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Improving Reading Speed for People with Central
Vision Loss through Perceptual Learning

Susana T. L. Chung

Purposk. Perceptual learning has been shown to be effective in
improving visual functions in the normal adult visual system, as
well as in adults with amblyopia. In this study, the feasibility of
applying perceptual learning to enhance reading speed in peo-
ple with long-standing central vision loss was evaluated.

METHODS. Six observers (mean age, 73.8) with long-standing
central vision loss practiced an oral sentence-reading task, with
words presented sequentially using rapid serial visual presen-
tation (RSVP). A pre-test consisted of measurements of visual
acuities, RSVP reading speeds for six print sizes, the location of
the preferred retinal locus for fixation (fPRL), and fixation
stability. Training consisted of six weekly sessions of RSVP
reading, with 300 sentences presented per session. A post-test,
identical with the pre-test, followed the training.

ResuLts. All observers showed improved RSVP reading speed
after training. The improvement averaged 53% (range, 34 -
70%). Comparisons of pre- and post-test measurements re-
vealed little changes in visual acuity, critical print size, location
of the fPRL, and fixation stability.

Concrusions. The specificity of the learning effect, and the lack of
changes to the fPRL location and fixation stability suggest that the
improvements are not due to observers adopting a retinal location
with better visual capability, or an improvement in fixation.
Rather, the improvements are likely to represent genuine plastic-
ity of the visual system despite the older ages of the observers,
coupled with long-standing sensory deficits. Perceptual learning
might be an effective way of enhancing visual performance for
people with central vision loss. (Invest Opbthalmol Vis Sci. 2011;
52:1164-1170) DOI:10.1167/i0vs.10-6034

Reading is difficult and slow for many low vision patients,
especially those with central vision loss who are obligated
to use their peripheral retina to read. The leading cause of
visual impairment in developed countries is age-related macu-
lar degeneration (AMD),'~? which is also the leading cause of
central vision loss. Because reading is the most common clin-
ical complaint as well as the primary goal for patients with
central vision loss seeking visual rehabilitation,*> improving
the reading performance for these patients is a key challenge
facing low vision rehabilitation.

Previous studies have examined a number of ways to im-
prove reading performance in people with central vision loss.
For instance, in low vision clinics, patients are routinely pre-
scribed with magnifiers for reading tasks. However, even with
magnification, reading speed in people with central vision loss
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is still lower than that at the normal fovea.>® Substantial effort
has been invested to determine the mode of text presentation
that offers people with central vision loss the fastest reading
speed, including page format, scrolling-text in the horizontal or
the vertical direction, and rapid serial visual presentation
(RSVP), where words are presented one at a time on a display.
Most studies found no significant differences in reading speed
for different text presentation modes for people with central
vision loss.” '* A handful of studies found a small advantage of
using RSVP,'? especially if the word presentation rate varied
with word length'? or when observers were allowed to adjust
their own presentation rate.'* Other attempts have explored
whether simple manipulation of text typography and typeset-
ting such as increasing letter spacing'>'® and line spacing,'”
which presumably reduces the crowding effect among text,
could improve reading speed. Unfortunately, none of these
simple manipulations of text typography or typesetting im-
prove reading speed for people with central vision loss.'!”
In this study, I explored the feasibility of using perceptual
learning, a method that has proven to be effective in improving
visual functions in normal and amblyopic visual systems, to
improve reading speed for people with central vision loss.
Perceptual learning is defined as “any relatively permanent and
consistent change in the perception of a stimulus array, after
practice or experience with this array”.'® Practically, percep-
tual learning is synonymous with “training” or “practice.”'®
Previous studies have shown that visual performance improves
with practice for a variety of tasks,'® 2> in younger as well as
in older adults,***” and in the normal fovea and periphery
alike.'®?773! In addition, perceptual learning has also shown
effectiveness in improving visual functions in adults with am-
blyopia (monocular sensory loss of vision in the absence of an
organic origin).>**®* In many cases, adults with amblyopia
improved not only on the trained task, but their visual acuities
(an untrained task) also improved as a result of training.>>"37
Considering the effectiveness of perceptual learning in improv-
ing visual functions in the normal visual system and in adults
with amblyopia, I asked whether perceptual learning would
also be effective in improving reading performance for people
with central vision loss. Clearly, there are many challenges
facing the use of perceptual learning in improving visual func-
tions in people with central vision loss. Specifically, the most
common cause of central vision loss is AMD,'~® which primar-
ily afflicts people older than 65 years of age. It is well known
that even though visual performance of older adults can im-
prove with practice, more training may be required before the
improvement reaches a plateau®® and that there may be more
day-to-day lapses in improvement, which would lead to an
overall reduction in the amount of learning,27 Also, in contrast
to amblyopia, the majority of people with central vision loss
suffer from bilateral vision loss and their functioning retina may
not be healthy; whether these would impact the effectiveness
of perceptual learning for people with central vision loss is
unknown. Hence, despite the promising benefits that percep-
tual learning can deliver, it remains unclear if people with
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central vision loss can benefit from it. To my knowledge, there
exists no published paper on using perceptual learning to
improve visual functions in people with central vision loss,
although previous studies have examined whether or not read-
ing performance could be improved by training comprehen-
sion,>? or training patients to use a CCTV or stand magnifier to
read.***! Comprehension training is a cognitive task, and the
use of a CCTV or stand magnifier requires motor skills, making
it unclear that any improvement from these training represents
genuine improvement in the sensory system, which is the basis
of perceptual learning. The goal of this study was to determine
the feasibility of using perceptual learning to improve reading
speed for people with central vision loss.

