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The specificity and effectiveness of eye-movement training to remedy impaired visual
exploration and reading with particular consideration of age and co-morbidity was tested
in a group of 97 patients with unilateral homonymous hemianopia using a single subject /
n-of-1 design. Two groups received either scanning training followed by reading training,
or vice versa. The third group acted as a control group and received non-specific detailed
advice, followed by training of scanning and reading. Scanning and reading performance
was assessed before and after the waiting period, before and after scanning and reading
training, and at short-term (11 weeks on average) and long-term follow-up (5 years on
average). Improvements after training were practice-dependent and task-specific.
Scanning performance improved by ~40%, reading by ~45%, and was paralleled by a reduc-
tion of subjective complaints. The advice (=control) condition was without effect. All
improvements occurred selectively in the training period, not in treatment-free intervals,
and persisted in the short- and long-term follow-up over several years. Age had only a
minor, although significant effect on improvement in reading after training; co-
morbidity had no significant impact on the outcome of training. In conclusion, visual
impairments associated with homonymous hemianopia can be successfully and durably
reduced by systematic and specific training of compensatory eye-movement strategies.
The improvements in compensation strategies were independent of subjects’ age and of
co-morbidity.
Crown Copyright © 2021 Published by Elsevier Inc. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

from visual disorders (e.g., [40]). In their study of 850
cases, Zhang et al. [52] found homonymous visual field loss

Homonymous visual field defects are a common conse-
quence of injury to the postchiasmatic visual system and
result in a severe disability, affecting patients’ daily activi-
ties including mobility, visuospatial orienting, and reading.
About 30% of patients with acquired brain injury suffer
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in ~70% of posterior stroke survivors, 14% following trau-
matic injury and ~12% following tumour; other causes
were multiple sclerosis and brain surgery. Strokes mainly
occur in older age, with a much higher prevalence of indi-
viduals > 65 years of age [48] and this is true for strokes
chiefly affecting the occipital lobes [52].

Spontaneous recovery of vision has been reported in
only ~13% of cases, but is rarely complete, while<20% of
patients develop effective compensatory behaviour spon-
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taneously [55]. Thus, in the absence of an active interven-
tion, some 70-80% of patients with homonymous visual
field loss suffer from a severe and permanent visual dis-
ability. The disability is not merely the result of impaired
global visual processing due to the restricted visual field
but is exacerbated by a pronounced impairment in the
guidance of scanning eye-movements, leading to laborious
and highly time-consuming visual search strategies, which
are partly characterized by piecemeal serial processing
[55]. In addition, reading text is characteristically affected
by homonymous visual field defects due to insufficient
visual field sparing. Fluent reading requires asymmetric
parafoveal visual input such that, in left-to-right readers,
about 5° of visual angle to the left and 8° to the right of
the fovea are crucial [53]. Interestingly, some 10% of
patients with homonymous visual field loss do not show
such visual impairments. In these cases, injury is restricted
to the optic radiation and/or the striate cortex, and spares
additional occipital fibre pathways and/or posterior thala-
mic or occipito-parietal structures [54,55]. Thus, the extent
of the visual field per se is not the sole determinant of effi-
cient global visual processing. The integrity of the field of
attention and sparing of visuospatial guidance of attention
and eye-movements are likely to be as, or more, important
for efficient global processing.

Visual rehabilitation in patients with homonymous
visual field loss aims to restore the fullest possible degree
of independence in professional and other daily activities,
for example by devising means to compensate for the
visual handicap. Because different saccadic strategies are
involved in scanning and reading, visual scanning training
does not lead to improved reading and practice with text
does not result in improved visual exploration [45], indi-
cating that specific practice with shifts of fixation in a
task-specific manner is required [14]. Only one study sys-
tematically examined the influence of age on the effective-
ness of treatment in subjects with homonymous visual
field loss [43]. With the same amount of treatment older
patients (70-85 yrs; mean age: 77 yrs; n=19) showed
the same rates of improvement as the younger group
(20-35 yrs, mean age: 28 yrs; n=19), indicating that age
per se is not necessarily associated with a poorer treatment
outcome.

Although several studies have suggested that saccadic
compensation occurs as a result of systematic practice
with visual scanning and reading (e.g., [8,33,41,47]), it
has been questioned whether improved performance is
unequivocally due to specific practice because of the
absence of a comprehensive design including a proper con-
trol group, as required by evidence-based medicine (EBM)
criteria [34]. However, eye movement training seems more
effective than control or placebo conditions [36]. The cur-
rent comprehensive study is, therefore, designed to assess
spontaneous adaptation, the extent to which training is
practice-dependent and task specific, stability of training
effects over time, and subjective reports on patients’ visual
handicap. We used a multiple N-of-1 trials design in which
the effects of interventions are assessed in each individual
study participant over a series of periods during which dif-
ferent forms of training or practice were employed. In our
design participants are randomly assigned to three groups
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which differed in the sequences in which they receive the
types of training or practice. Furthermore, we considered
especially the influence of age and co-morbidity on train-
ing effects and conducted short- (11 weeks on average)
and long-term (5 years on average) follow-up examina-
tions after the end of treatment to assess the persistence
of the adopted compensatory strategies. For reasons of
clarity, we report methodological details of the long-term
follow up study separately.

Subjects and methods
Subjects

The study was carried out in a conventional setting of
the day clinic at the Max Planck Institute of Psychiatry,
Munich, Germany in accordance with the Declaration of
Helsinki. Following detailed examination, consenting
patients who were identified with homonymous visual
field defects received treatment. The study commenced
in January 2000 and was completed in October 2013.
Patients gave their written informed consent for the use
of data in anonymised form for scientific purposes. The
majority of subjects (90%) were referred by neurologists
or ophthalmologists; the remainder (10%) contacted the
first author (JZ) directly for treatment options. Of the
patients referred, 77 did not receive treatment for various
reasons (field sparing > 30°); spontaneous adaptation to
the visual field loss; severe cognitive impairments, trans-
portation difficulties, or lack of interest in treatment). Of
the 409 patients with unilateral visual field loss who
received treatment, 264 patients were included in the
study (see Fig. 1A). Inclusion criteria were: homonymous
hemianopia, with visual field sparing < 4° in left-sided
and < 6° in right-sided hemianopia, time elapsed since
brain injury of at least 4 weeks, impaired scanning and
reading performance (<90% of age-matched healthy sub-
jects) at first and second assessments, and complete data
sets. Because of incomplete data sets at short-term
follow-up due to difficulties in transport or lack of interest
of participants, the definitive group consisted of 97 sub-
jects with either left- (n = 53) or right-sided (n = 44) hemi-
anopia. In all subjects, aetiology of brain injury was
verified by CT and/or MRT. Age of subjects varied between
21 and 84 years, with 25 subjects younger than 50 years
(~26%), and 44 subjects (~45%) older than 65 years. None
of the patients had received treatment for their visual field
loss before. Patients showed no evidence of associated
visual disorders, including reduced visual acuity (mini-
mum Snellen acuity was 0.90 for near and far binocular
vision), impaired spatial contrast sensitivity [49], visual
adaptation or colour discrimination, visual disturbance
due to disease or injury of the peripheral visual system,
in particular macular disease, and oculomotor dysfunction
(according to ophthalmic examination), aphasia, pure
alexia or premorbid reading disorders. Furthermore, none
of the patients suffered from visual or verbal memory
impairments or visual neglect as assessed by the Behav-
ioral Inattention Test [18] composed of line bisection, let-
ter and star cancellation, figure copying and drawing
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Total number of patients with HVFD: N = 486 |

Treated: n = 409 (84.2%)
Unilateral HVFD: n = 367 (89.7%)
Bilateral HVFD: n =41 (10.3%)

Unilateral HVFD: n =367
HH: n =264 (71.9%)
Others: n = 103 (28.1%)

HH:n = 264

Complete data sets: n =97 (36.7%)
LH: n = 53 (54.6%)

RH: n = 44 (45.4%)

Not treated:n =77 (15.8%)

because of

* spontaneousadaptation/
visual field > 30° (57.1%)

* missing compliance (42.9%)

Group1:n=33
scanning ¥ reading

Group2:n=31
reading # scanning

Group3:n=33
advice

/1N

scanning ¥ reading

T
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Fig. 1. A: Diagram of selection of subjects with homonymous visual field defects (HVFD). Missing compliance (n = 33): too poor health (n =24; 72.7%) or
lack of interest in treatment (n=9; 27.3%). B: Diagram of assessments and treatment periods. Mean time between onset of hemianopia (T1) and first
assessment (T2) was 25 weeks, and between T2 and T3 (waiting period) 12 weeks. Follow-up assessment (T5 in groups 1 and 2, T6 in group 3) were
performed approximately 11 weeks on average after the end of treatment. For further details, see text.

from memory. All patients were native German speakers or
possessed good comprehension and production perfor-
mance in the German language and had at least five years

of education. All patients complained of moderate to sev-
ere difficulties in overview/visual scanning and reading.
When compared with age-matched normal subjects, all
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patients were above the cut-off value for speed in the
paper-based visual scanning task (M + 1 SD: 14.5 s); nor-
mative values from 40 normal subjects; see [45]. In the
reading task, 81 patients (83%) performed below the corre-
sponding age-appropriate cut-off values of 80 control sub-
jects [40 females, 40 males; n =30 for ages 20-50, n=25
for ages 51-65, and n=25 for ages 66-80 years]| which
were 180 wpm (words per minute), 165 wpm, and 150
wpm, respectively, for the listed aged groups. The remain-
ing 16 patients performed above their age-appropriate cut
off values, but reported that their reading was much better
before the brain injury.

