

Ein typischer glaukomatoser Gesichtsfelddefekt wird durch bo-
genformige Defekte, nasale Spriinge oder andere Muster gekenn-
zeichnet, die dem Verlauf von Nervenfasern auf der Netzhaut
entsprechen und das Gesichtsfeldzentrum aussparen [3]. Ein
Schaden im Gesichtsfeldzentrum mit einer Beeintrachtigung der
Sehschdrfe wird erst im Terminalstadium vom Glaukom erwar-
tet. Erstaunlicherweise lieferte in unserer Studie auch der zentral
gelegene Messort MO eine deutlich abgeschwachte PLR der Glau-
kompatienten, und die héchsten AUC-Werte wurden besonders
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Abb.5 ROC-Kurven am Testort M5 unter Verwendung der Stimulus-
leuchtdichten H1, H2 oder H3.

im zentralen und parazentralen Gesichtsfeld erreicht. Die Sum-
menbildung von parazentralen Stellen MO bis M8 lieferte die bes-
ten Ergebnisse. Auch perimetrische Studien mit lokal verdichte-
tem Raster zeigten, dass es in Augen mit nur mafigem Glaukom-
schaden Gesichtsfelddefekte im perizentralem Gesichtsfeld gibt,
vor allem im oberen Halbfeld [4]. Das zentrale und parazentrale
Gesichtsfeld scheint also bei Glaukompatienten funktionell frii-
her beeintrdchtigt zu sein als gedacht. Das kénnte zu wesent-
lichen Problemen beim Lesen, Autofahren oder anderen Aktivi-
titen fiihren, deren Meisterung vom intakten parazentralen
Gesichtsfeld abhdngt.

Der Effekt von kleineren Pupillen auf die reduzierte PLR bei Glau-
kompatienten konnte in dieser Studie weitgehend ausgeschlos-
sen werden. Bei Glaukompatienten zeigte sich zwar die Tendenz
zu engeren Pupillen, jedoch wdre ein Unterschied dieser Grof3en-
ordnung erst bei deutlich groReren Fallzahlen mit ausreichender
Power nachzuweisen. Uber die Pupillenweite bei Glaukom-
patienten gibt es in der Literatur keine klaren Aussagen. Eine
Doktorarbeit aus unserer Forschungsgruppe zeigte, dass die Pu-
pillen bei Patienten mit primdrem Offenwinkelglaukom tatsdch-
lich enger sind als bei Gesunden (unveroffentlichte Ergebnisse).
Uber die Ursache kann man nur spekulieren. Engere Pupillen
konnen durch ein hoheres Alter verursacht werden [5], und die
meisten Glaukompatienten sind dltere Menschen. Jedoch waren
beide Gruppen in unserer Studie in ihrem Altersaufbau sehr
dhnlich. Man kénnte auch argumentieren, dass es sich um die
Wirkung von Miotika handeln kénnte. Heutzutage wird aber Pilo-
carpin bei den Offenwinkelglaukomen so gut wie nicht mehr ver-
wendet, und bei den bevorzugten Therapiemdglichkeiten wie
Prostaglandinanaloga oder Betablocker wurde keine Wirkung
auf die PupillengrofSe gefunden [6,7]. Eine weitere Erklarung
konnte sein, dass Patienten mit primdrem Offenwinkelglaukom
eine geringere zentrale Hemmung des pupillokonstriktorischen
Edinger-Westphal-Kerns haben und die Pupillen dadurch kleiner
werden [5]. Das wiirde zu der aktuellen Definition vom Glaukom
als einer neurodegenerativen Erkrankung des zentralen Nerven-
systems passen. Hier offnet sich auf jeden Fall ein interessantes
Gebiet weiterer Forschung.

Der pupillografische Ansatz beim Glaukom sollte auch im Kon-
text neuer Erkenntnisse der retinalen Anatomie diskutiert wer-

Klinische Studie I

Tab.1 Mittelwerte der Summen der Pupillenreaktion [mm] bei gesunden Pro-
banden und Glaukompatienten unter Verwendung der Stimulusleuchtdichte 3
und der p-Wert beim Summenvergleich zwischen Glaukompatienten und ge-
sunden Probanden.

Summe N|G MW der Pupillenreaktion SD p-Wert
MO0-M16 N 14,44 4,84 0,0067
MO0-M16 G 10,85 4,93

MO0-M4 N 4,81 1,45 0,0028
MO0-M4 G 3,57 1,56

MO0-M8 N 8,22 2,60 0,0025
MO0-M8 G 6,00 2,67

MW = Mittelwert, N = Norm, G = Glaukompatienten, SD = Standardabweichung

Tab.2 AUC-Werte der Summenvergleiche.

Summen AUC
MO0-M16 0,702
MO0-M4 0,721
MO0-M8 0,727

den. Aufer den klassischen Fotorezeptoren (Zapfen und Stib-
chen) gibt es in der Netzhaut eine kleine Gruppe an intrinsisch
fotosensiblen retinalen Ganglienzellen (RGCs), die Melanopsin
enthalten und am Pupillenlichtreflex beteiligt sind [8]. Da die
Melanopsin-RGCs allerdings besser auf anhaltende und helle
(> 100 cd/m?) Lichtreize antworten [9], lagen die Beleuchtungs-
dichten unserer Stimuli unterhalb der Schwelle der Melanopsin-
RGCs und konzentrierten sich auf das Zapfen-Stdbchen-System.
Nun stellt sich noch die Frage, ob die Melanopsin-RGCs bei Glau-
kom ausgespart werden und in der Lage sein konnten, auch in Be-
reichen absoluter Skotome eine PLR hervorzurufen. Kankipati et
al. untersuchten eine anhaltende Pupillenkonstriktion nach dem
Ausschalten vom farbigen Lichtstimulus (,post-illumination
pupil response*), die gerade durch Melanopsin-RGCs gesteuert
wird. Sie stellten fest, dass diese anhaltende Pupillenkonstriktion
bei Glaukompatienten im Vergleich zur Norm signifikant ernied-
rigt ist und mit dem Ausmaf$ vom Gesichtsfeldverlust umgekehrt
korreliert [10]. Es scheint also, dass die Melanopsin-RGCs bei
Glaukom auch betroffen sind und keine ,,zusdtzliche* PLR in be-
schiddigten retinalen Arealen ermdglichen.

Uber den Einsatz von Pupillografie beim Glaukom wurde in der
letzten Zeit einiges geforscht. Kalaboukhova et al. untersuchten
das Vorliegen eines RAPD bei Glaukompatienten und gesunden
Probanden mittels Infrarotpupillometrie. Sie stellten fest, dass
ihr Test eine glaukomatdse Optikusneuropathie mit einer Sensiti-
vitdt von 86,7 % bei einer Spezifitidt von 90,0% erkennen kann, die
allerdings fiir einen Screening-Test immer noch zu niedrig ist
[11]. Chen et al. untersuchten bei Glaukompatienten die Asym-
metrie der PLR auf groRBe, im oberen und unteren Halbfeld spie-
gelbildlich gelegte Lichtreize. Die PLR wurde als der Kontrastaus-
gleich (,contrast balance“ - relative Sensitivitdt auf obere und
untere Lichtreize) und die Kontraktionsamplitude auf einzelne
Lichtreize ausgewertet. Die Werte des Kontrastausgleichs unter-
schieden sich beim Glaukom signifikant von der Norm und ent-
deckten den Gesichtsfelddefekt in 70% der Patienten. Allein nach
der Pupillenkontraktion konnten 60% der Glaukompatienten er-
kannt werden. Wenn der Kontrastausgleich und die Pupillenkon-
traktion zusammen ausgewertet wurden, entstand fiir die Unter-
scheidung von Glaukompatienten eine ROC-Kurve mit einer AUC
von 0,83. Die Trennschdrfe der Kontraktionsamplitude allein,
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was fiir den Vergleich mit unseren Ergebnissen vorteilhafter wa-
re, wurde in dieser Studie nicht tiberpriift [12]. Wride et al. un-
tersuchten dieselbe Methode bei 30 Glaukompatienten und 30
gesunden Probanden mit dem Gerdt The Pupilmetrix™ PLR60
(Applied Neurodiagnostics Ltd., Cramlington, United Kingdom).
Die erzielte Sensitivitdt der Methode war sogar 93,1% bei einer
Spezifizitit von 76,7%. Die Ubereinstimmung mit der klinischen
Diagnose eines Glaukoms lag bei 84,7 % [13]. Eine andere Metho-
de zur Glaukomerkennung mit der Pupillenperimetrie haben
Asakawa et al. benutzt [14]. Anhand ihrer Experimente bei ge-
sunden Probanden berechneten sie eine ,,normale“ Pupillenkon-
traktion an allen gepriiften Stellen im Gesichtsfeld. Mit diesen
Werten verglichen sie dann das 85. Perzentil der Pupillenkon-
traktion der Glaukompatienten und berechneten fiir jeden Ort
die Abweichung von der Norm. Auf diese Weise legten sie einen
allgemeinen Grenzwert der Abweichung fest, der zwischen Pa-
tienten und gesunden Probanden unterscheiden sollte. Der Man-
gel dieser Studie besteht allerdings darin, dass bei der Berech-
nung der Abweichung (pattern deviation) die Exzentrizitdt der
Punkte im Gesichtsfeld nicht beriicksichtigt wurde.

Im Allgemeinen konnen beim Glaukom Verdnderungen in der
PLR erfasst werden, die man auf verschiedenen Wegen unter-
suchen kann, allerdings scheinen sie nicht so eindeutig zu sein,
dass man sie nach derzeitigem Stand fiir Screening-Zwecke be-
nutzen kénnte.

Schlussfolgerung

v

Unsere Studie zeigte, dass die PLR auf fokale Stimuli im 30°-Ge-
sichtsfeld bei Glaukompatienten schwdcher ausfdllt als bei der
gesunden Kontrollgruppe. Signifikante Abfille der Amplituden
gegeniiber der Norm fanden sich besonders im zentralen und pa-
razentralen Gesichtsfeld unter Verwendung der hellsten gepriif-
ten Stimulusleuchtdichte. Hier zeigten sich auch die grofSten
AUC-Werte. Obgleich dieser Unterschied der Amplitudenwerte
des PLR zwischen Glaukompatienten und der Kontrollgruppe sta-
tistisch signifikant nachweisbar war, waren unter den in dieser
Arbeit gegebenen Messbedingungen und -einstellungen die er-
zielten AUC-Werte zu gering, um die gewiinschte diagnostische
Trennschadrfe fiir ein geeignetes Glaukom-Screening zu erreichen.
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Eine Pupillenuntersuchung wird rou-
tinemaBig primér bei neuroophthal-
mologischen Patienten durchgefiihrt.
Jedoch kann die Pupille auch bei an-
deren ophthalmologischen Erkran-
kungen niitzliche Informationen lie-
fern. Manche Tests sind schon lange
etabliert, manche beruhen auf den
neuen Erfahrungen aus der Pupillen-
forschung, die ein neues Licht auf die
Anatomie, Physiologie und Patholo-
gie des Pupillenlichtreflexes werfen.
Dieser Beitrag gibt einen Uberblick
iiber die pupillenbasierten diagnos-
tischen Methoden und deren Einsatz-
maglichkeiten in der Glaukomdiag-
nostik.

Seit Pilokarpin aus der Glaukomthera-
pie so gut wie verschwunden ist und die
Mehrzahl der Patienten mit Medika-
menten therapiert wird, welche die Pu-
pillen unbeeinflusst lassen, ist die Pupil-
lenlichtreaktion ein interessantes glau-
komdiagnostisches Verfahren geworden.
Die Pupillenreaktion bietet eine objektive
Moglichkeit, die Funktion zu priifen. Ein
Problem stellt die grofie interindividuelle
Variabilitdt der Pupillenlichtreaktion dar,
die es praktisch unmaoglich macht, ohne
weitere Information zu entscheiden, ob
ein Lichtreflex noch normal oder patho-
logisch ist. Sehr viel weniger variabel sind
hingegen interokulare Unterschiede oder
intraokulare Unterschiede zwischen ver-
schiedenen Gesichtsfeldarealen. Deshalb
spielen vergleichende Untersuchungen,
Swinging-flashlight-Test und Pupillenpe-
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Aktueller Stand der
pupillenbasierten Diagnostik der
glaukomatosen Optikusneuropathie

rimetrie die grofite Rolle und sollen hier
besondere Beriicksichtigung finden.

Relativer afferenter
Pupillendefekt bei Glaukom

Ein relativer afferenter Pupillendefekt
(RAPD) bedeutet, dass die Pupillenreak-
tion unterschiedlich ausfillt, je nachdem
von welchem Auge sie ausgelost wird. Im
Falle einer tiblicherweise normalen effe-
renten Pupillenansteuerung unterschei-
den sich dabei die direkten Lichtreaktio-
nen beider Augen, aber auch die direkte
und die konsensuelle Reaktion desselben
Auges sind ebenfalls unterschiedlich. Ein
RAPD begleitet praktisch immer eine ein-
seitige oder asymmetrische bilaterale La-
sion der anterioren Sehbahn im Bereich
von Sehnerv, Chiasma oder Tractus op-
ticus.

Das primédre Offenwinkelglaukom be-
trifft zwar meist beide Augen, beginnt
und verlduft aber oft asymmetrisch. So-
mit kann eine glaukomatése Optikusneu-
ropathie einen RAPD zur Folge haben.
Tatséchlich tritt ein klinisch identifizier-
barer relativer afferenter Pupillendefekt
ungefihr bei einem Drittel der Patienten
mit Offenwinkelglaukom auf [2, 8, 22, 26].

Ein RAPD ldsst sich mit dem Swin-
ging-flashlight-Test (Pupillen-Wechselbe-
lichtungstest) feststellen. Dieser Test wird
folgendermafien durchgefiihrt: In einem
moglichst dunklen Raum wird der Patient
aufgefordert, ein Objekt in einigen Me-
tern Abstand zu fixieren. Das Licht eines
Ophthalmoskops wird in einem Winkel
von 45° aus ca. 30 cm von unten auf je-

weils ein Auge gerichtet. Dann bewegt
man mehrfach das Licht rasch von einem
Auge zum anderen und beobachtet dabei
die direkten Lichtreaktionen beider Pu-
pillen. Beide Pupillen miissen bei diesem
Test gleich lang (ca. 2 s) aus gleichem Ab-
stand und im gleichen Winkel beleuch-
tet werden. Der Wechsel zwischen beiden
Augen sollte mindestens 5-mal wiederholt
werden. Liegt ein RAPD vor, dann erwei-
tern sich bei Belichtung des betroffenen
Auges entweder beide Pupillen ohne vor-
ausgehende Kontraktion, oder diese Kon-
traktion wird (im Seitenvergleich) weni-
ger ausgiebig ausfallen (B Abb. 1). Der
RAPD lasst sich mittels Graufiltern oder
einem automatisierten Verfahren quan-
tifizieren. Die Graufilter werden in den
Lichtstrahl des Untersuchungslichtes ge-
halten, um die Beleuchtung des besseren
Auges zu reduzieren. Schrittweise (aus-
gehend vom schwichsten Filter) werden
Graulfilter verschiedener Dichte gepriift.
Geringere Dichten als 0,3-log-Einhei-
ten sind normalerweise nicht notwendig
und bei Filterdichten tiber 1,5-log-Ein-
heiten wird die Messung recht ungenau.
Deshalb sind Stufen von 0,3, 0,6, 0,9, 1,2
und 1,5 sinnvoll. Diese kann man aus 0,3,
0,6 und 0,9 kombinieren (z. B. fotografi-
sche ND-Filter 2-fach, 4-fach und 8-fach).
Solche Graufilter sind entweder im Foto-
fachhandel oder bei verschiedenen Fir-
men erhaltlich, wie z. B. GULDEN Opht-
halmics in den USA oder bei Fa. HUBEL
in Olfen, Deutschland. Die Dichte des Fil-
ters, die den RAPD ausgleicht, entspricht
dem Maf§ des RAPD [31]. Der automati-
sche Swinging-flashlight-Test ist v. a. in
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Abb. 1 A Ausschnitte aus dem Infrarotvideo
eines Glaukompatienten ohne Gesichtsfeldaus-
falle. Man sieht einen kleinen, aber reproduzier-
baren Unterschied in der Pupillenweite: Bei Be-
leuchtung rechts sind die Pupillen weiter, es be-
steht also ein RAPD rechts. Im Video sieht man
auch, dass sich die Pupillen bei Beleuchtung
rechts weniger ausgiebig kontrahieren

Kklinischen Studien sinnvoll, in denen die
Untersuchereinfliisse ausgeschlossen wer-
den miissen [30].

Der Auspriagungsgrad des RAPD
héngt vom Ausmaf} des Ganglienzellver-
lusts und somit von dem Gesichtsfeldver-
lust ab. Lagréze und Kardon [15] unter-
suchten die Korrelation zwischen RAPD
und retinalem Ganglienzellverlust bei
Glaukom und anderen Sehnerverkran-
kungen. Sie stellten eine signifikante Kor-
relation zwischen dem RAPD und dem
Ganglienzellverlust mit Korrelationskoef-
fizienten von 0,7 fiir das ,,Humphrey-Ge-
sichtsfeld” und 0,63 fiir das ,,Goldmann-
Gesichtsfeld” fest. Der Ganglienzellver-
lust wurde aus der Flache des Gesichts-
feldverlustes geschitzt. Schiefer et al. [22]
fanden, dass das Ausmafl des RAPD am
starksten mit dem Gesichtsfeldparame-
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ter ,loss volume“ korreliert und am we-
nigsten mit der zentralen Lichtunter-
schiedsempfindlichkeit. Skorkovska et al.
[26] zeigten, dass der RAPD bei Glaukom
vorwiegend stirker ausgepragte Gesichts-
feldausfille und Gesichtsfeldausfille mit
einer grofien interokularen Differenz be-
gleitet. Sein Fehlen bedeutet aber nicht,
dass kein Gesichtsfeldausfall vorliegt und
umgekehrt kann ein RAPD bei minima-
len oder gar nicht darstellbaren Gesichts-
feldausfillen vorhanden sein. Bruckmann
et al. [2] zeigten, dass Glaukompatienten
mit einem RAPD eine grofiere Differenz
zwischen den Gesichtsfeldbefunden bei-
der Augen aufweisen als solche ohne.

)) Der Swinging-flash-
light-Test ist schnell und
patientenunabhangig

Der Swinging-flashlight-Test hat den ent-
scheidenden Vorteil, dass diese Untersu-
chung schnell und patientenunabhéngig
(objektiv) ist. Der Test sollte als Erganzung
der Perimetrie betrachtet werden und ist
besonders wertvoll, wenn Patienten nicht
in der Lage sind, zuverldssige Angaben
zu machen. Nicht selten findet sich eine
ausgeprégte Streuung zwischen perimet-
rischen Untersuchungen, sodass sich oft
nicht von einer Kontrolle zur nachsten
sagen ldsst, ob eine Verschlechterung ein-
getreten ist. Das Auftreten oder die Zu-
nahme eines RAPD kann aber eine Ver-
schlechterung objektivieren und bei der
Interpretation der Gesichtsfelder helfen.
Allerdings kann auch die Verringerung
oder gar das Verschwinden eines RAPD
eine Verschlechterung anzeigen, wenn
sich das bislang bessere funktionell dem
schlechteren Auge annahert.

Der Swinging-flashlight-Test hat dem-
nach seinen Platz in der Glaukomdiag-
nostik, und zwar bei der Objektivierung
einer Verschlechterung bei nicht eindeu-
tigen perimetrischen Angaben. Ein RAPD
kann auch anzeigen, dass ein ,,praperime-
trisches” Glaukom auf dem Weg ist, dieses
Attribut zu verlieren.

Pupillenperimetrie bei Glaukom

Eine Gesichtsfelduntersuchung ist obli-
gatorischer Bestandteil der Glaukomdia-

gnostik. Allerdings ist die konventionelle
Perimetrie eine ,,subjektive®, d. h. patien-
tenabhdngige Untersuchungsmethode,
die von vielen Faktoren beeinflusst wer-
den kann. In klinischen Studien mit Glau-
kompatienten liegt die Rate unzuverléssi-
ger Gesichtsfeldbefunde bei 210% [14].
Die Test-Retest-Variabilitdt der automati-
schen Perimetrie ist besonders in den ge-
schidigten Gesichtsfeldbereichen hoch,
was die Verlaufskontrolle erschwert [6].
Bei objektiven Tests konnten derartige
Probleme geringer sein.

Die Pupillenperimetrie (bzw. -kam-
pimetrie, wenn ein Monitor verwendet
wird) stellt eine objektive Methode zur
Gesichtsfelduntersuchung mittels der Pu-
pillenlichtreaktion dar. Diese Methode
basiert auf dem Prinzip der Infrarot-Vi-
deo-Pupillographie, kombiniert mit einer
perimetrischen Lichtreizdarbietung. Als
Antwort dient nicht das Betitigen eines
Schalters, sondern die pupillographisch
gemessene Reaktion der Pupillen. Diese
Antwort kann quantifiziert werden. Es ist
bekannt, dass die Pupillenlichtreaktion -
abgesehen vom Schwellenbereich und
vom Sittigungsbereich (sehr heller Reiz)
— linear mit dem Logarithmus des Licht-
stromes auf die Netzhaut korreliert. So-
mit hat man ein relativ einfaches Verfah-
ren, das bei bekannter Reizgrofle und Hel-
ligkeit die retinale Empfindlichkeit an der
untersuchten Stelle angibt. Die Reize miis-
sen allerdings relativ grof3 und/oder hell
sein, was zum einen die rdumliche Aufls-
sung begrenzt und das Risiko einer Streu-
lichtantwort anstelle einer echten loka-
len Antwort beinhaltet. Eine typische pu-
pillenkampimetrische Messeinrichtung,
wie wir sie verwenden, besteht aus einem
Bildschirm, auf dem die Lichtreize darge-
boten werden, einer Infrarot-sensitiven
Videokamera zur Aufzeichnung der Pu-
pillenreaktion, einem kleinen Monitor fiir
die stindige Uberwachung der Fixation
sowie einem Computer mit einem wei-
teren Monitor zur Steuerung des Mess-
programms. Die Untersuchung findet
in einem abgedunkelten Raum statt. Die
Lichtstimuli werden auf dem Bildschirm
etwa 20 cm vom Auge des Probanden pri-
sentiert. Uber die Fixation hinaus ist kei-
ne Mitwirkung des Patienten erforderlich.
Beide Augen werden getrennt untersucht
[24, 25].



Zusammenfassung - Abstract

Es wurde gezeigt, dass bei den meisten
Erkrankungen der Netzhaut und der Seh-
bahn die durch die klassische perimetri-
sche Untersuchung festgestellten Skotome
in der Pupillenkampimetrie reproduzier-
bar sind [13, 24]. Klinisch wird die Pupil-
lenkampimetrie v. a. als objektiver Beweis
bei Verdacht auf Simulation von Gesichts-
felddefekten eingesetzt [25].

» Klinisch wird die
Pupillenkampimetrie v. a. bei
Verdacht auf Simulation von
Gesichtsfelddefekten eingesetzt

Wie erwihnt, beginnt ein Glaukom nur
selten symmetrisch. Somit ist das Ge-
sichtsfeld auch nur selten symmetrisch
betroffen. So wire zu erwarten, dass sich
beim Glaukom grofiere Unterschiede in
der pupillomotorischen Empfindlichkeit
im Gesichtsfeld finden als beim Norma-
len. Diese Hypothese untersuchte eine
eigene Studie, deren Ergebnisse erstmals
beim 29. Internationalen Pupillen-Collo-
quium vorgestellt wurden [26]. Ziel war
es zu zeigen, ob eine pupillographische
Untersuchung des Gesichtsfeldes mittels
Pupillenkampimetrie glaukomatose Ge-
sichtsfeldveranderungen aufdecken kann
und somit fiir ein Glaukom-Screening
geeignet wire. Das Stimulusmuster be-
stand aus 17 Lichtreizen, vorzugsweise im
Bjerrum-Bereich des oberen und unteren
Halbfelds lokalisiert, wo die Glaukomde-
fekte am ehesten entstehen.

Die Ergebnisse zeigten, dass die Pu-
pillenlichtreaktion auf fokale Stimuli im
30°-Gesichtsfeld bei Glaukompatienten
schwicher ausfillt als bei der gesunden
Kontrollgruppe (8 Abb. 2a,b). Signifi-
kante Abfille der Amplituden gegeniiber
der Norm fanden sich besonders im zent-
ralen und parazentralen Gesichtsfeld. Ob-
wohl sich statistisch signifikante Unter-
schiede der Amplitudenwerte der Pupil-
lenlichtreaktion zwischen Glaukompa-
tienten und der Kontrollgruppe zeigten,
waren die erzielten AUC-Werte (,,area
under the curve®), welche die diagnos-
tische Genauigkeit der Methode repri-
sentieren, zu gering, um die gewiinschte
Sensitivitdt und Spezifitat fiir ein geeig-
netes Glaukom-Screening zu erreichen.
Ein wichtiges Ergebnis der Studie war al-

lerdings, dass der zentral gelegene Mess-
ort eine deutlich abgeschwiéchte Pupillen-
lichtreaktion bei Glaukompatienten zeig-
te. Dies stimmt nicht mit der klassischen
Vorstellung vom Ablauf der Gesichtsfeld-
verschlechterung beim Glaukom tber-
ein, in dem das Gesichtsfeldzentrum erst
in terminalen Stadien der Erkrankung
betroffen wird. Perimetrische Untersu-
chungen mit zentral verdichteten Ras-
tern konnten in Augen mit nur méfligem
Glaukomschaden bereits Gesichtsfeldde-
fekte im perizentralem Gesichtsfeld nach-
weisen [7, 23]. Das zentrale und parazen-
trale Gesichtsfeld scheint also bei Glau-
kompatienten funktionell frither beein-
trachtigt zu sein als in friheren Studien
angenommen.