Previous works have established that reading performance in
the normal periphery benefits from perceptual learning based on
the following training tasks: identifying random sequences of
three letters at various positions across the visual field,'>7>"
performing a lexical decision task,>' and reading.®>' The greatest
improvement in reading speed was obtained using reading as the
training task.>’ Consequently, reading was used as the training
task in this study.

METHODS

Six observers with central vision loss, including four with AMD and
two with Stargardt disease, participated in this study. All had long-
standing central vision loss (minimum 7 years, see Table 1). Entering
visual acuities and other characteristics of the observers are given in
Table 1. Although all were avid readers or had the need to read
constantly before their vision loss, all observers had stopped reading
on a regular basis long before their participation in this study
because of their visual deficits. Subjects (S)1 through S3 had previ-
ously participated in another study in the laboratory (2-3 hours) in
which RSVP was used to measure how reading speed changed with
some text manipulation; while S4-S6 had no prior exposure to
RSVP reading. All observers gave written informed consent before
the commencement of data collection. This research followed the
tenets of the Declaration of Helsinki and was approved by the
Committee for Protection of Human Subjects at the University of
California, Berkeley.

The basic experimental design consisted of a pre-test, six sessions
of training, followed by a post-test. The pre-test consisted of measure-
ments of monocular visual acuities, the location of the preferred retinal
locus for fixation (fPRL) and fixation stability, and measurements of
reading speed as a function of print size using the rapid serial visual
presentation (RSVP) paradigm. Details of these procedures are given
below. From the reading speed versus print size data obtained at the
pre-test, the critical print size, the smallest print size at which maxi-
mum reading speed could still be attained, was determined.? The
print size used for training corresponded to 1.4X the critical print
size.'® For S1-S5, training consisted of six weekly sessions of RSVP
reading. It was shown previously that in the normal periphery, the
improvement after perceptual learning was not different whether
observers were trained on a daily or a weekly basis,** justifying my