All patients were aware of their visual field loss at time
of treatment, and no patient suffered from post-stroke
depression, as assessed with the Geriatric Depression Scale
(GDS; German version of short form [15]). Data for 27 sub-
jects assigned to groups 1 and 2 have in part been pub-
lished in earlier studies [43,45].

Table 1 summarizes the demographical and clinical
data and the statistical tests for group differences. Sixty-
eight males and 29 females participated in the study, dis-
tributed evenly among groups. The majority of subjects
(~85%) suffered from cerebrovascular disease, mainly
stroke; in the remaining subjects, homonymous visual field
loss was caused either by traumatic brain injury or by sur-
gical operation for an occipital tumour. Mean age at first
assessment was ~59 years; mean time since brain injury
was 25 weeks. The mean interval between first and second
assessment (beginning of intervention) was 12 weeks.
Approximately equal numbers of subjects exhibited left-
or right-sided hemianopia, with comparable mean visual
field sparing of ~2.4°, distributed evenly across groups.
There was no significant difference between the groups
with regard to sex, age, aetiology of and time since brain
injury, side of hemianopia, visual field sparing, waiting

Table 1A
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interval between first assessment and training, and reading
performance before training (see Table 1B). The only signif-
icant interaction was between side of hemianopia and per-
formance in the paper-based visual scanning task, which
just reached significance at the alpha level of 0.05
(p =0.036). It is possible that this result may not reflect a
true underlying effect given the number of statistical tests
employed in assessing our baseline data.

Based on the influence on cognitive performance and
rehabilitation outcome reported in the literature (e.g.,
[11,38]) selected co-morbidities were recorded. Patients’
co-morbidities were gleaned from available medical
reports. Sixty-three patients (65%) had a diagnosis of co-
morbidity, 30 patients of this group (48%) exhibited one
co-morbidity, 22 patients (35%) two, and 11 (17%) three
co-morbidities. The most frequent co-morbidity was
hypertension (n =46, or 73%), followed by hypercholes-
terolemia (n =19, or 30%) and diabetes type 2 (n=15, or
24%). Other co-morbidities included chronic obstructive
pulmonary disease (COPD; n=4) and hyperthyroidism
(n=2).

Methods

Monocular and binocular visual fields were measured
using kinetic perimetry with a standard Tiibingen perime-
ter [3]. Target diameter was 69 min of arc, its luminance
was 102 cd/m?; background luminance was 3.2 cd/m?
The target was moved with a speed of ~2°/s from the
periphery towards the centre of the perimeter. Subjects
were instructed to fixate a small red spot of light (diame-
ter: 0.5°) in the centre of the sphere and to press a response
button as soon as they detected the target. Fixation accu-
racy was monitored through a telescope. The visual field
border was determined along 16 meridians. Perimetric res-

Demographical and clinical data of subjects. BI: brain injury (CV: cerebrovascular disease; CHT: closed head trauma; TU: tumour, operated); wks: weeks (mean,
SD), range; Time s BI: time since brain injury; Interval: time between first assessment and intervention (groups 1 and 2) and systematic advice (group 3); VF-sp:
visual field sparing (degrees visual angle; mean, SD, range); visual exploration performance (paper-based visual scanning task, in s, mean, SD, range) and
reading performance (in words per minute, wpm; mean, SD, range) at baseline. LH, RH: left- and right-sided hemianopia, respectively.

Variables total group (n=97) group 1 (n=33) group 2 (n=31) group 3 (n=33)
Sex female 28 (28.9%) 8 (24.2%) 10 (32.3%) 10 (30.3%)

male 69 (71.1%) 25 (75.8%) 21 (67.7%) 23 (69.7%)

58.9 (15.4; 21-84) 59.8 (13.6; 25-84) 59.9 (15.4; 24-83) 57.1(170; 21-81)

Aetiology of BI
cv 83 (85.5%) 30 (90.9%) 27 (87.1%) 26 (78.8%)
CHT 05 (5.2%) 00 (0.0%) 03 (9.7%) 02 (6.15)
TU 09 (9.3%) 03 (9.1%) 01 (3.2%) 05 (15.1%)

Time s BI (wks)
Interval (wks)
Side of hemianopia

25.0 (20; 4-107)
12.0 (5.6; 4-32)

LH 52 (53.6%)

RH 44 (46.4%)

VF-sp (deg) 2.3(1.0; 1-5)

LH 24 (1.0; 1-4)

RH 23(1.1; 1-5)
Exploration (s) 38.2 (14.4; 18-110)
LH 38.4 (12.6; 19-83)
RH 37.6 (16.4; 18-110)
Reading (wpm) 97.8 (36.7; 31-169)
LH 102.5 (32.9; 38-164)
RH 91.7 (40.4; 28-169)

24.8 (17.3; 4-84)
10.7 (3.7; 4-19)

19 (57.6%)

14 (42.4%)

2.1(0.9; 1-4)

2.2 (0.9; 1-4)

2.1 (0.9; 1-4)

37.0 (13.8; 18-83)
404 (14.5; 24-83)
32.4 (11.6; 18-63)
102.5 (36.6; 46-164)
109.8 (32.3; 47-154)
92.5 (40.1; 46-169)

23.3 (17.8; 4-85)
11.9 (6.2; 4-32)

16 (51.6%)

15 (48.4%)

2.5 (1.1; 1-5)
2.5(1.2; 1-4)
24(1.1; 1-5)

36.5 (16.9; 19-110)
37.5 (11.9; 19-55)
35.5 (21.5; 19-110)
102.4 (34.6; 46-164)
99.6 (33.07; 46-164)
105.4 (37.1; 54-164)

27.4 (24.2; 4-107)
13.3 (6.5; 4-32)

17 (51.5%)

16 (48.5%)

24 (1.1; 1-5)

2.5 (0.8; 1-4)

2.2 (14; 1-5)

404 (12.4; 24-71)
35.6 (10.1; 24-56)
456 (12.8; 25-71)
88.2 (38.0; 31-166)
99.5 (33.5; 38-164)
76.1 (39.7; 31-166)

4
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Table 1B
Statistical tests used and results of the statistical analysis. Chi-squared tests
were performed in Excel, Anovas in SPSS v27, and the Fisher Exact in R 3.6.1.

Sex by group (2x3 Chi-squared) x? with 2df = 0.55, ns (p=0.759).

Age by group (3x1 Anova) F(2,94) = 0.33, ns (p=0.718)

Aetiology of Brain injury by group: Because expected frequencies
are less than 5 in some cells, a Fisher exact test instead was used
rather than a Chi-squared test. Deviations from random
distribution are non-significant (p=0.321).

Time since brain injury by group (3x1 Anova) F(2,94) = 0.35, ns
(p=0.709)

Interval by group (3x1 Anova) F(2,94) = 1.81, ns (p=0.169)

Side of Hemianopia by group (2x3 Chi-squared) x2 with 2df =
0.32, ns (p=0.854).

Visual field sparing (before training) by side by group (3x2
Anova)

Group: F(2,91) = 0.67, ns (p=0.516)

Side: F(1,91) = 0.49, ns (p=0.484)

Group x Side: F(2,91) = 0.21, ns (p=0.812)

Exploration (before training) by side by group (3x2 Anova)

Group: F(2,91) = 0.93, ns (p=0.399)

Side: F(1,91) = 0.00, ns (p=0.993)

Group x Side: F(2,91) = 3.44, p<0.05 (p=0.812)

Reading (before training) by side by group (3x2 Anova)

Group: F(2,91) = 2.50, ns (p=0.117)

Side: F(1,91) = 1.65, ns (p=0.197)

Group x Side: F(2,91) = 1.45, ns (p=0.240)

olution/measurement error was 0.5° within 15°, and 1°
beyond 15° eccentricity.

