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Abstract

Purpose: Brain damage is often accompanied by visual field defects which have been considered to be non-treatable. In recent years, how-
ever, new diagnostic methods have revealed hitherto unknown residual vision, which was found, for instance, in transition zones near the blind
visual field sectors and in spared islands of vision within the blind regions (“blindsight”). Furthermore, animal studies revealed a high degree
of plasticity in the visual system suggesting the possibility that recovery of vision may be induced by systematic visual training.

Methods: Here we summarize a series of studies with patients suffering from visual field defects after brain lesion using some most recently
developed computer-based programs for the diagnosis and treatment of visual field defects. Specifically, high-resolution perimetry (HRP) was
applied to first diagnose residual function in or near the “blind” sector of the visual field. Thereafter, visual restitution training (VRT, see
Kasten et al., Nature med. 4, 1998, p. 1083) was used daily for 6 months to provide systematic stimulation of these areas of residual vision.

Results: In a number of studies, we have observed not only residual visual functions within or near the field defect, but we were also able to
follow the course of spontaneous recovery of visual functions within weeks or months after visual system damage. Furthermore, even long
after spontaneous recovery is complete, computer-based visual restitution training (VRT) in or near the areas of residual vision results in a sig-
nificant enlargement of intact areas, both after optic nerve damage and postchiasmatic lesions. Using VRT, we found a border shift of about 5
degrees of visual angle which cannot be explained by eye movements or eccentric fixation. We observed a transfer of this training effects to
other tasks such as form and color detection, as well as to tests of visual exploration which were not specifically trained. Moreover, 72 % of the
patients reported subjective improvements of vision. Training-induced visual field enlargement persisted for at least one year, even in the
absence of training beyond 6 months of treatment.

Conclusions: The visual system possesses a remarkable plasticity which becomes apparent in visual field enlargement during spontaneous
recovery and specific visual training. Animal studies indicate that a minimum number of residual neurons surviving the lesion, in the order of
10 %, provides a sufficient substrate for recovery of vision. Though the precise mechanisms of training-induced visual field enlargement need
to be further explored, VRT can be introduced for routine clinical treatment of patients with visual field defects.
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1. Introduction

Patients suffering from visual deficits commonly experi-
ence many limitations in their activities of daily living. Visu-
al orientation may be severely impaired as shown in the fol-
lowing self-report:

“As I am driven to Calgary, I am continually surprised

by automobiles and buildings suddenly appearing in

my good field, when I look to the left. I have no idea
that they are there (...) I was determined to return to
my previous lifestyle as quickly as possible and attend-
ed the Winter Conference on Brain Research. I had
real difficulty in reading slides at talks, however, and
had to sit well back in the audience in order to follow
them. Presumably, this allowed me to get most of the
information into my right visual field.(...) I also decid-
ed to try skiing that week. I was able to ski without dif-
ficulty, although I tended to overcompensate for my
field defect and actually ran into a tree in my good
field whilst trying to avoid a bush several meters away
on the left!. (...) I still miss capital letters when read-
ing a text (...) and I am puzzled by the odd spellings or
messages. For example a sign stating ‘Women’ can be
misread as ‘Men’ or one saying ‘telephone’ may be

misread as ‘lephone’.” [37].

Since partially blind patients have problems with the (com-
plete) exploration of visually complex environments, they of-
ten miss people or objects in their blind field. Therefore, the
risk of accidents and injuries is increased and in most coun-
tries patients are not allowed to drive motor vehicles
[28,58,60]. For many patients, especially those without mac-
ular sparing, reading difficulties are the most prominent cause
of suffering. Understandably, visual field impairments are of-
ten the cause of unemployment, loss of self-confidence and of
independence, frequently resulting in reactive depression.

To understand the consequences of lesions in the visual
system, let us first consider the neuroanatomical situation in
the human brain.

On their way from the retina to the occipital lobe, visual
pathways traverse the entire brain. Moreover, there are sev-
eral other cerebral regions, located in parietal, frontal and
temporal lobes, as well as subcortical structures, involved in
visual information processing. Consequently, any lesion of
the brain bears an evident risk of inducing visual deficits.
After stroke, trauma or brain surgery, for instance, the prob-
ability of acquiring a visual field defect is very high, some-
times in the order of 20—30 % [e.g. 13,20,39,79].

Presumably, the high incidence rate of visual field defects
after brain lesions as well as the almost ubiquitous problems
caused by those impairments in patients’ everyday life
should have led to a vigorous effort of designing diagnostic
and treatment strategies. Yet, this was not the case. One of
the reasons may be that after the early discovery of Hubel
and Wiesel’s feature detectors [15—19], research has fo-
cused on characterizing with increasing detail the fine struc-
ture of the visual system, leading to the concept that the vi-
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sual cortex is strictly organized (e.g. in topographical units)
and possesses a high degree of specificity. As a conse-
quence, visual field loss has long been considered unchange-
able so that no need was felt to attempt visual rehabilitation
in patients with “permanent” visual field loss.

Nevertheless, in recent years, we have witnessed a new
development in neuroscience, a paradigm shift, namely that
the brain possesses a remarkable plasticity, being able to
compensate for lost functions during a period of recovery
following injury [9]. Meanwhile, even the visual system,
previously considered to be hard-wired, proved to possess a
remarkable flexibility in adapting to short-term as well as
long-term changes in the brain, and numerous animal studies
attest to this fact [1,6,8,10,14,35,44,47,55,69, 87].

With regard to the clear-cut evidence of visual system
plasticity in animals, the question arises to what extent the
human visual system also possesses the potential to adapt to
loss of functions. We have therefore conducted a series of
studies, including two well-controlled clinical trials with the
goal to restore lost visual function, the essence of which will
now be summarized.

2. Measurement of visual field defects and characteris-
tics of residual vision

The clear documentation of plasticity in the human visual
system requires a methodologically sound demonstration of
(sometimes small) changes of visual functions over time.
Therefore, the issue of proper diagnosis of residual visual
functions is not a trivial one [88]. Though much of the de-
tails can be found in the original publications, knowledge of
some methodological detail is needed here to appreciate the
clinical studies which were conducted in our laboratory with
patients suffering from visual field defects.

2.1. Diagnosis of vision

In our clinical studies, we used two approaches to quanti-
fy the loss of visual functions and any residual capacities: (a)
the Tiibinger Automated Perimeter (“TAP-2000") and (b)
high-resolution perimetry (“HRP”, which — strictly speaking
— is actually a campimetric procedure).

TAP-2000 is a standard tool for the diagnosis of visual
system dysfunction [40] routinely used by German ophthal-
mologists. We used TAP to determine the total size of each
eye’s blind area by presenting static (non-moving) stimuli
adapted to the central threshold of visual perception at ec-
centricities up to 30° or 90° of visual angle, respectively.
Fixation of the eyes was controlled with a video camera.

HRP is a diagnostic computer program developed in our
laboratory [29] designed to perform high-resolution qualita-
tive perimetry of the central visual field. Moreover, color
and form recognition can be examined by special subrou-
tines. HRP consists of three programs: “PeriMa” measures
the responses to 500 small, stationary white (i.e. suprath-
reshold) dots on a dark background in a 25 x 20 grid (stimu-
lus size: 0.15°). A second program, “PeriForm”, tests the
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Fig. 1. Schematic overview of visual field defects (white = intact, black = blind areas) which result from lesions at different locations of the visual system.

ability to recognize forms, e.g. lines of different orientation
or letters (“A”, “B”, “C” and “D”, stimulus size: 2°). “Peri-
Color” is a program testing color recognition in the visual
field. Colored squares (red, green, blue) and a gray square of
matched luminance (stimulus size: 2.5°) are presented in
random order. For a detailed description see [29].

Our initial studies were done using a 14"-monitor with a
viewing distance of 30 cm that allows visual field measure-
ments up to 44° horizontal and 34° vertical eccentricity. In
later studies we used a 17"-screen providing an area of
54° x 43° for detailed examination. By shifting the position
of the fixation point from the center to an eccentric location,
a special region of interest (e.g. a blind quadrant or hemi-
sphere etc.) within the visual field can be assessed, but the
fixation point has always to be positioned at eye level, hori-
zontally as well as vertically.

HRP is conducted in a darkened room, and the head of the
subject is stabilized with a chin-rest. In a standard trial of
PeriMa, stimuli are presented in random order at 500 posi-
tions on the screen. The patient hits a button whenever he or
she detects a stimulus. Feedback on correct or incorrect de-
tection, respectively, is provided by high vs. low tones. Cor-
rect fixation is ascertained with a small fixation point that
changes its color, e.g. a change from bright green to yellow
that cannot be detected with eccentric fixation. The subject
is instructed to keep his or her eyes on the fixation point dur-
ing the test and to press a key upon the color change. Our
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computer-based programs allow the use of different levels of
stimulus and background luminance and of different stimu-
lus sizes; additionally, different levels of stimulus duration
and flexible time intervals between stimuli can be selected
so that the test situation can be adapted to the individual
abilities and needs of a subject (e.g. long intervals between
stimuli for patients with slowed reaction time).

This set of programs allows the assessment of visual field
size with a much higher spatial resolution and flexibility
than commercially available devices. The major advantage
of this procedure is the possibility to concentrate measure-
ments to a certain, patient-specific part of the visual field
and to provide very detailed and objective information about
the functional status of different parts of the visual field.