TaBLE 1. Visual characteristics of the observers

Acuity
(dog MAR) years Since

Observer Sex Age (y) Diagnosis OD OS Onset
S1 F 82 AMD 0.50 0.52 9
S2 M 85 AMD 0.70 0.74 11
S3 M 84 AMD 0.56 0.70 8
S4 F 73 AMD 0.66 0.48 7
S5 F 62 Stargardt  0.58 0.58 29
S6 M 57 Stargardt  1.10 1.10 40
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choice of a weekly training schedule in this study, which was more
convenient for observers with central vision loss. In each session,
observers read a total of 300 sentences, divided into 10 blocks of 30
trials each. Reading speed was determined for each block of 30 trials
(average number of words presented per block = 326.3 * 8.7 [SD]).
S6 could complete only seven blocks in the first training session, and
eight in each of the subsequent sessions, for a total of 47 blocks over
the course of six training sessions. Also, because of his work schedule
and illness, he had a three-week gap between training sessions 3 and 4.
The post-test, identical with the pre-test except that all measurements
were conducted in reversed order, took place a week after the last
training session.

Visual Acuity Measurements

Visual acuity was measured monocularly using the Bailey-Lovie high-
contrast letter acuity chart.** Acuities were scored on a letter-by-letter
basis, with each letter scoring 0.02 log units.*> All observers were
tested at a distance of 10 ft, except for S6 who was tested at 5 ft
because of his poorer acuities.

Location of fPRL and Fixation
Stability Measurements

The retinal locations used for fixation, and fixation stability of each
observer were determined using a scanning laser ophthalmoscope
(Rodenstock 101; Rodenstock, Munich, Germany). Observers were
asked to look at the center of a fixation cross subtending 1° (2° for
observer S6) using their preferred eye. Fundus images were captured
continuously for 30 s at a frame rate of 30 Hz. Offline analyses were
performed using custom-written software in MATLAB (Mathworks,
Natick, MA), and included a frame-by-frame analysis of the retinal
locations that the observer used to fixate the cross, and the variability of
eye position from frame to frame. To quantify fixation stability, I adopted
the conventional method of calculating the bivariate contour ellipse area
(BCEA, in deg?)%®~° over each trial of 30 s, which refers to the area of the
retinal surface on which the fixation target was imaged 68% of the time.
The BCEA value reported in this article, for each observer and for the pre-
or post-test, represents the averaged values of two or three trials, collected
a few minutes apart.

Reading Speed Measurements

Oral reading speed for single sentences was measured binocularly
using the RSVP paradigm. The procedures were very similar to those
used in previous studies.'>%3%42 In brief, on each trial, a single
sentence was chosen randomly from a pool of 2630 sentences. Each
sentence contained between 8 and 14 words (mean, 10.9 * 1.7 [SD])
and included only words that were among the 5000 most frequently
used words in written English, according to word-frequency tables
derived from the British National Corpus.’® Words were rendered in
Times Roman font and were presented left-justified on the display, one
word at a time in rapid succession, each for a fixed exposure duration.
For each block of trials, the Method of Constant Stimuli was used to
present sentences at five or six word exposure durations (five for all
training sessions, five or six for pre-tests and post-tests depending on
observers). The number of words read correctly was recorded for each
sentence. A cumulative-Gaussian function was used to fit each set of
data (based on 30-36 sentences presented) relating the percentage of
words read correctly as a function of exposure duration, from which
the reading speed based on the word exposure duration that yielded
80% of the words read correctly was derived.

For the pre- and post-tests, reading speeds were determined for six
print sizes spanning 0.75 log units in range, for each observer. A
two-line fit (on log-log axes) was used to fit each set of reading speed
versus print size data,'>!*3%42 with the slope of the second line
constrained to zero. The intersection of the two lines represents the
critical print size. The height of the second line (slope = 0) gives the
maximum reading speed.
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Text stimuli were generated using a Visual Stimulus Generator
graphics board (VSG 2/5; Cambridge Research Ltd, Rochester, UK)
controlled by a workstation (Dell Precision 650; Dell, Austin, TX) and
presented on a 24-inch color graphics display monitor (Model# GDM-
FW900; Sony, New York, NY). The resolution of the display was
1280 X 960 pixels, at a frame rate of 80 Hz. The temporal dynamics of
the display were verified using a photo-detector and an oscilloscope.
Stimuli were black text (2 cd/m?) presented on a white background
(144 cd/m>).