Die Ergebnisse anderer Studien sind
beziiglich des potenziellen Beitrags der
Pupillenperimetrie zur Glaukomdiagnos-
tik widerspriichlich. Kardon [11] berich-
tete, dass man bei Glaukompatienten nur
wenig Korrelation zwischen dem ,,Pu-
pillenfeld“- und dem Gesichtsfeldverlust
sieht. Kalaboukhova et al. [9] berichteten,
dass die automatisierte Infrarotpupillo-
metrie eine glaukomatose Optikusneuro-
pathie mit einer Sensitivitit von 86,7% bei
einer Spezifitit von 90% detektieren kann;
allerdings sind diese Werte fiir einen voll-
wertigen Screening-Test immer noch zu
niedrig [9]. Andere Arbeiten, liefern da-
gegen optimistischere Ergebnisse [4, 33].
Die methodischen Randbedingungen,
v. a. die Stimuluseigenschaften, sind aber
sehr unterschiedlich. Die Pupillenkampi-
metrie kann Verdnderungen in der Pupil-
lenreaktion bei glaukomatéser Optikus-
neuropathie entdecken. Beziiglich der ge-
nauen Modalititen ihrer méglichen klini-
schen Anwendung besteht noch weiterer
Forschungsbedarf.

Multifokale Pupillographie
bei Glaukom

Andere objektive Methoden zur Gesichts-
felduntersuchung basieren auf multifoka-
len Stimulusprasentationen. Diese Tech-
niken ermdglichen eine simultane Ablei-
tung der elektrischen Aktivitit aus zahl-
reichen Netzthautbereichen. Die Stimu-
li werden in der Form eines Wabenmus-
ters angezeigt, dessen Kontrast sich pe-
riodisch dndert, aber nie wiederholt (sog.
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Zusammenfassung

Zwischen der Pupillenreaktion von Glaukom-
patienten und gesunden Probanden gibt es
Unterschiede, die mit verschiedenen Techni-
ken erfasst werden kdnnen. Die Methoden
beruhen auf der (friihzeitigen) Asymmetrie in
der visuellen Afferenz, auf der Untersuchung
des Gesichtsfeldes mittels fokaler Lichtreize
oder auf Stimulationsmethoden in Analogie
zu multifokalen elektrophysiologischen Tests.
Aktuelle Ergebnisse der Pupillenforschung
beziehen intrinsisch lichtempfindliche (Me-
lanopsin-haltige) Ganglienzellen in die Glau-
komdiagnostik ein. Die bisherigen Ergebnisse
der Pupillenuntersuchungen bei Glaukompa-
tienten ermutigen zu weiterer Forschung auf
diesem Gebiet, da nach geeigneten objekti-
ven Screening-Verfahren fiir Glaukom stan-
dig gesucht wird.

Schliisselworter

Pupille - Glaukom - Optikusneuropathie -
Pupillenperimetrie - Multifokale
Pupillographie

Current state of pupil-based
diagnostics for glaucomatous
optic neuropathy

Abstract

There are considerable differences between
pupillary reactions to light in glaucoma pa-
tients and healthy subjects which can be
identified by various techniques. These meth-
ods are based on the early asymmetry of the
afferent conduction in the visual pathway,
on the examination of the visual field by fo-
cal light stimuli or on visual stimuli in analo-
gy with multifocal electrophysiological tests.
Latest findings in pupillary research also sug-
gest a possible use of the intrinsically pho-
tosensitive (melanopsin expressing) retinal
ganglion cells in glaucoma diagnostics. The
current results of pupillary experiments in
glaucoma patients are encouraging for fur-
ther research in this field because suitable
objective screening methods for glaucoma
are continually being sought.

Keywords
Pupil - Glaucoma - Optic neuropathy - Pupil
perimetry - Multifocal pupillography
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Abb. 2 A a Die Gesichtsfelduntersuchung am Octopus-101-Perimeter (Haag Streit, Kdniz, Schweiz)
zeigt bei diesem Glaukompatienten ausgedehnte Gesichtsfeldausfélle im unteren Halbfeld beider Au-
gen (schwellenbestimmende Perimetrie). LA linkes Auge, RA rechtes Auge. b Die Gesichtsfelddefekte
konnten auch mittels der Pupillenkampimetrie (Pupil Research Lab, Center for Ophthalmology, Tiibin-
gen) gut dargestellt werden. Die Hohe der roten Balken spiegelt die Intensitét der Pupillenlichtreak-
tion am entsprechenden Ort im Gesichtsfeld wider. LA linkes Auge, RA rechtes Auge

| Es
25° 0% — 1000 ms Iwoo ps

Abb. 3 A Multifokales Pupillogramm vom rechten Auge bei einem Patien-
ten mit Hypophysenadenom mit temporalem Gesichtsfeldverlust. Das
perimetrisch nachgewiesene Skotom ist grau hinterlegt. Pupillenantworten
sind im Vergleich zur nasalen Gesichtsfeldhalfte erniedrigt. (Mit freundl.
Genehmigung aus [32]; http://www.iovs.org/)

M-Sequenz). Man konnte auf diesem Weg ~ phie (mfERG) kann beim Glaukom aller-
ein multifokales ERG ableiten. Der Ein-  dings nicht funktionieren, da Bipolarzel-
satz der multifokalen Elektroretinogra-  len, Miiller-Zellen und Rezeptoren nicht
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betroffen werden. Multifokale visuell evo-
zierte Potenziale (mfVEPs) waren bei der
Detektion von glaukomatdsen Gesichts-
felddefekten erfolgreicher [5]. Auch das
»pattern ERG® (PERG) ist grundsitzlich
geeignet, um Schidigungen der Gang-
lienzellschicht nachzuweisen. Es wurde
gezeigt, dass beim Glaukom typische Ver-
anderungen im PERG auftreten, die sogar
gewissermafSen die Konversion der okuli-
ren Hypertension zum Glaukom voraus-
sagen oder fiir Langzeitverlaufskontrol-
len angewandt werden konnen [1]. Auch
beim multifokalen PERG (mfPERG) wur-
den bei Glaukompatienten signifikante
Veranderungen, v. a. im Gesichtsfeldzen-
trum, gefunden, die mit Fortschreiten der
Erkrankung zunehmen [28]. Vor diesem
Hintergrund hat die multifokale Pupillo-
graphie Chancen.

Das Untersuchungskonzept besteht
darin, den auswertenden Computer da-
hingehend zu ,tduschen’, dass man ihm
statt der erwarteten Netzhautantwort den
als elektrisches Potenzial ,,getarnten Pu-
pillendurchmesser zuspielt. Die M-Se-
quenz-Technik ist namlich ein hervor-
ragendes Verfahren, Rauschen bei einer
Messung zu reduzieren, was die Elektro-
retinographie revolutioniert hat. Die Stu-
die von Wilhelm et al. [32] zeigte, dass
die multifokale pupillographische objek-
tive Perimetrie einen Gesichtsfelddefekt
nachweisen kann. In dieser Studie wur-
den 37 Hexagone innerhalb des 25°-Ge-
sichtsfelds stimuliert (B8 Abb. 3). Das we-
sentliche Problem bei der Abbildung von
Gesichtsfelddefekten war allerdings ein
niedriges Signal-Rausch-Verhaltnis, das
die Dauer der Untersuchung auf 30 min
pro Auge verldngerte. In weiteren Arbei-
ten wurde die Methode durch die Ver-
wendung von zeitlich und rdumlich redu-
zierten multifokalen Stimuli verbessert,
was sich auch bei mfVEPs bewihrt hatte.
Die simultane Stimulation beider Augen
mit nur 24 Stimuli innerhalb des 30°-Ge-
sichtsfelds lieferte nach dem Vergleich
von Pupillenkontraktionsamplituden bei
Glaukompatienten und gesunden Pro-
banden einen AUC-Wert von 0,84, womit
sich die diagnostische Genauigkeit derje-
nigen der automatischen Perimetrie anna-
hert. Wichtig war auch, dass die Untersu-
chung nur 4 min dauerte [19]. Eine wei-
tere Studie mit mehreren und kleineren
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Testbereichen (40 Stimuli innerhalb des
60°-Gesichtsfelds) zeigte, dass die Pupil-
lenantwort bei Glaukompatienten im Ver-
gleich zur Norm beziiglich der Amplitude
signifikant geringer, hinsichtlich der Ant-
wortkurve kiirzer und beziiglich der La-
tenz verldngert war. Die hochsten AUC-
Werte (0,86 fiir alle Gesichtsfeldbefunde
und 1,0 fir méflig und schwer betroffe-
ne Gesichtsfelder) lieferte eine Diskrimi-
nanzfunktion, in die sowohl die Pupillen-
amplitude als auch die Breite der Pupillen-
antwort einbezogen wurde [3].

)) Die multifokale
Pupillographie konnte als
Erganzung zur konventionellen
Perimetrie dienen

Die Sensitivitit der multifokalen Pupil-
lographie erreicht also die diagnostische
Genauigkeit von den heutzutage verwen-
deten Glaukom-Screening-Verfahren und
koénnte als Ergdnzung zur konventionel-
len Perimetrie dienen. Der Test ist kurz,
wenig belastend und nur gering von einer
Fehlrefraktion oder einer Linsentriibung
abhingig [3]. Die bisherigen Ergebnisse
ermutigen zur Weiterentwicklung dieser
Methode (u. a. Normwertdefinition, Fein-
abstimmung von Stimuluseigenschaften).

Melanopsin-Ganglien-
zellen und Glaukom

Die Pupillenfunktion von Glaukompa-
tienten muss auch im Kontext neuer Er-
kenntnisse der retinalen Morphologie dis-
kutiert werden [29]. Aktuelle Studien zei-
gen, dass die okuldre Photorezeption nicht
nur auf Zapfen und Stibchen limitiert ist,
sondern dass auch eine kleine Gruppe
an intrinsisch photosensitiven retinalen
Ganglienzellen (ipRGCs) existiert. Die-
se retinalen Ganglienzellen sind an der
Steuerung des zirkadianen Rhythmus
[17] sowie am Pupillenlichtreflex [16] be-
teiligt, nicht aber am unmittelbaren Seh-
vorgang. Die Expression des Opsin-Pho-
topigments Melanopsin, dessen spektrales
Empfindlichkeitsmaximum bei 479 nm
liegt (blaues Licht), ermdglicht offenbar
diesen ipRGCs, eigenstandig auf Licht zu
reagieren. Der volle dynamische Umfang
des normalen Pupillenlichtreflexes kann
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aber nur durch das Zusammenspiel der
Melanopsin RGCs und des Zapfen/Stab-
chen-Systems erreicht werden, die in ihrer
Funktion komplementir sind [18].

Um die Funktion der verschiedenen
Photorezeptoren untersuchen zu kon-
nen, werden in aktuellen Studien farbi-
ge Lichtreize zum Ausl6sen der Pupillen-
lichtreaktion verwendet. Die Funktion
von Stiabchen und Zapfen wird mittels
blauer und roter Lichtreize niedriger In-
tensitdt untersucht. Die Funktion der Me-
lanopsin-RGCs wird mittels blauer Licht-
reize hoher Intensitat getestet. Mit letztge-
nanntem Stimulus konnte selbst bei kom-
plett blinden Retinitis-pigmentosa-Pati-
enten Pupillenantworten nachgewiesen
werden [12].

Es wurde die Auffassung vertreten,
dass manche Subpopulationen retinaler
Ganglienzellen durch das Glaukom be-
vorzugt betroffen werden [20]. Dieses
Konzept fithrte zur Entwicklung spezifi-
scher perimetrischer Strategien [21]. Es
wird zu iiberpriifen sein, inwieweit die
Melanopsin-RGCs spezifisch durch das
Glaukom betroffen sind. Die Studie bei
Kankipati et al. [10] zeigte, dass die Me-
lanopsin-RGCs bei normalen Probanden
nach dem Ausschalten des blauen Lichts
eine nachhaltige Pupillenkonstriktion
hervorrufen, die ,,post-illumination pu-
pil response” (PIPR) genannt wurde. Die-
ses Phinomen (PIPR) war bei Glaukom-
patienten im Vergleich zu gesunden Pro-
banden signifikant kleiner und korrelier-
te umgekehrt mit dem Gesichtsfeldver-
lust. Die Autoren schlagen eine Verwen-
dung dieser Methoden in der Klinik vor.
Thre Sensitivitdt und Spezifitdt muss aller-
dings noch tiberpriift werden.

Fazit fiir die Praxis

== Zwischen der Pupillenreaktion bei
Glaukompatienten und gesunden
Probanden gibt es signifikante Unter-
schiede, die diagnostisch verwendet
werden kénnen.

== Der Swinging-flashlight-Test sollte
bei Glaukompatienten routinemaBig
angewandt werden — hauptsachlich
dann, wenn die perimetrischen Be-
funde nicht zuverlassig sind.

== Die Pupillenperimetrie/-kampime-
trie bietet sich als eine ,objektive Ge-

sichtsfelduntersuchung” bei Verdacht
auf Simulation von Gesichtsfelddefek-
ten an; ihre Rolle in der Glaukomdia-
gnostik muss noch weiter untersucht
werden.

== Die multifokale Pupillographie
scheint fiir ein Glaukom-Screening
geeignet.
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Fachnachrichten

Die Fahigkeit zu sehen bringt
Selektionsvorteil

Paldontologen aus Berlin bestétigen die
bedeutsame Rolle des Augenlichts fiir den
evolutionaren Erfolg. Untersucht wurden
versteinerte Exemplare verschiedener Klas-
sen wirbelloser Meerestiere, um zeitliche
Anderungen in der Vielfalt von blinden
und sehenden Gruppen herauszuarbeiten.
Der Besitz von Augen lasst sich entweder
direkt an den Fossilien erkennen oder tiber
Verwandtschaftsverhdltnisse mit rezenten
Arten ableiten. Wenn man alle der tiber
17.000 analysierten Gattungen (ber erd-
geschichtliche Zeitraume betrachtet, zeigt
sich in den Gesteinsschichten des Kamb-
riums ein deutlicher Anstieg von sehenden
Arten. Dies deuten die Wissenschaftler als
einen Effekt des Auftauchens der ersten
groBen Rauber vor etwa 520 Millionen
Jahren. Augen wurden plétzlich gebraucht,
sowohl zum Aufspliren von Beute als auch
zur rechtzeitigen Flucht. Auch in den lan-
gen Zeitrdumen nach dem Kambrium war
der Besitz von Augen ein Garant fiir evolu-
tiondren Erfolg. In diesem Zusammenhang
wurde die Anzahl der Gattungen innerhalb
solcher Klassen vergleichen, die sowohl
blinde als auch sehende Vertreter beher-
bergen. Diese detaillierten Analysen inner-
halb der Trilobiten, Muscheln, Schnecken
und Seesterne sowie deren Verwandten
zeigten einheitlich eine Zunahme in der
Anzahl von sehenden Gattungen im Ver-
gleich zu den blinden Vertretern. Das Seh-
vermdgen bildet dementsprechend einen
Selektionsvorteil in vielen 6kologischen
Nischen. Die Fahigkeit zu sehen stellte

also einen entscheidenden evolutiondren
Faktor dar.
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Vision and the diversification of Phanero-
zoic marine invertebrates. Paleobiology
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Abstract

Background To ascertain whether the pupillary response am-
plitude shows spatial summation of responses with increasing
size of retinal stimulation, and to examine the pupillary re-
sponses for evidence of surround inhibition, analogous to that
found in the receptive fields of the retinal ganglion cells.
Methods By means of infrared-video-pupillography, the pupil
reaction to stimuli of increasing size (1-15°) was measured in
30 normal subjects. Four different retinal locations (0°, 20°
and 40° eccentricity on the upper temporal retina and 20°
eccentricity on the lower nasal retina) were examined at four
different stimulus luminances (17, 47, 87 and 140 cd/m?).
Results When the average log amplitude of the pupil light
reaction from the 30 subjects is plotted as a function of the log
area of the stimulus, a bi-linear response is observed, which is
most pronounced for the two higher luminances. The inter-
section points of the two linear responses are 2.01° in the
fovea, 2.80° at 20° upper temporal retina, 2.85° at 20° lower
nasal retina and 4.86° at 40° upper temporal retina.
Conclusions This study suggests that pupillomotor summa-
tion areas consist of both summation and inhibitory zones.
They show larger diameters than receptive fields of retinal
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ganglion cells and do not appear to reflect pupillary summa-
tion areas of the pretectal olivary nucleus luminance neurons.

Keywords Pupil - Receptive field - Pupil perimetry -
Campimetry

Introduction

Automated threshold perimetry has become a standard for the
evaluation of retinal and optic nerve function in patients with
visual field loss. Properties of the stimulus in standard
perimetry are based on longstanding experience and knowl-
edge about retinal receptive fields. Hartline in 1940 introduced
the concept of a receptive field to describe the spatial proper-
ties of retinal ganglion cells in frogs [1]. The classic centre-
surround receptive field organization of ganglion cells was
discovered some years later in cats [2] and monkeys [3]. Their
psychophysical equivalents, i.e., concentric areas of summa-
tion and inhibition found using subjective methods, have been
named perceptive fields [4]. They are thought to be the basis
of the relationship between the threshold luminance and size
of stimulus, as described by the Ricco [5] and Piper laws [6]
on complete and partial summation.

Pupil perimetry or campimetry represents an objective
method of testing the visual field by examining the pupillary
light response (PLR) normally to threshold focal light stimuli
projected onto the retina. Visual field defects in pupil
campimetry can be recognized by a reduced or absent pupil
light reaction within these areas. Studies dealing with the
clinical applications of pupil campimetry have shown that
most diseases affecting the retina and the visual pathway
caused pupil field scotomata, which match the defects found
in standard perimetry [7—10]. The PLR has been shown in cats
and monkeys to be most likely mediated by ON luminance
neurons in the pretectal olivary nucleus (PON), which project
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to the Edinger-Westphal (EW) nucleus [11-13]. The axons of
the EW nucleus synapse on ciliary ganglion neurons that
innervate the constrictor muscle of the iris. Newer findings
have shown that the preganglionic parasympathetic neurons
are not exactly located in the human EW nucleus [14].

The aim of this study was to obtain information about
pupillomotor summation areas, i.e., areas of the retina that,
when stimulated, show evidence for spatial summation and
possibly inhibition of the pupillary response. This has not
previously been investigated in humans. To gain information
about the spatial characteristics of the pupillary response, we
recorded the change in pupil diameter caused by stimuli of
increasing size at four different retinal eccentricities, each with
four different stimulus luminances.

Materials and methods

Computerized infrared (IR) pupil campimetry was performed
in 30 normal subjects aged 18 to 32 years (10 males, 20
females, mean age 27.4+3.1 SD). The subjects were recruited
from the staff and students of the University Eye Hospital in
Tiibingen. The study was approved by the local institutional
ethics committee and followed the tenets of the Declaration of
Helsinki.

All subjects fulfilled the following inclusion criteria: best-
corrected visual acuity 1.0 or better, intraocular pressure be-
low 21 mmHg, intact anterior and posterior segment of the
eye, normal 30° visual field, no relative afferent pupillary
defect and no history of a serious eye disease. Refractive error
was limited to +4 diopters. In all subjects, only the right eye
was tested; the other eye was covered with a black eye patch.

The pupillographic device consisted of a computer, a 19 in.
cathode ray tube (CRT) screen for the stimulus presentation
and a third monitor for a continuous monitoring of fixation by
observation. Stimuli were displayed on the computer screen at
a distance of 20 cm from the subject’s eye. A small red spot
was presented for fixation. Blinds around the device prevented
stray light from the room from disturbing the measurement.
The pupil reaction was recorded by means of an infrared-
sensitive video camera. The pupil edges could be determined
by the contrast of the dark fundus and a very light iris infrared
reflex. Spatial resolution was about 0.01 mm. During the test,
the examiner could observe the quality of fixation, the stimu-
lus sequence, as well as the continuous pupillographic curve.
For all stimuli, white light was used and four stimulus inten-
sities were tested (17, 47, 87 and 140 cd/mz) with a constant
background luminance of 2.7 cd/m?. The stimulus was pre-
sented for 200 ms every 2000 ms. The CRT was switched on
at least 30 min. before the tests. For each stimulus intensity, 12
stimuli were tested with diameters of: 1°~10° in one degree
steps, 12° and 15°, in order of increasing size.

@ Springer

We examined three different locations in the upper tempo-
ral visual field quadrant: 0°, 20° and 40° eccentricity, as well
as at 20° in the lower nasal visual field quadrant (—20°),
alternating between them in order to avoid adaptation.

The perimetry program presented each stimulus at each
tested location four times. If the pupil size could not be
recorded four times without artefacts (e.g., blinks), the stimu-
lus was presented more often until four valid recordings of the
pupil size were obtained for each stimulus. The pupillary
response (i.e., the change in pupil diameter) was analysed
for each pupil record.

In data analysis, the average of the pupillary response
amplitudes of all subjects was calculated for each stimulus
location and intensity. The logarithms of these averaged
values were plotted against the logarithm of the area of the
stimulus and a piecewise linear fit of the data was calculated
(broken stick). The break and offset were determined.

The broken-stick fit may fail in the sense that the break lies,
e.g., between the lowest two log area values. In this case, the
fit is not defined well anymore, because every value for the
break between the both lowest values gives the same result.
Therefore, in this case the break was set between the two
lowest points (0.2).

It is possible that a simple linear regression analysis could
perform just as well in terms of statistical significance of the
regression analysis. However, in this study, no hypothesis
testing was done via inferential statistics and the data were
analysed exploratively. If there are no effects, the data should
be distributed more or less randomly and no consistent differ-
ences should be seen, e.g., when comparing different
locations.

Results

The results obtained from the centre of the visual field are
shown in Fig. 1, where the average log amplitude of the pupil
light reaction (in mm) from the 30 subjects is plotted as a
function of the log area (in deg?) of the stimulus. The four
panels show the results for four different intensities: 17,47, 87
and 140 cd/m?. The curves have been fit by a broken-stick (or
segmented) regression line, often used to fit data that contain a
threshold or change point, thus obtaining a bi-linear fitting.

In Figure 2, plotted as in Fig. 1, we show the results
obtained at an eccentricity of 20 deg in the upper temporal
quadrant of the visual field. In Fig. 3, data at 40° eccentricity
in the upper temporal quadrant are presented. Again, the data
points can be fit by a bi-linear function, which becomes more
evident at higher stimulus intensities. Furthermore, in the
periphery, the transition occurs with larger stimulus areas than
in the centre of the visual field.

The point of transition (log area deg?) of the best fit lines
for different stimulus intensities and visual field locations is
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Fig.1 The average log amplitude of the pupil light reaction in the centre of the visual field is plotted as a function of the log area of the stimulus. The four
panels show the mean results and their 95 % confidence intervals (CI) for four different intensities: 17, 47, 87 and 140 cd/m?

shown in Table 1. In Table 2, we show the results calculated
for the corresponding diameter of the centre of the pupillary
summation areas.

Discussion

In this study, we examined the pupil responses evoked by
increment spots of increasing diameter at different retinal
locations and at different stimulus intensities. When the aver-
age log amplitude of the pupil light reaction is plotted as a
function of the log area of the stimulus, a bi-linear curve can
be observed (Figs. 1, 2, 3). The change in the pupil response
to smaller and larger stimuli can be particularly observed at
higher stimulus intensities (87 and 140 cd/m?). The gain of the
two-phase stimulus—response curve for smaller stimuli is dif-
ferent from that for larger stimuli, and resembles the relation-
ship between threshold energy of light stimulus and stimulus
diameter known from psychophysical experiments [2, 3]. In
comparing the two methods, however, it should be borne in
mind that the psychophysical methods use threshold measure-
ments, whereas here we measured the amplitude of the pupil
response. The two-phase response in pupil size indicates that
with increasing spot diameter, the response profile of the

summation area alters. We hypothesize that the break in this
stimulus—response curve might give an estimation of the size
of the pupillomotor summation area. When the stimulus be-
comes larger than the assumed summation area and invades an
inhibitory surround, the stimulus response decreases.

Our results indicate that pupillomotor summation areas are
larger than receptive fields of a retinal ganglion cell, their size
increases with eccentricity in the visual field and the
pupillomotor sensitivity of the retina decreases with distance
from the fovea, in agreement with our knowledge about retinal
receptive fields measured psychophysically [15].