Any observation of change, e.g. spontaneous or training-
induced increase of intact visual field size, must be based on
reliable diagnostic methods. In order to assess the reliability
of measuring visual field size with our computer-based
HRP, we repeatedly examined 27 patients (mean age 53.2
years = 17.7) with postchiasmatic damage of the visual sys-
tem [30]. Each subject was tested at five different sessions
with the three HRP sub-programs (see above). Retest reli-
ability for each test was determined by correlating five con-
secutive measurements for each patient.

Average correlations of the number of detected/ correctly
recognized stimuli calculated for all patients amounted to
r=0.86 (PeriColor), » = 0.91 (PeriForm), and » = 0.94 (Peri-
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Fig. 2. Diagnosis of residual vision. Superimposed evaluations of the central visual field (program PeriMa, +£25° eccentricity) using HRP; Black = blind areas,
white = intact areas, gray = areas of relative defects, i.e. transition zones with residual vision.

Ma), respectively, showing a high degree of reliability of
each test. Variability of visual field size, indicated by the in-
dividual standard deviation over five measurements, was
found to be very low: 4.2 % for stimulus detection, 6.2 %
for form recognition, and +6.4 % for color recognition, re-
spectively [30]. These results indicated that computer-based
HRP is a very reliable method that can be used for the obser-
vation of even small changes in the visual field of a patient
in order to evaluate effects of spontaneous or training-in-
duced recovery from visual field loss.

2.2. Residual vision

Standard text books of neurology/neuropsychology [e.g.
36] teach that after visual system injury, the visual field has
either intact (white) or deficient (black) sectors (Fig. 1).
Occasionally reference is made to “relative defects”, but
the nature of these is rarely considered to be meaningful.
Generally speaking, visual field measurement aims at de-
termining the position and size of the visual field defect
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(e.g. as an indicator of the localization and size of the le-
sion), but most methods are not designed to allow evalua-
tion of any residual visual capacities. However, a precise
description of the functional status of areas in the visual
field becomes essential once an attempt is made to improve
these functions.

In order to gain a better understanding of residual visual
functions in patients with cerebral blindness, we carried out
a study [31] addressing the following questions:

(1) Are there areas of partial (or residual) performance in
light detection (“transition zones”) in patients with cerebral
blindness?

(2) Can patients discriminate colors and forms in these tran-
sition zones of their visual field?

(3) Do any patients possess stable “islands” of residual vi-
sion in blind areas of the visual field?

(4) Can colors and forms be discriminated in such islands?

As described above, with computer-based HRP we found
only minor variations of visual field borders in repeated
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Fig. 3. Results of training of a female patient after an accident with lesion of the right occipital lobe as shown by HRP. Within the blind hemifield a “visual island”
was found. Black = blind; white = intact; gray = relative defect. A: Total visual field; B: Enlargement of the center; C: Trained area, baseline before therapy;
D: Final outcome; E: Difference to show increase of visual field size, gray = area of improvement (from [32]).

measurements when patients were tested well after spon-
taneous recovery had reached a plateau. Although the abso-
lute number of detected stimuli remained almost constant
over five measurements, the positions of detected stimuli
changed considerably along the border of the intact and the
deficient sector of the visual field. When five visual field
tests are superimposed, the probability of light detection at
each stimulus position can be computed. Between the intact
areas (stimulus always detected in five consecutive tests;
white squares in Fig. 2) and blind fields (never detected,
black squares), most patients show a transition zone where
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stimulus detection was achieved only in some trials out of a
total of five presentations (gray area in Fig. 2). These varia-
tions are not due to eye movements because fixation is con-
trolled throughout the test by equiluminant changes of the
fixation point’s color. Furthermore, “transition zones”
induced by eye movements should be predominantly located
in the central area around the fixation point since saccades to
that part of the visual field are more probable than larger eye
movements to the peripheral parts. However, none of our
patients showed such a pattern of an artificial transition
zone.
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Fig. 4. Different types of transition zones. A: sharp visual field border and accordingly a small transition zone. B: transition zone of medium extension. C: fuzzy

border, large transition zones, with scattered visual field defects.

Size and location of transition zones vary considerably
between patients. Only inconsistent performance of light de-
tection is possible in those areas. Subjectively, stimuli are
perceived as reduced in clarity, brightness or brilliance com-
pared to stimuli in intact areas.

Only one patient showed a reliable island of intact vision
(stimuli detected at the same positions in all five measure-
ments) larger than 5° visual angle within the blind area (see
Fig. 3). This visual island was not only intact with regard to
perception of white light, but the patient could also discrimi-
nate colors and forms within that region. Islands of residual
vision were also found by Wessinger et al. [72,73; see also
Wessinger et al., this volume], though in these islands only
non-conscious responses were recorded.

While large intact islands in the blind field appear to be
relatively rare, a considerable number of subjects detected
singular stimuli in parts of their defective area. The location
of detected stimuli often varied over five successive tests al-
though, surprisingly, their number was fairly constant in a
given patient. However, there was no random variation in
these locations, but areas of reduced performance of stimu-
lus detection were generally found along the visual field bor-
der, i.e. between completely intact and completely blind
parts of the visual field. Therefore, in these transition zones
stimuli can be detected only with a probability below 100 %,
and color and form stimuli can often be detected but not very
well discriminated.

In our studies we have found [31] that transition zones are
generally located at the border of the blind field, however,
their shapes differ between patients. Some subjects showed a
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sharp visual field border and accordingly a small transition
zone (n=17). Other subjects with a medium extension of
the partially defective area (n = 5) were categorized as hav-
ing a normal visual field border. Finally, some subjects
showed a fuzzy border (n = 5), i.e. they had a large transition
zone and rather scattered visual field defects (see Fig. 4). We
have recently proposed that such “transition zones” are areas
of residual visual functions, i.e. functional representations of
partially surviving neuronal elements of the damaged visual
pathway [31,55].

The existence of these transition zones leads us to the
question whether an increase of visual functions within these
partially damaged areas may be possible. It is therefore of
interest to consider the possibility that areas of residual vi-
sion may not only be the neurobiological substrate for spon-
taneous recovery of vision but that they also may be trained
in order to improve visual functions after spontaneous recov-
ery is completed. Let us first focus on spontaneous recovery
of visual functions in humans after visual system injury.

3. Recovery from visual field defects

3.1. Spontaneous recovery

As numerous animal studies on spontaneous recovery
have shown, the visual system has a rather remarkable abili-
ty to recover from injury (summarized in [87]). Yet, visual
field defects after brain injury in patients have been regarded
as unchangeable for a long time because the highly specific
organization of the visual system does not seem to allow for
functions being taken over by other regions of the brain.



E. Kasten et al. / Restorative Neurology and Neuroscience 15 (1999) 279

25 -20 -15 -10 10 18 20 25

Day 286

-5

25 -20 45 10 -5 0 5 10 15 20 25

Day 592

Fig. 5. Spontaneous recovery. Single case study of a male patient. Black indicates undetected stimuli positions and white intact areas. In this patient a surprising
enlargement of the intact visual field was found due to spontaneous recovery even without training.

However, as early as 1917 Poppelreuter [53] observed spon-
taneous recovery from visual dysfunctions in soldiers with
gunshot wounds. Since then, several investigators have stud-
ied spontaneous enlargement of visual field defects with
rather heterogeneous results: e.g. different authors men-
tioned rates of recovery between 7 % and 85 % improve-
ment [5,12,38,39,43,67,68,78,79]. These divergent findings
may be explained by the different methods of perimetric
measurement as well as by varying criteria of what exactly
comprises an improvement. Furthermore, patients with dif-
ferent demographic and neuropsychological characteristics
were studied. Thus, the few studies on the subject of recov-
ery of vision yielded very heterogeneous results with regard
to the percentage of patients showing recovery and the dura-
tion and extent of visual field enlargement. As a conse-
quence, it is currently not possible to predict to what extent
and in which time course a given patient may recover. How-
ever, one common finding was that patients having visual
field borders with broad zones of “relative” defect (i.e. rela-
tively large transition zones) usually showed a larger amount
of spontaneous recovery [67].

In order to gain more information on quantitative and
qualitative aspects of spontaneous visual field enlargement,
we observed in great detail the course of recovery in one pa-
tient suffering from homonymous hemianopia of the lower
visual field caused by an occipital gun shot wound [48,49].
The following case report from our laboratory is an impres-
sive example of spontaneous recovery and post-lesion dy-
namics:

Patient R.V. had suffered an occipital gunshot wound at
the age of 29 years. Initially, R.V. had been completely blind
but only a few days after the lesion, he reported a first diffuse
perception of light. Within two weeks, vision recovered in the
upper right quadrant. Almost three months after the incident,
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the upper half of the visual field was completely intact, but
still progress in the lower visual hemisphere continued. At six
months, a perimetric examination revealed an intact visual
field in the left and right periphery of the lower visual field.
Although the average duration of spontaneous recovery usu-
ally ranges between three weeks [78] and six months [43],
R.V. still continued to improve. The first measurement with
our HRP programs (light detection, color discrimination,
form recognition) was performed exactly six months after the
incident. Due to the high resolution of our method, we were
able to observe the progress of spontaneous recovery over al-
most one year after initial examination with HRP (see Fig. 5).
We found that visual field enlargement gradually proceeded
from the visual field border into the blind area. Finger-like,
intact regions extended into the defect field, similar to those
observed previously [43]. The greatest recovery was found in
partially defective areas, i.e. in transition zones between in-
tact and blind parts of the visual field. Over a period of one
year, i.e. up to 18 months after lesion, we observed a gain of
20 % in the visual field area covered by the computer screen
during campimetric tests. Peripheral parts of the visual field
showed a larger extent of recovery than foveal areas. In par-
allel with the improvement in light detection, performance in
color and form discrimination increased, showing the same
pattern as the gain in stimulus detection, i.e. recovery started
in partially defective zones along the visual field border. In
areas regained during spontaneous recovery, R.V. could at
first only detect the presence of a stimulus, but some weeks
later, perception of forms and colors was fully intact at those
stimulus positions.