We used the same standardised tasks as in our previous
studies [45]. For scanning, patients were asked to perform
a cancellation task by marking, with a pencil, all targets in
an array as accurately and as quickly as possible; patients
were not informed about the number of targets. The tar-
gets were 20 black diamonds among 22 non-targets con-
sisting of black dots and crosses presented on a sheet of
white paper (45° horizontally x 35° vertically), at a view-
ing distance of 30 cm. Measures of visual scanning perfor-
mance were the time required and errors committed in the
completion of the task. Normative data were available
from 40 control subjects [45].

For the assessment of reading, patients were asked to
read text aloud as accurately and as quickly as possible.
Each of six versions of text consisted of 200 words (font:
Arial, 14pt) arranged in 20 double-spaced, left-aligned
lines printed on a white sheet of paper. The texts consisted
of short sentences with simple syntactic structure and
were standardized for content (taken from Gotthold E.
Lessing’s animal fables, in German). The number of uncor-
rected errors and correctly read words per minute (wpm)
were recorded. Normative data were available from a sam-
ple of 80 control subjects (cut-off values see above).

The cancellation and reading tests were administered
under normal daylight conditions. Eye- and head-
movements were unrestricted. We obtained informal but
standardised subjective reports on the degree of visual
impairment in everyday life affecting overview/visual
exploration and reading, respectively, assigned to three
categories: mild, moderate or severe. In addition, we asked
in more detail about the type of visual impairment, i.e.
slowness of vision, collision with obstacles or people, and
getting lost. Furthermore, we asked patients for their visual
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difficulties in familiar (e.g. at home) and unfamiliar or
complex surroundings (e.g., supermarkets, crowded places,
new environments). This collection of individual visual dif-
ficulties has proved informative in previous studies [55]
and p. 96]. All participants were asked the same questions
in standardized form, and they were asked to assign the
severity in each (for details, see Appendix).

Experimental design

With respect to time since onset of hemianopia, side of
visual field loss and age, and baseline performance in the
paper-based visual scanning and in the reading tasks, sub-
jects were randomly allocated into three groups in our
multiple N-of-1 design. As illustrated in Fig. 1B, group 1
(n=33) first received training with visual scanning fol-
lowed by training with reading; group 2 (n=31) did the
converse. The impact of scanning training on (subsequent)
reading performance in group 1 was used as an indicator of
the specificity of scanning training, and vice versa, the
impact of reading training on (subsequent) scanning per-
formance for the specificity of reading training in group
2. Group 3 (n=33) did not receive systematic training
within the treatment periods of groups 1 and 2. Instead
subjects received detailed advice to use large gaze shifts
to gain an overview of the visual scene to avoid obstacles
in everyday life and, during reading, to ensure they pro-
duced gaze shifts to the beginning of each word/line (in
the case of left-sided hemianopia) or to the end of a line/-
word (in the case of right-sided hemianopia). This was fol-
lowed by training, as with Group 1.

A single subject baseline design was used, with a
treatment-free-interval before and after training in groups
1 and 2 and before and after the advice period in group 3.
Thus, every subject served as their own control. Scanning
and reading performance were assessed at five time-
points in groups 1 and 2. These were: T1, initial assess-
ment; T2, before training; T3, after training with scanning
(group 1) or reading (group 2); T4, after training with read-
ing (group 1) or scanning (group 2); T5, at follow-up. In
group 3, 6 time-points were used: T1, initial assessment,
T2, before advice period, T3, after advice period, T4, before
training with scanning, T5, after training with scanning, T5,
after training with reading, T6, at follow up (see Fig. 1B and
Table 1). Assessments and treatments were carried out by
different persons according to a predetermined protocol.
Persons who carried out the assessments after treatment
did not know the individual course of treatment.

Methods of treatment

For treatment, software-based reading and visual
search training programs were used as developed by Zihl
[55]. Training material was presented using a LCD monitor.
The treatment was administered and supervised by the
therapist, who also gave verbal feedback on reading or
visual exploration performance (mainly omissions) during
training (supervised learning). In addition, the therapist
ensured that patients did not use head instead of eye
movements or ‘guessing’, particularly in the training per-
iod with reading.

An individual training session lasted ~45 min and con-
sisted of 10 blocks of 30 trials, interspersed with short
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breaks. Training sessions were carried out at least once
daily (in 29 subjects, 29.9%); the rest (68, or 70.1%) partic-
ipated in 2 or 3 sessions per day, with at least a 45 min
break between sessions. At each level of task difficulty,
training was completed when subjects reached a pre-
defined criterion (at least 90% correct responses).

Systematic training with visual scanning

For training in visual scanning, we used standardized
versions of a visual search paradigm [45,54,55]. Subjects
were instructed to always use large saccadic eye-
movements towards the affected side and were systemat-
ically trained to gain an immediate complete overview and
to use an efficient strategy to scan the scene. Training
material consisted of computer-controlled visual search
displays extending 50° horizontally and 42° vertically at
a viewing distance of 120 cm. We used different target
and distractor letters (size: 2.5°) of varying similarity on
a black background. Subjects were instructed to fixate a
cross in the centre of the display and to search, after its off-
set, for a single target letter among distractor letters. Tar-
gets were present on 60% of trials. Subjects were asked to
respond as accurately and quickly as possible by pressing
the left or right mouse buttons for the presence or absence
of a target, respectively. Presentation and thus visual
search time was unlimited. Subjects were given immediate
feedback when they omitted targets. Training with visual
scanning started with the easiest, i.e. parallel search condi-
tion (e.g. ‘T" among ‘O’s) and progressed to a mixed condi-
tion (e.g. ‘S’ among ‘C’s) and eventually to a serial search
condition (e.g. ‘O’ among ‘G’s). In addition to varying stim-
ulus similarity, visual search difficulty was also systemati-
cally increased by increasing the number of stimuli (set
size) from 15 to 20 letters. Training was terminated when
the subject reached a defined performance level (at least
90% correct responses) for any level of difficulty used.

Systematic training with reading

For reading training a single-word reading task was
used, as in earlier studies [45,53,54]. Single words of differ-
ent lengths, ranging from three to 12 letters, were used.
Letter size was 2.5°; spacing between letters was 0.4°. Text
material was shown in yellow on a dark blue background
to allow comfortable reading. Each training trial consisted
of the time-limited presentation of a single word in the
centre of the screen. Subjects were instructed to shift their
gaze, as quickly as possible, from the centre of the screen to
the beginning or end of each word (in cases with left- or
right-sided hemianopia, respectively) before reading it
aloud. Errors were corrected with immediate feedback.
During the course of training, the length of the presented
words was systematically increased. When a subject per-
formed at > 90% correct, at a given word length, presenta-
tion time was reduced stepwise from 500 to 300 ms (for
subjects < 60 years) or from 1000 to 500 ms (for sub-
jects > 60 years). The final training stage involved the ran-
domized presentation of words of different lengths. By
adopting progressive time-limited word presentation, sub-
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jects were forced to make more rapid saccades to read the
whole word before its disappearance.

Statistical analysis

Because the number of errors (omissions and commis-
sions) in pre- and post-training cancellation tests was so
few (<2), these data were excluded from the analysis; thus
only cancellation time was considered for further statisti-
cal analysis. Analysis of reading performance was carried
out on the number of correctly read words per minute
(wpm). Cancellation times (s), reading performance
(wpm) and the influence of age, extent of visual field spar-
ing, side of hemianopia, time since brain injury and num-
ber of training sessions were analysed using analyses of
variance with Bonferroni corrected post-hoc tests. Analy-
ses of scanning and reading performance were performed
both on raw scores and those expressed, for each subject,
as a percentage of baseline performance at T1. Within
group-comparisons for groups 1 and 2 were performed at
T1 and T2 (“waiting period”), at T2, T3 and T4 (training
periods), and at T5 (short-term follow-up). For group 3,
within group comparisons were performed between T1
and T2 (“waiting” period), at T2 and T3 (“advice”), at T3,
T4 and T5 (training periods), and at T6 (short-term
follow-up). Between group comparisons were performed
for all groups before and after the waiting period (T1,
T2), after training with scanning and reading, respectively
(groups 1 and 2: T3 and T4; Group 3: T4 and T5) and at
short-term follow-up (groups 1 and 2: T5, group 3: T6).
Patients’ subjective reports on the degree of visual impair-
ment were analysed with chi-squared tests.

Results
Visual scanning and reading and short-term follow-up

The number of training sessions undertaken did not dif-
fer among groups. Group 1 participated on average in 11.2
scanning (range: 6-18) and 11.2 (range: 5-20) reading
training sessions; Group 2 performed on average 10.7
(range: 4-20) scanning and 11.5 (range: 6-20) reading
training sessions. In group 3, mean numbers of scanning
and reading training sessions were 12.1 (range: 6-20)
and 12.3 (range: 5-22), respectively.