The size of the centre of the pupillomotor summation area
for a stimulus intensity 87 cd/m? is 2.06, 3.74, 2.33 and
5.46 deg diameter in the centre of the visual field and at 20,
—20 and 40°, respectively (Table 2). The size of the on-centre
for stimulus intensity 140 cd/m? in the centre of the visual
field and at the eccentricity of 20, —20 and 40° is 2.08, 2.71,
2.65 and 3.57 deg diameter, respectively (Table 2). In recep-
tive fields of a retinal ganglion cell, the antagonistic surround
drops out at low luminances and the size of the centre in-
creases [2, 3]. Our results indicate that the size of the
pupillomotor summation area is larger at a stimulus intensity
of 87 cd/m? than at 140 cd/mz, i.e., their size also decreases
with increasing illumination. On the other hand, with large

@ Springer



1158

Graefes Arch Clin Exp Ophthalmol (2014) 252:1155-1160

3} . . .
< Luminance 17 cd/m?, Eccentricity 20°
3
= v

E o

£

- _
kel
= v
S 7
3

[} - -

o

> ©
S v 7
=

3 —

o
T

[ (I\l —
3 T T T T T
= 0.0 0.5 1.0 1.5 2.0
£

Area of stimulus (log deg?)

o . . . o
< Luminance 87 cd/m?, Eccentricity 20
8

- e}
E o]

£

> _
9
~ [Te}
§ 97
k3]

@ —

<

> ©
S T
3

=} —

Q
S v

o o
3 ! T T T T T
é 0.0 0.5 1.0 1.5 2.0
<

Area of stimulus (log deg?)

o . _
< Luminance 47 cd/m2, Eccentricity 20°
3
= ©

£ o

£

> ]
ke
= ©
s 7
5]

@ —

<

>«

c T 7
= I

Q.

3 —

o
T

) <|\1 —
3 T T T T T
= 0.0 0.5 1.0 15 2.0
g

Area of stimulus (log deg?)

S . i o
= Luminance 140 cd/m2, Eccentricity 20
3

- e}
E o]

€

> ]
ke
~ 0
s 97
3

@®© —

o

> w

[
= I

Q.

3 —

o
S

o o
E ! T T T T T
E‘ 0.0 0.5 1.0 15 2.0
<

Area of stimulus (log deg?)

Fig. 2 The average log amplitude of the pupil light reaction at the eccentricity of 20° is plotted as a function of the log area of the stimulus. The four
panels show the mean results and their 95 % confidence intervals (CI) for four different intensities: 17, 47, 87 and 140 cd/m?

and bright stimuli, stray light may become an issue,
which can unfortunately never be fully eliminated in
pupil measurements. Intraocular scatter of light, howev-
er, probably contributes only little to the pupillary re-
sponse to a focal stimulus: If scatter dominated the response,
then any pupillary field defect detected by pupil campimetry
would tend to disappear as brighter stimulus intensities were
used.

In our study, we find, however, a large variability of pupil
responses, especially to the smaller stimuli. In general, we
must be aware that pupillary light responses are noisy and
variable, both intraindividually and interindividually. The
same might be true for pupillary visual field. It might therefore
be useful to look at each individual data set to see if a bilinear
fit is possible. We did this and found that in approximately
50 % of the subjects, such a bilinear trend could clearly be
identified; however, in the other half of the subjects, the
variability of the pupillary responses was too marked to es-
tablish a bi-linearity. We therefore decided to use the average
of all subjects for the calculations. Especially in the 0° position
(Fig. 1), it may additionally be criticized that the first line is
determined by only one data point. However, the responses
for sizes 2 to 11 can almost perfectly be fitted by a straight
line; only the smallest stimulus does not fit onto this line. We
therefore assume that the pupillomotor summation area is

@ Springer

larger than the first stimulus and smaller than the second. Of
course, we cannot state that the numbers resulting from the
data analysis do really represent the summation area for the
pupillary light response; however, we get at least an idea about
the range where we have to assume the sizes of the
pupillomotor summation areas. Variability of pupillary re-
sponses is much more pronounced than psychophysical
thresholds.

Additionally, we have to be aware that pupillary responses
might be generated by two different systems with different
summation areas: by the rod and cone system and by the
melanopsin ganglion cells that have been shown to be directly
photosensitive [16]. It is probable that together, the rod/cone
and melanopsin systems provide the full dynamic range of the
normal pupillary reflex [17]. At a low stimulus intensity that is
focal, most of the pupil response will likely be photoreceptor-
mediated pupil responses, but at the brighter light intensities,
there may be also additional intrinsic activation. However,
melanopsin exerts an influence only at high irradiances and
responds better to sustained stimuli than short stimuli. Thus,
the light stimuli used in our experiments were probably below
the threshold of the photosensitive ganglion cells and focused
on the rod-cone system.

There is no information about pupillomotor summation
areas in the literature. Comparison of the pupillary and
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Fig. 3 The average log amplitude of the pupil light reaction at 40° eccentricity is plotted as a function of the log area of the stimulus. The four panels
show the mean results and their 95 % confidence intervals (CI) for four different intensities: 17, 47, 87 and 140 cd/m?

sensory threshold in relation to the area, duration and locali-
zation of the stimulus at different levels of adaptation has been
studied in the fovea and at 20° nasal by Alexandridis [18]. His
results show that threshold measurements of the pupillomotor
response curve both in peripheral and central stimulation are
in agreement with Ricco’s law up to a stimulus size of 30°
diameter and that larger stimuli follow Piper’s law. With
sensory threshold measurements, Ricco’s law holds only for
smaller stimulus sizes, especially in the periphery. However,
Alexandridis investigated summation effects of pupillomotor
threshold, but did not define any receptive fields. The exper-
iments of Krastel et al. suggest that the pupil is influenced by
opponency mechanisms. In their study, the thresholds for the

Table 1 Mean break (log area deg?)

Stimulus intensity [cd/m2] Eccentricity [deg]

0 20 —20 40
17 0.20 0.20 0.20 0.20
47 0.69 0.94 1.29 1.80
87 0.52 1.04 0.63 1.37
140 0.53 0.76 0.74 1.00

phasic pupil light reflex are shown to closely parallel the peaks
and troughs of the sensory sensitivity curve ascribed to
opponency [19].

In conclusion, the results of our study show that the pupil-
lary light reaction is related to the size, intensity and retinal
location of the stimulus. The relationship between size and
pupil reaction can with caution be considered as biphasic and
can be fit by two intersecting lines. These results are reminis-
cent of receptive field behavior, and suggest that pupillomotor
summation areas might exist within the pupillary pathway.
They show larger diameters than the receptive fields of the
retinal ganglion cells, but respect the summation rules valid
for the retinal receptive fields. If this is so, stimuli used in

Table 2 Diameter of pupillomotor summation areas (deg)

Stimulus intensity [cd/m2] Eccentricity [deg]

0 20 -20 40
17 1.42 1.42 1.42 1.42
47 2.49 3.33 5.00 9.00
87 2.06 3.74 233 5.46
140 2.08 2.71 2.65 3.57

Mean of all stimulus intenstities 2.01 2.80 2.85 4.86

@ Springer



1160

Graefes Arch Clin Exp Ophthalmol (2014) 252:1155-1160

pupil perimetry should be larger than the stimuli used in
standard visual perimetry to counteract this difference.
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FARMAKOLOGICKE TESTY
U HORNEROVA SYNDROMU

SOUHRN

V kazuistice je prezentovan pripad pacientky, ktera byla na nase oddéleni odeslana pro rok
trvajici anizokorii. Kromé anizokorie pacientka Zadné subjektivni potize neméla. Zornice na
pravém oku byla o vice nez 1 mm S$irsi nez zornice vlevo. Pfima fotoreakce byla vybavna na
obou ocich, na levém oku byl patrny dilatacni deficit. Byla pfitomna lehkd ptéza horniho vicka
vlevo. Nalez na prednim i zadnim segmentu byl na obou ocich bez patologie, jen na levém
oku byla duhovka ponékud svétlejsi. O¢ni nalez ukazoval na HornerGv syndrom, jehoZ pficinu
se vSak nepodafilo zjistit. V kazuistice je poukazano na problémy spojené s farmakologickymi
testy pro prikaz Hornerova syndromu a jsou uvedeny alternativy kokainového testu s ohle-
dem na latky, které jsou v soucasné dobé v Ceské republice dostupné.

Kli¢ova slova: anizokorie, Horner(v syndrom, kokainovy test, fenylefrin

SUMMARY

PHARMACOLOGICAL TESTS FOR HORNER SYNDROME

— CASE REPORT

The case report presents a patient, who was examined at our department due to anisocoria
that was present for more than one year. Besides the anisocoria the patient had no other
pathological symptoms. The pupil on the right eye was larger than on the left eye by more
than 1mm. Photoreaction was present on both eyes with a dilatation deficit on the left eye.
There was also a slight ptosis on the left. The anterior and posterior eye segment was nor-
mal, only the iris of the left eye was slightly decoloured. The ophthalmological finding was
pointing to Horner syndrome on the left side. The cause of the syndrome was not found. The
case report discusses current problems of pharmacological pupillary tests used in Horner
syndrome. Alternatives to the standard cocaine test are proposed, with respect to substances
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uvoD

HornerGv syndrom shrnuje ptiznaky jednostranné obrny
sympatického nervového systému. Na postizené strané je
zornice pro inaktivitu musculus dilatator pupillae uzsi a je
pritomna ptdza horniho vicka v dlsledku parézy Millerova
svalu. Dolni vicko naopak lehce vystoupi, protoze jsou po-
stizeny i sympatikem inervované retraktory dolniho vicka.
Enoftalmus je tedy pouze zdanlivy, zpUsobeny ziZenim ocni
Stérbiny z obou stran, a z klasické triady priznaka ,ptéza, mi-
0za, enoftalmus” dnes popisujeme jen prvni dva [10, 11].

HornerQv syndrom se vyskytuje relativné vzacné, proto je
dllezité si nejdrive ovérit, zda se o toto onemocnéni oprav-
du jedna. To je mozné pomoci farmakologickych pupildrnich
testd, z nichZ nékteré dokazi také rozlisit preganglionarni
nebo postganglionarni postizeni. Spolehlivé Ize Hornerovu
zornici bez ohledu na lokalizaci Iéze identifikovat kokaino-
vym testem: po instilaci 5% kokainu do obou oci se zdrava
zornice po 60 minutdch rozsiti, nebot kokain zablokuje zpét-
nou resorpci noradrenalinu do nervovych zakonceni a tim
prodlouZi jeho plsobeni na sval. U Hornerova syndromu je
ale uvolfiovani tohoto neurotransmiteru snizeno nebo zcela
chybi a kokainovy blok je proto bez efektu. Hornerova zorni-
ce se po aplikaci kokainu nerozsifi.
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Obstarat kokainové kapky pro prikaz Hornerova syndro-
mu bylo dfive relativné snadné, protoze se kokain v ocnim
|ékarstvi pouzival jako anestetikum. Dnes je vSak kokain
v praxi obtizné dostupny a jeho skladovani je vazano pfris-
nymi pravidly pro zachazeni s omamnymi latkami. Také dal-
Si latky jako napfriklad hydroxyamfetamin, pholedrin nebo
tyramin, které se pro farmakologické testy v minulosti po-
uzivaly, nejsou v lékarnach dostupné. Proto se zacaly pfi
diagnostice Hornerova syndromu zkouset jiné substance,
které jsou snadno a rychle k dispozici. Jedna se zejména
0 nepfima sympatomimetika pUsobici jako agonisté na re-
ceptorech pro noradrenalin. Z nich se v zahranici etabloval
apraclonidin, vyrdbény jako antiglaukomatikum ve formé
HVLP ptipravku, ktery u nas véak neni registrovany. V Ceské
republice Ize z alternativnich surovin sehnat pouze adrena-
lin nebo fenylefrin. Hyfroxyamfetamin, pholedrin, tyramin
ani apraclonidin predepsat nelze.

Fenylefrin je obsazen v HVLP pfipravku Neosynephrin
(10% roztok fenylefrinu), ktery ma vétsina ocnich Iékara
v ordinaci. 1% roztok fenylefrinu plsobi na principu dener-
vacni hypersenzitivity musculus dilatator pupillae k jeho
specifickému neurotransmiteru nebo farmakologickym ago-
nistlim, kterd se vyvine pfi postganglionarni poruse sympa-
tické inervace. Hornerova zornice by se méla po instilaci 1%
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fenylefrinu rozsifit, naopak zdravé zornice nikoli. V nasledu-
jici kazuistice bych rada popsala pfiklad vyuziti fenylefrinu
pti farmakologickém prlkazu Hornerova syndromu a zaro-
ven diagnostické rozpaky, které mohou anizokorii zplsobe-
nou Hornerovym syndromem provazet.

KAZUISTIKA

V lednu 2015 se na nase oddéleni dostavila Sedesatileta
pacientka za Ucelem vysetfeni anizokorie, kterd u ni byla
zjisténa nahodné jiz pred rokem pfi predpisu bryli u sek-
torového oftalmologa. Pacientka zaddné subjektivni potize
neméla, celkové se IéCila jen s hypertenzi. Zornice na pra-
vém oku byla Sirsi nez na oku levém. Béhem posledniho
roku pani absolvovala fadu vysetreni, kterd vsak nevedla
ke stanoveni diagndzy ani pFiciny anizokorie. Za patologic-
kou byla vzdy povaZovéna Sirsi zornice na pravém oku.

Po zjisténi anizokorie byla pacientka odesldana svym
ocnim lékafem nejdfive k sektorovému neurologovi, kde
byla v objektivnim nalezu zjisténa distalni senzomotoric-
kéd polyneuropatie a na magnetické rezonanci (MR) hlavy
popsany nespecifické hyperintenzity v mozku supratento-
ridlné. Pro tento nalez byla pacientka odeslana do centra
pro roztrousenou sklerézu nasi nemocnice, kde bylo toto
onemocnéni vylouceno, zmény na MR oznaceny spise jako
degenerativni a k rozsifeni diagnostiky anizokorie doporu-
¢en odbér protilatek proti boreliim a ultrazvuk magistral-
nich tepen. Ndlez na krénich tepndach byl v pofadku, I1gG
protilatky proti Borrelia burgdorferi vsak vysly pozitivni,
proto byla pacientka odeslana na kliniku infekénich cho-
rob. Tam byla hladina protilatek proti boreliim oznacena
za ,béinou”, ale s ohledem na anizokorii doporucena lum-
balni punkce, kterd by umoznila stanovit hladinu protilatek
pfimo v mozkomiSnim moku. Pacientka se vSak lumbalni
punkce bala, proto byla svou ocni lIékarkou odeslana jesté
na konzultaci k nam.

PFi vySetfeni na nasem pracovisti byla zornice na pravém
oku $irsi, rozdil v prliméru zornice pravého a levého oka byl
vice nez 1 mm. Pfima fotoreakce byla pfitomna na obou
ocich, na levém oku byl patrny dilata¢ni deficit. Horni vicko
levého oka bylo lehce pokleslé a na cileny dotaz pacient-
ka uvedla, Ze si podle fotek poklesu horniho vicka sama
vSimla. Okulomotorika byla v normé, diplopii pacientka
neuddvala. Zrakova ostrost byla na obou ocich 1,0 natural-
né, nitroo¢ni tlak v normé a zorné pole intaktni. Nalez na
prednim i zadnim segmentu byl na obou ocich bez patolo-
gie, byla patrna jen diskrétni heterochromie, svétlejsi byla
duhovka na oku levém.

Oc¢ni nalez ukazoval na HornerGv syndrom vlevo. Pro pri-
kaz tohoto syndromu by se mél v idealnim pfipadé provést
kokainovy test. KdyZ jsem vSak v nasi Ustavni [ékarné zacala
shanét kokain, zjistila jsem, Ze by se musel kokain special-
né objednat, kapky by staly 1 500 K¢ a jeho predpis by byl
znacné komplikovany. Zacdala jsem tedy hledat jinou alter-
nativu. V zapadni Evropé pouZivany apraclonidin neni v CR
registrovany a mimoradny dovoz jednoho baleni téchto ka-
pek by byl neredlny. Rozhodla jsem se tedy vyzkouset 1%
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Obr. 1 Primér zornice pravého oka byl pred aplikaci 1% fenylefrinu
5 mm, levého oka 3 mm (nahofe). Hodinu po aplikaci 1% fenylefri-
nu se primér zornice pravého oka nezménil, na levém oku se zor-
nice rozsitila a rovnéz se zlepsil pokles horniho vicka vlevo (dole).
Vysledek testu ukazal na postganglionarni 1ézi sympatiku vlevo

roztok fenylefrinu, ktery jsem si nechala pfipravit v [ékarné
nafedénim 10% fenylefrinu (Neosynephrine-POS). Zméfila
jsem primér zornice pravého a levého oka za stejnych své-
telnych podminek pred aplikaci a jednu hodinu po aplikaci
jedné kapky 1% roztoku fenylefrinu do spojivkového vaku
obou odi. Pred aplikaci byl primér zornice pravého oka 5
mm, levého oka 3 mm. Hodinu po aplikaci 1% fenylefrinu
byl primér zornice pravého oka 5 mm, levého 5 mm a rov-
néz se zlepsil pokles horniho vicka vlevo (obr. 1). Vysledek
testu ukdzal na postganglionarni lézi sympatiku vlevo.

Pro potvrzeni efektu 1% fenylefrinu jsem se ze studijnich
dlivod( prece jen rozhodla provést také kokainovy test. Po

Obr. 2 Pred aplikaci kokainu méla zornice na pravém oku Sitku 3
mm, na levém oku 2 mm (nahote). Hodinu po nakapani kokainu se
prava zornice rozsifila na 5 mm, prlimér levé zornice se nezménil
(dole). Kokainovy test potvrdil, Ze se jednd o HornerGv syndrom
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slozZitém vyfizovani mi bylo povoleno vyzvednout si mimo-
radné specialni recept na opidty, na ocnim uz totiz Zadné
takové recepty nemame. V [ékdrné jsem pak objednala pfi-
pravu 5% kokainovych oénich kapek. Kokainovy test jsme
s pacientkou provedly s odstupem jednoho mésice od
predchoziho testu. Opét jsem zméfila Sifi zornice obou o¢i,
aplikovala jsem do spojivkového vaku kazdého oka jednu
kapku 5% kokainu a primér zornice zméfila znovu po jed-
né hodiné za stejnych svételnych podminek. Pfed aplikaci
kokainu méla zornice na pravém oku $iftku 3 mm, na levém
oku 2 mm. Hodinu po nakapdni kokainu se prava zornice
rozsitila na 5 mm, prlmeér levé zornice se nezménil (obr.
2). Kokainovy test jednoznacné potvrdil, Ze se jedna o Hor-
nerQv syndrom.

U pacientky tedy byla diagnostikovdna postgangliondrni
forma Hornerova syndromu. Pro doplnéni diagnostiky byl
proveden rentgen plic, ktery neprokdazal Zddné patologic-
ké zmény na plicich nebo v oblasti horni hrudni apertury,
a vySetreni stitné Zlazy, to bylo rovnéz v normé. Protoze byl
HornerlQv syndrom pfitomny jiz vice nezZ rok, na coz uka-
zovala i lehkd heterochromie duhovky, dosavadni vysetre-
ni nezjistila Zddnou patologii a pacientka byla bez jinych
obtizi nebo priznak(l, rozhodla jsem se stav jen sledovat.
Zaroven nebyl ddvod pro provedeni zvazované lumbalni
punkce na klinice infekénich chorob.

DISKUSE

Nejndpadnéjsimi pfiznaky Hornerova syndromu jsou midza
a ptdza se zuzenim ocni Stérbiny. Fotoreakce je u Hornerova
syndromu dobfe vybavnd, protoZe parasympatikus a tedy
funkce musculus sphincter pupillae je intaktni. Je vSak pfi-
tomny dilata¢ni deficit, ktery lze pti vySetieni zornicovych re-
akci ve tmé zaregistrovat bud’ pomoci infraervené kamery,
nebo pozorovanim zornice pfi pouZziti druhého, slabsiho zdro-
je svétla, kterym osvétlujeme zornici zespodu. Anizokorie je

u Hornerova syndromu ménliva, vidy vétsi za Sera nebo pfi
emocich, protoze se zdrava zornice vice rozsiti [11].

Pokud lezi |éze pred bifurkaci karotidy, tedy pred odstu-
pem sympatickych vldken pro sekreci potu a regulaci teploty
v obliceji, mlze se k projevim Hornerova syndromu pridat
anhidrdéza a zarudnuti poloviny obli¢eje na postizené strané.
U vrozenych a perinatdlné vzniklych obrn sympatiku se vy-
skytuje heterochromie duhovky. Postizend duhovka si totiz
uchova sedomodrou barvu novorozenecké iris, protoZe rozvoj
pigmentace duhovky vyzaduje intaktni sympatickou inervaci.
Také u dospélého s dlouhotrvajicim Hornerovym syndromem
dochazi po letech ke ztraté pigmentu duhovky [11].

Draha sympatiku se tdhne od hypothalamu k druhému
hrudnimu obratli, ve sténé karotidy zpét vzh{ru pres sinus
cavernosus, dale spolu s n. abducens a n. ophthalmicus
skrz orbitu az k musculus dilatator pupillae a Miillerovu
svalu horniho vicka. V jejim pribéhu dochazi k prepojeni
na dvou mistech — v centrum ciliospinale a v ganglion
cervicale superius. Pri¢ina Hornerova syndromu se mUze
nachdzet v oblasti centralniho neuronu (od hypothalamu
k centrum ciliospinale), preganglionarniho — prvniho pe-
riferniho neuronu sympatiku (mezi centrum ciliospinale
a ganglion cervicale superius) nebo postganglionarniho
— druhého periferniho neuronu sympatiku (mezi ganglion
cervicale superius a duhovkou).

Moznych pfic¢in syndromu je mnoho a zahrnuji jak afekce
naprosto benigni, tak i procesy velmi zdvazné, jako je disek-
ce karotidy nebo nadory. Jejich dosetreni je vSak ¢asto ob-
tizné. Pomoci mize anamnéza nebo pridruzené symptomy
(tab. 1). Nicméné az u tfetiny pacientl se i pres adekvatni
diagnostiku pomoci zobrazovacich metod nepodafi pficinu
zjistit. V takovém pripadé je vhodné patrat, jak dlouho je
Hornerlv syndrom u pacienta pfitomen, napriklad pomoci
starsich fotek. Obecné, trva-li Hornerlv syndrom déle nez
rok, je nebezpecnad pricina velmi nepravdépodobna. Pokud
je pritomny kratsi dobu, je vhodné provést zobrazeni celé-
ho pribéhu sympatické drahy [11].

Tab. 1 Priciny Hornerova syndromu a prislusné doprovodné priznaky a nalezy

Léze mozkového kmene
Syringomyelie

Vyhrez ploténky
Thoracic outlet sy

Tumor mediastina

Poskozeni plexus brachialis

Neuroblastom

nystagmus, dysmetrie sakad, poruchy citi, hamiataxie
porucha vnimdni bolesti a teploty, svalova atrofie
parézy, poruchy citi

poruchy Citi, obrny hornich koncetin

kasel, méstnani

parézy, predchozi trauma

palpacéni nalez

Struma zmény hormonu stitné Zlazy, palpacni nalez

Kréni lymfom

Lateralni kréni cysta
Disekce karotidy
Karcinom paranazélnich

Tumor sinus cavernosus

Cluster headache
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palpaéni nalez

palpaéni nalez

bolest, prechodné poruchy vidéni a obrny
symptomy onemocnéni PND

paréza n. VI, poruchy Citi v oblasti 1. vétve n. V

silné bolesti poloviny hlavy
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Obecnou vlastnosti sympatického i parasympatického
nervového systému je tzv. denervacni supersenzitivita.
Podle ni se organ, ktery ztrati svou normalni inervaci, sta-
ne vice citlivym k chemickému transmiteru uvolfiovanému
z pfislusnych nervovych zakonceni. Pti snizeni nebo chybéni
impulzl ze sympatiku dochazi k ,,up-regulaci“ al-recepto-
ri musculus dilatator pupillae a tedy jeho vétsi citlivosti
k noradrenalinu nebo jeho agonistim — sympatomimeti-
kam [6].

Pravé na podkladé denervacni supersenzitivity dojde
u postganglionarni formy Hornerova syndromu k rozsiteni
zornice i po aplikaci fedéného roztoku fenylefrinu do spo-
jivkového vaku. U zdravé osoby nebo pacienta s centralni
Ci preganglionarni formou Hornerova syndromu se zornice
nerozsiti. U nasi pacientky se zornice na levém oku rozsirila
02 mm, na pravém oku se nezménila, jedna se tedy o post-
gangliondrni postiZzeni sympatické inervace vlevo. Zaroven
se zlepsila ptdza horniho vicka, coz mizZeme interpretovat
rovnéz jako dlsledek adrenergniho plsobeni fenylefrinu.