RESULTS

Reading speed (words per minute, wpm) measured using
RSVP, is plotted as a function of training block in Figure 1 for
each observer. All observers showed improved reading speed
with training, although there was substantial individual ob-
server variability. In particular, while the improvement of ob-
server S1 reached a plateau after the first training session,
observer S4 continued to improve over the course of the
training. The change in reading speed with training can be
described by an exponential function of the form (smooth line
drawn through each set of data in Fig. 1):

e( —(1/7) X training block)

reading speed = y, + 4 X

where y,, is the asymptotic reading speed with sufficient train-
ing, A is the maximum improvement in reading speed due to
training and T is the time constant. To quantify the improve-
ment, the ratio of reading speed between the last and the first
block of training was calculated based on the fitted values.
Across the six observers, this ratio ranges between 1.34 and
1.70, with an average of 1.53. In other words, the average
improvement in reading speed after six sessions of training was
53% (paired #test on log reading speed: #(5) = 12.46, P <
0.0001).

An alternative way to quantify the improvement in reading
speed due to training is to compare the maximum reading
speed derived from the reading speed versus print size plots
before and after training. Such plots are shown in Figure 2 for
all six observers. The straight lines in each plot represent the
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two-line fit. The ratio of the maximum reading speed (the
plateau of the two-line fit) after and before training averages
1.55, representing a significant improvement in reading speed
(paired #test on log reading speed: t(5) = 8.24, P = 0.0004).
This improvement can also be visualized in Figure 3A, in which
the pre- and post-maximum reading speeds are compared for
all observers. The dashed line represents the 1:1 line, indicat-
ing no change in the maximum reading speed before and after
training. All the data points lie above the 1:1 line, implying that
the maximum reading speeds improved after training for all
observers.

A characteristic of perceptual learning is its specific-
ity.29-21233% To examine if the training effect transfers to an
improvement in critical print size and/or visual acuity, the pre-
and post-test critical print size and visual acuities were com-
pared in Figures 3B and 3D were compared. Clearly, all data
points fall very close to the 1:1 line, implying that neither the
critical print size (averaged post/pre ratio = 1.0; paired #(5) =
0.95, P = 0.38) nor the visual acuity (averaged post/pre ratio =
0.99; paired #(11) = 1.17, P = 0.27) changed after training.

To determine whether the improvement in reading speed
was due to observers adopting a different PRL with better
visual capabilities, or that observers learned to maintain
steadier fixation, the location of the fPRL and fixation stability
of each observer before and after training were compared.
Figure 4 shows the fixation frequency distribution—the fre-
quency distribution of the retinal locations used for fixation—
superimposed on the fundus image, for each observer, before
and after training. Clearly, the region over which most of the
fixation occurred (roughly representing the fPRL), and the
spread of the region, did not change substantially before and
after training. To quantify the fixation stability, the conven-
tional measurement of BCEA was adopted.“®~%° Figure 3C
shows that the BCEA (in deg?) of the observers was practically
the same before and after training (paired t(5) = 0.13, P =
0.90), suggesting that the improvement in reading speed after
training cannot be attributed to the adoption of a different PRL
with better visual capabilities or the oculomotor system be-
coming more stable.

S3

8
74
6
54

44

34

100

1000
9]

Reading Speed (wpm)

1000+
9]

S6 FiGURE 1. Reading speed (wpm) is
74 plotted as a function of training
blocks for the six observers. Filled
symbols represent the maximum
reading speed obtained at pre- and
post-tests (not included in the fitting
of the exponential function). In each
panel, the solid line represents the
best-fit exponential function to all
the training blocks. To avoid clutter,