Fig. 2 shows typical examples for the outcome of sys-
tematic training with scanning and reading in a 32-year-
old female patient (P1) with left- and a 29-year-old male
patient (P2) with right-sided hemianopia. P1 had suffered
an occipital stroke 9 weeks before the first assessment;
training was started 9 weeks after the first assessment,
i.e. 18 weeks after the onset of hemianopia. Visual field
sparing in her left hemifield was 1°. Time to perform the
cancellation task was 54 s at the first assessment, and
52 s at the second assessment, i.e. before training. Scanning
training preceded reading training. After systematic train-
ing with visual search (12 sessions), she needed 32 s for
the cancellation task (at follow up: 33 s). Reading perfor-
mance was 77wpm in the first assessment, 81wpm before
and 82wpm after scanning training. After reading training
(13 sessions), her reading performance was 161wpm (fol-
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Fig. 2. Course of practice with visual search (A) and text processing (B) in a patient with left- (filled symbols; P1) and with right-sided hemianopia (open
symbols; P2). P1 started with visual search practice followed by practice with text processing, while P2 started with practice with text processing followed
by visual search practice. Arrows in A indicate the three levels of task difficulty (a: parallel, b: mixed, c: serial search modes). Set size was 30 in all
conditions. Symbols indicate mean response in 30 trials at different stages of practice (number of trials). In B, arrows indicate the four levels of difficulty (a:
4-5 letter words; b: 8-9 letter words; c: 12-13 letter words; d: 15-16 letter words). Symbols indicate percentages of correct responses in 20 trials at
different stages of practice (number of trials). Task difficulty was increased after the patient has reached either a stable search time (~1s) in three
consecutive training blocks in A, or at least 90% correct responses in three consecutive training blocks in B. Note the increase in performance in both practice

conditions in the course of practice in P1 and P2. For further details, see text.

low up: 160wpm). Patient P2 was operated for an occipital
tumour (meningioma) 14 weeks before the first assess-
ment. Visual field sparing in his right hemifield was also
1°. Treatment was started 8 weeks after the first assess-
ment, i.e., 22 weeks after the onset of hemianopia. Reading
training was followed by scanning training. Reading per-
formance was 75wpm at the first, and 82wpm at the sec-
ond assessment. After reading training (15 sessions), his
reading performance was 118wpm (at follow up:
135wpm). Time in the cancellation task was 52 s at the
first, 51 s at the second assessment and 50 s after reading
training. After training with visual search (14 sessions)
cancellation time was 35s (at follow up: 365s). Both

patients showed a remarkable increase in performance,
in both scanning (P1: 33%, P2: 31%) and reading, (P1:
108%, P2: 80%), irrespective of the order of training.

To compare the efficacy of the three different treatment
conditions, analyses of variance were carried out using
Groups (1-3) and Assessment Time (T1-T4 for groups 1
and 2; T1-T5 for group 3) as Factors. For Groups 1 and 2,
cancellation times fell, on average, from ~36s to ~22s,
and reading improved from ~102 to ~140 wpm, as a result
of training. Inspection of Fig. 3a and 3b suggests that Group
3 was consistently ~10-15% worse on measures of both
scanning and reading across all assessment times com-
pared with groups that had received equivalent histories
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of training on that activity, i.e. Groups 1 vs 3 for reading
and group 2 vs 3 for scanning. However, although these dif-
ferences were not significant at assessment times which
preceded intervention, namely at T1 and T2 [Group F
(2,94) = 1.54, ns], analyses of variance were carried out
which take into account baseline performance, i.e. using
measures expressed as percentage change in performance
at T2 to T5 compared with performance at T1. These mea-
sures are presented in Fig. 3c and 3d, which show, for each
group, percentage change in cancellation times and words
per minute (wpm) from T2 to T6, respectively.

Separate analyses for scanning and reading measures
were conducted, comparing groups across the assessment
times T2 to T5. Highly significant main effects of Group
and Assessment Time, and their interaction, for both mea-
sures indicate that each group showed a benefit from the
training provided which was specific to the measure (Scan-
ning: Group F(2,94) = 28.44, p < 0.001; Assessment Time F
(3,282)=798.05, p<0.001; Interaction F(6,282)=69.36,
p < 0.001. Reading: Group F(2,94)=8.75, p < 0.001; Assess-
ment Time F(3,282)=105.37, p<0.001; Interaction F
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(6,282)=21.47, p <0.001.) At the assessment immediately
following training, reading performance and cancellation
times showed average improvements of 41.8% and 38.7%,
respectively, which were comparable among groups (Scan-
ning: Group 1: 40.7%, Group 2: 37.1%, Group 3:39.2%;
Reading: Group 1: 39.9%, Group 2: 42.0%, Group 3:
43.6%). This was confirmed with tests of simple main
effects, where the only differences among groups for each
measure are between those that have received, and those
that have yet to receive, training, i.e. the effects of training
are apparent for Group 1 at T3, for scanning, and Group 2
and Group 3, for reading, at T3 and T4, respectively (Scan-
ning: at T3, F(2,94) =224.09, p <0.001. Reading: at T3, F
(2,94) = 66.50, p < 0.001; at T4, F(2,94) = 23.70, p < 0.001).
Group differences at other assessment times did not
approach significance (Scanning: highest F(2,94)=1.603,
p=0.21 at phase 2. Reading: highest F(2,94)=1.878,
p=0.16 at phase 2).

Post-hoc pairwise comparisons, with Bonferroni correc-
tion, of groups at T3 indicate that systematic training of
scanning and reading substantially improves performance.

--Group 1

N W
S O

12 3 4 5 6
Time of Assessment

10
0

-1

Fig. 3. Performance in reading and exploration tasks for the three groups across assessment times, showing reading speed in word per minute for the
reading task (A) and cancellation time for the exploration task (B). The improvements shown by each group relative to their performance at the first
assessment time are shown for reading (C) and exploration (D). Error bars are standard errors of the means.
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Table 2

Aging Brain 1 (2021) 100012

Performances in visual exploration (search time, in s) and reading (words per minute, wpm) at baseline and after treatment, number of sessions, and
improvement per session. n: number of subjects. Numbers indicate means (standard errors in brackets), and mean percentages (standard errors in brackets).

Baseline Sessions Improvement Improvement/session
Exploration

>50s(n=18) 14.0 (3.5) 23.8 (9.7) [39.6% (11.2)] 1.8 (0.8) [3.0% (1.4)]
50-40s (n=17) 12.3(3.3) 19.5 (4.7) [43.6% (8.6)] l .6 (0.4) [3.7% (1.0)]
39-33s(n=17) 12.8 (2.6) 13.9 (3.3) [38.6% (9.0)] 1(0.3) [3.1% (0.9)]
32-29s (n=20) 10.6 (3.2) 11.3 (3.0) [36.9% (9.6)] 1(0.4) [3.7% (1.2)]
28-25s(n=13) 08.8 (2.4) 08.5 (3.1) [31.7% (11.5)] 0 (0.4) [3.7% (1.4)]
24-19s(n=12) 08.3 (2.0) 08.4 (2.0) [38.0% (6.9)] 1(0.4) [4.6% (1.6)]
Reading

34-60 wpm (n = 18) 12.8 (3.2) 30.2 (15.4) [63.3% (40.7)] 3(0.9) [4.8% (2.1)]
61-80 wpm (n=17) 13.7 (3.7) 34.4 (22 3) [48.4% (31.4)] (1 7) [3.6% (2.3)]
81-99 wpm (n=15) 14.1 (3.9) 44.6 (19.3) [50.7% (23.0)] 3(1.7) [3.7% (1.9)]
100-120 wpm (n =]8) 11.2 (3.5) 35.0 (13.4) [32.3% (12.7)] 5(2.2) [3.1% (2.2)]
121-145 wpm (n =15 09.2 (2.2) 23.7 (11.4) [17.7% (8.6)] (1 4) [1.9% (0.7)]
146-170 wpm (n =14 ) 08.4 (2.4) 19.6 (8.1) [13.4% (6.2)] 5(1.3) [1.7% (0.8)]

Specific training in scanning clearly improves performance
in the cancellation task in Group 1 compared with Group 2
who received reading [t(62) = 17.605, p < 0.001]. Similarly,
reading training improved reading in Group 2, again com-
pared with Group 1 who received scanning training [t(62)
=3.768, p < 0.001]. In short, scanning training accrued no
benefit to reading and vice versa. Performance of Group 3
at T2 is indistinguishable from the group that receives no
training both for scanning [t(62) = 0.07, n.s.] and for read-
ing [t(64) = 0.13, n.s.]. Advice alone on strategies to cope
with visual difficulties has no significant impact on reading
and scanning performance at T3 which remained indistin-
guishable to performance achieved at T2 (Reading: Group
3: t(32) =0.35, n.s. Scanning: Group 3: t(32) =0.225, n.s.).
Moreover, there was no change in performance between
T2 and T3 when groups were again assessed on activities
for which they had yet to receiving training (i.e. reading
in Group 1 and scanning in Group 2) confirming that read-
ing training had no effect on measures of visual scanning
and vice versa (Reading: Group 1: t(32)=1.16, n.s. Scan-
ning: Group 2: t(30) = 0.946, n.s.). This is again confirmed
by a similar analysis comparing performance between T3
and T4, again on the converse activity (i.e. scanning in
Group 1 and reading in Group 2) where performance
remained unchanged between assessments (Group 1 Scan-
ning: t(32) = 1.94, n.s. Group 2 Reading: t(30) = 1.89, n.s.).
The same picture emerges for Group 3, where scanning
training had no effect on reading, i.e. reading performance
did not differ for Group 3 between T3 and T4 [t(32) = 4.21,
p <0.001] and vice versa, i.e. scanning performance did not
differ for Group 3 between T4 and T5 [t(32) = 1.93, n.s].