Srovnani 1% fenylefrinu s 1% hydroxyamfetaminem
pfi prikazu postganglionarni léze sympatiku u Hornerova
syndromu provedla ve své studii profesorka Danesh-Mey-
er. U 14 pacientd s Hornerovym syndromem zpUsobil feny-
lefrin rozsiteni zornice u postganglionarni formy v priiméru
0 1,9 mm, u léze centrdlniho nebo preganglionarniho neu-
ronu ¢inila zména $ife zornice jen 0,25 mm a 0,5 mm. Sitka
zdravé zornice se ve vsech pfipadech zménila v prdméru
pouze o 0,2 mm. Senzitivita fenylefrinu dosahla v této stu-
dii 81 %, specificita 100 %. Pro srovndani senzitivita 1% hyd-
roxyamfetaminu byla v této studii 93 % a specificita 83 %.
1% fenylefrin tedy predstavuje spolehlivou ndhradu dfive
pouzivaného hydroxyamfetaminu, ktery neni v Iékarnach
dostupny [3].

Alternativou k fenylefrinu mize byt v nasich podminkéch
dalsi sympatomimeticky preparat, a sice adrenalin. Ten
v fedéni 1%o nepUsobi na Sifi zornice na zdravém oku, ale
podobné jako fenylefrin rozsiti diky denervaéni precitlive-
losti zornici s postganglionarni 1ézi kréniho sympatiku. Li-
mitaci je jediné jeho ponékud horsi prostupnost rohovkou.
Adrenalin 1%o je povinnou soucdsti vSech resuscitacnich
balickl a mél by tedy byt dostupny okamzité. Cena jedné
ampulky je pouhych 24 K¢.

Na principu denervacni supersenzitivity plsobi na du-
hovku u Hornerova syndromu také sympatomimetikum
apraclonidin 0,5%, ktery je v zdpadni Evropé dostupny
jako antiglaukomatikum lopidine® od firmy Alcon. Zatim-
co u zdravé zornice nedojde k Zddnému — nebo jen mini-
malnimu — rozSifeni, Hornerova zornice se rozsifi vyrazné
a rovnéz se zlepsi ptéza. Kromé snadné dostupnosti spoci-
va vyhoda testu s apraclonidinem také v tom, Ze Ize zmé-
nu v Sifce zornice odecist jiZz za 15 minut [1, 6]. V zemich,
kde je apraclonidin registrovany, je tento preparat nejlepsi
a nejjednodussi alternativou ke kokainu pfi farmakologic-
kém prlikazu Hornerova syndromu.

Namitkou proti uZiti apraclonidinu, fenylefrinu nebo
jiného al-sympatomimetika mlzZe byt, Ze se zminénd
precitlivélost adrenergnich receptord sympatiku vyviji
pomalu. Je sice prokazatelnd jiz za nékolik dn(, ale pIné
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vyvinuta je aZz za 1-2 tydny [8]. Proto mliZe byt vysledek
farmakologického testu u ¢asné formy Hornerova syndro-
mu falesné negativni [4, 7]. Napfiklad Falzon a kol. po-
psali pfipady dvou pacientld s postganglionarni formou
Hornerova syndromu, u kterych nebylo mozné denervac-
ni supersenzitivitu prokdzat pomoci 1% phenylephrinu
po tfech dnech trvani potizi, nybrz az deset dni po roz-
voji pfiznakl [5]. Na druhou stranu existuji vSak i prace,
které dokazuji, Ze se denervacni supersenzitivita rozvi-
ne naopak velmi rychle, dokonce béhem nékolika hodin
[1]. Rozteseni by pfinesla jediné studie s velkym poctem
pacientd, cozZ je vsak v pripadé Hornerova syndromu ob-
tizné. Nicméné, jedna-li se o mladého clovéka s anam-
nézou Urazu, bolestmi hlavy a podezienim na Hornerlv
syndrom, je vhodné co nejrychleji provést magnetickou
rezonanci hlavy a krku, a to i bez farmakologickych test
zornicovych reakci k vylouceni zavazné disekce karotidy,
ktera je nejCastéjsi pri¢inou cévni mozkové pfihody u pa-
cientd mladsich 50 let.

Na rozdil od dospélych plati u déti naddle, Ze je pfi po-
dezfeni na Hornerlv syndrom indikovan kokainovy test
(u déti do 1 roku s 2,5% kokainem), protoZe al-sympato-
mimetika u nich mohou zpUsobit pokles krevniho tlaku.
Spravna diagndza Hornerova syndromu je u déti dilezita
zejména s ohledem na nebezpeci neuroblastomu [12].

ZAVER

PFes veSkeré nesnaze jsem se u nasi pacientky k potvrzeni
diagndzy Hornerova syndromu dopracovala a mohla jsem ji
uklidnit, Ze nalezeni néjaké zavazné pficiny je po tak dlouhé
dobé spiSe nepravdépodobné. Touto kazuistikou bych vsak
chtéla upozornit hlavné na to, Ze kokainovy test uvedeny
v ucebnicich jako klasicky test k prikazu Hornerova syndro-
mu dnes vétsina oftalmologll v Evropé jiz neprovadi. Obtiznd
dostupnost kokainu, jeho vysokd cena a potize s proskripci
jsou pro béiného oftalmologa zcela limitujici. Snahou je
tedy vyuZivat pro diagnostiku Hornerova syndromu snadnéji
dostupné substance, jako je napfiklad fenylefrin, adrenalin
nebo apraclonidin.

A jak by mél v dnesni dobé Cesky oftalmolog postupovat
pfi diagnostice Hornerova syndromu u dospélych pacientl?
Doporucila bych spravné vysetfit zornicové reakce a pfi po-
dezieni na Horner(iv syndrom provést test s 1% roztokem
fenylefrinu nebo 1%. adrenalinem. Pokud se Horner(v syn-
drom potvrdi, jsou v nasi zemi pacienti z o¢niho pracovisté
odesilani nejcastéji k neurologovi, ktery by se mél pokusit
na zakladé anamnézy a pridruzenych symptom( odhadnout
moznou pfi¢inu Hornerova syndromu a podle toho indiko-
vat dalsi vySetfeni, nej¢astéji magnetickou rezonanci. Jedna-
li se o Hornerlv syndrom trvajici méné nez jeden tyden, je
nutné provést neurologické vySetfeni akutné [11]. Nejsou-li
k dispozici kapky pro potvrzeni Hornerova syndromu, nemé-
lo by se u pacientl s akutnim, bolestivym nebo traumatic-
kym rozvojem ptiznakl na vysledek farmakologického pu-
pilarniho testu ¢ekat a oddalovat tak provedeni zobrazovaci
metody [2].
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Zusammenfassung

v

Klassischerweise betrachtet man die Pupillen-
bahn als einfachen Reflexbogen, bestehend aus
den retinalen Ganglienzellen, mesenzephalen In-
terneuronen, N. oculomotorius und kurzen Ziliar-
nerven. Jedoch gibt es im Aufbau der afferenten
Pupillenbahn einige Besonderheiten, die man bei
der Beurteilung von typischen Krankheitsbildern
mit Pupillenstdrungen beriicksichtigen muss und
die bei der Topodiagnostik der Lision sehr hilf-
reich sein kdnnen. Zusdtzlich haben Untersu-
chungen von Patienten mit Lisionen der post-
genikuldren Sehbahn gezeigt, dass auch dabei
Stérungen der Pupillenlichtreaktion auftreten
konnen. Die Pupillomotorik wird also nicht nur
durch subkortikale Zentren gesteuert, sondern
manche Komponenten der Pupillenreaktion sind
auch durch die Sehrinde deutlich beeinflusst.
Ziel dieses Beitrags ist es, verschiedene Begriffe
und Befunde wie relativer afferenter Pupillen-
defekt und Hemihypokinesie der Pupille zu er-
kldren.

Abstract

v

Classically, the pupillary pathway is considered
as a simple reflex arc comprising retinal ganglion
cells, midbrain interneurons, oculomotor nerve
and short ciliary nerves. However, there are
some specialties in the construction of the pupil-
lary pathways that have to be kept in mind
when dealing with diseases involving pupillary
disorders. This may help to localise lesions. Addi-
tionally, studies in patients with lesions of the
retrogeniculate pathways have shown that pupil-
lary disorders are possible even with lesions not
involving the classical reflex arc. The pupil is
therefore not only controlled subcortically, some
components are influenced by the visual cortex.
The aim of this article is to clarify various find-
ings and terms such as relative afferent pupillary
defect and pupillary hemihypokinesia.

Einleitung

v

Der Reflexbogen des Pupillenlichtreflexes, wie
von Wernicke beschrieben [35], besteht aus
vier Neuronen. Afferente Axone der retinalen
Ganglienzellen verlaufen zuerst im Sehnerv. In
der Chiasmaregion kreuzen die Axone aus der
nasalen Netzhauthdlfte in den kontralateralen
Tractus opticus, die in der temporalen Netzhaut-
hélfte entspringenden Axone verlaufen ipsilateral.
Im letzten Drittel des Tractus opticus zweigen die
pupillomotorischen Fasern von den sensorischen
ab und verlaufen weiter im Brachium colliculi su-
perioris in die Area praetectalis im dorsalen Mit-
telhirn. Von dort ziehen Interneurone zu beiden
Edinger-Westphal-Kernen, die schlieBlich {iber

parasympatische Fasern im N. oculomotorius den
Pupillensphinkter innervieren. Das klassische
anatomische Schema wurde allerdings durch kli-
nische Beobachtungen der Pupillenstérungen bei
verschiedenen Ldsionen der Sehbahn wiederholt
infrage gestellt, vor allem ist immer wieder eine
kortikale Beteiligung am Pupillenreflex postuliert
worden.

Ein relativer afferenter Pupillendefekt (RAPD) ist
durch eine herabgesetzte Pupillenreaktion bei di-
rekter Beleuchtung und eine normale konsensuel-
le Antwort bei Beleuchtung des kontralateralen
Auges gekennzeichnet. Es ist ein wichtiges klini-
sches Zeichen, das typischerweise bei Ldsionen
der vorderen Sehbahn eintritt. Ein RAPD begleitet
fast immer einseitige oder bilaterale asymmetri-
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sche Sehnervschddigungen, Chiasma- und Traktusldsionen. Aller-
dings wird ein RAPD auch bei manchen supragenikuldren Ldsio-
nen beobachtet.

RAPD bei Traktusldsionen (© Abb. 1)

v

Traktusldsionen sind durch eine kongruente oder inkongruente
homonyme Hemianopsie, asymmetrische bilaterale Optikusatro-
phie - meist ohne Sehscharfebeeintrachtigung - und einen
RAPD kontralateral zur Seite der Ldsion gekennzeichnet. Bell
und Thompson berichteten iiber vier Patienten mit einer Trak-
tusldsion mit RAPD, kompletter homonymen Hemianopsie und
guter Sehschdrfe auf beiden Augen [5]. Im Gegensatz dazu fan-
den Savino et al. einen RAPD nur bei Patienten mit einer Herab-
setzung der Sehschdrfe [27]. Bei diesen Patienten war somit
wahrscheinlich auch der ipsilaterale Sehnerv betroffen. Newman
und Miller berichteten von zehn Patienten mit einer Traktus-
ldsion, von denen ein RAPD nur in Fillen mit einer kompletten
homonymen Hemianopsie und guter Sehschdrfe zu bestdtigen
war [23]. Ahnlich wie Bell und Thompson [5] sind sie der Mei-
nung, dass das Auftreten eines RAPD mehr vom Gesichtsfeldaus-
fall als von der Sehscharfe abhdngt. Sie betrachten das Vorliegen
eines RAPD in Fdllen mit homonymer Hemianopsie als ein Kri-
terium fiir die Unterscheidung zwischen einer Traktusldsion und
einer retrogenikuldr verursachten homonymen Hemianopsie [5,
23].

Die Pathogenese eines kontralateralen RAPD bei Traktusldsionen
beruht méglicherweise auf einer héheren Photorezeptorenzahl
in der nasalen Netzhauthdlfte [24, 33], auf einem ungleichmadfi-
gen Verhdltnis der gekreuzten und ungekreuzten Fasern von
53:47 im Chiasma [20] und auf der Tatsache, dass die temporale
Gesichtsfeldhdlfte 60-70% groRer ist als die nasale. Bei einer
Traktusldsion werden Nervenfasern aus der kontralateralen na-
salen und der ipsilateralen temporalen Netzhaut unterbrochen,
wodurch der Input aus dem kontralateralen Auge erniedrigt
wird und ein entsprechender RAPD entsteht.

Die eher unerhebliche temporo-nasale Asymmetrie der kreuzen-
den und unkreuzenden Nervenfasern der retinalen Ganglienzel-
len (53:47) vermag aber nicht die groflen Unterschiede im
RAPD-Ausmalf bei Patienten mit einer Traktusldsion zu erkldren,
das von 0,3 logE bis 1,0 logE reichen kann. Studien, die die lo-
kale retinale pupillomotorische Empfindlichkeit mittels fokaler
Lichtstimuli bei Pupillenperimetrie oder mittels Halbfeld-Stimu-

Swinging-flashlight-  Gesichtsfeld
Test
RAPD
rechts
RAPD
rechts

kein
RAPD
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lation gemessen haben, zeigten eine gréBere pupillomotorische
Empfindlichkeit der nasalen Netzhaut (temporales Gesichtsfeld)
im Vergleich zur temporalen Netzhaut. Das exakte Verhdltnis
von temporalem und nasalem Input im Tractus opticus bleibt
aber nach wie vor unbekannt [8, 18, 29]. Schmid et al. unter-
suchten die Pupillenlichtreflexe nach einer Stimulation der na-
salen und temporalen Netzhauthdlfte innerhalb des zentralen
10°-Gesichtsfelds und schdtzten die Proportion der gekreuzten
zu den ungekreuzten afferenten pupillomotorischen Fasern auf
52:48. Sie sehen in diesem kleinen Unterschied keine hinrei-
chende Erkldarung fiir das Ausmalf$ des RAPD, wie man es bei Pa-
tienten mit einer Traktusldsion sieht [29].

Patienten mit einer Traktusldsion stellen ein einzigartiges Mo-
dell dar, Erkenntnisse iiber die Halbfeldorganisation des afferen-
ten pupillomotorischen Systems zu gewinnen. Eine komplette
Traktusldsion ermdglicht den Vergleich der Pupillenantwort aus
der temporalen und nasalen Netzhauthdlfte ohne den uner-
wiinschten Einfluss vom Streulicht, weil sich immer nur das in-
takte Halbfeld am Pupillenreflex beteiligen kann. Gerade wegen
Streulicht kann eine Abschdtzung der Nervenfaserverteilung in
der Pupillenbahn am gesunden Auge mit erhaltener Funktion
beider Netzhauthdlften nie genau erfolgen [17]. Kardon et al.
verglichen bei fiinf Patienten mit einer einseitigen Traktusldsion
die Pupillenreaktion nach Lichtstimulation der nasalen und tem-
poralen Gesichtsfeldhdlfte mittels Infrarotpupillografie. Bei allen
Patienten war die Pupillenreaktion in der erhaltenen tempora-
len Gesichtsfeldhdlfte ipsilateral zur Seite der Traktusldsion gro-
Ber als in der funktionellen kontralateralen nasalen Gesichts-
feldhdlfte. Nach ihrer Meinung reflektiert ein RAPD bei
Traktusldsionen den Unterschied in Lichtempfindlichkeit zwi-
schen dem intakten temporalen und nasalen Halbfeld [17].

RAPD ohne Gesichtsfeldausfall (G Abb. 1)

v

Vor der Umschaltung der Axone der retinalen Ganglienzellen
im Corpus geniculatum laterale weichen die pupillomotori-
schen Fasern ab und verlaufen in Brachium colliculi superioris
zum ipsilateralen pratektalen Kern, wo sie auf das ndchste
Neuron der Pupillenbahn umgeschaltet werden. Das kleine Ge-
biet zwischen Tractus opticus und Area praetectalis, prdtektale
afferente Pupillenbahn genannt, befindet sich im dorsalen Mit-
telhirn und dessen einseitige Ldsion hat einen kontralateralen
RAPD ohne visuelle Beeintrachtigung zur Folge (keine Vermin-

Abb.1 Schematische Darstellung der verschiede-
nen Befunde anhand eines Verlaufsschemas der Pu-
pillenbahn (T =Tractus opticus, M = Mittelhirn,

SS = Sehstrahlung, N3 = N. oculomotorius). Bei
Traktusldsion resultieren eine homonyme Hemia-
nopsie und ein relativer afferenter Pupillendefekt
der Gegenseite. Bei Lasionen des Brachium colliculi
superioris entsteht keine homonyme Hemianopsie,
aber gleichfalls ein RAPD. Bei retrogenikuldren La-
sionen, die deutlichen Abstand zum Corpus genicu-
lare laterale haben, entsteht eine homonyme He-
mianopsie ohne relativen afferenten Pupillendefekt.
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derung der Sehschdrfe, kein Gesichtsfeldausfall, keine Optikus-
atrophie). Wenn die Ldsion mehr proximal wdre (z.B. im
Tractus opticus), wiirde es einen Gesichtsfeldausfall geben,
und umgekehrt, wdre die Lision mehr distal (z.B. im Edinger-
Westphal-Kern), wiirde man eine Anisokorie sehen.

Einen RAPD ohne visuellen Schaden beschrieb als erster Behr
1913 bei zwei Patienten nach einem Gehirntrauma. Behr
schlug als Ursache eine Ldsion der afferenten Pupillenbahn im
pratektalen Gebiet vor [4]. Ellis berichtete von einem Patienten
mit einem Tumor im dorsalen Thalamus rechts und einem
kontralateralen RAPD links ohne visuelle Beeintrdchtigung [9].
Johnson und Bell stellten einen Patienten mit dorsalem Mittel-
hirn-Syndrom vor, bei dem nach der Riickbildung von okulo-
motorischen Stérungen immer noch ein RAPD ohne visuellen
Schaden feststellbar war [15]. In der Literatur gibt es noch
weitere Berichte iiber Patienten mit einem einseitigen RAPD
ohne jegliche Beeintrachtigung des Sehvermogens [10, 19,
31]. Alle sehen als Ursache eine Lasion der prdtektalen afferen-
ten Pupillenbahn im dorsalen Mittelhirn. 2008 gelang es nun
Papageorgiou et al., bei einem solchen Patienten mittels Pupil-
lenperimetrie zu zeigen, dass das pupillomotorische Gesichts-
feld ganz genau so aussah, wie man es bei einer Tractus-opti-
cus-Ldsion erwarten wiirde. Damit existiert ein Beleg dafiir,
dass der RAPD ohne visuelle Beeintrachtigung eine Variante
des RAPD bei Traktusldsion ist, bei welcher der Lasionsort
Richtung dorsales Mittelhirn verlagert ist und die visuellen Fa-
sern ausgespart sind [26].

RAPD bei retrogenikuldren Lasionen mit homonymem
Gesichtsfeldausfall (G Abb. 1)

v

Das Auftreten eines RAPD in akuten homonymen Hemianop-
sien wird oft als Kriterium zur Differenzialdiagnose von pra-
und retrogenikuldren Ldsionen benutzt. Bei erworbenem Scha-
den der Sehstrahlung oder der Sehrinde sollte keine Optikus-
atrophie und kein RAPD auftreten [5, 23]. 1985 wurde von
Tychsen und Hoyt ein RAPD bei 2 Patienten mit einer kongeni-
talen okzipitalen Hemianopsie beschrieben. Ihre Erklarung da-
fiir ist eine transsynaptische Atrophie des Tractus opticus nach
einem intrauterinen oder perinatalen Schaden der suprageni-
kuldren Sehbahn, der wahrscheinlich auch die afferenten pu-
pillomotorischen Fasern zur Area praetectalis im Mittelhirn
einbezog [32]. Diese Entdeckung wdre plausibel und mit den
bisherigen Erfahrungen in Einklang zu bringen.

Aber es gibt auch Studien bei erworbenen retrogenikuldren Ld-
sionen, die Befunde zeigen, die nicht mehr mit den bisherigen
Modellen vereinbar sind: entweder ein RAPD kontralateral zur
Seite der Lasion [25, 39] oder eine sogenannte pupilldre ,He-
miakinesie“ oder ,,Hemihypokinesie“ [1, 6, 7, 11, 12, 14, 16, 25].
Wilhelm et al. stellten einen RAPD bei ungefdhr der Hilfte ih-
rer Patienten mit einer supragenikuldren homonymen Hemia-
nopsie fest [39]. Die Analyse der Bildgebung zeigte, dass die
Ldsion ndher als 10mm am Corpus geniculatum laterale lag
oder es einbezog, wenn ein RAPD bestand. Der Tractus opticus
war bei allen Patienten unbeschddigt. Bei Lisionen, die mehr
als 18 mm vom Corpus geniculatum laterale entfernt waren,
gab es keinen RAPD. Die Autoren schlieen daraus, dass der
RAPD nicht durch eine Ldsion der Sehbahn, sondern durch
eine Ldsion der Interneurone zwischen der Sehbahn und dem
pupillomotorischen Zentrum in der Area praetectalis im Mit-
telhirn verursacht war [39]. Vor Kurzem erschien eine Arbeit

von Papageorgiou et al., die sich erneut mit dem Verhaltnis
zwischen einem RAPD bei supragenikuldren Ldsionen und der
Lage und dem Umfang der Ldsion befasste. Ein RAPD von 0,3 -
0,9 logE kontralateral zur Seite der Ldsion wurde bei 10 von
23 Patienten mit einem homonymen retrogenikuldr verursach-
ten Gesichtsfeldausfall festgestellt. Der Bereich, der bei Patien-
ten mit RAPD typischerweise betroffen war, befand sich im
proximalen Abschnitt der Sehstrahlung in der temporalen wei-
Ben Substanz [25]. Der Befund stiitzt die Hypothese, dass sich
die Verbindung zwischen der Sehbahn und Area praetectalis
im dorsalen Mittelhirn wahrscheinlich nahe beim Corpus geni-
culatum laterale befindet und bei den retrogenikuldren homo-
nymen Hemianopsien mit RAPD betroffen ist [4, 15, 19, 39].
Nach einigen Hypothesen konnte der RAPD bei supragenikuld-
ren Ldsionen auch durch eine transsynaptische Degeneration
erklart werden, die durch Synapsen im Corpus geniculatum la-
terale weitergeleitet wird. Dariiber hinaus wdre auch eine
Schddigung der vermuteten kortiko-prdtektalen Verbindung
zur Area praetectalis denkbar [1, 7, 34]. Allerdings sollte in
diesem Fall ein RAPD erst Monate oder sogar Jahre nach dem
Ereignis entstehen. Nach Papageorgiou et al. [25] zeigte sich
ein RAPD bei einem Patienten aber schon wenige Tage nach
dem zerebralen Insult und eine Optikusatrophie konnte selbst
vier Monate nach dem akuten Ereignis bei keinem der unter-
suchten Patienten nachgewiesen werden. Vier Monate sollten
eine ausreichende Zeitspanne fiir die Entwicklung einer Opti-
kusatrophie sein, die bei einer eventuellen transsynaptischen
Degeneration zu erwarten wdre. Die umstrittene transsynap-
tische Degeneration bei Erwachsenen wurde auch von Miller
und Newman infrage gestellt. Eine von ihnen post mortem un-
tersuchte Patientin mit einer supragenikuldren homonymen
Hemianopsie wies 57 Jahre nach dem zerebrovaskuldren Ereig-
nis keine Zeichen einer Degeneration im Bereich der vorderen
Sehbahn auf [22]. Die Hypothese scheint somit nicht haltbar.
Zusammenfassend ldsst sich sagen, dass bei retrochiasmalen
Ldsionen unsere klassische Vorstellung von der Organisation
der Pupillenbahn als eine Einheit nicht grundlegend infrage
gestellt wird. Pra- und retrogenikuldre Ldsionen lassen sich
nach wie vor durch den RAPD unterscheiden, man muss nur
beachten, dass auch bei einer Lision im Gebiet der Area prae-
tectalis ein RAPD auftreten kann. Anders ist es bei der in der
Folge zu besprechenden Hemihypokinesie der Pupille bei retro-
genikuldren Ldsionen.