Our single case observation thus indicates that the visual
system possesses a high degree of plasticity even when
large cortical areas are damaged. This capacity is retained
even months after the lesion, at least in some patients. Par-
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tially defective areas seem to play an important role in
functional recovery [31,55]. Although the mechanisms of
recovery of vision are as yet unknown and can best be stud-
ied in animals [87], observation of spontaneous recovery as
an indicator of visual system plasticity raises the question
if plasticity may be actively manipulated, e.g. by applying
training-procedures to induce restitution of visual func-
tions.

3.2. Training-induced enlargement of visual field defects

In parallel with an increase of knowledge on brain anato-
my and the development of neuropsychological theories,
treatment methods aiming at the restitution of different psy-
chological domains (e.g. memory, attention, speech/lan-
guage etc.) have been constantly improved [26]. The visual
system, however, is generally considered to be very strictly
organized, possessing almost “hard-wired” neuronal connec-
tions that seem to be necessary for efficient visual informa-
tion processing. Therefore, the increase of physiological and
anatomical knowledge actually impeded progress in research
on visual rehabilitation. However, since the 1940s, animal
studies provided first hints of visual system plasticity, show-
ing that visual deficits induced by lesions or deprivation can
either recover spontaneously or that they can be reinstated
by systematic training (see e.g. [1,6,7,8,9,10,14,34,44,47,56,
69,87]). Note that even the very investigators who so ele-
gantly documented the specificity of the visual system re-
ported that the visual system can also recover from damage,
even beyond the critical period [15—-19].

Only in the 1980s, first attempts were made to study re-
covery from visual field defects in man. In their pioneering
experiment, Zihl [77,78] and his colleagues found a signifi-
cant increase of visual field size in patients with postchias-
matic brain lesions, when luminance thresholds were sys-
tematically measured at the same position of visual field bor-
der. However, their results were criticized because
alternative explanations of the effect, such as methodologi-
cal artifacts, could not be ruled out, e.g. spontaneous recov-
ery or a change in the patients’ fixation [2,3]. Meanwhile,
other authors have presented single-case studies showing vi-
sual field enlargement using various devices [54,59,66,71],
but the absence of any prospective, randomized, placebo-
controlled clinical trial rendered these findings conspicuous
in the eyes of many neuroscientists.

In 1990, we started developing computer programs with
the goal to achieve restitution of visual functions in brain-
damaged patients (VRT-programs). Here, a training program
was developed (and subsequently refined) which permits
systematic stimulation of partially defective areas, i.e. transi-
tion zones [29].

In one of the training programs, “Visure”, a large flicker-
ing stimulus that moves from the intact area into the blind
field, crossing the transition zone on its way, is presented on
a dark computer screen. The patient has to press a key on the
computer keyboard whenever he or she sees the stimulus ap-
pearing on the monitor. When the subject stops responding
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because he/she cannot see the stimulus any longer, it starts to
move into the opposite direction, i.e. back into the intact ar-
ea. When the patient indicates that he or she can see the
stimulus again by pressing the key, the stimulus turns around
and again moves into the defective area. During a treatment
session, this process is repeated, line by line, so that the en-
tire visual field border is stimulated.

Once the patient can detect 90 % of the stimuli presented
in the program “Visure”, the more difficult program “See-
train” is applied in a second stage of training. In this pro-
gram, stimuli increasing in brightness are presented at ran-
dom locations in a previously defined area of the visual
field. Stimulus detection is indicated by pressing a key on
the computer keyboard, and reaction times designate at
which level of brightness the stimulus can be perceived by
the patient. Both training procedures require stable fixation
which is controlled in the same manner as in the diagnostic
programs described above.

Our programs run on commercially available personal
computers so that visual field training can be done at home.
Since partially blind patients are able to use the program in-
dependent of staff or highly specialized technical equipment,
a large number of training sessions can be achieved. Over a
period of six months, each patient performs two training ses-
sions of half an hour each every day. Treatment results are
stored on a disk so that compliance and changes in visual
field size can be recorded minutely from session to session.

In a first pilot study [27], eleven patients took part in a
training program lasting approximately one year. During this
period, subjects performed between 80 and 300 hours of
computer-based training. Three untreated patients were
found to suffer a slight decrease of visual field size, while
the treatment group (n = 8) showed a reliable enlargement.
They experienced not only a significant improvement in de-
tection of white light stimuli but also an increase in color
and — to a lesser but notable degree — shape discrimination.
An additional training of form recognition also proved to be
beneficial.

Treatment outcome depended on the age of the patients
and on the size of the brain lesion, but, much to our surprise,
we did not find a significant correlation of time since lesion
or cause of lesion, respectively. Only two patients in the
training group did not show a significant improvement of vi-
sion.

These pilot results encouraged our view that systematic
stimulation of partially defective areas can lead to a restitu-
tion of visual functions. However, because of many method-
ological limitations, the conclusions of the first trial were
only preliminary and any final statement on whether visual
restitution is possible could only be made on the basis of a
more strictly controlled clinical trial.

We therefore initiated a randomized, double-blind, place-
bo-controlled trial with post-chiasmatic patients [32] who
were screened for defined inclusion and exclusion criteria
during baseline assessment. Basic diagnostic procedures in-
cluded, among others, perimetric measurements (TAP-
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PeriColor

Fig. 6. Results of the training of a female patient after stroke of the posterior cerebral artery. Left column: Baseline investigations before therapy. Right column:
final outcome after restitution training. Black = blind; white = intact; gray = relative defect. Upper panel: light detection task (high resolution perimetry, HRP;
with PeriMa), middle panel: form recognition task (PeriForm), lower panel: color recognition task (PeriColor).
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TABLE 1. Our results are in agreement with the opinion of most other authors. This table summarizes the results of all previous studies during the last 20 years
in which visual field stimulation was performed with the goal to increase visual field size.

Study Number of Control Blind or Prae-post Katamnest. Effect
(Author, Year) patients group double-blind design examin. (significance)
Zihl, 1980 [77] n=16 no no yes no yes

Zihl & Cramon, 1985 [78] n=44 no no yes no yes

Balliet et al., 1985 [3] n=12 no no partial no no
Schmielau, 1989 [59] n= no no partial partial yes

Kerkhoff et al., 1994 [34] n=22 no no yes yes yes (p <0.05)
Potthoff, 1995 [54] n= no no partial no yes

Kasten & Sabel, 1995 [27] n=14 partial no yes yes yes (p < 0.05)
Werth et al., 1997 [71] n=20 no no yes partial yes

Wiist, 1997 [74] n=19 yes B yes yes yes (p < 0.05)
Tegenthoff et al., 1998 [66] n= 1 no no partial no yes

Kasten et al., 1998 [32] n=19 yes DB yes yes yes (p < 0.05)

2000), five repeated HRP-measurements, and several tests
yielding information on different neuropsychological func-
tions.

Nineteen patients with postchiasmatic brain lesions and
homonymous visual field defects took part in the prospective
trial. The age of each patient’s lesion had to be greater than
one year (note that our original publication of this trial [32],
contains a printing error in Table 1: age of lesion was years,
not months). Subjects were randomly assigned to either the
experimental or control group under double-blind condi-
tions. While the experimental group received visual field
training with the VRT-programs described above, the place-
bo group performed a fixation training (“Fixtrain”). Here,
e.g., patients had to respond to a change of the form of stim-
uli presented in the periphery of the visual field. In contrast
to the training programs used in the experimental group
which require stable fixation, adequate performance in the
program “Fixtrain” can only be achieved by making eye
movements towards the stimulus.

Patients in both groups were trained over a period of six
months (about 175 hours of training). Every month, the
training data were analyzed and, depending on the progress,
the training level was adjusted. After six months of training,
the initial diagnostic procedures were repeated. On the basis
of measurements with TAP-2000 and HRP, we determined
the position of the visual field border before and after train-
ing, i.e. we measured the distance of the blind area from the
vertical zero meridian at 0°, £10° and £20° eccentricity. A
change in visual field size within a group was defined as the
difference of the average positions of visual field borders be-
fore vs. after training.

The experimental group showed a significant increase of
intact visual field size in the trained area amounting to 7.8 %
+ 2.5 % (mean £ S.E.). Taking the individual baseline value
as 100 %, this final outcome was 29.4 % above each pa-
tient’s pre-training value. The average shift of the visual
field border was about 5° (4.9° + 1.7°) of visual angle. In
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contrast, visual field size in control group patients decreased
by an average of 3.1 % + 3.4 % or by 0.9° + 0.8° of visual
angle over the training period, respectively.