Individual patients received different numbers of train-
ing sessions in the course of treatment. Table 2 shows the
number of sessions, the overall improvement rates and the
rate of improvement per session for different levels of
baseline performance in scanning and reading. For scan-
ning, those with the more substantial impairment required
more sessions and showed the greatest absolute improve-
ment [F(5,90)=4.95, p<0.001]. This difference is not
apparent for reading [F(5,90)=0.48, p=0.79]. Side of
hemianopia had no effect on rate of improvement (Scan-
ning: F(1,95)=1.14, p=0.29; Reading: F(1,95)=0.00,
p=0.97).

Short-term follow-up

Improvements as a result of intervention are main-
tained or, for reading, show mild improvement at follow-
up (Scanning: Group 1t(32)=0.26, n.s.; Group 2 t(30)
=1.93, n.s.; Group 3t(32)=1.19, n.s.; Reading: Groupl t
(32)=3.25, p<0.01; Group 2t(30)=1.19, n.s; Group 3t
(32)=6.13, p<0.001).

In summary, as a result of scanning training using a
visual search task, all three groups showed a substantial
improvement in scanning times in the cancellation task,
with an average 39-41% reduction in latencies. Reading
training resulted in an average 42-49% increase in wpm
in the reading task. The order of the tasks was immaterial.
When patients were offered training, in the absence of fur-
ther structured advice about behavioural strategies to
adopt, there was no evidence that scanning training influ-
enced reading performance or vice versa, i.e. there was no
transfer of training effects between the two tasks.

The role of age and co-morbidity

Analyses of age, the extent of visual field sparing, side of
hemianopia, time since brain injury and number of train-
ing sessions indicate that, with the exception of age, these
factors do not influence the outcomes described above. For
reading there was an overall main effect of age on perfor-
mance [F(1,54)=6.71, p=0.012] and this interacted with
Assessment Time [F(3,162) = 3.59, p = 0.015] but not Group
by Assessment Time. These statistics reflect a higher over-
all improvement in younger patients, but no differential
effect on the three treatment groups. Table 3 illustrates
the increase in visual exploration and reading performance
for age subgroups (a) < 40 yrs, (b) 40-59 yrs, (c) 60-69 yrs
and (d) > 70 years. As can be seen, the reduction in visual
exploration time after training is in the same range in all
subgroups (between ~27% and 35%), while increase in
reading performance after training was highest in the
youngest group (~55%), and lower in the other groups
(b: ~31%, c: ~33%, and d: ~30%). Interestingly, there are
no substantial differences in the number of sessions
required for the improvements, either for visual explo-
ration or for reading.
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The co-morbidities of our patients does not seem to
have any particular impact on the performance at baseline
and before and after treatment (see Table 4). The increase
in scanning performance was similar in the group without
and with co-morbidity (~62%); the corresponding increase
for reading performance is ~38% and ~30%. The number of
training sessions is identical for both scanning and reading
in both groups. Since quantitative values of the medical
variables (blood pressure, cholesterol, blood sugar levels,
thyroid hormone levels, etc.) were not available, we did
not perform a statistical analysis of the influence of the
individual co-morbidities. However, although patients
with co-morbidity were, on average, 10 years older than
those without, co-morbidity does not appear to have
played an influential role, either in baseline performance,
improvement rates or number of sessions required (maxi-
mum t for number of reading sessions t(95)=0.649,
p=0.518).

Subjective reports before and after treatment

Patients’ difficulties were rated as mild, moderate or
severe following each phase of testing; subjective reports
of degree of visual impairment are summarised in Tables
5 and 6.

All patients benefitted from training and, for both scan-
ning and reading, the results were comparable. All patients
reported moderate or severe visual impairments prior to
treatment, irrespective of the side of the hemianopia (lar-
gest x%(1)=1.07, p=0.30), with ~55% reporting severe
impairment in both scanning and reading and none a mild
impairment. After training 72% of these described both
impairments as moderate and 21% of the remainder
described one or other impairment as mild. Of the 33%
reporting severe difficulties with either scanning or read-
ing, or those moderately impaired at both, 43% reported
mild difficulties following training. At follow-up a further
~10% of patients reported mild, rather than moderate, dif-
ficulties. In summary, significant benefits of training were
evident such that, at follow-up, impairments in scanning
originally described as severe by 43% of the cohort, were
now deemed mild. For reading, the equivalent figure is
29%. At follow up, no patients described either impairment
as severe.

Table 3
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Table 4

Co-morbidity and demographic and treatment variables. Numbers indicate
means, standard errors, and ranges (in brackets). A: Subjects without
comorbidity (n = 34; 35.1%); B: Subjects with comorbidity (n = 63; 64.9%).
EX1, EX2; visual scanning performance before and after training; Read1,
Read2: reading performance before and after training.

A (n=34) B (n=63)
Age (yrs) 52.6 (17; 21-79) 61.7 (13.6; 25-84)
Sex (f/m) 11/23 (32.3%/67.7%) 17/46 (27.0%]73.0%)
EX1 (s) 34.1 (13.5) 39.0 (15.8)
EX2 (s) 21.3(6.7) 24.2 (10.4)
Improvement (%) 62.4 62.1
Sessions 11 (3.2; 4-16) 11 (3.7; 5-20)

READ1 (wpm) 90.9 (31.4; 31-146) 101.1 (38.7; 41-169)
READ2 (wpm) 125.5 (31.4; 74-172)  131.4 (37.9; 54-186)
Improvement (%)  38.1 30.0

Sessions 12 (3.6; 5-20) 12 (3.8; 6-22)

While the training benefits were substantial, the effects
of advice alone in group 3 failed to influence patients’ self-
ratings of impaired scanning or reading. For scanning, prior
to such advice, percentages for moderate and severe visual
difficulties were 21.1% and 78.8%, respectively; after the
period of advice, the corresponding percentages were
18.2% and 81.8%. For reading, percentages for moderate
and severe difficulties were 27.3% and 72.7%, respectively;
after the advice-period, the corresponding percentages
were 30.3% and 69.7%. No meaningful changes in responses
therefore occurred after the advice period.

The chief complaint prior to treatment was ‘slowed
vision’ (100%), followed by reports on collisions (~40%)
and ‘getting lost’ (33%). Patients with left-sided hemi-
anopia were particularly prone to reporting ‘getting lost’
than those with right hemianopia (43% vs. 20%; x*(1)
=5.72, p=0.02) but treatment was equally effective in
both groups. After treatment, the rates for ‘slowed vision’
dropped down by about 60%, and for ‘collisions’ and ‘get-
ting lost’ by about 20%. A further decrease of about 13-
15% in the frequency of complaints was present at
follow-up (T4); reports of collisions and getting lost were
either negligible or absent.

Prior to treatment, all patients reported difficulties in
unfamiliar surroundings and 40% reported similar prob-
lems in familiar surroundings. After training, only about
17% continued to report difficulties in unfamiliar sur-

A: Visual exploration (EX; time in s; M and SD) and reading performance (READ; words per minute, wpm; M and SD) before and after treatment for different
age groups. n = number of subjects; yrs: years; diff: difference (in s or wpm, respectively). B: Mean number of sessions for visual exploration training (EX) and

reading training (READ), respectively. SD and ranges in brackets.