Hemihypokinesie der Pupille

v

Die Pupillen-Hemihypokinesie ist vom RAPD zu unterschei-
den: Pupillen-Hemihypokinesie (oder ggf. -akinesie) bedeutet
eine erniedrigte oder vollig erloschene Pupillenreaktion auf
perimetrische Lichtreize im Bereich der Gesichtsfeldausfille
bei Patienten mit einer retrochiasmalen Ldsion der Sehbahn.
Nach den klassischen Vorstellungen vom Verlauf der Pupillen-
bahn sollten Lisionen vor dem Corpus geniculatum laterale
eine Hypokinesie zur Folge haben, postgenikuldre Ldsionen
hingegen nicht. Die ersten pupillenperimetrischen Versuche
bei Patienten mit Ldsionen der postgenikuldren Sehbahn wur-
den schon von Harms [12] 1949 durchgefiihrt und haben die
klassische Vorstellung des Pupillenreflexes nach Wernicke [35]
infrage gestellt. Harms fand bei Kriegsheimkehrern mit Verlet-
zungen des Okzipitalhirns herabgesetzte Pupillenreaktionen.
Seine Veroffentlichungen wurden infrage gestellt und eine
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transsynaptische Degeneration oder ein {ibersehener zusdtz-
licher prdgenikuldrer Schaden wurde postuliert. Harms' Ge-
genargument, dass diese Patienten keinerlei Optikusatrophie
gezeigt hdtten, wurde nicht beachtet. Seine Befunde wurden
mehrfach reproduziert [6, 7], spater auch mithilfe von exakten
pupillografischen Methoden und aufwendigen bildgebenden
Verfahren wie Computertomografie oder MR-Tomografie [1,
14, 16, 27, 28]. Ein Beispiel ist in © Abb.2 zu sehen. Mit sol-
chen Befunden konnten die Einwédnde der iibersehenen zusatz-
lichen Lasionen entkriftet werden. Zur Erklarung der Befunde
dieser Studien gibt es mehrere Theorien [2, 3, 26, 36].

Es gibt Belege fiir einen kortikalen Einfluss auf den Pupillen-
lichtreflex iiber eine kortiko-pritektale Verbindung [36-38].
Zu beachten ist dazu die Arbeit von Barbur et al. [3], die die
Existenz von zwei getrennten pupillomotorischen Kandlen pos-
tuliert. Barbur untersuchte mittels Infrarotvideopupillografie
die Pupillenreaktion nicht nur auf klassische, sondern auch
auf sogenannte spezifische Reize (isoluminante Musterreize,
Farbreize oder bewegliche Reize). Er fand, dass Patienten mit
Okzipitalldsionen die Pupillenantwort auf spezifische Reize im
blinden Halbfeld verloren hatten, die Antwort auf unstruktu-
rierte Lichtreize jedoch erhalten geblieben war, wenn auch ge-
geniiber der gesunden Seite reduziert. Der kleine Lichtpunkt
der Pupillenperimetrie wiirde im Sinne von Barbur das Muster
und Farben erkennende System ansprechen. Es besteht also die
Vermutung, dass an der Pupillenlichtreaktion 2 Kandle betei-
ligt sind: ein ,Helligkeitskanal“, der die Netzhaut direkt mit
der Area praetectalis verbindet und auf iibliche Lichtreize rea-
giert, und ein ,Musterkanal“, der erst retrogenikuldr umge-
schaltet wird und die Antworten auf isoluminante spezifische
Reize vermittelt. Nach Barbur ist die Pupillenreaktion vorwie-
gend durch den Helligkeitskanal und nur zum kleineren Anteil
durch den schwdcheren Musterkanal gesteuert. Die Unter-
schiede zwischen sehendem und blindem Halbfeld, wie sie
bei der Pupillenperimetrie erscheinen, sind aber viel gréfSer
als man erwarten wiirde, wenn allein der Musterkanal ausfie-
le. Daher muss ein Teil der Helligkeitsantwort ebenfalls iiber
die retrogenikuldre Bahn verschaltet sein. Die Studie von Wil-
helm et al. bei Patienten mit beschddigtem dorsalem Mittel-
hirn (Parinaud’s Syndrom) zeigte eine schwache, residuale Pu-
pillenlichtreaktion, eine erhaltene Reaktion auf Muster- und
Farbreize und erhaltene Schlifrigkeitsoszillationen der Pupil-
len. Die Autoren sehen die Ergebnisse als Bestdtigung fiir einen
kortikalen Einfluss auf die Pupillenbahn, da die afferente Ver-
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bindung zum prdtektalen Kern bei diesen Patienten durch-
trennt war [36].

Nach den Erkenntnissen zum pupillomotorischen Einfluss der
Melanopsin enthaltenden lichtempfindlichen retinalen Gang-
lienzellen [13, 21] erscheinen diese Uberlegungen in einem
neuen Licht. Konnte es sein, dass das System dieser Ganglien-
zellen den einen Kanal und das normale visuelle System den
anderen Kanal stellt? Nur letzterer wdre streng retinotop, wiir-
de also perimetrisch nachweisbare Ausfille verursachen, wah-
rend durch ersteren nur ein RAPD zu erwarten wdre oder viel-
leicht eine grobe Retinotopie im Sinne von Halbfeldern.
Weiteren Aufschluss kdnnen nur Studien mit entsprechenden
Patientengruppen unter Verwendung von Reizen unterschiedli-
cher Wellenldinge und Dauer geben.

Nach Barbur [2] wiirde man die pupillenperimetrischen Be-
funde bei retrogenikuldren Ldsionen folgendermafSen erkla-
ren. Die Komponente der Pupillenlichtreaktion, die den Pu-
pillendurchmesser unter konstanten Helligkeitsbedingungen
reguliert (,sustained“), wird vorwiegend durch die subkorti-
kale Pupillenbahn gesteuert. Die zweite - transitorische -
Komponente der Pupillenreaktion reagiert auf rasche Ande-
rungen in der Leuchtdichte und kleine Reize. Anscheinend
reizen die Lichtreize bei Pupillenperimetrie vorwiegend diese
transitorische Komponente.

Wir haben eine ganze Reihe von Patienten mit pra- und post-
genikuldren Ldsionen untersucht und unsere Erfahrungen ge-
rade publiziert [30]. Fiir unsere Experimente benutzen wir
eine eigene, computergesteuerte Methode der Infrarotvideopu-
pillografie, die auch fiir klinische Zwecke benutzt wird. Er-
staunlicherweise ldsst sich nach unseren Befunden der Ge-
sichtsfeldausfall mittels Pupillenperimetrie bei postgenikuldren
Ldsionen besser als bei den prdgenikuldren abbilden. Unsere
Studie bringt weitere Belege, dass die postgenikuldre Sehbahn
oder die Sehrinde am Pupillenlichtreflex beteiligt sind, zumin-
dest unter bestimmten Stimulusbedingungen.

Schlussfolgerung

v

Je nach ihrer Lage haben Lisionen der Sehbahn typische Pu-
pillenstérungen zur Folge. Ihre Feststellung kann bei der
Topodiagnostik der Ldsion sehr hilfreich sein. Umgekehrt
aber geben klinische Befunde Anlass zur ausfiihrlichen Pupil-
lenforschung und Kritik des klassischen Modells der Pupillen-
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bahn. Die Vorstellung iiber den Pupillenreflexbogen ist stich-
haltiger geworden, Studien sprechen dafiir, dass die Pupillen-
reaktion nicht nur durch subkortikale Zentren gesteuert wird,
sondern dass manche ihrer Komponenten durch die Sehrinde
betrdchtlich beeinflusst sind. Hier erdffnet sich ein interes-
santes Feld weiterer Forschung.
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Abstract

Classically, the pupil light reflex pathway is considered to be a simple reflex
arc consisting of the retinal ganglion cells, intercalated neurons in the mid-
brain, the oculomotor nerve, and short ciliary nerves. However, there are
some specialties in the structure of the afferent pupillary pathway that should
be taken into account when interpreting pupillary disorders and that can help
in the topodiagnosis of the lesion. Moreover, studies in patients with lesions
of the retrogeniculate pathway showed that the pupillary pathway is more
complex than previously assumed and the retrogeniculate visual pathway
and the visual cortex are also involved in the pupillary light reaction. Clear
anatomic evidence is still lacking but pupillographic measurements in
patients with various disorders of the visual pathway support the existence
of two pupillomotor channels that drive the pupil light reaction — the subcor-
tical (more primitive, luminance channel associated with the intrinsically
photosensitive retinal ganglion cells) and the suprageniculate (responds to
shifts in structured stimuli, is driven by the rods and cones, and receives
input from the visual cortex and extrastriate areas). The chapter summarizes
possible pupillary findings in patients with homonymous hemianopia.
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7.1 Introduction

The neural pathway of the pupillary light reflex
as first described by Wernicke [1, 2] in 1880s
consists of four neurons (Fig. 7.1). Afferent
fibers of the retinal ganglion cells travel in the
optic nerve and undergo hemidecussation at the
chiasm before entering the optic tract. In the
posterior third of the optic tract, the pupillomo-
tor fibers separate from the sensory fibers,
branch medial via the brachium of the superior
colliculus to the lateral geniculate nucleus, and
synapse in the ipsilateral pretectal nucleus in the
dorsal midbrain. Intercalated neurons from each
pretectal nucleus then project to both Edinger-
Westphal nuclei and parasympathetic fibers
from the Edinger-Westphal nuclei innervate the
iris pupillary sphincter muscle. According to
this model, the suprageniculate visual pathway
should have no influence on the pupillary light
reflex. However, studies in patients with lesions
of the retrogeniculate pathway showed that the

Fig.7.1 The human pupillary pathway as first described
by Wernicke consists of four neurons (excluding photore-
ceptors and bipolar cells in the retina): retinal ganglion
cells (7), intercalated neurons in the midbrain (2), oculo-
motor nerve (3), and short ciliary nerves (4). The simplic-
ity of this model can be no longer accepted (From Wilhelm
[2], with permission)

pupillary pathway is more complex than previ-
ously assumed and the retrogeniculate visual
pathway and the visual cortex are also involved
in the pupillary light reaction.

Homonymous hemianopia means vision loss
on the same side of the visual field in both eyes
and is indicative of a lesion involving the visual
pathway posterior to the chiasm. Patients with a
visual field defect should always have their
pupils examined and this applies even more so in
the case of homonymous visual field defects.
This chapter should summarize possible pupil-
lary findings in patients with homonymous
hemianopia.

7.2 Examination of Pupils
Examination of the pupils offers objective eval-
uation of visual function as well as of the veg-
etative pathways to the eye. Essential
information is gathered within a short time.
This makes pupillary inspection a valuable part
of routine ophthalmological, neurological, and
general medical examinations. Due to the prox-
imity of pupillary pathways to various anatomic
structures, pupillary dysfunction can be caused
by a variety of disorders, some of which may be
life threatening. Due to differences in the course
of pupillomotor and sensory fibers, pupillary
tests can help in the localization of a visual
pathway lesion. The ophthalmologist plays a
key role in detecting pupillary disorders and in
directing further investigations. Therefore, one
should have a good knowledge of the diagnos-
tic significance of pupillary function and
dysfunction.

There are several ways of how to examine the
pupil light reaction. Some methods are based on
the asymmetry in the afferent visual pathway,
another on the examination of the visual field by
means of measuring the pupil light reaction to
focal light stimuli or on stimulation methods that
are similar to multifocal electroretinography.
Recently developed chromatic pupillography can
identify pupil light response mediated by the
rods, cones, or the intrinsically photosensitive
retinal ganglion cells containing melanopsin.
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7.2.1 Relative Afferent Pupillary
Defect and Swinging

Flashlight Test

The most frequently evaluated pupillary parame-
ter in clinical practice is the relative afferent
pupillary defect (RAPD). It is typically related to
lesions within the anterior visual pathway and is
almost always present in unilateral or asymmet-
ric bilateral diseases of the optic nerve, chiasm,
or the optic tract. It can be diagnosed by means of
the swinging flashlight test and is characterized
by diminished pupillary constriction on direct
illumination with a normal consensual response
to illumination of the contralateral eye.
Swinging flashlight test can be performed as
follows: In a darkened room ask the patient to fix-
ate an object in a few meters’ distance. Shine
with the ophthalmoscope in an angle of 45° from
below and from the distance of 2040 cm into the
eyes. Move the light quickly from one eye to the
other and observe the direct pupil light reaction
of both pupils. Both pupils should be illuminated
for the same time (ca. 2 s) and the switch between
both eyes should be repeated at least five times. If
a relative afferent pupillary defect is present on
one side, then at the illumination of this eye both
pupils will either enlarge without any previous
contraction or this contraction will be smaller
and shorter. RAPD can be quantified by means of
neutral density filters and expressed in log units:
A filter is placed between light source and the
“good eye”. If there is still a RAPD defect visi-
ble, a filter with higher density is chosen until the
difference in pupillary constriction between both
eyes disappears or even the RAPD switches side.
The density of the filter necessary to compensate
the side difference is a measure for the RAPD.

7.2.2 Pupil Perimetry

Pupil perimetry or campimetry is an objective
visual field test that measures pupil light reaction
(PLR) to focal light stimuli projected onto the
retina. Light stimuli are presented at various
locations in the visual field, similar as in standard
perimetry. However, as the threshold for the pupil

light response is higher than the differential light
threshold in conventional perimetry, stimuli in
pupil perimetry have to be brighter or larger.
Brighter stimuli increase straylight, and larger
stimuli reduce spatial resolution of pupil perime-
try. This is the major problem of all systems
applied in pupil perimetry. To overcome this,
M-sequence techniques known from multifocal
electroretinography have been applied but not yet
tested against conventional pupil perimetry.

Visual field defects in pupil perimetry can be
recognized by a reduced or absent pupil light
reaction within these areas. Studies dealing with
clinical applications of pupil perimetry have
shown that most diseases affecting the retina and
the visual pathway caused pupil field scotomata
which match the defects found in standard perim-
etry (Figs. 7.2, 7.3, and 7.4) [3-5].

Pupil perimetry can be performed either by
means of a special pupillographic device or by a
modified standard perimeter. However, most of
these devices serve for research purposes and only
a few machines are available commercially. In our
laboratory, the pupillographic device consists of a
computer, a 19-inch CRT screen for the stimulus
presentation, and a third monitor for continuous
monitoring of fixation by observation (Fig. 7.5).
Stimuli are displayed on the computer screen at a
distance of 20 cm from the subject’s eye. A small
red spot is presented for fixation. Blinds around the
device prevent stray light from the room disturbing
the measurement. The pupil reaction is recorded by
means of an infrared-sensitive video camera. The
pupil edges can be determined by the contrast of
the dark fundus and a very light iris infrared reflex.
During the test the examiner can observe the qual-
ity of fixation, the stimulus sequence, as well as the
continuous pupillographic curve. For the stimuli,
white light is usually used and different stimulus
intensities can be tested with a constant background
luminance of 2.7 cd/m? The stimulus is usually
presented for 200 ms every 2000 ms.

In contrast to standard visual perimetry, pupil
perimetry represents a method for objective
visual field examination. It can be very useful
particularly in patients suspected of stimulation
[6] or in patients who do not manage standard
perimetry well enough.
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Fig. 7.4 (Left) Schematic drawing of advanced concen-
tric visual field loss in a patient with retinitis pigmentosa
as detected by kinetic perimetry (Goldmann stimulus V4).

—

Fig.7.5 Pupil perimetry (campimetry) in our pupil labo-
ratory. The pupillographic device consists of a computer,
a screen for the stimulus presentation, and a third monitor
for a continuous monitoring of fixation. The examination
is carried out in darkness, separately for each eye

7.2.3 Chromatic Pupillography

Recently it was found that not only the rods and
cones, but also other retinal elements — retinal
ganglion cells containing melanopsin (ipRGCs) —
are intrinsically photosensitive and capable of
phototransduction [7-10]. Unlike rods and cones
they do not or only marginally contribute to
image formation. They serve more as a detector

10° 20° 30°

(Right) Corresponding pupil field with pupil light reaction
present only within the preserved visual field (From
Skorkovska et al. [4], with permission)

of the surrounding light intensity and are involved
in the management of circadian rhythm. In addi-
tion to that, axons of the ipRGCs are connected
with the pretectal area and can drive pupil light
reaction, particularly at high intensities of light
(100 cd/m?). This explains why people who lost
sight because of a photoreceptor disease still may
have normal pupil light reaction and circadian
rhythm [11, 12].

Rods and cones are located in the outer ret-
ina, ipRGCs in the inner retinal layer. Each type
of photoreceptors has its different wavelength
sensitivity. The peak sensitivity of the ipRGCs
is in the blue spectrum around 480 nm. By reg-
istering the pupil light reaction to light stimuli
of different color and intensity, it is possible to
separately test the function of different popula-
tion of retinal photoreceptors, and like this
evaluate and monitor the function of outer ret-
ina (rods and cones) and inner retina (ipRGC).
This method is called chromatic pupillography
and appears as a highly sensitive method for
objective examination of neuroretinal function
that might become a useful complement to
electrophysiological tests, at this moment more
for research purposes or clinical trials (Figs. 7.6
and 7.7) [13].
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Fig.7.6 Chromatic pupillography equipment in our lab-
oratory. The stimulus is provided by a mini-Ganzfeld
color LED stimulator to one eye and the consensual pupil
light reflex of the nonstimulated fellow eye is measured
by the compact integrated pupillograph (AMTech GmbH,
Dossenheim, Germany)
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Fig.7.7 The relative pupil light response amplitude to red
and blue light stimulus in healthy subjects. With blue light,
the relative amplitude is significantly greater and the time to
maximal pupil constriction significantly longer compared
to red light for all tested time points (indicated by the verti-
cal lines A-D). Blue light evokes the “sustained” pupil con-
traction (driven by ipRGCs), while the red light rather the
“transient” contraction (driven by rods and cones) (From
Skorkovska et al. [13], with permission)

7.3  RAPD in Optic Tract Lesions
Optic tract lesions are characterized by homony-
mous visual field defects, asymmetric bilateral
optic disc atrophy (more pronounced contralat-
eral to the lesion), and contralateral RAPD
(Fig. 7.8). The closer the lesion is located to the
chiasm the more incongruent are the visual field
defects. Visual acuity is usually not affected. The
suggested causes for this contralateral RAPD in
an optic tract lesion are a greater nasal photore-
ceptor density, a ratio of crossed to uncrossed
fibers in the chiasm of 53:47, and a temporal
visual field 61-71% larger than the nasal field
[14]. A tract lesion disrupts fibers from the con-
tralateral nasal retina and the ipsilateral temporal
retina, thus disproportionally diminishing input
from the contralateral eye and producing a cor-
responding RAPD. However, the magnitude of
RAPD in patients with an optic tract lesion can
range from 0.3 logE to 1.0 logE and this can,
probably, be completely explained neither by the
rather small asymmetry of crossed to uncrossed
fibers nor the difference between temporal and
nasal hemifield [15].

Patients with an optic tract lesion represent a
unique model for studies of the hemifield orga-
nization of the afferent pupillomotor system.
A complete tract lesion enables the comparison
of the pupil light reaction from temporal and
nasal retina without the disturbing influence of
stray light because only the intact retinal half
can participate in the pupil light reaction.
Because of stray light such an estimation of the
nerve fiber distribution in the pupillary pathway
is not precisely possible in a healthy eye with
both retinal halves functioning. By means of
pupillography it could be shown that in case of
separate light stimulation of either of the retinal
halves in optic tract lesions, the pupil light reac-
tion was always greater in the preserved tempo-
ral visual field ipsilateral to the site of the tract
lesion, compared to the functional contralateral
nasal visual field. So, RAPD in optic tract
lesions probably reflects the difference in light
sensitivity of the intact temporal and nasal
visual field [16].
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Fig. 7.8 Schematic representation of different findings
according to the course of the pupil light reflex pathway
(OT optic tract, M midbrain, N3 oculomotor nerve, OR
optic radiation). Lesions of the optic tract result in hom-
onymous hemianopia with contralateral relative afferent

7.4 RAPD Without Visual

Field Loss

Prior to the termination of retinal ganglion cell
axons in LGN, the pupillomotor fibers branch off
and travel via the brachium of the superior col-
liculus to the ipsilateral pretectal nucleus, where
they synapse with the next neuron of the pupil-
lomotor pathway. This small region between the
optic tract and pretectal area is called pretectal
afferent pupillary pathway and is located inside
the dorsal midbrain in the brachium of the supe-
rior colliculus. A pathology in this area will cause
a contralateral RAPD without any visual impair-
ment — that means no decrease in visual acuity,
no visual field loss and no optic atrophy (Fig. 7.8).
If the lesion was located more proximally (e.g., in
optic tract), a visual field defect would be present

pupillary defect (RAPD). Lesions of the brachium of the
superior colliculus cause contralateral RAPD but no
visual field defect. In suprageniculate lesions with suffi-
cient distance from lateral geniculate body homonymous
hemianopia without RAPD develops

and on the other hand, if the lesion was more
distally (e.g., in Edinger-Westphal nucleus), an
anisocoria would be observed.

There are several reports [17-19] in the lit-
erature dating back to 1920s that describe
patients with a unilateral RAPD without any
visual impairment. Most of the patients had a
pathology in the dorsal midbrain and all authors
considered the cause lesion of the pretectal
afferent pupillary pathway in dorsal midbrain.
Recently, it was shown by means of pupil perim-
etry that the pupil field in these patients looked
exactly like the visual field in an optic tract
lesion [20]. So, the RAPD without visual loss is
simply a variant of the RAPD in an optic tract
lesion, in which the site of the lesion is moved
towards dorsal midbrain and leaves the visual
function intact.
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7.5 RAPD in Suprageniculate
Lesions with Homonymous

Visual Field Defect

Detection of a RAPD in acute homonymous hemi-
anopias has been commonly used in differentiating
infrageniculate from suprageniculate lesions, since
neither optic atrophy nor a RAPD should occur in
acquired affections of the optic radiation or the
visual cortex. However, there are exceptions.

For instance, RAPD has been described in
patients with congenital occipital hemianopia
[21]. The suggested mechanism was transsynap-
tic optic tract atrophy after intrauterine or perina-
tal damage to the suprageniculate visual pathway,
which presumably affected also the afferent
pupillary fibers to the pretectal area of the mid-
brain. This explanation sounds plausible and in
accordance with what was written above.

Further, there are numerous studies, reporting
disturbances of the PLR in patients with acquired
HVFDs due to lesions not involving the optic tract,
that are no more compatible with the traditional
model of the pupillary pathway: either the presence
of pupillary “hemiakinesia” or “hemihypokinesia”
in the blind part of the visual field [3-5, 22-27] or
RAPD contralateral to the brain lesion, as a response
to full-field light stimulation [28, 29]. Results of
these studies provide evidence that the pupil light
reaction is not a pure subcortical pathway.

Further progress in understanding the under-
lying anatomic pupillary pathway could be
achieved thanks to advances in neuroimaging.
Modern methods of analysis enable us to define
any lesion very precisely. Like this, clinically rel-
evant RAPD, as a response to full-field light
stimulation, could be limited to suprageniculate
lesions that were found closer than 10 mm to the
LGN or involving it, but sparing the optic tract. In
lesions located more than 18 mm from the LGN,
RAPD did not occur [29]. It was concluded that
RAPD was probably not caused by a lesion of the
visual pathway itself, but by a lesion of the inter-
calated neurons between the visual pathway and
the pupillomotor centers in the pretectal area of
the midbrain, comparable to the lesions that
cause RAPD without visual field loss. Further,
using a new strategy of lesion analysis by com-

bining subtraction techniques with the stereo-
taxic probabilistic cytoarchitectonic map it was
found that a region in the early course of the optic
radiation in the temporal white matter, close to
the LGN, seems to be associated with the pres-
ence of RAPD. This finding is consistent with the
hypothesis that the connection between visual
pathway and pretectal area in the dorsal midbrain
is probably closely related to the LGN and its
involvement in suprageniculate homonymous
hemianopias can lead to RAPD. So, there seems
to be more input from suprageniculate neurons
and the occipital cortex but the exact anatomy of
this connection is still unclear. It may be that the
critical area in the early course of the optic radia-
tion near LGN is the site of integration of cortical
signals in relation to the PLR into the pupillomo-
tor pathway. Another explanation could be that
some afferent pupillomotor fibers of infragenicu-
late origin bypass the LGN and then travel
through this critical area to the mesencephalon.
In summary, the classical view of the pupillary
pathway in postchiasmal lesions of the visual
pathway is basically true. Infra- and supragenicu-
late lesions can still be distinguished by the pres-
ence of RAPD. However, it must be kept in mind
that RAPD can develop also in lesions in the sur-
roundings of the pretectal area. And the situation
is even more complicated in case of pupillary
hemihypokinesia that is to be discussed.

7.6  Pupillary Hemihypokinesia

According to the classic idea of the pupillary
pathway, infrageniculate lesions should present
with a hypokinesia, suprageniculate lesions
should not. However, many studies [3-5, 22-27]
in patients with retrogeniculate damage and hom-
onymous visual field defects have provided evi-
dence for impairment of pupil responses to small
localized stimuli registered by pupillography.
Early clinical reports dating back to 1940s
were later reproduced by other groups using
modern pupillometric techniques in patients well
documented by magnetic resonance imaging or
computed tomography, and currently there is no
doubt that the retrogeniculate visual pathway or
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even visual cortex is involved in the pupillary
light reaction. In patients with retrogeniculate
damage the so-called pupillary hemihypokinesia
can be observed which differs from RAPD.
Pupillary hemihypokinesia (or akinesia)
means a reduced or absent pupil light reaction to
perimetric stimuli in the blind part of the visual
field and was observed in all kinds of postchias-
mal lesions (Fig. 7.9). The first pupillometric

measurements in patients with suprageniculate
lesions have been performed already by Harms in
1949 [22] and have challenged the Wernicke’s
description of the pupil light reflex. Harms found
reduced pupil light reaction in war veterans with
occipital lobe injuries. At that time, his results
were called into question and the findings
ascribed to the transsynaptic degeneration or to
an overlooked pregeniculate damage. Harm’s
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findings were eventually many times reproduced,
later also with the help of modern pupillographic
equipment and sophisticated imaging methods.
Still, even today we can only speculate about the
underlying cause of this phenomenon.