The training procedure was performed only with white or
gray stimuli. We were therefore interested to determine
whether there was any generalization of training effects on
the discrimination of colors and forms. We analyzed the data
of 20 patients (9 female and 11 male, postchiasmatic lesions)
with an average age of 51.2 + 12.5 years (mean + SD). Pa-
tients who showed a significant visual field enlargement
with respect to the detection of white light stimuli (n = 9; av-
erage increase of 9.1 % £2.2% S.E. stimuli detected in
PeriMa) also improved in color discrimination (average in-
crease of 9.3 % % 2.0 % stimuli correctly recognized in Peri-
Color) and form recognition (average increase: 8.3 %
+ 2.0 % stimuli correctly recognized in PeriForm). In con-
trast, four patients who did not get better in the light detec-
tion test (—0.8 % # 0.5 %) showed small or no changes in
form recognition and color discrimination (-1.8 % + 1.1 %
and 2.1 % + 5.3 %, respectively). Subjects performing the
placebo training (n=7) exhibited a decrease of 6.5 %
+ 4.6 % in light detection performance and accordingly a de-
terioration in color discrimination (2.0 % +4.4 %) and in
form recognition (4.2 % + 3.8 %). From these results we
conclude that in patients with postchiasmatic injury, visual
restitution training not only improved the function that had
been trained specifically, but the effect generalized to other
visual modalities, i.e. color and form discrimination [33].
Thus, VRT clearly induces a functional plasticity in patients
with postchiasmatic brain lesions.

Since we have regularly observed that rats can recover
rather well from optic nerve injury, a lesion where no visual
pathway is left uninjured which could be held responsible
for functional recovery, this type of lesion is of particular
theoretical interest [87]. Therefore, in a second, independent
trial, patients with optic nerve injury were treated with VRT
[32,74]. Specifically, nineteen subjects were assigned to ei-
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ther the experimental or the control group under blind condi-
tions (age matched). Baseline investigations and training
procedures were essentially the same as in the trial with pa-
tients suffering from postchiasmatic lesions described
above.

The training effect of VRT was even more pronounced in
patients with optic nerve injury than in the group with post-
chiasmatic lesions. Visual field size in the experimental
group increased by 21.9 % +3.1 % (mean = S.E.). In the
control group, we also found an increase of 6.0 % (£2.5 %).
Taking the individual baseline value as 100 %, this final out-
come was 73.6 % over each patient’s pre-treatment value.
The average shift of visual field border in the experimental
group amounted to about 6° of visual angle (5.8°, +1.2°).
Unlike the postchiasmatic group, patients with prechiasma-
tic lesions showed improvements occurring primarily in the
early stage (within weeks) after the training had started. It is
interesting to note that optic nerve patients also showed an
improvement of visual acuity, but in contrast to postchias-
matic patients, there were no generalized effects of light de-
tection training on form or color perception, i.e. we found no
transfer to other visual functions.

The increase of the number of correctly detected light
stimuli over the period of training could have been induced
either by a shift of sensitivity (i.e. a true training effect) or
by a shift of the patients’ criterion to press a key on the com-
puter keyboard, thereby mimicking a training effect. There-
fore, we tested whether the number of false positives (i.e. pa-
tient pressed a key although no stimulus was presented) in-
creased systematically with the number of detected stimuli
in the PeriMa-test which would indicate a shift in response
criterion. Before training, all patients (n = 38, postchiasma-
tic and optic nerve patients) showed an average of 8.6 + 1.6
(mean + S.E.) false positive reactions in a HRP-test of 500
stimulus presentations. After six months of training, the av-
erage number of false positives had decreased to 7.4 £ 1.4,
i.e. there was no significant increase in this variable which
would explain the patients’ improved performance in Peri-
Ma. Additionally, we did not find a significant correlation
between the amount of improvement in HRP-tests and the
change in the number of false positive reactions (7 = 0.05).

For a clinical setting, it is important to determine if train-
ing effects are transferred to other (neuropsychological)
functions and to everyday life. Therefore we examined
whether VRT influenced independent visual tasks testing
other functions than HRP but presumably being also impor-
tant for everyday life. We found some transfer of VRT to
performance in paper-pencil-tests of visual exploration and
attention (ZVT; d2-test). In patients with optic nerve lesions,
we observed a positive transfer with regard to the time to
complete the ZVT, i.e. visual exploration became more effi-
cient in the experimental group. There was also a trend of
improved performance in a task of selective visual attention
involving visual scanning of stimulus details (d2-test) that
just missed significance. Patients with postchiasmatic de-
fects improved significantly in the d2-test, but in the ZVT,
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the decrease in reaction time also did not reach significance.
These results indicate that benefits of visual field restitution
even generalize (at least in part) to measures very different
from campimetric or perimetric tests, suggesting that pa-
tients may be better able to cope with demands of the visual
environment after training.

Because the increase of correctly detected numbers of
stimuli on a computer monitor may only be of academic in-
terest without practical consequences in everyday life, we
also assessed subjective changes in visual functions using a
questionnaire. Many patients reported a positive influence of
the training on activities of daily living: 72 % of the patients
of the experimental group but only 17 % of control group
patients reported subjective improvements of vision in ev-
eryday life.

Most recently, we tested if our patients had maintained
their regained vision after training had been discontinued for
more than 6 months. The results showed a stable visual field
size compared to HRP-measurement immediately after train-
ing, suggesting that they may have used (i.e. regularly acti-
vated) their partially surviving brain regions in everyday life
and thus sustained the training effects (unpublished observa-
tions).

4. Discussion

Over the past two decades, numerous studies were con-
ducted indicating that, despite its strict neuronal organiza-
tion and specificity, the visual system can adapt to lesion-
induced changes. These phenomena of neuronal plasticity
within the visual system can be observed on the behavioral
level in terms of recovery from visual field defects or other
dysfunctions caused by brain-injury. Patients suffering from
visual field loss can either recover spontaneously, or restitu-
tion can be induced by special training procedures
[54,59,66,71,77,78] (see Table 1).

While there is clear evidence for a training-induced en-
largement of intact visual field size in patients with cerebral
lesions, the neuronal mechanisms underlying this process
are still unknown. However, animal studies (on a molecular
or neuro-anatomical level) and some interesting findings in
our clinical research (i.e. on the behavioral level) may help
us to gain some insight into these neurobiological mecha-
nisms.

The capacity of the visual system to adapt to lesion-
induced changes of the demands on information processing
has been vastly underestimated for a long time. This was
mainly due to the widespread concept that the visual sys-
tem is hard-wired, maintaining its strict topographical or-
der and receptive field properties under any circumstances.
However, in various animal studies it has been confirmed
that there is a considerable overlap of receptive fields in
the visual system and an astonishing degree of plasticity
[52]. There are short-term as well as long-term changes in
receptive field size and localization, i.e. the brain is perpet-
ually undergoing processes of “rewiring” in an attempt to
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adapt to temporary alterations (special demands of the en-
vironment, shifts of attention, changes in the synchronicity
of neuronal activation) or more permanent situations (e.g.
brain lesions) [7,11,15-19,24,25,75,86].

So far, receptive field changes have been observed exclu-
sively in animals, but whether, in fact, they form the basis of
recovery of vision has not been determined [87].

Since phenomena of functional recovery cannot be stud-
ied at a neuro-anatomical or molecular level of analysis in
humans, the only possibility to gain some insight into the
mechanisms underlying this process is to look for parallels
between findings on the behavioral level (in patients) and
neurobiological results of animal studies. Some evidence for
possible changes in receptive field properties induced by our
training-procedures comes from the comparison of training
success of patients with prechiasmatic vs. postchiasmatic le-
sions.

As described above, visual field enlargement was larger
in the group of patients suffering from optic nerve lesions
than in subjects with postchiasmatic brain injury. In the case
of damage to the optic nerve, receptive fields in the thalamus
and visual cortex are still intact, ready to receive new visual
information. The training-procedure might contribute to im-
prove the processing of even very small amounts of informa-
tion being transmitted via the lesioned optic nerve, i.e. mak-
ing stimulus detection more reliable by using partially dam-
aged nerve fibers within the optic nerve and re-establishing a
continuous flow of information from the periphery to the vi-
sual cortex. The basis of recovery from prechiasmatic le-
sions could be the taking over of function for (partially)
blind areas by neighboring receptive fields within the prima-
ry visual cortex.

In contrast, lesions to the visual cortex itself induce a loss
of receptive fields on a very high level of information pro-
cessing. Compensation for lost neurons is therefore much
more difficult than in prechiasmatic lesions where cortical
areas, i.e. the sites of plasticity [11], remain intact since a
greater number of neurons with more complex functional
connections within cortical networks are affected and the
few remaining cells in partially damaged neuronal tissue
have to deal with more visual information in order to ensure
a normal (or almost normal) level of function as far as be-
havior is concerned.