A

Age groups (n) EX before after diff. READ before after %
<40yrs (n=12) 31.3 (13.4) 20.7 (8.5) -10.6 85.5 (28.7) 132.4 (31.6) +46.9
40-59 yrs (n=30) 30.1 (12.3) 19.6 (4.6) -10.7 104.4 (35.5) 137.1 (31.6) +32.7
60-69 yrs (n=25) 33.0(11.1) 24.0 (7.5) -9.0 107.5 (36.0) 143.2 (36.4) +35.7
70-84 yrs (n =30) 37.5(20.4) 26.2 (12.1) -11.3 90.8 (39.7) 118.0 (39.8) +27.2
B

Age groups (n) EX READ

<40yrs (n=12) 11.7 (4.7; 6-20) 12.9 (5.4; 5-20)
40-59 yrs (n =30) 10.8 (2.7; 7-17) 11.7 (3.8; 6-22)
60-69 yrs (n = 25) 11.1 (3.4; 4-16) 12.1 (3.6; 6-20)
70-84 yrs (n =30) 11.9 (3.9; 5-20) 10.8 (3.1; 6-18)
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Table 5
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Patients’ subjective reports (response frequencies and respective percentages) on overall visual difficulties with overview/visual exploration (A), particular
visual difficulties (B), and influence of familiar vs. unfamiliar surroundings (C) at the first assessment (T1), after the waiting period, i.e. before treatment (T2),
after treatment (T3) and at follow- up (T4). LH: patients with left-, RH: patients with right-sided hemianopia. Response categories: mild difficulties, moderate
difficulties, severe difficulties. T: assessment times 1-4, n: number of subjects.

T/response categories total group (n=97) LH (n=53) RH (n=44)

A) Overall visual difficulties

T1 Mild 00 00 00
Moderate 24 (24.7%) 13 (24.5%) 11 (25.0%)
Severe 73 (75.3%) 40 (75.5%) 33 (75.0%)

T2 Mild 00 00 00
Moderate 27 (27.8%) 15 (28.3%) 12 (27.3%)
Severe 70 (72.2%) 38 (71.8%) 32 (77.7%)

3 Mild 40 (41.2%) 24 (45.3%) 16 (36.4%)
Moderate 55 (56.7%) 29 (54.7%) 26 (59.1%)
Severe 02 (02.1%) 00 02 (04.5%)

T4 Mild 1(52.6%) 0 (56.6%) 21 (47.7%)
Moderate 46 (47.4%) 23 (43.3%) 23 (52.3%)
Severe 00 00 00

B) Type of visual difficulties

T1 Vision too slow 97 (100%) 53 (100%) 44 (100%)
Collisions 38 (39.2%) 24 (45.3%) 14 (31.8%)
Getting lost 32 (33.0%) 23 (43.4%) 09 (20.5%)

T2 Vision too slow 97 (100%) 53 (100%) 44 (100%)
Collisions 34 (35.1%) 21 (39.6%) 13 (29.5%)
Getting lost 29 (29.9%) 19 (35.8%) 10 (22.7%)

3 Vision too slow 38 (39.2%) 21 (39.6%) 17 (38.6%)
Collisions 13 (13.4%) 08 (15.1%) 05 (11.4%)
Getting lost 03 (03.1%) 03 (05.7%) 00

T4 Vision too slow 23 (23.7%) 12 (22.6%) 11 (25.0%)

Collisions 04 (04.1%) 2 (03.8%) 02 (04.5%)
Getting lost 00 00 00

C) Surroundings

T1 Familiar 38 (39.2%) 24 (45.3%) 14 (31.8%)
Unfamiliar 97 (100%) 53 (100%) 44 (100%)

T2 Familiar 28 (28.9%) 17 (32.1%) 11 (25.0%)
Unfamiliar 92 (94.8%) 51 (96.2%) 41 (93.2%)

T3 Familiar 09 (09.3%) 06 (11.3%) 03 (06.8%)
Unfamiliar 7 (17.5%) 11 (20.8%) 06 (13.6%)

T4 Familiar 00 00 00
Unfamiliar 08 (08.2%) 07 (13.2%) 01 (2.3%)

Table 6

Patients’ subjective reports (response frequencies and respective percentages) on visual difficulties with reading at the first assessment (T1), after the waiting
period, i.e. before treatment (T2), after treatment (T3) and at follow- up (T4). LH: patients with left-, RH: patients with right-sided hemianopia. Response
categories: mild difficulties, moderate difficulties, severe difficulties. T: assessment times 1-4, n: number of subjects.

T/response categories Total group (n=97) LH (n=53) RH (n =44)

T1 Mild 00 00 00
Moderate 31 (32.0%) 21 (39.6%) 13 (29.5%)
Severe 66 (68.0%) 32 (60.4%) 31 (70.5%)

T2 Mild 00 00 00
Moderate 2 (33.0%) 20 (37.7%) 14 (31.8%)
Severe 5 (67.0%) 33 (62.3%) 30 (68.2%)

T3 Mild 4 (35.0%) 24 (45.7%) 5 (34.1%)
Moderate 61 (62.9%) 29 (54.7%) 7 (61.4%)
Severe 02 (02.1%) 00 02 (04.5%)

T4 Mild 47 (48.5%) 27 (50.9%) 7 (38.6%)
Moderate 50 (51.5%) 26 (49.1%) 7 (61.4%)
Severe 00 00 00
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roundings, and 10% in familiar surroundings. Again, there
was a tendency for patients with left hemianopia to report
more difficulties than those with right hemianopia. At
follow-up, no patient reported difficulties in familiar sur-
roundings, and about 10% persisted in reporting difficulties
in unfamiliar surroundings, again with left-sided hemi-
anopic patients reporting more frequently difficulties
(~13%) compared with right-sided patients (~2%).

In summary, patients’ subjective reports on their diffi-
culties with overview/visual exploration and reading in
everyday life paralleled the outcome of treatment. There
were no substantial changes in reports of severity of
impairment between assessments prior to training, but a
marked shift to reported improvements after training. At
follow-up, percentages of severe and moderate responses
further decreased. Subjective complaints before treatment
mainly concerned slowing of vision, followed by collisions
and difficulties with visual-spatial orientation. Further-
more, substantially more difficulties were reported for
unfamiliar compared with familiar surroundings, particu-
larly by subjects with left-sided hemianopia. After treat-
ment, self-ratings were considerably more favourable for
all response categories and for unfamiliar and familiar sur-
roundings. Advice for coping with everyday difficulties
without training did not improve self-ratings for over-
view/visual exploration or reading. Aging effects showed
only up for the speed of reading. There was no significant
effect at all for the co-morbidity factor; this is all the more
surprising since around 65% of the patients had co-
morbidity.

Long-term follow-up

Short-term follow-up data have not revealed significant
changes in scanning and reading performance at about
3 months after the end of treatment. However, no reports
exist on the long-term outcome of compensation training
in hemianopic subjects. For this study, we contacted all
97 subjects of the original study either by phone or by mail
and invited them to participate in this study. We could not
reach 22 subjects; nine subjects had died, 14 subjects could
not participate due to illness or physical weakness, and six
because of progressive macular disease and reduced visual

Table 7
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acuity (<0.80 Snellen binocular near and far acuity acuity).
Finally, we could recruit 46 subjects for the follow-up
examination, 14 females and 32 males, with mean age of
67.2 years (SD: £12.1, range: 42-87 years). More than half
of subjects (26, or 56%) were older than 65 years. Data for
the long-term follow-up study were collected between
February 2014 and April 2015. Patients gave their written
informed consent for the use of data in anonymised form
for scientific purposes.

Demographic and clinical data are shown in Table 7. In
the majority of subjects (n = 38; 82.6%), the homonymous
visual field loss resulted from a stroke in the territory of
the posterior artery; in the rest from occipital hemorrhage
(n=5), surgical removal of an occipital tumor (n=2) or
closed head trauma (n=1). Subjects exhibited either a
left- (n=28) or right-sided hemianopia (n=18), with
mean visual field sparing of 3.5 deg (SD: + 2.0, range: 1-
8). Minimum Snellen acuity was 0.90 for near and far
binocular vision and, according to ophthalmic examina-
tion, there were no signs of peripheral visual dysfunction
or oculomotor dysfunction.

Assessment procedures of visual field, of scanning and
reading, and of subjective reports on visual difficulties in
every-day life activities were the same as in the treatment
study. In addition, we assessed mood with the GDS (short
form; [15]) and global cognitive status with the MMSE
[12], because both factors may affect cognitive and psy-
chomotor speed, especially in older subjects [10,39].