Training Block

only one set of error bars is plotted in
each panel (plotted at block 1), rep-
resenting the averaged SEM across
the 60 blocks of trials.
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After six weekly sessions of repeated training on an RSVP
reading task, observers with central vision loss were able to
improve their reading speeds by an average of 53%. This
improvement did not transfer to visual acuity and critical print
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FIGURE 3. Post-test values are compared with pre-test values for (A)
maximum reading speed (wpm), (B) critical print size (deg), (C) BCEA
(deg?®), and (D) visual acuity (logMAR). Each symbol represents one
observer except for (D), where each symbol represents one eye of
each observer. Dashed line is the 1:1 line, representing no change in
the value after training. (D) Acuities for the right (unfilled symbols)
and left (filled symbols) eyes are plotted separately. For observers S5
and S6, the acuities and the changes after training were identical for
both the right and left eyes. To avoid clutter, these data points (up-
ward-pointing and downward-pointing triangles) are slightly shifted
along the abscissa.

able to read faster, they were not able to read smaller letters on
an acuity chart or text of smaller sizes. The improvement
cannot be attributed to a change in the location of the fPRL or
better oculomotor control (steadier fixation). These results
provide evidence for neural plasticity in human adults with
long-standing central vision loss.

Neural plasticity in adults with sensory visual deficits is not
at all a new concept. For over a decade, many studies have
reported that human adults with amblyopia benefit from per-
ceptual learning, in that many visual functions, including visual
acuity, can improve through training.>>~>® Because of the sub-
stantial benefits, perceptual learning has recently been pro-
posed as a treatment for adult amblyopia.>”*® With respect to
people with central vision loss, it is well known that after the
loss of central vision, many of these individuals eventually
adopt a retinal location (sometimes more than one) outside the
afflicted macular area to serve as the PRL.>'~>® This in itself is
strong evidence that even for people with central vision loss,
many of whom are elderly suffering from AMD, the visual
cortex is still malleable and able to adapt to unfavorable visual
experience. Therefore, it is not surprising that these people
can benefit from perceptual learning.

Perceptual learning is known for its specificity, a
characteristic that distinguishes itself from general practicing
of a task. In this study, the specific improvements related to
reading speed, but not to visual acuity or fixation stability, lend
support to the argument that the observed improvements are
indeed the consequence of perceptual learning, rather than to
general training, the continued adaptation to the vision loss, or
recent changes in central vision. Given the specificity of the
improvements, an important and practical question that fol-
lows is whether the improvement in RSVP reading speed
would generalize to the conventional page-reading task. Be-
cause page-reading requires more eye movements (inter-word
saccades and return sweeps) than RSVP reading, it is possible
that improvements in RSVP reading speed may not generalize
to page-reading if eye-movement control is the primary limiting
factor on page-reading. However, compared with people with
intact central vision, patients with central vision loss do not

20,21,23,30
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FIGURE 4. The frequency distribu-
tion of the retinal locations used for
fixation is superimposed on the fun-
dus picture of each observer, before
(pre-test) and after (post-test) train-
ing. The absolute number of fixation
for each location is coded by color,
with the key given on the right. The
frequency distribution in each panel
was based on one trial, randomly se-
lected among the three repeated test-
ings for the same condition, for each
observer. The small white rectangle
in each picture (except for S6) rep-
resents the location of the anatomi-
cal fovea.
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benefit as much from RSVP reading, suggesting that the limi-
tation of eye movements on reading may not be as important
for people with central vision loss as for people with intact
central fields. Further, there is evidence that RSVP and page-
format reading show similar dependence on certain text
parameters such as letter spacing.’® Therefore, it would be
interesting to test in future studies whether improvements
after RSVP training would transfer to page-reading, and
whether RSVP training and page-reading training are equally
effective in improving reading speed for patients with cen-
tral vision loss.

Another characteristic of perceptual learning is the substan-
tial individual observer variability with respect to the time
course and the amount of improvement. In fact, it has been
shown that up to 25-50% of observers failed to show improve-
ment after training.””°° In the present study, the six observers
demonstrated variability in their time course of improvement
(Fig. 1), arguing that a tailored amount of training for individual
observers may be more appropriate than a one-size-fits-all ap-
proach. This is an important issue to resolve, not only from a
scientific point of view, but also because the results may
directly influence policy-makers in deciding on the number of
training sessions that should be covered by health care plans,
should perceptual learning be adopted as a rehabilitative op-
tion for patients with central vision loss.