Another hint at the role of receptive field changes in pro-
cesses of spontaneous or training-induced recovery from vi-
sual field defects comes from the observation of the amount
of visual field enlargement at different positions within the
visual field according to the cortical magnification factor
[61]. While there are rather fast and also comparatively large
shifts of the visual field border in peripheral parts of the vi-
sual field, an improvement in foveal areas is more difficult
to achieve [76,78]. In the central visual field, training usual-
ly induces small changes, progressing very slowly. Since re-
ceptive fields in this region are small and vast areas of V1
are responsible for small portions of the visual field, visual
field enlargement can be induced only by very intensive
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stimulation. Albeit, even very small shifts of the visual field
border in the central sector are noticed by the patient, as this
region is essential for reading and other tasks of everyday
life. In contrast, on the basis of the larger receptive fields in
the periphery of the visual field, improvement is achieved
more easily, but here even large shifts of the visual field bor-
der are subjectively less relevant for the patient.

Other mechanisms on the neuronal level that might be in-
volved in the recovery from visual field deficits are axonal
sprouting/formation of new synaptic connections and the
disinhibition of silent synapses. In numerous animal studies
these processes have been observed, although the concepts
of neuronal growth and synaptic changes at least in the visu-
al system still seem to be more closely connected with devel-
opment than with functional recovery after lesion in adult-
hood.

From our clinical studies, we could draw some parallels
to findings on neuronal/ synaptic changes in animal re-
search. It seems very likely that within V1, new lateral con-
nections between neighboring neurons occur or that existing
connections that are inhibited under normal conditions, are
activated following the lesion. This would explain the phe-
nomenology of visual field enlargement we found in sponta-
neous and training-induced recovery of patients with cere-
bral lesions: i.e. there is a systematic increase of intact visual
field size, showing a gradual progress from the visual field
border into the blind area.

Moreover, there is some evidence that new neuronal con-
nections are formed even between different subregions of
the visual cortex. We found that there was some generaliza-
tion in functional recovery induced by systematic stimula-
tion with white light. This kind of training did not only im-
prove the perception of white light, but it was also beneficial
for the discrimination of colors and forms, i.e. it exerted an
influence on other visual modalities. Information concerning
the color, motion and shape of an object is believed to be
processed separately in the parvo- and magnocellular system
[41,42,45,64]. However, the findings of many investiga-
tions, e.g. using event-related brain potentials, suggest that
colors and shapes that can be easily discriminated are identi-
fied and selected in parallel [46,62,63,70]. The striate area
V1 transmits information to higher-order visual areas such
as V2, V3, V4 and V5 which are involved in color and form
recognition [4,22,23]. A lesion of the optic nerve or the pri-
mary visual cortex produces a “bottleneck” for visual infor-
mation that should normally proceed to higher cortical areas.
Of course, each stimulus has not only a luminance but also a
form and a color. It may therefore be argued that any train-
ing of stimulus detection must have some influence on form
and color perception [65]. Presumably, connections between
V1 and other regions of the visual cortex that have been in-
terrupted by a lesion of the optic nerve or primary visual cor-
tex are re-established even with an unspecific training proce-
dure.

Another mechanism that might be an important basis for
functional recovery within the visual system could be an in-
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crease of synaptic efficiency. Successful functional recovery
can only occur if the few neurons surviving the lesion can
somehow increase their performance and take over functions
of those cells lost during brain injury. Partially surviving
neurons located at the visual field border seem to provide the
essence for a successful restitution of visual functions in
most patients. Transition zones may be the functional repre-
sentation of these partially damaged regions in the visual
system [32,56]. According to the hypothesis of “minimal re-
sidual structures” [55], very few neurons surviving in a le-
sioned area of the brain could be sufficient to induce func-
tional recovery either spontaneously or by systematic stimu-
lation, i.e. visual field training. The brain can compensate for
the lesion with just a few fibers remaining in the damaged
system itself. This requires that the fibers are diffusely in-
jured, and often even 10% intact cells are sufficient for re-
covery of function to occur [50,51,57]. We speculate that by
repetitive visual stimulation of these surviving neurons in a
long-term training schedule, these cells may be reactivated,
perhaps by reducing the threshold of firing. Based on this ar-
gument, a training-induced enlargement of the visual field
border would enhance information transfer to the intact,
higher visual areas V2-V5, where an appropriate perfor-
mance of this information is possible. However, it is still un-
clear, whether re-current feedback (top-down activation) is
necessary for the identification process [21]. Clearly, this
should be the focus of future research.

In conclusion, our studies extend the notion of functional
plasticity within the visual system gathered in animal studies
to visual rehabilitation in man (see [80—92]. Restitution of
visual functions can be achieved by a very intensive, system-
atic long-term stimulation of partially defective areas. Al-
though complete restitution seems unlikely in the light of the
results presented above, visual field enlargement is benefi-
cial for the majority of patients. In our opinion, neuropsy-
chological rehabilitation of patients suffering from visual
field defects should therefore focus preferentially on restitu-
tion training before any compensatory programs are applied.

Based on animal studies we propose that a minimum
number of residual neurons surviving the lesion, in the order
of 10 %, provides a sufficient substrate for recovery of vi-
sion in man [87]. Though the precise mechanisms of train-
ing-induced visual field enlargements need to be further ex-
plored, visual restitution training (VRT) is ready to be used
in routine clinical treatment of patients with visual field de-
fect.

Acknowledgement

The work described here was supported by the Cultural
Ministry of Sachsen-Anhalt, the Deutsche Forschungsge-
meinschaft (DFG), Kuratorium ZNS and the Barbara and
David Hirschhorn Foundation. We thank Ulrike Bunzenthal
and Elke Berger for their help with examining the patients
and data analysis and Andreas Bohne for computer pro-
gramming.

RNN123.FM letzte Anderung: 2001-04-30

References

[1] Anderson, K.V. and Symmes, D. The superior colliculus and higher vi-
sual functions in the monkey. Brain Res. 13 (1969) 37-52.

[2] Bach-y-Rita, P. Brain plasticity as a basis for recovery of function in
human. Neuropsychologia 28 (1990) 547—554.

[3] Balliett, R., Blood, K.M. and Bach-y-Rita, P. Visual field rehabilitation
in the cortically blind? J. Neurol. Neurosurg. Psychiat. 48 (1985)
1113-1124.

[4] Bartolomeo, P., Bachoud-Levi, A.C. and Denes, G. Preserved imagery
for colors in a patient with cerebral achromatopsia. Cortex 33 (1997)
369-378.

[5] Bogousslavsky, J., Regli, F. and van Melle, G. Unilateral occipital inf-
arction: evaluation of the risks of developing bilateral loss of vision. J.
Neurol. Neurosurg. Psychiat. 46 (1983) 78—80.

[6] Chow, K.L. and Stewart, D.L. Reversal of structural and functional ef-
fects of long-term visual deprivation in cats. Exp. Neurol. 34 (1972)
409-433.

[7] Daas, A. Plasticity in adult sensory cortex: a review. Network Comput.
Neural Syst. 8 (1997) R33—-R76.

[8] Fischman, M.W. and Meikle, T.H. jr. Visual intensity discrimination in
cats after serial tectal and cortical lesions. J. Comp. Physiol. Psychol.
59 (1965) 193-201.

[9] Freund, H.-J., Sabel, B.A. and Witte, O. (eds.) Brain Plasticity, Lip-
pincott-Raven Publishers, New York, 1997.

[10] Ghiselli, E.E. The relationship between the superior colliculus and the stri-
ate area in brightness discrimination. J. Gen. Psychol. 52 (1938) 151-157.

[11] Gilbert, C.D. and Wiesel, T.N. Receptive field dynamics in adult pri-
mary visual cortex. Nature 356 (1992) 150—152.

[12] Hier, D.B., Mondlock, J. and Caplan, L.R. Recovery of behavioral ab-
normalities after right hemisphere stroke. Neurology 33 (1983) 345—
350.

[13] Hollwich, F. Augenheilkunde, Thieme Verlag, Stuttgart, 1988.

[14] Horel, J.A. Effects of subcortical lesions on brightness discrimination
acquired by rats without visual cortex. J. Comp. Physiol. Psychol. 65
(1968) 103—109.

[15] Hubel, D.H. and Wiesel, T.N. Receptive fields, binocular interaction
and functional architecture in the cat’s visual cortex. J. Physiol. 160
(1962) 106—154.

[16] Hubel, D.H. and Wiesel, T.N. Receptive fields of cells in striate cortex
of very young, visually inexperienced Kkittens. J. Neurophysiol. 26
(1963) 994—1002.

[17] Hubel, D.H. and Wiesel, T.N. Binocular interaction in striate cortex of
kittens reared with artificial squint. J. Neurophysiol. 28 (1965) 1041—
1059.

[18] Hubel, D.H. and Wiesel, T.N. The period of susceptibility to the phys-
iological effects of unilateral eye closure in kittens. J. Physiol. 206
(1970) 419-436.

[19] Hubel, D.H., Wiesel, T.N. and Stryker, M.P. Anatomical demonstra-
tion of orientation columns in Macaque monkeys. J. Comp. Neurol.
177 (1979) 361-379.

[20] Huber, A. Die homonyme Hemianopsie. Klin. Monatsbl. Augenheilk.
199 (1991) 396—405.

[21] Humphreys, G.W., Riddoch, M.J. and Price, C.J. Top-down processes
in object identification: evidence from experimental psychology, neu-
ropsychology and functional anatomy. Philos. Trans. Roy. Soc. Lond.
B. Biol. Science 352 (1997) 1275—1282.

[22] Hurlbert, A. Color vision. Curr. Biol. 7 (1997) R400—-402.