Because it has been assumed that shifts in midline
towards the hemianopic side (so-called hemianopia mea-
surement error) may indicate “strategic adaptation” to
the visual field loss [4] or expansion of perceived space
at the affected side [13], we also assessed line bisection
performance. If this midline shift indicates successful func-
tional adaptation to the hemianopia, then subjects with
preserved or even further improved oculomotor compen-
sation should show larger midline shifts towards their
hemianopic side. We used the same procedure as
described in an earlier study on line bisection in subjects
with homonymous visual field defects [44]. We presented
20 cm long horizontal black lines (2 mm thick) on separate
paper sheets five times in randomized order under normal
daylight conditions. Each sheet was positioned in front of

Summary of data of hemianopic subjects (n=46) in the long-term follow-up (second follow-up) study. Interval: time between end of treatment and first
follow-up (in weeks), and between first and second follow-up (in years). VF-sparing: visual field sparing (degrees visual angle; mean, SD, range); visual
exploration performance (in s, mean, SD, range) and reading performance (in words per minute, wpm; mean, SD, range) at first and second follow-up. Line
bisection: deviation to the left or right (in mm; mean, SD, range). GDS: geriatric depression scale (scores; mean, SD, range). MMSE: Mini-Mental-State-
Examination (scores; mean, SD, range). Results of a two-sided paired t-Test for the mean difference between the second and first follow-up are presented in the

last column.
Variables first follow-up second follow-up second follow-up - first follow-up
Age (yrs) 61.9 (12.3; 32-81) 67.2 (12.0; 43-87)
Interval 11.4 (3.3; 6-21) 5(2.9; 2-15)
VF-sparing (deg) 3.5(2.0; 1-8) 3.5(2.0; 1-8) AM=0.00, t(45)=0.00, p=1.00

Exploration (s)
Reading (wpm)

22.9 (9.4; 12-66)
151.7 (34.6; 76-202)

Line bisection (mm) 6.2 (1.4; 3-9)
GDS 1.8 (1.5; 0-6)
MMSE

30.6 (11.2; 8-65)
147.7 (37.6; 79-218)
5.7 (1.4; 3-9)

2.0 (2.0; 0-9)

28.7 (1.4; 25-30)

AM=7.70, t(45)=6.48, p<.001
AM = —4.04, ((45) = —1.67, p=.102
AM = —0.43, t(45) = —2.76, p=.008
AM=0.20, t(45)=0.92, p=.362
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the subjects who used a pencil to mark the location on the
line that appeared to be the line’s center. Viewing distance
was 30 cm where the line subtended 33.7°. All subjects
were right-handed, and bisected the line using their right
hand. To control for the effects of scanning direction and
to ensure that subjects have perceived the entire line, we
asked them to search for the left end of the line first, mark
it with a pencil and then to search for the right end of the
line and mark it as well. Subjects were allowed to repeat
this procedure as often as they wished before bisecting
the line. After marking the midpoint of the line with a short
vertical line, we asked subjects to carefully check their
bisection. They were allowed to correct their bisection
once but never received any feedback on their perfor-
mance. Eye and head movements were not restricted.
The deviation to the left or right from the objective line
centre (to 0.5 mm accuracy) in five consecutive trials
served as bisection performance. In addition, we asked
patients whether they still experienced a deviation to the
left or right while going straight ahead.

Data was analysed with t-tests

Table 7 shows a summary of the data for the first and
the second follow up. Performance in the paper-based
visual scanning task and in the reading task of participants
in the long-term follow-up showed a similar picture to that
of the whole group if one compares the results between
the different measurement times at the first follow-up.
The only significant change in this subgroup in perfor-
mance was, comparable to the whole group - between
before and after treatment for both, visual exploration
[t(45)=-11.93, p<0.001] and reading performance [t
(45)=-12.03, p<0.001]. Visual exploration time at
follow-up 2 was on average significantly increased by
about 8 s on average, when compared to the corresponding
data at follow-up 1 [t(45)=6.48, p<0.001]. Reading
performance was also slightly diminished (4 wpm on aver-
age), but the difference was not significant [(t(45) = —1.67,
n.s.)] In the line bisection task, all subjects with left-sided
homonymous hemianopia shifted their subjective midline
to the left (mean deviation: 5.8 mm; SD: 1.4, range: 3-8),
while all subjects with right-sided hemianopia shifted
midline to the right (mean deviation: 5.6 mm; SD: 1.5,
range: 4-9). Overall deviation differed significantly
between follow-ups 1 and 2 [t(45)=-2.76, p <0.01], but
the difference is rather marginal (M:0.83, SD:0.80, range:
0-3 mm). Mean variation between midline deviation at
the first assessment and follow-up 2 is 1.37 mm
(SD:0.71; range: 0-3 mm), which is in the range of normal
subjects [58].

We found no significant differences in the GDS scores
between the follow-up times [(t(45)=0.92, n.s] and no
subject scored above the cut-off value of 10, which would
indicate depression [15]. In the MMSE, all subjects per-
formed in the age-appropriate range (scores > 25; [12].

The vast majority of subjects did not report difficulties
with either overview/visual exploration in their
everyday-life activities (72%) or reading (85%); the rest
reported minor difficulties (26%, and 15%, respectively).
Subjects who reported difficulties with exploration/visual
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exploration also showed higher exploration time (n=13;
M: 41.8 s, SD: 10.8; range: 26-65 s) compared to subjects
who did not report any difficulties (n=33; M: 26.2 s, SD:
7.8; range: 8-44 ). A similar picture emerges for reading.
Subjects who reported difficulties showed lower reading
performance (n =7; M: 95.7 wpm,; range: 79-144) as com-
pared with subjects without reported difficulties (n=39;
M:157.0 wpm, SD: 31.4; range: 89-218). Higher reading
performance was linked to daily reading time; subjects
with daily reading of less than three hours (n =15, 32.6%)
showed also lower reading performance (M:115 wpm,
SD: 39.1; range: 79-183 wpm) compared with subjects
with reading time of >3 h (n=31; M: 163 wpm, SD:
24.9; range: 118-128) [t(44)=-5.09, p < 0.001].

Discussion

The aim of the present study was to test the specific
effectiveness of eye-movement training for hemianopic
deficits in reading and scanning when compared with a
control intervention of advice. The question of the influ-
ence of age and possible co-morbidity at the time of treat-
ment and in the follow-up examination was also a special
research question.

The main outcome shows unequivocally that hemi-
anopic patients benefit from systematic and specific prac-
tice to learn to make compensatory eye-movements.
Neither spontaneous adaptation (waiting periods), nor
advice for coping with visual difficulties in activities of
daily living (ADL), nor visual training per se (control train-
ing conditions for scanning and reading, respectively) was
associated with significant specific improvements in either
scanning or reading performance. Improved scanning or
reading performance was only found after the correspond-
ing training. Furthermore, because visual field borders
showed no significant changes after either type of training,
improved visual ability can best be explained in terms of
successfully learning compensatory strategies. The out-
come of the study is consistent with earlier studies show-
ing the importance of systematic and specific practice (e.g.,
[1,23,24,32,33,41,42,45,47,51,53,54,55]), rather than non-
specific interventions (e.g., [29,51]).

The use of a standardized, tailor-made training proce-
dure improved scanning by ~40%, and reading by ~45%.
Improvements were apparent early in training and reached
a plateau after 10-12 sessions for both visual scanning and
reading training (see Fig. 2), indicating that the improve-
ment of the compensation strategies does not end after a
few sessions [22]. Improvements were stable or, in single
cases, enhanced at follow-up, particularly in reading. A
similar continuing improvement in reading was also
observed by Kerkhoff et al. [24] in their group of patients
with hemianopic dyslexia.

The absence of significant transfer effects between
scanning and reading training suggests that improvements
are not based on a single compensatory mechanism. Of
course, top-down influences play a crucial role in the
acquisition of such successful compensatory visual behav-
ior [16,21], which eventually may become a routine [31],
and thus can substitute effectively for the lost visual field
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in ADLs in both conditions, scanning and reading. Effective
oculomotor guidance depends on the integrity of posterior
and prefrontal structures, and their interplay [35]. Injury to
these structures and/or their reciprocal fiber connections
impair such guidance [56]and diminish successful com-
pensation of the homonymous visual field loss by eye
movements.

Speed of progress and degree of improvement differed
substantially among individuals (see Table 2). Improve-
ment rates in visual scanning varied between 30% and
44%, in reading rates varied between 13% and 63%; the
number of sessions varied between 8 and 14. These differ-
ences may be explained by differences in individual cogni-
tive capacities [7], differential ageing trajectories [37], but
also by differences in the extent of posterior brain injury
[53,54]. Patients with lower baseline performance before
treatment showed higher improvement rates per session
in scanning but not in reading. This may be explained by
different oculomotor adaptation processes involved in
scanning and reading. In scanning, larger gaze shifts enable
the subject to grasp the global aspects of a scene and code
its spatial configuration transiently for guidance of subse-
quent fixation shifts required for local processing [2].
Reading, in contrast, requires a regular pattern of small
saccades and fixations along the text. Readers rely on infor-
mation from a ‘perceptual span‘, which includes informa-
tion ahead of the eyes, to efficiently coordinate their
eye-movements [26,27], and to enable continuous text
processing. The acquisition of this regular oculomotor
pattern may require more practice to become a routine,
compared with the more flexible oculomotor procedures
involved in scanning. Surprisingly, but also fortunately,
there were no significant effects of the factors age and
co-morbidity on the treatment results.