The findings, for example, can be explained by
the view, that in pre- and retrogeniculate lesions
different components of the light response may be
involved to a different extent. The steady-state
component of the pupillary light response regu-
lates the resting pupil diameter depending on the
ambient light level; it is characterized by a large
spatial summation and a wide dynamic range. This
component is represented basically by the subcor-
tical pupillary pathway. The transient component
of the pupil light response is responsible for the
constriction of the pupil in response to brisk light
stimuli. In the presence of this component, the
steady-state signal is largely discarded. The tran-
sient component reflects merely novel changes in
luminance contrast; it is characterized by a “lim-
ited spatial summation, band-pass temporal
response characteristics, and high contrast gain”
[30, 31]. It is obvious that the stimulus characteris-
tics of pupil perimetry predominantly address this
transient component. There is strong evidence
that — after cortical processing of specific stimulus
characteristics — projections from the extrastriate
visual cortex contribute considerably to the tran-
sient pupil response component.

Indeed, pupillographic measurements with spe-
cific stimuli (isoluminant pattern stimuli, chro-
matic stimuli or moving stimuli) in patients with a
retrogeniculate lesion indicate the possible exis-
tence of two separate pupillomotor channels: the
PLR in the blind hemifield was reduced but not
absent. However, all the other specific, “higher”
pupil responses to stimulus attributes, like stimulus
color, structure, or motion, were completely lost.
On the other hand, studies in patients with Parinaud
syndrome [32] demonstrated that there was a small,
residual PLR and preserved reactions to pattern
and color stimuli as well as preserved pupillary
sleepiness-related oscillations. Again, the existence
of a cortical input to the pupillary pathway was
suggested, since the retinal afferent input to the
pretectal nuclei had been apparently damaged.

Hence, it is considered that two or more distinct
channels could serve the PLR: a more primitive

“luminance channel,” which connects the retina
directly with the pretectal area and responds to dif-
fuse light, and “pattern channel,” which is medi-
ated suprageniculately and responds to shifts in
structured stimuli, like isoluminant grating,
motion, and isoluminant color stimuli. The PLR is
primarily mediated by the luminance channel and
to a smaller extent by the “weaker,” supragenicu-
late pattern channel (Fig. 7.10). It seems that the

@SCN CG

o o @3
P
on .
v A
oT

Fig. 7.10 Schematic drawing of the current view of the
pupillary light reflex pathway. Afferent pupillomotor fibers
travel in the optic nerve and undergo hemidecussation at the
chiasm before entering the optic tract. In the posterior third
of the optic tract, the pupillomotor fibers branch medial via
the brachium of the superior colliculus to the lateral genicu-
late nucleus (LGN) and synapse in the ipsilateral pretectal
nucleus (PN) in the dorsal midbrain. Intercalated neurons
from each pretectal nucleus then project to both Edinger-
Westphal nuclei. Parasympathetic fibers from the Edinger-
Westphal nuclei (NEW) travel with the oculomotor nerve to
the ciliary ganglion (CG) and via the short ciliary nerves
(SCN) innervate the iris pupillary sphincter muscle.
However, there seems to be more input from supragenicu-
late neurons and the visual cortex (CX), although the exact
anatomy of this connection is still unclear. It may be that
stimuli with different attributes are processed at a different
level — subcortically or by suprageniculate neurons and the
visual cortex. The proposed site of integration of cortical
signals to the pupillary response should be located in the
early course of the optic radiation near the LGN (From
Papageorgiou et al. [29], with permission)
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intrinsically photosensitive retinal ganglion cells
operate merely on the subcortical level, while the
cortical pathway may rely more on ganglion cells
that carry predominantly cone inputs. Additionally,
it needs to be considered that a pupillary constric-
tion could also be evoked by temporarily cancel-
ing the inhibition of the Edinger-Westphal nucleus
by the central sympathetic inhibiting system. This
might provide a second pathway for pupillary
constriction.

Conclusion

Pupillary findings in patients with pregenicu-
late lesions of the visual pathway are consis-
tent with the subcortical course of the pupil
light reflex arc. However, the evidence of
pupillary hemihypokinesia in patients with
homonymous visual field defects due to retro-
geniculate lesions of the visual pathway sup-
ports the hypothesis that the afferent pupillary
system is not purely a subcortical reflex arc
but consists of two pathways: one of these via
intrinsically photosensitive retinal ganglion
cells (ipRGCs) directly reaching the dorsal
midbrain, the other running through the nor-
mal RGCs via the visual cortex; although the
exact anatomy of this pathway is still unclear.
The subcortical pathway accounts for changes
in pupil diameter to stimuli of high intensity,
whereas the cortical part responds particularly
to higher stimulus attributes like color, struc-
ture, or motion. Future research will certainly
provide further understanding of the problem.
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Abstract

Background The purpose of our study was to demonstrate
the ability of pupil campimetry to reproduce visual field
defects caused by pre— and retrogeniculate lesions of the
visual pathway.

Methods By means of infrared video pupillography, light
responses to perimetric stimuli were recorded. The stimulus
pattern consisted of 41 test spots of 4° diameter and 140 cd/
m? luminance distributed in the central (30°) visual field.
Background luminance was 2.7 cd/m”. Eight patients with
pregeniculate lesions and eight patients with retrogeniculate
lesions of the visual pathway were examined. Pupil field
was evaulated by three skilled visual field interpreters
masked to the patients’ clinical data including conventional
perimetry. The spatial concordance of the visual field and
the pupil field was quantitatively assessed by the ratio of
intersection area and union area of the observer’s result and
the visual field defect measured by conventional perimetry.
The ratios in the two cohorts were compared by the
Wilcoxon rank-sum test.

Results The concordance between pupil and conventional
perimetry was better in the group of patients with retrogeni-
culate lesions. Ratios of the intersection area and the union
area in this group were significantly higher than for the group
with pregeniculate lesion of the visual pathway (p<0.05).
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Conclusions According to our results, pupil campimetry
demonstrates retrogeniculate visual pathway lesions well in
contrast to pregeniculate lesions. This is in contradiction to
the classical view of the pupillary pathways, where a
retrogeniculate lesion actually should not influence pupil-
lary function, whereas pregeniculate lesions should show
pupillary scotomata. The cause might be that different
components of the pupillary light reflex are being involved
in pre— and retrogeniculate lesions, and the stimulus
characteristics of pupil perimetry address better the compo-
nents represented in the retrogeniculate pathway.

Keywords Pupil - Campimetry - Perimetry - Hemifield loss -
Visual field

Introduction

According to the classical theory [1, 2, 3], the pupillary
light reflex is considered to be a simple reflex arc consisting
of the retinal ganglion cells, intercalated neurons in the
midbrain, the oculomotor nerve and short ciliary nerves.
Postgeniculate lesions of the visual pathway should
therefore not be detectable by pupil perimetry.

However, many reports in the literature [4—13] provide
strong evidence that patients with isolated occipital lesions
and homonymous visual field defects show corresponding
pupil defects to focal light presented to the same area. The
published findings provide compelling evidence for a role
of cortical processing of the pupillary light reflex under
certain stimulus conditions.

Pupil perimetry (or campimetry) represents an objective
method of testing the visual field by examining the
pupillary response to focal light stimuli projected onto the
retina. Visual field defects in pupil campimetry can be
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recognized by a reduced or absent pupil light reaction
within these areas. However, the value of pupil field
mapping in hemifield loss, both for clinical and scientific
purposes, is not yet established, especially not in cases with
retrogeniculate lesions. The purpose of this observational
study was to show to what extent our method of pupil
campimetry is able to reproduce conventional visual field
defects caused by pre— and retrogeniculate lesions of the
visual pathway, and as such address the issue of under-
standing of the pupil reflex pathways again, particularly the
involvement of retrogeniculate structures. This gives
additionally hints on how far pupil perimetry is suited to
disprove feigned hemifield defects.

Methods

For this study, eight patients with a pregeniculate lesion
(group 1) and eight patients with a retrogeniculate lesion of
the visual pathway (group 2) were selected from the
patients of our neuro-ophthalmological department. All
pregeniculate lesions were caused by tumors of the anterior
visual pathway. Retrogeniculate lesions, on the other hand,
were mostly due to occipital ischemia. Patients in both
groups showed a visual field defect respecting the vertical
midline. In all patients, the site and cause of lesion of the
visual pathway was confirmed by magnetic resonance
imaging or computed tomography.

The study was approved by the local institutional ethics
committee and followed the tenets of the Declaration of
Helsinki. All participants received written information
about the pupillometry and gave their written consent.

All subjects underwent a thorough ophthalmological
examination including static perimetry, using Tiibingen
Automatic Perimeter, or Goldmann 90° kinetic perimetry
of both eyes. The computerized infrared (IR) pupil
campimetry was performed on the same day as the visual
field. In all subjects both eyes were tested consecutively,
one eye always being covered with a black eye patch. The
pupillographic device consisted of a computer, a 19-inch
CRT screen for the stimulus presentation and a third
monitor for continuous monitoring of fixation by observa-
tion. Stimuli were presented on the computer screen at a
distance of 20 cm from the subject’s eye (according to
conventional terminology, this procedure has to be named
campimetry instead of perimetry, because stimuli are not
presented in a bowl). Blinds around the device prevented
stray light in the room from disturbing the measurement.
The pupil reaction was recorded by means of an IR-
sensitive video camera. The video signal was processed in
the same computer and the pupil diameter was calculated
each 40 ms. The stimulus pattern consisted of 41 stimuli
presented within the central 30° of the visual field. Stimulus
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diameter was 4°. White light was used for all stimuli;
stimulus intensity was 140 cd/m?, with a constant back-
ground luminance of 2.7 cd/m? Each stimulus was
presented for 200 ms every 2000 ms. A small red spot
was presented constantly as a fixation mark. The perimetry
program presented each stimulus at each tested location
four times. If the pupil size could not be recorded four
times without problems (e.g. blinks), the stimulus was
presented more often until four recordings of the pupil size
had been done for each stimulus. Afterwards, from these
four pupillary responses the average amplitude of the
pupillary response in mm for each tested location in the
visual field was calculated.

The pupil field loss of one randomly selected eye of each
patient was assessed by three skilled visual field interpreters
blinded to the patients’ data. The observers were asked to
draw the pattern of the estimated field defect. The spatial
concordance of the visual field and the pupil field as
entered by the observers was assessed by the K-Train
method. In this method, developed by Schiefer et al. [14],
quality of the perimetric examination is quantitatively
assessed by the ratio of intersection area and union area
of the observer’s result and the real visual field defect
(Fig. 1). This sub-score reaches a maximum in the case of
perfect coincidence, and goes down to zero if the two
isopter sets do not have anything in common. Finally, to
compare the results in both groups statistically, the ratios in
the two cohorts were averaged and compared using the
Wilcoxon rank-sum test.

Results

Characteristics of patients in both groups (age, sex,
pathology of the visual pathway, visual acuity, pattern of
visual field loss, presence of relative afferent pupillary
defect) are summarized in Tables 1 and 2.

intersection area

union area

/
real visual field defect f-"( ‘\ observer's result
Fig. 1 Concordance between the real visual field defect and the pupil
field defined by the observer is quantified by the ratio of the
intersection area and the union area of the visual field defect
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Table 1 Patients with a pregeniculate lesion of the visual pathway
Gender
Pat | “age Pathogenesis | Eye | YA | VA VFD RAPD | Ex.1 Ex.2 Ex.3 Avrg
-ID R L Ratio
[yrs.]
01 m, 46 Pituitary adenoma R 0.5 1.5 1.0 0.33 0 0.08 0.14
(normal)
Optic nerve sheath 0
02 w, 55 meningioma R 1.25 0 @ - 0.5 (normal) 0.6 0.37
- 0 0 0
03 w, 71 Pituitary adenoma L 0.9 0.9 no 0
(normal) | (normal) | (normal)
04 m, 37 Craniopharyngioma L 1.25 1.0 D D 0.6 1.0 0.66 0.57 0.74
Sphenoid wing
05 w, 70 meningioma L 1.0 1.25 Q Q 1.2 0.75 0.25 0.75 0.58
06 m, 30 Pituitary adenoma R 1.25 | 0.25 ‘ O yes (*) 0.75 0.75 1.0 0.83
07 m, 77 Pituitary adenoma R 0.8 1.0 @ O yes (*) 0.86 0.93 0.88 0.89
08 m, 64 Pituitary adenoma R 15 0 O - 0.75 0.25 1.0 0.67

Patient identification (Pat-ID); gender; age at time of examination; pathogenesis of the brain lesion; eye presented for evaluation; visual acuity of
the right (VA_R) and left eye (VA_L); type of visual field defect; presence and magnitude of relative afferent pupillary defect in logarithmic units
(RAPD); (*) RAPD in logarithmic units not evaluated; intersection area / union area ratio of observers 1, 2 and 3 (Ex.1, Ex.2, Ex.3); normal - no
depression of the pupil light reaction could be observed; average intersection / union area ratio (Avrg ratio)

Mean age of patients in group 1 was 56.3 years. Most
lesions of the anterior visual pathway were caused by a tumor
in the chiasmal or prechiasmal region. Only one patient
(number 4) presented with incongruent left homonymous
hemianopia due to the involvement of tractus opticus. Two
patients (2 and 8) were blind in one eye at the time of
examination. Visual field defects of all patients in this group
were large and absolute. In all but one patient, a relative
afferent pupillary defect was present.

In group 1, all three observers found a relatively good
correspondence between perimetric and pupillographic
visual field defect in patients 4 to 8 (average intersection/
union area ratio>0.5). In patient 3, none of the observers
could identify a pupil field loss. Ratio of the intersection
area and the union area of each observer in each individual
case is listed in Table 1. An example of visual field, pupil
field and corresponding intersection/union area ratios of
patients 3 and 8 are shown in Fig. 2.

Mean age of patients in group 2 was 66.1 years. In all but
one patient (number 4) the lesion of the retrogeniculate
pathway was due to occipital infarction or hemorrhage giving
rise to a homonymous quadrantanopia or hemianopia. Visual
field defects of patients with retrogeniculate lesions were
large, absolute and congruent. None of the patients showed a
relative afferent pupillary defect, optic discs were all normal.

In group 2, an average intersection/union area ratio>0.5
was reached in all but one patient (number 5). So, in
contrast to group 1, a pupil field defect corresponding to the
visual field loss could be detected by all observers in seven
of eight patients. Ratio of the intersection area and the
union area of each observer in each individual case is listed
in Table 2. An example of visual field, pupil field and
corresponding intersection/union area ratios of patients 5
and 7 are shown in Fig. 3.

The statistical analysis also showed that the intersection/
union area ratios were significantly higher in the group of
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Table 2 Patients with a retrogeniculate lesion of the visual pathway

Gender
Pat | ~age Pathogenesis | Eye | YA | VA VFD RAPD | Ex.1 Ex.2 Ex.3 Avrg
-ID R L ratio
[yrs.]
01 w, 57 Hemorrhage occipital R 0.9 10 ‘> O no 0.75 10 0.88 0.88
02| m75 'SChem'%occ'p'ta' L |125] o D ‘> no 1.0 1.0 0.83 0.94
Ischemia occipital,
03 | m,73 RIL, R | light | light no 1.0 1.0 1.0 1.00
cortical blindness
04 | m, 61 Glioblastoma R | 08 | 08 no 0.8 1.0 1.0 0.93
occipital, R
Ischemia occipital 0 0
05 | w,80 - L | 10 | 10 @ @ N0 | ormal) | (normal) 1.0 0.33
06 | m. 60 lschemlall_ occipital R 1.0 1.0 <' C' no 1.0 0.5 1.0 0.83
07 | m, 64 'SChemi%OCCipita' R | 10 | 1.0 @ @ no 1.0 1.0 1.0 1.00
08 | m,59 'SChem""l‘_OCC'p'ta' L | 10 | 10 G G no 05 0.66 1.0 0.72

Patient identification (Pat-ID); gender; age at time of examination; pathogenesis of brain lesion and site of lesion; eye presented for evaluation;
visual acuity of the right (VA_R) and left eye (VA_L); type of homonymous visual field defect; presence of relative afferent pupillary defect
(RAPD); intersection area / union area ratio of observers 1, 2 and 3 (Ex.1, Ex.2, Ex.3), normal - no depression of the pupil light reaction could be

observed; average intersection / union area ratio (Avrg ratio)

patients with retrogeniculate lesion of the visual pathway
(p=0.035), confirming a better match between visual and
pupil field scotomata in the retrogeniculate lesions.

Discussion

This study compares the agreement between conventional
perimetric and pupillometric loss of sensitivity to visual
stimuli in patients with pre— and retrogeniculate lesions of
the visual pathway. The so-called K-Train method, validat-
ed as an appropriate scoring system in the study by Schiefer
et al. [14], was used for the comparison of perimetric
findings. Intersection/union area ratio closer to 1.0 and a
better consensus of pupil field assessment among three
observers was reached in retrogeniculate lesions. The
observers could very well recognize pupil field defects in
cases of retrogeniculate lesions. Pregeniculate lesions, on
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the other hand, could be identified pupillographically only
with difficulty.

Studies in patients with retrogeniculate damage have
provided good evidence for an impairment of pupil
responses to small localized stimuli registered by pupillog-
raphy [4-13]. Early clinical reports [4-7] were later
reproduced by other groups using modern pupillometric
techniques in patients well-documented by magnetic reso-
nance imaging or computed tomography [8-13], and
currently there is no doubt that the retrogeniculate visual
pathway or even visual cortex is involved in the pupillary
light reaction, and our results support those findings.
Astonishingly, in our study the retrogeniculate lesions
could be better reproduced than pregeniculate by pupil
perimetry. In many cases, the pupil reponse in the blind
hemifield was not only depressed, but fully absent.

About the underlying cause of this finding we can only
speculate. Our findings may, for example, be explained by
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Group 1, Patient 3 (ratio 0, 0, 0)

the view that in pre— and retrogeniculate lesions different
components of the light response may be involved to a
different extent [15]. The steady-state component of the
pupillary light response regulates the resting pupil diameter
depending on the ambient light level; it is characterized by
a large spatial summation and a wide dynamic range. This
component is represented basically by the subcortical
pupillary pathway. The transient component of the pupil
light response is responsible for the constriction of the pupil
in response to brisk light stimuli. In the presence of this
component the steady-state signal is largely discarded. The
transient component reflects merely novel changes in
luminance contrast; according to Barbur [15] it is charac-
terised by a “limited spatial summation, band-pass temporal
response characteristics, and high contrast gain”. It is
obvious that the stimulus characteristics of pupil campim-
etry predominantly address this transient component. There
is strong evidence that (after cortical processing of specific
stimulus characteristics) projections from the extrastriate
visual cortex contribute considerably to the transient pupil
response component.

Furthermore, the difference in the patients groups may
play a role in the explanation for our findings: The patients
with pregeniculate field defects had mostly compressive,
those with retrogeniculate ischemic lesions. Studies dealing
with the clinical applications of pupil perimetry have shown
that most diseases affecting the retina and the visual pathway
cause pupil field scotomata which match the defects found in
standard perimetry [7, 12, 13]. However, this is not true for
all cases. Some pathologies of the anterior visual pathway
(pituitary adenoma, optic neuritis, optic nerve sheath
meningeoma) causing a clear defect in standard perimetry
did not always show a corresponding pupil field defect [12,
13]. Remarkably, Kardon et al. [12] found that almost all
patients with an anterior ischemic neuropathy showed
pupillary field defects that closely resembled the visual field
threshold loss. In the study by Schmid et al. [13], matching
fields were found in eight of 13 patients with retrogeniculate
lesions (62%) and in three of seven patients with lesions to
the anterior visual pathway (42%). Large and absolute visual
field loss was generally the pattern of visual field defect
more likely to show up in pupil campimetry.
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Fig. 3 Visual field, pupil field T
and intersection/union area ratio e . )
. < m ] -
of two representative cases from // alm
group 2 n_ =0

. P

Group 2, Patient 7 (ratio 1.0, 1.0, 1.0)

= N Y
i o~ e a
o = ety "
A gy
" i \ i | 3le. . |
z . ..;. © .- 2’ 3’ i 7 A l J’ j
+ -.--"': .—h":"_. ." | . X ,_l
« AW GD / Ty -
] - T B . ._,— = -..«-
- . u i .. P 1 ) Cy . __!’ . _. _./ ./
.l L] " C o N |
SO 1 it A L

For an ideal comparison of the closeness of the match
between visual and pupil field scotomata in pre— versus
postgeniculate lesions, two cohorts with the same etiology
at different locations would be required. The problem,
however, is that different kinds of disease typically cause
either pre— or postgeniculate deficits, and finding two
cohorts with the same disease but involving those different
sites would be very difficult.

To discuss the discrepancy between conventional and
pupil perimetry in any disorder of the visual pathway from
methodical points of view, we have to consider differences
in sensory and pupillary retinal receptive fields, in the
susceptibility of both systems to damage and their recovery
rate. Damage to the retina or optic nerve may produce
different degrees of deficit at threshold levels of light
compared to the brighter light levels used in pupil
perimetry. Furthermore, the sensitivity profile across the
visual field for visual perception and pupillomotor input
may not be equivalent [11, 12].
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Group 2, Patient 5 (ratio 0, 0, 1.0)

The ability of pupil campimetry to objectify hemifield
defects suggests its use in the examination of patients with
suspected functional visual loss. This has been demonstrat-
ed in some studies on individual cases, as well [12, 13, 16,
17, 18]. Rajan et al. [18] conducted a study on three
patients with presumed functional visual field loss respect-
ing the midlines. They concluded that in cases of functional
visual field loss where the pattern is not consistent with
retro-chiasmal disease, pupil perimetry can provide objec-
tive evidence for normal visual fields. Kardon et al. [12]
described a patient with functional inferior altitudinal loss
in both eyes, who demonstrated a completely normal pupil
field. For clinical practice it would certainly be desirable to
know the sensitivity and specificity of pupil perimetry in
feigned hemifield loss; however, this is not realistic, as the
number of patients with functional visual field loss will
never reach the limits needed for a satisfactory statistical
analysis, and so we can only draw conclusions from our
clinical experience with this method. That retrogeniculate
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lesion can be demonstrated by pupil perimetry is of
importance for the diagnosis of feigned hemifield loss,
because in this situation no other ophthalomogical findings
such as optic atrophy or relative afferent pupillary defect
can be observed to disprove the presence of a hemifield
defect.

According to our results, pupil campimetry does not
demonstrate pregeniculate visual pathway lesions with
sufficient reliability. In contrast, the sensitivity of pupil
campimetry in retrogeniculate lesions is much higher. In
those patients, pupil campimetry allows well to demonstrate
a visual hemifield loss. Our study provides further evidence
that the retrogeniculate visual pathway or even visual cortex
is involved in the pupillary light reaction, at least under given
stimulus conditions. This is in contradiction to the classical
view of the pupillary pathways where a retrogeniculate
lesion actually should not influence pupillary function.
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Gangliové buriky sitnice s obsahem melanopsinu jsou nové objevenymi fotoreceptory sitni- CSc.

ce. Diky pigmentu melanopsinu jsou stejné jako tycinky a ¢ipky schopné vlastni vnit¥ni foto- 2Evropska ocni klinika Lexum,
transdukce. Podili se na fizeni cirkadianniho rytmu a zornicového reflexu, mozna maji i do- Bezrucova 22, Brno
plikovou ulohu v procesu vidéni. Pupilarni reakci fizenou gangliovymi burikami s obsahem
melanopsinu lze separovat pomoci tzv. chromatické pupilografie. Pouziti barevnych stimulii
k odliseni prispéni jednotlivych fotoreceptorl k pupilarni reakci na osvit méze v pokrocilych
stadiich pigmentové retinopatie pfinést detailnéjsi informace o funkci fotoreceptord nez
standardni elektroretinografie. Prehled shrnuje soucasné poznatky o gangliovych burikach
sitnice s obsahem melanopsinu s dlirazem na jejich vyznam pro klinickou praxi.
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SUMMARY
INTRINSICALLY PHOTOSENSITIVE RETINAL GANGLION CELLS

Recently discovered intrinsically photosensitive melanopsin-containing retinal ganglion cells
contribute to circadian photoentrainment and pupillary constriction; recent works have also
brought new evidence for their accessory role in the visual system in humans. Pupil light reac-
tion driven by individual photoreceptors can be isolated by means of the so called chromatic
pupillography. The use of chromatic stimuli to elicit different pupillary responses may beco-
me an objective clinical pupil test in the detection of retinal diseases and in assessing new
therapeutic approaches particularly in hereditary retinal degenerations like retinitis pigmen-
tosa. In advanced stages of disease, the pupil light reaction is even more sensitive than stan-
dard electroretinography for detecting residual levels of photoreceptor activity. This review
summarizes current knowledge on intrinsically photosensitive retinal cells and highlights its
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Nové fotoreceptory sitnice

Svétlo je dllezitym regulatorem fyziologickych procesu.
Kromé vidéni ovlivriuje fadu dalSich pochodl jako je synté-
za melatoninu, cirkadidnni rytmus a spanek. U ¢lovéka ma
navic svétlo vliv na ndladu, koncentraci a psychické zdravi.
Vidéni a svétlo nejsou tedy predmétem zkoumani pouze of-
talmologie, nybrz i dalSich obord jako je biologie, psycholo-
gie Ci spankova medicina.

