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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. 7.2 (Top) Visual field in a patient with sphenoid value of pupil light response amplitude in millimeters at
wing meningioma causing a lower altitudinal defect in the  each tested location in the visual field. Corresponding
left eye. (Bottom) Pupil field of the left eye as detected by  pupil field defect in the lower hemifield can be recognized
means of pupil perimetry. The column represents the mean by a reduced pupil light reaction in this area
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Fig.7.3 (Top) Visual field in a patient with pituitary ade-  field of the right eye showing a corresponding pupil field
noma affecting the entire visual field of the left eye and  defect in the temporal hemifield
the temporal hemifield of the right eye. (Bottom) Pupil
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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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visual field (From Skorkovska et al. [4], with permission)
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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
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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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