In contrast to earlier studies (e.g., [9,54]), we did not
find significantly poorer reading performance in subjects
with right-sided hemianopia before or after training. This
may be the result of our selection criteria, which included
similar baseline performance in all subgroups irrespective
of the side of the visual field loss. It should be noted, how-
ever, that subjects in studies of hemianopic dyslexia are
chiefly those with right-sided hemianopia (e.g., [28,47]),
possibly because this condition is of more interest for
left-to-right reading and associated word-based analysis
for semantic processing. However, subjects with left-
sided hemianopia also suffer from impaired text process-
ing. The degree of impairment may, however, be less pro-
nounced and/or dyslexia may be less frequent, because
less field sparing (~5°) left of the fovea is required for flu-
ent reading compared with the right (~8°). Thus, interven-
tion measures addressing subjects with right-sided
hemianopia only (e.g., [32,47] overlook subjects with dys-
lexia due to left-sided visual field loss. Furthermore, we
found significant age effects, whereby younger patients
showed a greater overall rate of improvement; this result
contrasts with the outcome of an earlier study [43], but
may be explained by the larger group size in this study.
While subjects with co-morbidity were, on average,
10 years older than those without, and had a slightly lower
(<10%) reading performance after training, they showed a
similar rate of improvement suggesting that co-morbidity
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did not play a significant role. Of course, all subjects with
co-morbidity were on appropriate efficient medication
and regular medical control. It is known that hormonal
and metabolic risk factors increase with age [6] and may
have negative effects on cognition [11] and probably also
on brain plasticity [38]. For a quantitative analysis of the
influence of the co-morbidity, it would have been neces-
sary to use the corresponding quantitative medical exami-
nation results at the various measurement times.
Unfortunately, this data were not available to us, so our
statement about the role of co-morbidity on the treatment
outcomes is more of qualitative nature. In addition,
reduced cognitive status at admission and psychopatho-
logical symptoms (e.g., affective disorders) can themselves
also negatively affect the rehabilitation outcome [20,50].
However, none of our subjects showed pronounced cogni-
tive deficits or affective symptoms.

Patients’ reports of their visual difficulties paralleled the
outcome at the various points of assessment. No changes in
frequency of reported visual difficulties were found for the
waiting period and the period of advice. After training with
scanning, patients reported fewer difficulties with over-
view, avoiding of obstacles and spatial orientation, even
in unfamiliar surroundings. Correspondingly, fewer diffi-
culties with reading were reported after training with
reading. The further decrease of percentages of reported
difficulties at follow-up for reading, but not for scanning
may be understood in terms of increasing routine-
building for reading. Reading takes place under more or
less similar conditions and, therefore, routine acquisition
may progress even long-term. In contrast, scanning of the
environment requires more diverse and more flexible pat-
terns of oculomotor behavior.

The second follow-up testing, which was carried out
about 5years after treatment, did not reveal significant
changes in visual exploration and reading performance,
indicating that treatment effects persisted even over a pro-
tracted time. The slight worsening in performance, espe-
cially with respect to exploration (Mgq=7.70s), may be
due to normal mental ageing, in particular processing
speed and psychomotor ability, rather than global mental
decline or depressed mood [19]. Considering that more
than half of subjects (56%) were now over 70 years old
(Mg = 72 yrs), it seems rather surprising that performance
levels were so high. A plausible explanation for the obser-
vation that visual exploration performance showed a larger
decline than reading may be that reading typically takes
place under the same condition, i.e. routine remains more
or less the same. In contrast, the visual exploration must be
able to be flexibly adapted to many different conditions,
and the price of this flexibility may be an increased amount
of time. Subjects’ subjective reports support this consider-
ation. More subjects (28%) reported more (mild) difficulties
with respect to visual exploration in their everyday-life
activities as compared with difficulties with reading
(15%). Interestingly, reading performance was linked to
daily reading time. Subjects who spent more time reading
each day also showed higher reading performance. While
visual exploration is in use most of the day, and explo-
ration and visual search activities require flexible adapta-
tion to environmental changes, reading activities are
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limited in time and take place under more or less similar
conditions. Thus, reading habits may also play a significant
role for reading performance in our subjects [46]. Alterna-
tively, subjects with lower reading performance may spent
less time reading each day because they find reading diffi-
cult. However, some individuals with low reading perfor-
mance reported that they had never spent much time
reading before their stroke.

As already reported in earlier studies (e.g., [44]) we found
no connection between the systematic midline deviation to
the hemianopic side and the efficiency of oculomotor com-
pensation of the visual field loss. Thus, this deviation repre-
sents a genuine visual spatial disorder, which is typically
associated with a homonymous visual field defect [25,58].
Over an expanded time span a significant, but small, reduc-
tion of the midline shift may occur. However, it seems unli-
kely that this change will have a significant impact on
oculomotor compensation behavior (see also [58]).

Overall our findings show that visual impairment asso-
ciated with homonymous hemianopia can be successfully
and durably reduced by systematic and specific training
of compensatory eye-movement strategies for both scene
and text processing. Homonymous hemianopia is associ-
ated with a suboptimal bottom-up control of global visual
processing because of a restriction of the field of view. The
acquisition of effective compensatory eye-movement
strategies after training enables the patient to regain a suf-
ficiently large field of view via top-down guidance and
control. Thus, the conventional vision-action relationship,
whereby vision guides action [17], seems reversed. The
use of appropriate, immediate feedback during the acquisi-
tion of efficient oculomotor compensation appears to be
crucial [30]. For clinical purposes, the amount of training
appears manageable (~11 sessions for scanning, and ~12
sessions for reading) and, since oculomotor learning is pro-
cedural learning and thus similar to skill learning, mass
practice appears superior to distributed practice [5]. Fur-
thermore, patients require systematic practice, until a
stable plateau in improvement is reached, to achieve per-
formance that serves as a reliable basis for coping with
ADLs. Once achieved, the acquisition of efficient compen-
satory eye-movements have long-term beneficial effects.

Regarding age, this study offers positive news: no
patient is too old to be treated for homonymous hemi-
anopia. Of course, severe cognitive impairments can be a
limiting factor; however, this rarely occurs in patients with
occipital stroke. The same applies to co-morbidity: if
accompanying systemic diseases are treated adequately,
they do not appear to reduce the potential for rehabilita-
tion. However, it only seems fair to respect the age-
related increase in time spent on cognitive activities and
to take it into account when evaluating test results, espe-
cially since not all older people show a significant cognitive
slowing even in complex cognitive tasks [57].

Conclusions
Visual impairments associated with homonymous

visual field loss can be successfully and durably reduced
by systematic and specific training of compensatory eye-
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movement strategies for both scene and text processing.
The duration of training is practicable and its effects miti-
gate the complaints of difficulties encountered in everyday
life. In particular, older age and adequately treated co-
morbidity were not found to reduce training effects, i.e.
are not negative prognostic factors, neither concerning
the outcome of training nor the number of sessions to
achieve it. Short- and long-term follow-up data show suc-
cessful transfer of learned compensation strategies to
everyday life conditions, and thus underline the lasting
effectiveness of systematic and specific visual training.

Funding

This study was supported by the Max Planck Institute of
Psychiatry, Munich, Germany.

CRediT authorship contribution statement

J- Zihl: Conceptualization, Methodology, Data curation,
Project administration, Writing - original draft. R.W. Ken-
tridge: Formal analysis, Writing - original draft. F. Par-
gent: Formal analysis, Writing - original draft. C.A.
Heywood: Conceptualization, Methodology, Data curation,
Writing - original draft.

Declaration of Competing Interest

The authors declare that they have no known compet-
ing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Acknowledgements

The authors would like to thank Christel Schmid, Jana
Specht, Susanne Hoérand, and Susanne Miiller for their
assistance with the recruitment, assessment and treatment
of patients with homonymous visual field loss.

Appendix A

Standardised subjective reports to assess visual difficul-
ties in everyday life (A) and in reading (B) “Familiar sur-
roundings” refer to difficulties at home, “unfamiliar
surroundings” refer to difficulties in supermarkets,
crowded places, complex or new environments. “Slower”
reading refers to premorbid reading speed; difficulties
were typically associated with finding the beginning of
line/words (LH) or the end of line/words (RH), respectively.
Patients rated their visual difficulties using three cate-
gories/scores: mild (1), moderate (2), and severe (3).

A difficulties in everyday life activities

(1) Vision “too slow”
o familiar surroundings
o unfamiliar surroundings
(2) Bumping against obstacles
e familiar surroundings
e unfamiliar surroundings
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(3) “Getting lost”
o familiar surroundings
o unfamiliar surroundings

B difficulties with reading

o difficult and/or slower reading
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