[23] Ishii, K., Kita, Y., Nagura, H., Bandoh, M. and Yamanouchi, H. A case
report of cerebral achromatopsia with bilateral occipital lesion.
Rinsho-Shinkeigaku 32 (1992) 293-298.

[24] Kaas, J.H., Krubitzer, L.A., Chino, Y.M., Langston, A.L., Polley, E.H.
and Blair, N. Reorganization of receptive cortical maps in adult mam-
mals after lesions of the retina. Science 248 (1990) 229-231.

[25] Kaas, J.H. Plasticity of sensory and motor maps in adult mammals.
Ann. Rev. Neurosci. 14 (1991) 137-167.

[26] Kasten, E., Schmid, G. and Eder, R. Effektive neuropsychologische
Behandlungsmethoden, Deutscher Psychologen Verlag, Bonn, 1998.



286 E. Kasten et al. / Restorative Neurology and Neuroscience 15 (1999)

[27] Kasten, E. and Sabel, B.A. Visual field enlargement after computer
training in brain-damaged patients with homonymous deficits: an open
pilot trial. Restor: Neurol. Neurosci. 8 (1995) 113—-127.

[28] Kasten, E., Schulte, T. and Sabel, B.A. Fahrtauglichkeit und Fahr-
praxis bei Personen mit erworbenen Gesichtsfeldeinschrinkungen.
Zeitschr. Verkehrssicherh. 3 (1997) 116 — 122.

[29] Kasten, E., Strasburger, H. and Sabel, B.A. Programs for diagnosis and
therapy of visual field deficits in vision rehabilitation. Spat. Vis. 10
(1997) 499—-503.

[30] Kasten, E., Wiist, S. and Sabel, B.A. Variability of stimulus detection,
pattern discrimination and color recognition with suprathreshold
campimetry in brain damaged patients. Neuro-Ophthalmol. 20 (1998)
161-176.

[31] Kasten, E., Wiist, S. and Sabel, B.A. Residual vision in transition
zones in patients with cerebral blindness. J. Clin. Exp. Neuropsychol.
20 (1998) 581-598.

[32] Kasten, E., Wiist, S., Behrens-Baumann, W. and Sabel, B.A. Comput-
er-based training for the treatment of partial blindness, Nature med. 4
(1998c) 1083—-1087.

[33] Kasten, E. and Sabel, B.A. Computer-based training of stimulus detec-
tion improves the recognition of colors and simple patterns in the de-
fective visual field in hemianopic patients, submitted.

[34] Kerkhoft, G., Miinssinger, U. and Meier, E.K. Neurovisual rehabilita-
tion in cerebral blindness. Arch. Neurol. 51 (1994) 474—481.

[35] Kliiver, H. Visual functions after removal of the occipital lobes. J. Psy-
chol. 11 (1941) 23-45.

[36] Kolb, B. & Whishaw, 1.Q. Fundamentals of Human Neuropsychology
(3rd Ed.). W.H. Freeman, New York, 1990.

[37] Kolb, B. Recovery from occipital stroke: a self-report and an inquiry
into visual processes. In: N. Kapur (Ed.): Injured Brains of Medical
Minds. Oxford University Press, Oxford 1997 138—151.

[38] Kolmel, H.W. Coloured patterns in hemianopic fields. Brain 107
(1984) 155-167.

[39] Kolmel, H.-W. Die homonymen Hemianopsien. Klinik und Pathophysi-
ologie zentraler Sehstorungen, Springer, Berlin, 1988.

[40] Lachenmayr, B.J. and Vivell, PM. Perimetrie. Thieme Verlag, Stutt-
gart, 1992.

[41] Leonards, U. and Singer, W. Selective temporal interactions between
processing streams with differential sensitivity for colour and lumi-
nance contrast. Vision Res. 37 (1997) 1129-1140.

[42] Meissirel, C., Wikler, K.C., Chalupa, L.M. and Rakic, P. Early diver-
gence of magnocellular and parvocellular functional subsystems in the
embryonic primate visual system. Proc. Nat. Acad. Sci. US4 94 (1997)
5900—-5905.

[43] Messing, B. and Génshirt, H. Follow-up of visual field defects with
vascular damage of the geniculostriate visual pathway. Neuro-Oph-
thalmol. 7 (1987) 321-342.

[44] Mohler, C.W. and Wurtz, R.H. Role of striate cortex and superior colli-
culus in visual guidance of saccadic eye movements in monkeys. J.
Neurophysiol. 40 (1977) 74—94.

[45] Moller, P. and Hurlbert, A. Interactions between colour and motion in
image segmentation. Curr. Biol. 7 (1997) 105—-111.

[46] Moutoussis, K. and Zeki, S. Functional segregation and temporal hier-
archy of the visual perceptive systems. Proc. Roy. Soc. Lond. Biol. Sci.
264 (1997) 1407-1414.

[47] Norton, A.C. and Clark, G. Effects of cortical and collicular lesions on
brightness and flicker discrimination in the cat. Vision Res. 3 (1963)29—44.

[48] Poggel, D.A., Kasten, E., Miiller-Oehring, E. and Sabel, B.A. Spon-
tane und trainingsinduzierte Gesichtsfelderweiterungen eines Patient-
en mit Hemianopsie des unteren Gesichtsfeldes. In: M. Bullinger, M.
Morfeld, U. Ravens-Sieberer & U.Koch: Medizinische Psychologie in
einem sich wandelnden Gesundheitssystem: Identitdt, Integration &
Interdisziplinaritdt, Pabst-Verlag, Lengerich 1998 173.

[49] Poggel, D.A., Kasten, E., Miiller-Ochring, E. M., Sabel, B. A. and
Brandt, S. A. Spontaneous and training-induced recovery from bilater-
al lower quadrantanopia in a patient with a shotgun lesion. J. Neurol.
246 Suppl. 1 (1999).

RNN123.FM letzte Anderung: 2001-04-30

[50] Poppel, E., Held, R. and Frost, D. Residual visual functions after brain
wounds involving the central visual pathways in man. Nature 243
(1973) 295-296.

[51] Poppel, E., Brinkmann, R., von Cramon, D. and Singer, W. Associa-
tion and dissociation of visual functions in a case of bilateral occipi-
tal lobe infarction. Arch. Psychiat. Nervenkrankh. 225 (1978) 1-21.

[52] Poppel, E., Stoerig, P., Logothetis, N., Fries, W., Boergen, K.P., Oertel,
W. and Zihl, J. Plasticity and rigidity in the representation of the hu-
man visual field. Exp. Brain Res. 68 (1987) 445—448.

[53] Poppelreuter, W. Die psychischen Schédigungen durch Kopfschufs im
Kriege 1914/16. Band I: Die Storungen der niederen und hoheren Se-
hleistungen durch Verletzungen des Okzipitalhirns, Leopold Voss,
Leipzig, 1917.

[54] Potthoff, R.D. Regeneration of specific nerve cells in lesioned visual
cortex of the human brain: indirect evidence after constant stimula-
tion with different spots of light. J. Neurosci. Res. 15 (1995) 787—
796.

[55] Sabel, B.A. Unrecognized potential of surviving neurons: Within sys-
tems plasticity, recovery of function, and the hypothesis of minimal re-
sidual structure. The Neuroscientist 3 (1997) 366—370.

[56] Sabel, B.A., Kasten, E. and Kreutz, M.R. Recovery of vision after par-
tial visual system injury as a model of postlesion neuroplasticity. In:
H.-J. Freund, B.A. Sabel & O.W. Witte (Eds.): Advances in Neurolo-
gy, Vol. 73: Brain Plasticity, Lippincott-Raven Publishers, Philadel-
phia, 1997, 251-276.

[57] Sautter, J. and Sabel, B.A. Recovery of brightness discrimination in
adult rats despite progressive loss of retrogradely labelled retinal gan-
glion cells after controlled optic nerve crush. Eur. J. Neurosci. 5 (1993)
680—-690.

[58] Schiefer, U. and Wilhelm, H. Gesichtsfeld-Kompendium. Interpretation
perimetrischer Befunde. Klin. Monatsbl. Augenheilk. 206 (1995) 206—
238.

[59] Schmielau, F. Restitution visueller Funktionen bei hirnverletzten Pa-
tienten: Effizienz lokalisationsspezifischer sensorischer und sensomo-
torischer Rehabilitationsmafnahmen. In: P. Jacobi (Hrg.): Psychologie
in der Neurologie. Springer, Berlin, 1989, 115-126.

[60] Schulte, T., Strasburger, H., Miiller-Oehring, E. M., Kasten, E. and
Sabel, B.A. Automobile driving performance of brain-injured patients
with visual field defects. Am. J. Phys. Med. Rehabil. 78 (1999) 136—
142.

[61] Sereno, M.1., Dale, A.M., Reppas, J.B., Kwong, K.K., Belliveau, J.W.,
Brady, T.J., Rosen, B.R. and Tootell, R.B. Borders of multiple visual
areas in humans revealed by functional magnetic resonance imaging.
Science 268 (1995) 889-93.

[62] Smid, H.G. and Heinze, H.J. An electrophysiological study of the se-
lection of the color and shape of alphanumeric characters in response
choice. Biol. Psychol. 44 (1997) 161-185.