A pravé pfi chronobiologickém vyzkumu byly v roce 2002
identifikovany specidlni gangliové buriky sitnice, které jsou
diky obsahu melanopsinu schopné vlastni vnitini foto-
transdukce [1, 9, 18]. Tento objev predstavoval naprosto sen-
zacni nalez, vidyt vice nez sto let byly za jediné fotoreceptory
sitnice schopné fototransdukce povazovany tycinky a Cipky. Za-
timco klasické fotoreceptory se nachazeji v zevni jadrové vrstvé
sitnice, lezi gangliové bunky s obsahem melanopsinu ve vniti-
ni jddrové vrstvé sitnice a jejich axony jsou soucasti zrakového
nervu (obr. 1). Melanopsin funguje jako fotopigment a propuj-
Cuje témto specidlnim bunikam sitnice tzv. vnitini fotosenzitivi-
tu. K aktivaci vnitfné fotosenzitivnich gangliovych bunék sitnice
(v anglické literature ipRGCs — intrinsically photosensitive reti-
nal ganglion cells) mdze dojit bud’ po fototransdukci v tycinkach
a Cipcich, vlastni vnitfni fototransdukci za Ucasti melanopsinu,
nebo obéma zplsoby najednou [16, 19, 22].

Objeveni dalsich fotoreceptord umoznilo vysvétlit nékteré
nejasnosti, které se neshodovaly s tradicnim modelem fo-
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torecepce v sitnici, jako napfiklad pritomnost zornicového
reflexu nebo normalniho cirkadianniho rytmu u pacientd,
ktefi oslepli v disledku pigmentové retinopatie. V prehledu
jsou shrnuty soucasné poznatky o retindlnich gangliovych
bunkdach s obsahem melanopsinu s ddrazem na jejich mozné
vyuZziti v klinické praxi.

Morfologické a funkéni charakteristiky vnitiné
fotosenzitivnich gangliovych bunék sitnice

U primath vcetné Clovéka tvori gangliové bunky sitnice
s obsahem melanopsinu 0,2 % viech gangliovych bunék sit-
nice, coz je zhruba 3000 bunék na jedno oko [3]. | v rdmci
takto malé populace vnitfné fotosenzitivnich bunék s ob-
sahem melanopsinu lze rozlisit rGzné podskupiny, z nichz
kazdd ma jedinecné morfologické a fyziologické vlastnosti
a potencidlné i rGzné role. V soucasné dobé rozlisSujeme pét
typU vnitfné fotosenzitivnich gangliovych bunék sitnice (M1
az M5), vétsinu populace tvofi M1 a M2 burky (74-90 %)
[20]. Plvodné popsané gangliové bunky sitnice s obsahem
melanopsinu pfitom odpovidaji pouze dnesni podskupiné
M1. VSechny gangliové buriky s obsahem melanopsinu maji
velké télo a obrovska dendriticka pole. Dlouhé dendritické
vybézky téchto bunék sahaji do vnitrni plexiformni vrstvy
sitnice, kde se vzajemné propojuji.

K aktivaci fotosenzitivnich gangliovych bunék sitnice mize
dojit bud’ nepfimo ze zevnich vrstev sitnice (tedy z ty€inek
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Tycinky a Cipky

a Cipkud) pres bipolarni buriky, pfimo jejich vnitini aktivaci,
nebo obé&ma procesy zaroven. K vnitini aktivaci fotosenzitiv-
nich gangliovych bunék dochazi pti plisobeni svétla o vyssim
jasu, nez vyZaduji klasické fotoreceptory, udavaji se hodnoty
kolem 100 cd/m?. Pfi vnitfni aktivaci gangliovych bunék do-
chazi k jejich depolarizaci a generovani akénich potencidld,
jejichz charakter se ponékud lisi od odpovédi ty¢inek nebo
Cipkd na svétlo. Po depolarizaci gangliové buriky s obsahem
melanopsinu nasleduje dlouhd latence k dosaZeni prvniho
akéniho potencialu, rychlost vybojl pak pomalu narlsta az
do dosaZeni maxima, které je pfimo Umérné jasu stimulu,
a poté je rychlost vybojd udrzovana v konstantnim stavu po
celou dobu trvani svételného stimulu. Po ukonceni stimulu
neklesne frekvence vybojl nahle, nybrz postupné [3]. Na-
opak pti hyperpolarizaci tyCinek a ¢ipku je latence do poca-
te¢ni depolarizace gangliovych bunék sitnice kratkd, poca-

Bipolarni buriky

Vnitini plexiformni
vrstva

Gangliové buriky

Obr. 1 Schematické znazornéni vrstev sitnice a vniti-
né fotosenzitivnich gangliovych bunék sitnice (ipRGC)

tec¢ni vyboj ihned dosahuje maxima a nasledné se frekvence
vybojll rychle sniZuje, coZ ukazuje na ¢asnou adaptaci téchto
klasickych fotoreceptord.

Spektralni senzitivita vnitiné fotosenzitivnich gangliovych
bunék sitnice je nejvyssi kolem 482 nm (modré svétlo),
Castecné se tedy prekryva se senzitivitou tycinek (497 nm)
a Cipka (S-Cipky maji absorpéni maximum kolem 420 nm, M-
Cipky kolem 534 nm a L-Cipky vykazuji nejvyssi senzitivitu
pfi 563 nm) [1]. Schopnost absorbovat svétlo je vsak u gan-
gliovych bunék s obsahem melanopsinu oproti ty¢inkdm
a Cipkdm sniZend, proto je pro jejich vnitfni aktivaci potfeba
mnohem vyssiho jasu [4].

Podle dosavadnich poznatk( tedy dochazi k pfimé (vniti-
ni) aktivaci gangliovych bunék s obsahem melanopsinu ze-
jména pfi stimulaci modrym svétlem (cca 482 nm) o velkém
jasu (100 cd/m?) a dlouhém trvani (13 s) [16]. Kromé schop-
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Kontrastni citlivost?

Obr. 2 Podskupiny vnitifné fotosenzitivnich retinal-
nich gangliovych bunék (M1 az M5) a jejich projek-
ce k mozkovym strukturam, které pravdépodobné
ovlivituji (NSC — nucleus suprachiasmaticus, NPO
— nucleus pretectalis olivaris, dCGL — dorzalni ¢ast
corpus geniculatum laterale, CS - colliculus superi-

or). (Modifikovano podle reference 20)
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nosti vlastni vnitfni depolarizace pfi vhodné svételné stimu-
laci, mohou byt gangliové burky aktivovdny nepfimo z tyci-
nek a C¢ipkd, se kterymi jsou trvale propojeny pres bipolarni
buriky. Tato vnéjsi aktivace vykazuje rychlejsi a vyraznéjsi
depolarizaci a vétsi citlivost ke svétlu nez vnitfni fotosenzi-
tivita [19].

Fyziologické funkce vnitiné fotosenzitivnich gangliovych
bunék sitnice

Na rozdil od tycCinek a Cipkl prispivaji gangliové buriky
s obsahem melanopsinu k tvorbé zrakového vjemu pravdé-
podobné jen okrajové [3, 6]. Funguji spiSe jako detektory
intenzity okolniho osvétleni a podileji se na fizeni cirkadian-
niho rytmu. Jsou ve spojeni s centry pro fizeni cirkadianni-
ho rytmu v prednim hypothalamu (nucleus suprachiasma-
ticus, intergenikuldrni vrstva nucleus geniculatum laterale)
a spanku (nucleus preopticus ventrolateralis). Kromé toho
vedou axony gangliovych bunék s obsahem melanopsinu
také do nucleus pretectalis olivaris v dorzalnim strednim
mozku a tvofi tak aferentni ¢ast zornicového reflexu (obr. 2).
Pravé zachovani gangliovych bunék s obsahem melanopsi-
nu vysvétluje, proc osoby, které osleply v dusledku postizeni
klasickych fotoreceptor( sitnice (tycCinek a Cipkd u pigmen-
tové retinopatie), maji zachovaly zornicovy reflex a normal-
ni cirkadianni rytmus [16, 19, 22]. Tycinky, Cipky a gangliové
buriky s obsahem melanopsinu se pfi fizeni cirkadidnniho
rytmu i pupildrniho reflexu vzajemné dopliuji. Napftiklad
ty€inky Fidi cirkadidanni rytmus pfi nizkych intenzitach osvét-
leni, gangliové burky s obsahem melanopsinu se zapojuji pfi
vyssi svételné intenzité. Podobné funguje komplementarita
fotoreceptort i pfi pupilarni reakci na osvit.

Pupilarni reflex

Podle klasického schématu je pupilarni reflexni oblouk
tvoren Ctyfmi neurony. Aferentni axony retinalnich gangli-
ovych bunék probihaji nejdfive ve zrakovém nervu. V chias-
ma opticum prechazi axony z nazalnich polovin sitnic obou
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o¢i do druhostranného tractus opticus, axony z temporal-
nich polovin sitnic probihaji ipsilaterdiné. V posledni tfetiné
tractus opticus se oddéli pupilomotoricka vidkna od vldken
senzorickych a postupuji dale v brachium colliculi superioris
do area pretectalis v dorzalnim stfednim mozku. Odtud ve-
dou interneurony k obéma jadrim Edinger-Westphal, ktera
pomoci parasympatickych vlaken inervuji musculus sphinc-
ter pupillae.

Pupildrni reflex kontroluje zménou prlméru zornice
mnoZzstvi svétla dopadajiciho na sitnici. AZ do nedavna byl
u Clovéka spojovan pouze s aktivaci tycinek v Seru a Cipka
pfi dennim osvétleni. Z téchto klasickych fotoreceptord je
informace vedena pomoci bipolarnich, amakrinnich a ho-
rizontalnich bunék sitnice ke gangliovym bunkam sitnice
a déle do mozku. Objev vnitiné fotosenzitivnich bunék sit-
nice vsak ukazal, Zze pupilomotoricka informace privedend
do stfedniho mozku mUzZe pochdzet nejen ze zevni vrstvy
sitnice (aktivace tycinek a Cipk), nybrz také z vnitini vrstvy
sitnice (aktivace melanopsinu).

Pfesné stanoveni vlivu jednotlivych fotoreceptord na pu-
pilarni reakci u ¢lovéka je na rozdil od zvitecich modell ob-
tizné, jistou pomoc ale nabizi hodnoceni pribéhu pupilarni
reakce pomoci pupilografie. Na obr. 3 je zobrazena typicka
pupilarni reakce pfi osvitu oka jasnym svételnym stimulem
bilé barvy o délce 10 sekund. BEhem zUzeni zornice lze na
pupilografické kfivce pozorovat dvé faze. Po zapnuti stimulu
dochazi k rychlé kontrakci zornice az do dosazeni minimal-
niho priméru zornice (maximalni konstrikéni amplituda).
Tato ¢asna, prechodna (,transient”) odpovéd je rychle na-
sledovana pupilarni redilataci (neboli Unikem) a prechazi
v prolongované (,sustained”), ¢astecné zuzZeni zornice, kte-
ré pokracuje po zbytek trvani stimulu [16, 19]. AZ existence
gangliovych bunék s obsahem melanopsinu umoznila vy-
svétlit obé faze pupildrni reakce pomérnym zapojenim kla-
sickych fotoreceptor( a vnitiné fotosenzitivnich gangliovych
bunék sitnice do pupilarni odpovédi. Zatimco ,,pfechodnd”
komponenta pupildrniho reflexu je dana ¢asnou adaptaci ty-

Obr. 3 Pupilograficky zaznam pupilarni reakce na jas-
ny, bily, svételny stimulus o délce 5 sekund u zdravé-
ho ¢lovéka. Pupilarni reakce se sklada ze dvou fazi.
Po zapnuti stimulu dochazi k rychlé, maximalni pu-
pilarni konstrikci s kratkou latenci (pfechodna faze
pupilarni reakce na osvit). Poté se zornice ponékud
rozsifi (Castecna redilatace) do stadia ¢astecného
zuzZeni zornice, které reprezentuje prolongovanou
fazi pupildrni reakce na osvit a pretrvava i po vypnu-
ti stimulu. (Modifikovano podle reference 16)
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Cinek a ¢ipkd na osvit, je ,prolongovana” pupilarni kontrak-
ce zplUsobena vnitfni aktivaci gangliovych bunék s obsahem
melanopsinu a souvisi s déletrvajici elektrickou aktivitou
téchto bunék, jak bylo popsano vyse.

V experimentech na geneticky modifikovanych mysich po-
stradajicich bud' tycinky a cipky nebo gen pro melanopsin
bylo prokazano, ze ani v jedné skupiné zvifat nedoslo k vy-
mizeni pupildrni reakce na osvit. Tycinky, Cipky i gangliové
buriky sitnice s obsahem melanopsinu tedy tvofi aferentni
¢ast pupilarniho reflexu a navzdjem se ve svém fungovani
dopliuji. Pomérné prispéni jednotlivych fotoreceptord ke
konstrikci zornice vSak zavisi na parametrech svételné sti-
mulace.

Chromaticka pupilografie

Jak jiz bylo zminéno, maji jednotlivé typy fotoreceptoru
sitnice (tycinky, Cipky i vnitfné fotosenzitivni buriky sitnice
s obsahem melanopsinu) jind absorpéni maxima a citlivost
na osvit. Bilé svétlo, které se pti pupilografii nej¢astéji pou-
Ziva, zahrnuje Siroké spektrum vinovych délek, takze docha-
zi k sumaci odpovédi vech fotosenzitivnich bunék sitnice.
Pomoci svétla o rlizné vinové délce a jasu lze vSak selektiv-
né aktivovat jednotlivé receptorové systémy. Podle toho se
lisi i charakter pupilarni reakce a parametry pupilografické
krivky. Metoda postavena na tomto principu se nazyva chro-
matickad pupilografie a v soucasné dobé jsou v klinickych
studiich testovany rdzné protokoly, které by umoznily co
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Obr. 4 Primérna relativni amplituda pupilarni reakce (osa y) na
cerveny (horni kfivka) a modry stimulus (dolni kfivka) u zdravych
osob. Sedy sloupec znazorriuje trvani svételného stimulu. Verti-
kdlami jsou vyznaceny body, ve kterych byla stanovena relativni
pupilarni amplituda, definovana jako podil priméru zornice v dany
okamZik a jejiho vychoziho priméru. A — relativni amplituda 3 s po
zapnuti stimulu, B - relativni amplituda p¥i vypnuti stimulu, C —
relativni amplituda 3 s po vypnuti stimulu, D — relativni amplitu-
da 7 s po vypnuti stimulu. PFi osvitu zornice modrym svétlem byla
relativni amplituda v kazdém méreném okamiZiku vyznamné vétsi
a latence do maximalniho zizeni zornice vyznamné delSi neZ pfi
pusobeni cerveného svétla. Pfi plsobeni modrého svétla prevazo-
vala prodlouZena (,sustained”) kontrakce zornice, zatimco pf¥i pu-
sobeni cerveného svétla pfechodna (,,transient”) kontrakce zornice
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nejlépe oddélené stimulovat jednotlivé populace fotorecep-
tord sitnice jak u zdravych osob, tak u nemocnych s rlznymi
ocnimi patologiemi.

Cervené svétlo aktivuje zejména ¢&ipky, modré svétlo o niz-
kém jasu tyCinky a modré svétlo o vysokém jasu gangliové
bunky sitnice obsahujici melanopsin. Pfi osvitu zornice mod-
rym svétlem je amplituda pupilarni reakce vyznamné vétsi
a latence do maximalniho zuzZeni zornice vyznamné delsi nez
pri pusobeni cerveného svétla. Pti plsobeni modrého svét-
la pfevaZuje prolongovana (,sustained”) kontrakce zornice,
zatimco pfi plsobeni ¢erveného svétla prechodna (,transi-
ent”) kontrakce zornice (obr. 4). Lze se domnivat, Ze za na-
vySenim amplitudy a prodlouZzenim pupilarni kontrakce pfi
pUsobeni modrého svétla o vysoké intenzité stoji vnitfni ak-
tivace gangliovych bunék s obsahem melanopsinu [12, 16,
21]. Podobné zmény v , prechodné” reakci zornice na cerve-
né svétlo a modré svétlo o nizkém jasu odrazi pravdépodob-
né postizeni ty¢inek a Cipkd, zatimco zmény v ,,prolongova-
né“ pupildrni reakci onemocnéni gangliovych bunék sitnice.
Vzhledem k tomu, Ze se tycinky a ¢ipky nachazi v zevni jadro-
vé vrstvé sitnice a gangliové buriky s obsahem melanopsinu
ve vnitrni jadrové vrstvé sitnice, nabizi chromaticka pupilo-
grafie moznost vyuZiti pupilarni reakce k objektivnimu vy-
Setreni funkce zevni a vnitfni vrstvy sitnice.

Chromaticka pupilografie u pacientd s pigmentovou
retinopatii

Pupilarni reakce na barevné svételné podnéty je zkouma-
na také u pacientd s rdznymi o¢nimi patologiemi, zejména
pak u pacientl s pigmentovou retinopatii (RP), ktefi jsou
diky postizeni klasickych fotoreceptord idedlnim modelem.
U téchto pacientll by se chromaticka pupilografie mohla stat
pomocnou objektivni metodou pfi hodnoceni funkce zevni
vrstvy sitnice nejen pfi zjiStovani progrese onemocnéni, ale
také napftiklad pfi vySetfeni zrakovych funkci po implantaci
subretinalniho chipu, jehoZ vyvoj a aplikace ve svété Uspés-
né pokracuji.

V radé studii bylo zjisténo, Ze u pacientl s pokrocilou for-
mou RP je pupilarni reakce na modré svétlo nizkého a stred-
niho jasu (odpovéd tyCinek) a reakce na Cervené svétlo
(odpovéd Cipkd) ve srovnani se zdravymi osobami vyrazné
snizend [12, 16]. Pupilarni odpovéd na modré svétlo vyso-
kého jasu zprostifedkovana gangliovymi burikami s obsahem
melanopsinu byla u nékterych pacientt s RP normalni [12,
14], u jinych sniZzend [13, 15], pfestoZe by tyto buriky mély
teoreticky zUstat intaktni. Tento jev zatim nebyl jednoznac-
né vysvétlen, nicméné zda se, Ze v pokrocilych stadiich RP
dochazi ke snizeni poctu a zménam v morfologii také vniti-
né fotosenzitivnich gangliovych bunék, coZz by mohlo nélez
vysvétlovat [7]. Dllezitym zjisténim fady studii ale bylo, Ze
je pomoci pupilografie mozné detekovat aktivitu klasickych
fotoreceptort i v pokrocilych stadiich onemocnéni, kdy je
ERG jiZ nevybavné a neménné [13, 15].

PrestoZe se tedy obcas ve studiich vyskytnou jisté ne-
srovnalosti, potvrzuje se v zasadé domnénka, Ze Ize pomoci
chromatické pupilografie hodnotit funkci zevni vrstvy sitni-
ce u pacientd s RP. Podobné mze pupilografie monitorovat
pfipadné zlepseni funkce, je-li u pacienta aplikovana lécba.
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Chromaticka pupilografie pfi onemocnéni zrakového nervu

Ve srovnani s ¢ervenym stimulem probiha redilatace zor-
nice po ukonéeni modrého stimulu o vysokém jasu déle.
Tato prolongovana pupildrni konstrikce je v literatufe ozna-
Covana jako PIPR (postillumination pupil response) a je di-
sledkem protrahované elektrické aktivity fotosenzitivnich
bunék s obsahem melanopsinu pfi jejich vnitini aktivaci
[10]. Napriklad u pacient( s glaukomem bylo zjisténo, Ze se
s progresi onemocnéni parametr PIPR zkracuje, coZ potvr-
zuje Ubytek gangliovych bunék sitnice u tohoto onemocné-
ni [8, 11]. Prekvapivé ale u pacient( s dédi¢nou neuropatif
optiku nebyl ve srovnani se zdravymi osobami zjistén rozdil
v parametrech pupildrni reakce odrazejicich aktivitu gangli-
ovych bunék s obsahem melanopsinu [14]. To Ize vysvétlit
tak, Ze nékteré neuropatie optiku (napf. glaukom) zpUsobu-
ji difuzni postizeni gangliovych bunék sitnice véetné bunék
obsahujicich melanopsin, jiné choroby (napf. hereditarni
neuropatie optiku) pravé tyto burky usetfi, zatimco ostatni
gangliové buriky odumiraji [17].

Fotoreceptory pro cirkadianni rytmus

Pro spravné fungovani cirkadianniho rytmu je nutna syn-
chronizace vnitfnich hodin s 24hodinovym cyklem svétla
a tmy v okolnim prostredi. Hlavni biologické hodiny v nuc-
leus suprachiasmaticus dostdvaji informace o intenzité
okolniho osvétleni pravé z retindlnich gangliovych bunék
s obsahem melanopsinu. Existence téchto novych fotore-
ceptor( vysvétluje, proc zGstava i pri absenci tycinek a Cipkd
zachovan normadlni cirkadidnni rytmus. Pfi geneticky navo-
zeném chybéni melanopsinu u mysi je cirkadianni rytmus
sice normalni (12:12 hodinam), jen pfi plsobeni modrého
svétla dochazi k jeho fazovému posunu. U mysi, kterym odi
zcela chybi, vSak chybi i cirkadianni rytmus. Pro fungovani
normalniho cirkadidanniho rytmu jsou tedy zapottebi odi, ni-
koli ale ty€inky a Cipky [16, 19, 22].

Vyse uvedené rozdily v postiZzeni gangliovych bunék s ob-
sahem melanopsinu u rdznych neuropatii optiku vysvét-
luji jejich odlisny dopad na cirkadianni rytmus a spanek.
Napriklad u pacientd s Leberovou hereditarni neuropatii
optiku, ktera selektivné setii gangliové bunky s obsahem
melanopsinu, nebyva pres vyrazny zrakovy hendikep cirka-

dianni rytmus postizen [17]. Naopak bylo u zvitat s experi-
mentalné navozenym glaukomem zjiténo, Ze ve srovnani se
zdravymi jedinci jim adaptace na posun cykld svétlo — tma
trvd vyznamné déle [5]. Pro chronobiologii bylo objeveni
gangliovych bunék s obsahem melanopsinu velmi dileZité,
odstartovalo celou fadu studii a v blizké dobé Ize jejich kli-
nické vystupy ocekdvat napfiklad v oblasti spankové medici-
ny nebo psychiatrie.

Vnitfné fotosenzitivni gangliové buriky sitnice a vidéni

Zapojeni vnitfné fotosenzitivnich gangliovych bunék sitnice
do procesu vidéni je zatim nejasné. Ecker a kol. zjistili, Ze pfi
absenci tyCinek a Cipkl byly mysi stale schopné rozlisit terci-
ky s pruhy o vysokém kontrastu a najit cestu z bludisté [6].
MoZnou Ucast gangliovych bunék s obsahem melanopsinu pfi
zpracovani zrakového viemu podporuji i cetné spoje non-M1
bunék k centralnim mozkovym strukturam, které se nepodili
na fizeni cirkadidnniho rytmu ani pupildrniho reflexu [3, 6].
Zda melanopsin néjakym zplsobem pfispiva k procesu vidéni
je velmi zajimava otazka, jejiz zodpovézeni mlze prinést nové
Sance na restituci vidéni u pacient(, ktefi oslepli v disledku
onemocnéni tycinek a Cipka.