Given these results, a logical question to ask is what under-
lies the improvements. A psychophysical approach to answer
this question is to evaluate how observer performance is af-
fected by the presence of different amount of external noise
superimposed on the stimulus. The basis of this approach is to
attribute the limitation in human performance to (1) the pres-
ence of internal noise in the visual system that limits the
precision of perceptual responses and (2) the inability of the
visual system to make full use of the information available in
the stimulus.?*2>2%¢1:62 The mechanism underlying percep-
tual learning can then be inferred, by tracking how perfor-
mance changes with different levels of external noise with
time. In this study, because reading performance in the pres-
ence of external noise was not measured, the functional mech-
anism that underlies learning could not be inferred. However,
based on previous studies for a variety of training tasks, the
improvement after training is most likely due to the visual
system being more capable of extracting the crucial informa-
tion from the stimulus,?#25:2%:01.62

A few caveats should be kept in mind while evaluating the
interpretations presented here. First, I showed that the loca-
tion of the fPRL did not change substantially after training.
Because people with central vision loss can adopt different
PRLs for different tasks,”'~>® the data presented in this study
cannot convincingly rule out the possibility that observers
adopt an alternative retinal location that has better visual ca-
pability for the reading task. Currently, a larger-scale percep-
tual learning study is being designed. It will include the PRL for
reading as a pre-post comparison measurement. Note that the
measurements of fPRL were made monocularly, while the
training was performed binocularly; therefore, it is also plausi-
ble that the characteristics of the binocular PRL could have
changed as a result of training. Unfortunately, there is currently
no known method to measure the binocular PRL. Second,
considering that this was a feasibility study, a no-training con-
trol group was not included. However, it is easy to envision
that a no-training control group is unlikely to show improve-
ment because in real life, patients with central vision loss
almost never show improvement in reading performance with-
out practicing the use of their residual vision. A rough estimate
of the improvement shown by a no-training control group
based on simply performing the RSVP reading task twice (pre-
and post-test) was 7-10%, as reported in previous studies.'®>"

Perceptual Learning and Central Vision Loss 1169

Considering that observers who receive training spend more
time in the laboratory than those who do not receive any
training, to control for the time spent in the laboratory, or the
amount of interaction with laboratory personnel and the atten-
tion received, a better control design is to train another group
of observers on a task that is unrelated to the training task
being studied. In a previous study,®' three groups of normally
sighted observers were trained on three different psychophys-
ical tasks — lexical decision, trigram letter recognition, and
RSVP reading, for a similar amount of time. A fourth group
of observers did not receive any training. The group that was
trained on RSVP reading yielded the largest magnitude of
improvement (averaged 72%) while the improvements for
the other two training groups averaged 40-50%, with the
improvement for the no-training group being 10%. The dif-
ferential magnitudes of improvement for the different train-
ing groups confirm that the improvements after training on
an RSVP task are not due to psychological or general im-
provements because the observers spent long periods of
time in the laboratory or because they received lots of
attention from the laboratory personnel. Also, the largest
magnitude of improvement exhibited by the RSVP training
group is consistent with the specificity of perceptual learn-
ing,?%2!?>3% rather than just an improvement due to gen-
eral training on any psychophysical tasks.

Clearly, if perceptual learning is to be used clinically to
benefit patients with central vision loss, other issues have to
be considered. For example, does the improvement after
RSVP training transfer to a reallife page-reading task that
involves a higher oculomotor demand? Will other modes of
reading such as large-print page-reading be equally effective
as a training task? Should the amount of training be tailored
to each individual observer instead of giving the same
amount of training to all observers? What is the optimal
training duration? Does the improvement in reading speed
also help improve the comprehension of the reading mate-
rials? These are all interesting questions which will be ad-
dressed in future studies.
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