[63] Smid H.G., Jakob, A. and Heinze H.J. The organization of multidi-
mensional selection on the basis of color and shape: An event-related
brain potential study. Percept. Psychophys. 59 (1997) 693—-713.

[64] Steinman, B.A., Steinman, S.B. and Lehmkuhle, S. Transient visual at-
tention is dominated by the magnocellular stream. Vision Res. 37
(1997) 17-23.

[65] Syrkin, G. and Gur, M. Colour and luminance interact to improve pat-
tern recognition. Percept. 26 (1997) 127-140.

[66] Tegenthoff, M., Widdig, W., Rommel, O. and Malin, J.-P. Visuelle
Stimulationstherapie in der Rehabilitation der posttraumatischen kor-
tikalen Blindheit. Neurol. Rehabil. 4 (1998) 5-9.

[67] Tiel-Wilck, K. Riickbildung homonymer Gesichtsfelddefekte nach In-
farkten im Versorgungsgebiet der Arteria cerebri posterior, Disserta-
tion, Freie Universitdt Berlin, Germany, 1991.

[68] Trobe, J.D., Lorber, M.L. and Schlezinger, N.S. Isolated homonymous
hemianopia: a review of 104 cases. Arch. Ophthalmol. 89 (1973) 377—
381.

[69] Urbaitis, J.C. and Meikle, T.H.jr. Relearning a dark-light discrimina-
tion by cats after cortical and collicular lesions. Exp. Neurol. 20 (1968)
295-311.



E. Kasten et al. / Restorative Neurology and Neuroscience 15 (1999) 287

[70] van-der-Felde, F. and van-der-Heijden, A.H. On the statistical inde-
pendence of color and shape in object identification. J. Exp. Psychol.
Hum. Perc. Perform. 23 (1997) 1798—1812.

[71] Werth, R. and Mohrenschldger, M. Spontanerholung und Wieder-
herstellung von Sehfunktionen bei cerebral blinden Kindern. In: E.
Kasten, M.R. Kreutz & B.A. Sabel: Neuropsychologie in Forschung
und Praxis. Hogrefe, Gottingen (1997) 195-203.

[72] Wessinger, C.M., Fendrich, R., Ptito, A., Villemure, J.-G. and Gazzan-
iga, M.S. Residual vision with awareness in the field contralateral to a
partial or complete functional hemispherectomy. Neuropsychologia 34
(1996) 1129-1137.

[73] Wessinger, C.M., Fendrich, R., and Gazzaniga, M.S. Islands of resid-
ual vision in hemianopic patients. J. Cogn. Neurosci. 9 (1997) 203—
221.

[74] Wist, S. Untersuchungen zur Restitution basaler visueller Funktionen
sowie zum Phédnomen des Blindsehens bei Patienten mit zerebralen Se-

The following publications appeared in this issue

[80] Payne, B. System-wide repercussions and adaptive plasticity: the se-
quelae of immature visual cortex damage. Restor. Neurol. Neurosci. 15
(1999) 81-106.

[81] Frost, D. Functional organization of surgically created visual circuits.
Restor. Neurol. Neurosci. 15 (1999) 107—113.

[82] Galuske, A.W., Kim, D.-S. and Singer, W. The role of neurotrophins in
developmental cortical plasticity. Restor: Neurol. Neurosci. 15 (1999)
115-124.

[83] Berardi, N., Lodovichi, M., Caleo, M., Pizzorusso, T. and Maffei, L.
Role of neurotrophins in neural plasticity: what we learn from the vi-
sual cortex. Restor. Neurol. Neurosci. 15 (1999) 125—136.

[84] Worgdtter, E., Suder, K. and Funke, K. The dynamic spatio-temporal
behavior of visual responses in thalamus and cortex. Restor. Neurol.
Neurosci. 15 (1999) 137-152.

[85] Eysel, U.T., Schweigart G., Mittmann T., Eyding D., Arckens L., Qu, Y.,
Vandesande, F. and Orban, G. Reorganization in the visual cortex after ret-
inal and cortical damage. Restor. Neurol. Neurosci. 15 (1999) 153—164.

[86] Chino, M.Y. The role of visual experience in the cortical topographic
map reorganization following retinal lesions. Restor. Neurol. Neurosci.
15 (1999) 165-176.

RNN123.FM letzte Anderung: 2001-04-30

hstorungen. Unpublished Doctoral Thesis, University of Magdeburg,
Germany 1997.

[75] Zeki, SM. A Vision of The Brain. Blackwell Scientific Publications,
Oxford 1993.

[76] Zihl, J. and von Cramon, D. Y. Restitution of visual function in pa-
tients with cerebral blindness. J. Neurol. Neurosurg. Psychiat. 42
(1979) 312 — 322.

[77] Zihl, J. Untersuchung von Sehfunktionen bei Patienten mit einer Schd-
digung der zentralen visuellen Systems unter besonderer Beriicksichti-
gung der Restitution dieser Funktionen. Ludwig-Maximilians-Univer-
sitdt, Miinchen 1980.

[78] Zihl, J. and von Cramon, D. Visual field recovery from scotoma in pa-
tients with postgeniculate damage. A review of 55 cases. Brain 108
(1985) 335-365.

[79] Zihl, J. and von Cramon, D. Cerebrale Sehstorungen. Kohlhammer
Verlag, Stuttgart, 1986.

[87] Sabel, B.A. Restoration of vision I: Neurobiological mechanisms of
restoration and plasticity after brain damage — a review. Restor. Neurol.
Neurosci. 15 (1999) 177-200.

[88] Schiefer, U., Skalej, M., Dietrich, T.J. and Braun, C. Detection and fol-
low-up of homonymous visual fields defects — perimetric essentials for
evaluation of spontaneous recovery. Restor. Neurol. Neurosci. 15
(1999) 201-217.

[89] Innocenti, G.M, Kiper, D.C., Knyazeva, M.G. and Deonna, Th.W.
On nature and limits of cortical developmental plasticity after an ear-
ly lesion, in a child. Restor. Neurol. Neurosci. 15 (1999) 219-227.

[90] Wessinger, C.M., Fendrich, R. and Gazzaniga, M.S. Variability of re-
sidual vision in hemianopic subjects. Restor. Neurol. Neurosci. 15
(1999) 243-253.

[91] Werth, R. and Moehrenschlager, M. The development of visual func-
tions in cerebrally blind children during a systematic visual field train-
ing. Restor. Neurol. Neurosci. 15 (1999) 229-241.

[92] Kerkhoff, G. Restorative and compensatory therapy approaches in ce-
rebral blindness — a review. Restor. Neurol. Neurosci. 15 (1999) 255—
271.



288 E. Kasten et al. / Restorative Neurology and Neuroscience 15 (1999)

RNN123.FM letzte Anderung: 2001-04-30



	1.� Introduction
	2.� Measurement of visual field defects and characteristics of residual vision
	2.1.� Diagnosis of vision
	2.2.� Residual vision

	3.� Recovery from visual field defects
	3.1.� Spontaneous recovery
	3.2.� Training-induced enlargement of visual field defects