ZAVER

Treti fotoreceptory sitnice — vnitfné fotosenzitivni gangli-
ové bunky sitnice s obsahem melanopsinu, které byly obje-
veny puvodné v ramci chronobiologického vyzkumu, zéso-
buji ,vnitfni hodiny” informaci o svétle, vyznamné pfispivaji
k pupildrni reakci na osvit a mozna i k procesu vidéni. Je-
jich objeveni mlze mit vyznamné duasledky pro fadu oborl
véetné oftalmologie. Chromaticka pupilografie jisté nemUze
nahradit vice dostupnou a rozsitenou elektroretinografii,
v individudlnich pripadech vsak mlze poskytnout detailnéjsi
hodnoceni funkce zevni vrstvy sitnice neZ elektroretinogra-
fie a uplatnit se ve specializovanych centrech pti zavadéni
novych terapeutickych postupli zejména u dédi¢nych dy-
strofii sitnice. Dalsi studie zabyvajici se vyznamem vnitiné
senzitivnich gangliovych bunék pro lidsky organismus lze
jisté ocekavat.
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SHORT COMMUNICATION

Pupilarni reakce na barevné podnéty

Pupillary Response to Chromatic Stimuli

Souhrn

Cil: Porovnat pupildrni reakci na barevné svételné stimuly v souboru zdravych osob a zjistit,
zda Ize tuto metodu aplikovat pro hodnoceni funkce zevni a vnitini vrstvy sitnice. Soubor
a metodika: Do studovaného souboru bylo zafazeno 17 zdravych osob. Ke stimulaci bylo
pouzito ¢ervené (605 = 20 nm) a modré (420 + 20 nm) svétlo o intenzité 28 Ix, které difuzné
osvétlovalo jedno oko po dobu 4 s. Pro druhé oko kazdé osoby byly hodnoceny nésledujici
parametry pupildrni reakce: vychozi primér zornice, latence do maximalniho zdZeni zornice,
relativni pupildrni amplituda pfi maximalnim zuzeni zornice, tfi sekundy po zahajenf stimulu,
pfi ukonceni stimulu, 3 a 7 s po vypnuti stimulu. Parametry pupilarni reakce byly srovnany pro
Cerveny a modry stimulus pomoci parového t-testu. Vysledky: S vyjimkou vychoziho praméru
zornice (p = 0,148) byly rozdily v parametrech zornicové reakce na ¢erveny a modry stimulus
ve vdech pfipadech statisticky vyznamné (p = 0,001). Pfi osvitu zornice modrym svétlem byla
relativni amplituda v kazdém méfeném okamziku vyznamné vétsi a latence do maximélniho
zUzenf zornice vyznamné delsi nez pfi plsobeni ¢erveného svétla. Pri pdsobeni modrého
svétla prevaZzovala prolongovana (,sustained”) kontrakce zornice, zatimco pfi ptsobeni Cer-
veného svétla prechodnd (, transient”) kontrakce zornice. Zdvéry: Pomoci naseho vy3etiova-
ctho protokolu bylo mozné vysledovat u zdravych osob rozdily v pupildrni reakci na cervené
a modré svétlo, a potvrdit tak zapojeni gangliovych bunék sitnice s obsahem melanopsinu do
pupildrniho reflexu zejména pfi plsobeni modrého svétla. Chromaticka pupilografie se jevi
jako vysoce citlivda metoda, kterd dokaze objektivné zhodnotit funkci jednotlivych populaci
fotosenzitivnich bunék sitnice.

Abstract

Aim of study: To compare chromatic pupillary responses in a group of healthy subjects and to
determine if this method can be used for assessing outer and inner retinal function. Material
and methods: The study group consisted of 17 healthy subjects. Subjects were tested with
a chromatic pupillometer. The parameters of the stimulus were as follows: intensity 28 Ix,
duration 4 sec, and color blue (420 + 20 nm) and red (605 + 20 nm). The examined pupil
parameters were baseline pupil diameter, maximal constriction time, relative amplitude at
maximal constriction, at 3 sec after stimulus onset, at stimulus offset, at 3 sec after stimulus
offset and at 7 sec after stimulus offset. Pupil response parameters to red and blue light
were evaluated by paired t-test. Results: Except for the baseline pupil diameter (p = 0.148),
there was a significant difference in all pupil response parameters to red and blue light (p =
0.001). With blue light, the relative amplitude was significantly greater and the time to maxi-
mal pupil constriction significantly longer compared to red light for all tested time points.
Blue light evoked “sustained” pupil contraction, while red light rather induced “transient”
contraction. Conclusions: Our examination protocol allowed us to unmask differences in
pupil response to red and blue light in healthy subjects and to confirm involvement of the
melanopsin retinal ganglion cells in the pupil light reflex, particularly with blue light. Chro-
matic pupillography appears to be a highly sensitive method for objective evaluation of the
outer and inner retina function.
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PUPILARNI REAKCE NA BAREVNE PODNETY

Uvod

Pupildrnimu reflexu a jeho vyznamu pfi
objektivnim hodnoceni neuroretinalni
funkce se dostalo nové pozornosti diky
nedavnému objevu novych fotorecep-
tord sitnice — gangliovych bunék obsahu-
jicich melanopsin [1-4]. Melanopsin fun-
guje jako fotopigment a propujcuje témto
specidlnim bunkam sitnice tzv. vnitini fo-
tosenzitivitu. K depolarizaci bunék muze
dojit bud po fototransdukci v tycin-
kach a cipcich, nebo vlastni vnitini foto-
transdukci za Gcasti melanopsinu, anebo
obéma zplsoby najednou. Na rozdil od
tyCinek a cipkd nepfispivaji gangliové
buriky s obsahem melanopsinu k tvorbé
zrakového vjemu. Fungujf spfse jako de-
tektor intenzity okolniho osvétleni, a po-
dileji se tak na fizenf cirkadianniho rytmu.
Jsou ve spojeni s centry pro Fizeni cirka-
diannfho rytmu v pfednim hypothalamu
(nucleus suprachiasmaticus, intergeniku-
larni vrstva nucleus geniculatum laterale)
a spanku (nucleus praeopticus ventrola-
teralis). Kromé toho vedou axony gan-
gliovych bunék s obsahem melanopsinu
také do nucleus pretectalis olivaris v dor-
zalnim stfednim mozku, a tvofi tak afe-
rentni ¢ast zornicového reflexu. Pravé
zapojeni melanopsin-RGCs (Retinal Gan-
glion Cells) do zornicového reflexu vysvét-
luje, proc osoby, které osleply v disledku

postizeni klasickych fotoreceptord sitnice
(tycinek a cipkd), maji zachovaly zornicovy
reflex a normalni cirkadianni rytmus [5,6].

Tycinky a cipky se nachdzeji v zevni ja-
drové vrstvé sitnice, gangliové buriky s ob-
sahem melanopsinu lezZi ve vnitini jadrové
vrstvé sitnice a jejich axony jsou soucasti
zrakového nervu. Jednotlivé typy fotore-
ceptord sitnice maiji pfitom jinad absorp¢ni
maxima a citlivost. Pomoci svétla o rlizné
vinové délce a intenzité by tedy mélo byt
mozné aktivovat selektivné jednotlivé re-
ceptorové systémy. Metoda postavena na
tomto principu byla pojmenovana chro-
matickd pupilografie. V soucasné dobé
jsou v klinickych studiich testovany rlizné
protokoly, které by pomoci svétla o rlizné
vinové délce a intenzité umoznily stimulo-
vat jednotlivé populace fotoreceptord sit-
nice jak u zdravych osob, tak u nemoc-
nych s rtznymi o¢nimi patologiemi [7-11].
Takto vypracovana metodika by pak v kli-
nické praxi mohla pomoci objektivné roz-
liSit, zda se jednd o onemocnéni zrako-
vého nervu nebo fotoreceptord sitnice,
pripadné lépe kvantifikovat postizeni jed-
notlivych populaci fotoreceptord u de-
generativnich onemocnéni sitnice. Cilem
nasi prace bylo porovnat pupilarni reakci
na Cerveny a modry svételny stimulus ve
skupiné zdravych osob pomoci vlastniho
protokolu a dostupného technického vy-

Obr. 1. Pristroj Compact Integrated Pupillograph.

baveni a zjistit, zda a ve kterych paramet-
rech se pupilografické krivky lisi, aby bylo
v budoucnu mozné pouzit tento postup
pro klinické ucely.

Soubor a metodika

Studie byla provedena v pupilografické
laboratofi na o¢ni klinice v Tubingenu.
Do studie byly zarazeny zdravé osoby
s normalnim oftalmologickym ndalezem
z fad zaméstnanct oc¢ni kliniky a pra-
tel autord studie. U vSech zucastnénych
osob bylo pfed méfenim zornicové reakce
provedeno bézné oftalmologické vyset-
feni k vylouceni o¢ni patologie (vySet-
feni zrakové ostrosti, zméreni nitrooc-
niho tlaku, vySetfeni zornicovych reakd,
vysetfeni predniho a zadniho o¢niho seg-
mentu na Stérbinové lampé). S vyjimkou
korekce refrakéni vady brylemi nebo kon-
taktnimi ¢ockami se nikdo z osob ve stu-
dovaném souboru s ocima nelécil. Stu-
die byla schvalena etickou komisi lékarské
fakulty na univerzité v Tibingenu v Né-
mecku. Ucastnici studie byli podrobné in-
formovaéni o Ucelu a prabéhu studie a po-
depsali souhlas se svou Gcasti ve studii.

K vysetfeni zornicové reakce byl pou-
Zit pristroj Compact Integrated Pupillo-
graph (CIP, vyrobce AMTech, Némecko,
obr. 1). Méfeni probihalo v zatemnéné
mistnosti. PFi vySetfeni bylo vzdy jedno
oko osvétleno barevnym svétlem a zor-
nicovéd reakce byla méfena na druhém
oku pomoci infracervené videokamery.
Do studie pak bylo u kazdé osoby za-
fazeno jen pravé oko. Ke stimulaci bylo
pouzito Cervené (605 = 20 nm) nebo
modré (420 + 20 nm) svétlo o intenzité
28 Ix, které difuzné osvétlovalo stimulo-
vané oko po dobu 4 s. Rozlisenf pfistroje
bylo 0,01 mm a jeho vzorkovaci frekvence
250 Hz.

Kazdy stimulus byl prezentovan pét-
krat. Z péti odpovédi zornice byla zjisténa
priimérna amplituda pupilarni reakce na
dany barevny podnét a ta byla pouzita
pro dal3i vypocty. Byly hodnoceny nasle-
dujici parametry pupilarni reakce: vychozi
primér zornice, latence do maximalniho
zUZeni zornice, relativni pupilarni ampli-
tuda pfi maximalnim ztzeni zornice (podil
zmény prdmeéru zornice po prezentadci sti-
mulu a jejiho vychoziho priméru), rela-
tivni pupilarni amplituda 3 s po zahdjeni
stimulu, relativni pupilarni amplituda pfi
ukoncenf stimulu, 3 s po vypnuti stimulu
a 7 s po vypnuti stimulu. Relativni pupi-
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larni amplituda byla ve vSech pripadech
definovdna jako podil priméru zornice
v dany okamzik a jejiho vychoziho pru-
méru. VSechny zjistované parametry pupi-
larni reakce byly ve studovaném souboru
nasledné srovnany pro Cerveny a modry
stimulus pomoci parového t-testu.

Vysledky
Do studovaného souboru bylo zara-
zeno 17 oci 17 zdravych osob. Pramérny
vék osob ve studovaném souboru byl
55,6 + 11,7 let. V tab. 1 jsou uvedeny prua-
mérné hodnoty vdech mérenych parame-
trl zornicové reakce pro cerveny a modry
stimulus a jejich standardni odchylka.
V poslednim sloupci tabulky je statisticka
vyznamnost ,,p” rozdilu obou hodnot po
vyhodnoceni t-testem. S vyjimkou vycho-
ziho priiméru zornice (p = 0,148) byly roz-
dily v parametrech zornicové reakce na
Cerveny a modry stimulus ve vsech pfipa-
dech statisticky vyznamné (p = 0,001).
Na grafu 1 je prezentovana primérnd
zornicova reakce na cerveny a modry
podnét ve studovaném souboru. Rozdil
v pribéhu zornicové reakce na cerveny
a modry podnét je jasné patrny. Pri osvitu
zornice modrym svétlem byla relativni
amplituda vyznamné vétsi a latence pupi-
larni reakce vyznamné delsi nez pfi pUso-
beni ¢erveného svétla. Pfi plsobeni mod-
rého svétla prevazovala prolongovana
(,,sustained”) kontrakce zornice, zatimco
pfi plsobeni cerveného svétla prechodna
(,transient”) kontrakce zornice.

Diskuze

Pupildrni reflex kontroluje zménou pra-
méru zornice mnozstvi svétla dopadaji-
ctho na sitnici. Pupilarni reflex byl u ¢lo-
véka spojovan pouze s aktivaci tycinek
v Seru a c¢ipkd pfi dennim osvétleni.
Z téchto klasickych fotoreceptord byla
informace vedena pomoci bipolédrnich,
amakrinnich a horizontalnich bunék sit-
nice ke gangliovym bunkdm sitnice a je-
jich axony ddle do mozku. Pfed 10 lety
v3ak Lucas et al prokdzali, Ze u pokus-
nych mysi postradajicich tycinky i ¢ipky
byla pupildrni reakce na osvit sice sni-
Zena, nicméné viak pritomna. Zaroven byl
u téchto zvirat zachovan normalni cirka-
didnni rytmus [12]. Kratce nato se poda-
filo identifikovat podskupinu vnitiné fo-
tosenzitivnich gangliovych bunék sitnice
obsahujicich melanopsin [2,13], které se
na rozdil od tyc¢inek a c¢ipku neucastni

rozdily mezi zjisténymi hodnotami.

Tab. 1. Prdmérné hodnoty jednotlivych parametr pupildrni reakce mére-
nych ve studovaném souboru béhem prezentace modrého nebo cerveného
stimulu. Tu¢né zvyraznéné hodnoty ,p” ukazuji na statisticky vyznamné

Vychozi pramér zornice (mm)
Latence do max. zizeni zornice (s)
Relativni amplituda

* pfi maximalnim zuzeni zornice (%)
* 35 po zapnuti stimulu (%)

* pfi vypnuti stimulu (%)

* 35 po vypnuti stimulu (%)

* 7 s po vypnuti stimulu (%)

Modré svétlo  Cervené svétlo p
543+ 1,11 549+ 1,18 0,148
3,51 +0,82 2,11 £1,11 0,001
54,7 + 6,0 42,1 +6,0 0,001
53,1+6,1 38,6 £6,2 0,001
54,0 +5,8 38,1 +6,4 0,001
243 +7,0 12,5+5,2 0,001
153+6,4 5042 0,001

tvorby zrakového vjemu, nybrz se podi-
leji na zajisténi cirkadianniho rytmu a zor-
nicového reflexu [3,4,14]. Axony téchto
bunék vedou do oblasti dorzalniho stred-
niho mozku (centrum pupilarniho reflexu)
a do hypothalamu (centrum pro cirka-
dianni rytmus).

Pupilarni reakce na osvit je tedy kombi-
naci aktivity tycinek, ¢ipkd a gangliovych
bunék sitnice obsahujicich melanopsin.
Nejcastéji se pfi pupilometrii pouziva bilé
svétlo. Bilé svétlo vSak zahrnuje Siroké
spektrum vinovych délek, takZe dochazi
k sumaci odpovédi vsech fotosenzitiv-
nich bunék sitnice Ucastnicich se pupildrni
reakce. Chromatickd pupilografie na-
opak umoznuje odlisit jednotlivé popu-
lace bunék, které k této sumaci pfispivaji.
V nasi studii jsme se zabyvali srovnanim
pupilarni reakce na cervené a modré své-
telné stimuly v souboru zdravych osob.
Cervené svétlo ma dlouhou vinovou délku
a aktivuje zejména Cipky. Modré svétlo re-
prezentuje kratkou vinovou délku, na kte-
rou reaguji pfi nizkych intenzitach tycinky,
s rostouci intenzitou osvétleni se pridavaji
gangliové bunky sitnice obsahujici mela-
nopsin a castecné také cipky. Podle do-
savadnich poznatkl dochazi k pfimé
(vnitfni) aktivaci gangliovych bunék s ob-
sahem melanopsinu zejména pfi stimulaci
svételnymi podnéty o kratké vinové délce
(cca 482 nm), velké intenzité (100 cd/m?)
a dlouhém trvani (13 s) [5].

PFi osvitu zornice modrym svétlem byla
v nasi studii relativni pupiladrni amplituda
vyznamné vétsi a latence do maximalniho
zUzeni zornice vyznamné delsi nez pfi pu-
sobeni Cerveného svétla. Lze se tedy do-

mnivat, Ze za navysenim amplitudy pfi
plsobeni modrého svétla stoji zapojeni
gangliovych bunék s obsahem melano-
psinu do pupilarni odpovédi. Delsi latence
pupildrni reakce na modry stimulus rovnéz
podporuje dosavadni poznatky o chovani
gangliovych bunék obsahujicich melano-
psin. Elektrofyziologickd studie Daceyho
et al, ktefi mérili akni potencialy z jediné
gangliové buriky s obsahem melanopsinu
izolované in vitro ze sitnice opice makaka,
totiz ukazala, Ze po pfimé depolarizaci
této gangliové buriky nasleduje dlouha la-
tence k dosazeni prvniho akcniho poten-
cidlu. Rychlost vyboji pak pomalu narlsta
az do dosaZeni maxima, které je pfimo
Umérné svételné intenzité, a poté je rych-
lost vybojd udrzovana v konstantnim
stavu po celou dobu trvani svételného sti-
mulu. Po ukonceni osvitu neklesne fre-
kvence vybojd néhle, nybrz postupné.
Naopak pfi hyperpolarizaci tycinek a ¢ipk
je latence do pocétecni depolarizace gan-
gliovych bunék sitnice kratkd, pocatecni
vyboj ihned dosahuje maxima a nasledné
se frekvence vybojd rychle snizuje, coz
ukazuje na ¢asnou adaptaci téchto klasic-
kych fotoreceptor( [15].

Zminénym elektrofyziologickym cha-
rakteristikdm sitnicovych fotorecep-
tord odpovidaji dvé faze pupilarni reakce
béhem zuzZeni zornice. Kdyz se rozsviti
svételny stimulus, nastava rychlé a oka-
mZité zuzeni zornice do dosaZzeni maxima
neboli tzv. maximalni konstrik¢ni ampli-
tudy. Tato ¢asnd, pfechodnd (, transient”)
odpovéd je nasledovéna rychlou pupi-
larni redilataci neboli Unikem (,escape”),
ktery prejde v postupnou, prolongovanou
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Graf 1. Primérna zornicova reakce na cerveny a modry podnét ve studovaném

souboru.

(,,sustained”) pupilarni konstrikci. Ta po-
kracuje po zbytek trvani stimulu. ,Pre-
chodnéd” a ,,prolongovana” komponenta
pupildrniho reflexu maze byt vysvétlena
rozdilnym pfispénim tycinek, ¢ipkd a gan-
gliovych bunék sitnice s obsahem mela-
nopsinu pfi zpracovani svétla [5]. V nasi
studii pfi plsobeni modrého svétla preva-
Zovala prolongovana (,sustained”) kon-
trakce zornice, zatimco pfi plsobeni cer-
veného svétla prechodnd (,transient”)
kontrakce zornice. Prolongovand pupi-
larni kontrakce pfi prezentaci modrého
stimulu dokumentuje déletrvajici elek-
trické vyboje gangliovych bunék s obsa-
hem melanopsinu. PFi stimulaci cervenym
svétlem nebyla prolongovana kontrakce
zornice patrna.

Vyuziti chromatické pupilografie u one-
mocnén( sitnice je zatim ve fazi klinickych
studii. RGzné vysetfovaci protokoly jsou
testovany zejména u pacientl s dysfunkci
tycinek a ¢ipkl. Vsechny protokoly vychazi
z predpokladu, Ze tycinky (absorp¢ni ma-
ximum 498 nm) reaguji nejlépe na modré
svétlo o nizké intenzité a gangliové buriky
s obsahem melanopsinu jsou citlivé na
modré svétlo o mnohem vy33i intenzité.
S-Cipky (Cipky s absorpénim maximem pfi
460 nm, tedy pfi kratkych vinovych dél-
kach) pfispivaji k pupildrni reakci pfi hod-
notach svételnosti asi o 3 log vice, nez je
dostacujici pro tycinky. L/M cipky (Cipky se
spektralni citlivosti ke stfednim (530 nm)

a dlouhym (560 nm) vinovym délkam)
mohou byt naopak samostatné stimulo-
vany pfi vinovych délkach nad 620 nm,
pfi kterych tycinky, gangliové buriky
a S-Cipky nereaguiji [16,17]. Kardon et al
pfi vyvoji jejich protokolu chromatické pu-
pilografie vysetfili i pacienta s retinitis pig-
mentosa, coz je hereditarni dystrofie sit-
nice postihujici tycinky a ¢ipky. Pupildrni
odpovéd na modré svétlo nizké a stfedni
intenzity byla ve srovnanf se zdravymi oso-
bami vyrazné snizend (v dusledku preva-
Zujiciho postizeni tyc¢inek) a odpovéd na
Cervené svétlo byla mirné snizend (v du-
sledku postizeni ¢ipkd). Pupilarni reakce
na intenzivni modré svétlo viak snizena
nebyla, pravdépodobné diky zachované
vnitfni aktivaci gangliovych bunék s ob-
sahem melanopsinu, které u retinitis pig-
mentosa nejsou postizeny [7]. Rovnéz ve
své dalsi studii hodnotili Kardon et al pu-
pilarni reakci na barevné podnéty, ten-
tokrat u vétsi skupiny pacientd s retinitis
pigmentosa. Byly nalezeny vyznamné roz-
dily mezi pacienty s retinitis pigmentosa
a zdravymi osobami pfi testovacich pod-
minkach, které mély zdUraznit prispénf ty-
¢inek (1 cd/m?, modré svétlo) nebo ¢ipkd
(100 cd/m?, Cervené svétlo). V obou pfi-
padech byla pupildrni odpovéd u pa-
cientd s retinitis pigmentosa ve srovnani
se zdravymi osobami vyznamné snizena,
nicméné piitomna i u pacientt s vyhaslym
elektroretinogramem (ERG). Navzdory

slibnym vysledkdm byla vsak u dvou pa-
cientll ve studii pupilarni odpoved i pres
abnormalni ERG srovnatelna se zdravymi
osobami. Autofi proto konstatuji, Ze jejich
soucasny testovaci protokol jesté neni do-
statecné selektivni pro aktivaci jednotli-
vych populaci fotoreceptort [9]. Kawasaki
et al srovndvali pomoci pupildrni reakce
funkci tycinek, ¢ipkd a gangliovych bunék
s obsahem melanopsinu u deviti pacientt
s autozomalné dominantné dédicnou for-
mou retinitis pigmentosa a 12 zdravych
osob. Pupilarni odpovéd na modré svétlo
nizké intenzity po adaptaci na tmu byla
u pacientd s retinitis pigmentosa snizena,
coZ pravdépodobné reflektovalo snizenou
funkci tycinek, a dale se s progresi one-
mocnéni snizovala. Pupilérni reakce na
Cervené svétlo se u nemocnych oci adap-
tovanych na svétlo naopak nelisila od pu-
pildrni reakce zdravych osob. Prekvapivé
ale byla u pacientl s retinitis pigmentosa
vyznamneé snizena i pupilarni odpovéd
zprostifedkovana gangliovymi burikami
s obsahem melanopsinu. Autofi studie
zdUraznuji, Ze s ohledem na korelaci am-
plitudy pupildrni reakce a progrese one-
mocnéni Ize chromatickou pupilografii
vyuzit pro detailnéjsi monitorovani dege-
nerace fotoreceptord, nez nabizi klasicka
elektroretinografie [11].

Dal$im parametrem, ktery Ize sledo-
vat pfi hodnoceni pfispévku gangliovych
bunék sitnice s obsahem melanopsinu
k pupildrnimu reflexu, je protrahovana
kontrakce zornice po vypnuti stimulu
(Postillumination Pupil Response, PIRP).
Ve srovndni s jasnym, ¢ervenym stimulem
probihd redilatace zornice po ukonceni
modrého stimulu o vysoké intenzité opoz-
déné v disledku protrahované elektrické
aktivity gangliovych bunék sitnice obsa-
hujicich melanopsin [18]. Bylo prokazéno,
Ze u pacientld s glaukomem se s progresi
onemocnéni parametr PIRP zkracuje, coz
potvrzuje Ubytek gangliovych bunék sit-
nice u tohoto onemocnéni [19,20].

Soucasné vysetfovaci metody, které
hodnoti zrakové funkce, jsou prevazné
metody subjektivni. VyZaduji dobrou spo-
lupraci pacienta a nelze vyloucit fluktuaci
vysledk(. Naopak pupilometrie je metoda
objektivni, protoze pupilarni reflex zavisi
na aktivnich nervovych spojenich mezi sit-
nici a mozkovym kmenem a ty nemohou
byt pacientem ovlivnény. Na zakladé do-
savadnich vysledk( se chromatickad pupi-
lografie jevi jako vysoce citlivd metoda, jez
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dokaze objektivné zhodnotit funkci jed-
notlivych populaci fotosenzitivnich bunék
sitnice. To mdze byt velmi vyhodné pfi
hodnoceni progrese onemocnéni nebo
pfinosu é¢by. Jako pFinosné se jevi ze-
jména jeji vyuziti pfi vySetfovani pacientl
s degenerativnim onemocnénim sitnice ¢i
pfi kvantifikaci pfinosu novych léc¢ebnych
postupl u pacientl zafazenych do expe-
rimentdlnich studii. Pomoci naseho vy3set-
fovaciho protokolu bylo mozné vysledo-
vat u zdravych osob rozdily v parametrech
pupilarni reakce na cervené a modré
svétlo, a potvrdit tak podil gangliovych
bunék sitnice s obsahem melanopsinu na
pupildrni reakci. V daldi studii planujeme
aplikovat nas protokol pro srovnani pa-
rametrd pupildrni reakce mezi souborem
zdravych osob a pacienty s onemocnénim
sitnice a zrakové drahy.
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