	4.� Discussion
	Acknowledgement
	References
	[1] Anderson, K.V. and Symmes, D. The superior colliculus and higher visual functions in the monk...
	[2] Bach-y-Rita, P. Brain plasticity as a basis for recovery of function in human. Neuropsycholog...
	[3] Balliett, R., Blood, K.M. and Bach-y-Rita, P. Visual field rehabilitation in the cortically b...
	[4] Bartolomeo, P., Bachoud-Levi, A.C. and Denes, G. Preserved imagery for colors in a patient wi...
	[5] Bogousslavsky, J., Regli, F. and van Melle, G. Unilateral occipital infarction: evaluation of...
	[6] Chow, K.L. and Stewart, D.L. Reversal of structural and functional effects of long-term visua...
	[7] Daas, A. Plasticity in adult sensory cortex: a review. Network Comput. Neural Syst. 8 (1997) ...
	[8] Fischman, M.W. and Meikle, T.H. jr. Visual intensity discrimination in cats after serial tect...
	[9] Freund, H.-J., Sabel, B.A. and Witte, O. (eds.) Brain Plasticity, Lippincott-Raven Publishers...
	[10] Ghiselli, E.E. The relationship between the superior colliculus and the striate area in brig...
	[11] Gilbert, C.D. and Wiesel, T.N. Receptive field dynamics in adult primary visual cortex. Natu...
	[12] Hier, D.B., Mondlock, J. and Caplan, L.R. Recovery of behavioral abnormalities after right h...
	[13] Hollwich, F. Augenheilkunde, Thieme Verlag, Stuttgart, 1988.
	[14] Horel, J.A. Effects of subcortical lesions on brightness discrimination acquired by rats wit...
	[15] Hubel, D.H. and Wiesel, T.N. Receptive fields, binocular interaction and functional architec...
	[16] Hubel, D.H. and Wiesel, T.N. Receptive fields of cells in striate cortex of very young, visu...
	[17] Hubel, D.H. and Wiesel, T.N. Binocular interaction in striate cortex of kittens reared with ...
	[18] Hubel, D.H. and Wiesel, T.N. The period of susceptibility to the physiological effects of un...
	[19] Hubel, D.H., Wiesel, T.N. and Stryker, M.P. Anatomical demonstration of orientation columns ...
	[20] Huber, A. Die homonyme Hemianopsie. Klin. Monatsbl. Augenheilk. 199 (1991) 396�–�405.
	[21] Humphreys, G.W., Riddoch, M.J. and Price, C.J. Top-down processes in object identification: ...
	[22] Hurlbert, A. Color vision. Curr. Biol. 7 (1997) R400�–�402.
	[23] Ishii, K., Kita, Y., Nagura, H., Bandoh, M. and Yamanouchi, H. A case report of cerebral ach...
	[24] Kaas, J.H., Krubitzer, L.A., Chino, Y.M., Langston, A.L., Polley, E.H. and Blair, N. Reorgan...
	[25] Kaas, J.H. Plasticity of sensory and motor maps in adult mammals. Ann. Rev. Neurosci. 14 (19...
	[26] Kasten, E., Schmid, G. and Eder, R. Effektive neuropsychologische �Behandlungsmethoden, Deut...
	[27] Kasten, E. and Sabel, B.A. Visual field enlargement after computer training in brain-damaged...
	[28] Kasten, E., Schulte, T. and Sabel, B.A. Fahrtauglichkeit und Fahr�praxis bei Personen mit er...
	[29] Kasten, E., Strasburger, H. and Sabel, B.A. Programs for diagnosis and therapy of visual fie...
	[30] Kasten, E., Wüst, S. and Sabel, B.A. Variability of stimulus detection, pattern discriminati...
	[31] Kasten, E., Wüst, S. and Sabel, B.A. Residual vision in transition zones in patients with ce...
	[32] Kasten, E., Wüst, S., Behrens-Baumann, W. and Sabel, B.A. Computer-based training for the tr...
	[33] Kasten, E. and Sabel, B.A. Computer-based training of stimulus detection improves the recogn...
	[34] Kerkhoff, G., Münssinger, U. and Meier, E.K. Neurovisual rehabilitation in cerebral blindnes...
	[35] Klüver, H. Visual functions after removal of the occipital lobes. J. Psychol. 11 (1941) 23�–...
	[36] Kolb, B. & Whishaw, I.Q. Fundamentals of Human Neuropsychology (3rd Ed.). W.H. Freeman, New ...
	[37] Kolb, B. Recovery from occipital stroke: a self-report and an inquiry into visual processes....
	[38] Kölmel, H.W. Coloured patterns in hemianopic fields. Brain 107 (1984) 155�–�167.
	[39] Kölmel, H.W. Die homonymen Hemianopsien. Klinik und Pathophysiologie zentraler Sehstörungen,...
	[40] Lachenmayr, B.J. and Vivell, P.M. Perimetrie. Thieme Verlag, Stutt�gart, 1992.
	[41] Leonards, U. and Singer, W. Selective temporal interactions between processing streams with ...
	[42] Meissirel, C., Wikler, K.C., Chalupa, L.M. and Rakic, P. Early divergence of magnocellular a...
	[43] Messing, B. and Gänshirt, H. Follow-up of visual field defects with vascular damage of the g...
	[44] Mohler, C.W. and Wurtz, R.H. Role of striate cortex and superior colliculus in visual guidan...
	[45] Moller, P. and Hurlbert, A. Interactions between colour and motion in image segmentation. Cu...
	[46] Moutoussis, K. and Zeki, S. Functional segregation and temporal hierarchy of the visual perc...
	[47] Norton, A.C. and Clark, G. Effects of cortical and collicular lesions on brightness and flic...
	[48] Poggel, D.A., Kasten, E., Müller-Oehring, E. and Sabel, B.A. Spontane und trainingsinduziert...
	[49] Poggel, D.A., Kasten, E., Müller-Oehring, E. M., Sabel, B. A. and Brandt, S. A. Spontaneous ...
	[50] Pöppel, E., Held, R. and Frost, D. Residual visual functions after brain wounds involving th...
	[51] Pöppel, E., Brinkmann, R., von Cramon, D. and Singer, W. Association and dissociation of vis...
	[52] Pöppel, E., Stoerig, P., Logothetis, N., Fries, W., Boergen, K.P., Oertel, W. and Zihl, J. P...
	[53] Poppelreuter, W. Die psychischen Schädigungen durch Kopfschuß im Kriege 1914/16. Band I: Die...
	[54] Potthoff, R.D. Regeneration of specific nerve cells in lesioned visual cortex of the human b...
	[55] Sabel, B.A. Unrecognized potential of surviving neurons: Within systems plasticity, recovery...
	[56] Sabel, B.A., Kasten, E. and Kreutz, M.R. Recovery of vision after partial visual system inju...
	[57] Sautter, J. and Sabel, B.A. Recovery of brightness discrimination in adult rats despite prog...
	[58] Schiefer, U. and Wilhelm, H. Gesichtsfeld-Kompendium. Interpretation perimetrischer Befunde....
	[59] Schmielau, F. Restitution visueller Funktionen bei hirnverletzten Patienten: Effizienz lokal...
	[60] Schulte, T., Strasburger, H., Müller-Oehring, E. M., Kasten, E. and �Sabel, B.A. Automobile ...
	[61] Sereno, M.I., Dale, A.M., Reppas, J.B., Kwong, K.K., Belliveau, J.W., Brady, T.J., Rosen, B....
	[62] Smid, H.G. and Heinze, H.J. An electrophysiological study of the selection of the color and ...
	[63] Smid H.G., Jakob, A. and Heinze H.J. The organization of multidimensional selection on the b...
	[64] Steinman, B.A., Steinman, S.B. and Lehmkuhle, S. Transient visual attention is dominated by ...
	[65] Syrkin, G. and Gur, M. Colour and luminance interact to improve pattern recognition. Percept...
	[66] Tegenthoff, M., Widdig, W., Rommel, O. and Malin, J.-P. Visuelle Stimulationstherapie in der...
	[67] Tiel-Wilck, K. Rückbildung homonymer Gesichtsfelddefekte nach Infarkten im Versorgungsgebiet...
	[68] Trobe, J.D., Lorber, M.L. and Schlezinger, N.S. Isolated homonymous hemianopia: a review of ...
	[69] Urbaitis, J.C. and Meikle, T.H.jr. Relearning a dark-light discrimination by cats after cort...
	[70] van-der-Felde, F. and van-der-Heijden, A.H. On the statistical independence of color and sha...
	[71] Werth, R. and Möhrenschläger, M. Spontanerholung und Wieder�herstellung von Sehfunktionen be...
	[72] Wessinger, C.M., Fendrich, R., Ptito, A., Villemure, J.-G. and Gazzaniga, M.S. Residual visi...
	[73] Wessinger, C.M., Fendrich, R., and Gazzaniga, M.S. Islands of residual vision in hemianopic ...
	[74] Wüst, S. Untersuchungen zur Restitution basaler visueller Funktionen sowie zum Phänomen des ...
	[75] Zeki, S.M. A Vision of The Brain. Blackwell Scientific Publications, Oxford 1993.
	[76] Zihl, J. and von Cramon, D. Y. Restitution of visual function in patients with cerebral blin...
	[77] Zihl, J. Untersuchung von Sehfunktionen bei Patienten mit einer Schädigung der zentralen vis...
	[78] Zihl, J. and von Cramon, D. Visual field recovery from scotoma in patients with postgenicula...
	[79] Zihl, J. and von Cramon, D. Cerebrale Sehstörungen. Kohlhammer Verlag, Stuttgart, 1986.

	The following publications appeared in this issue
	[80] Payne, B. System-wide repercussions and adaptive plasticity: the sequelae of immature visual...
	[81] Frost, D. Functional organization of surgically created visual circuits. Restor. Neurol. Neu...
	[82] Galuske, A.W., Kim, D.-S. and Singer, W. The role of neurotrophins in developmental cortical...
	[83] Berardi, N., Lodovichi, M., Caleo, M., Pizzorusso, T. and Maffei, L. Role of neurotrophins i...
	[84] Wörgötter, F., Suder, K. and Funke, K. The dynamic spatio-temporal behavior of visual respon...
	[85] Eysel, U.T., Schweigart G., Mittmann T., Eyding D., Arckens L., Qu, Y., Vandesande, F. and O...
	[86] Chino, M.Y. The role of visual experience in the cortical topographic map reorganization fol...
	[87] Sabel, B.A. Restoration of vision I: Neurobiological mechanisms of restoration and plasticit...
	[88] Schiefer, U., Skalej, M., Dietrich, T.J. and Braun, C. Detection and follow-up of homonymous...
	[89] Innocenti, G.M, Kiper, D.C., Knyazeva, M.G. and Deonna, Th.W. On�nature and limits of cortic...
	[90] Wessinger, C.M., Fendrich, R. and Gazzaniga, M.S. Variability of residual vision in hemianop...
	[91] Werth, R. and Moehrenschlager, M. The development of visual functions in cerebrally blind ch...
	[92] Kerkhoff, G. Restorative and compensatory therapy approaches in cerebral blindness – a revie...
	Restoration of vision II: Residual functions and training-induced visual field enlargement in bra...
	Erich Kasten*, Dorothe A. Poggel, Eva Müller-Oehring, Janna Gothe, Tilman Schulte and Bernhard A....
	Institute of Medical Psychology, Otto-von-Guericke University of Magdeburg, Germany
	Received 10 May 1999; revised 7 August 1999; accepted 10 September 1999






