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What determines how much an organism can learn? One possibility is that the neural factors that limit
sensory performance prior to learning, place an upper limit on the amount of learning that can take place.
We tested this idea by comparing learning on a sensory task where performance is limited by cortical
mechanisms, at two retinal eccentricities. Prior to learning, visual performance at the two eccentricities was
either unmatched or equated in two different ways (through spatial scaling or visual crowding). The
magnitude of learning was equivalent when initial levels of performance were matched regardless of how
performance was equated. The magnitude of learning was a constant proportion of initial performance. This
Weber-like law for perceptual learning demonstrates that it should be possible to predict the degree of
perceptual improvement and the final level of performance that can be achieved via sensory training,
regardless of what cortical constraint limits performance.

t is well established that repeated practice can improve the sensory abilities of a mature organism'. These

improvements can range from simple sensory discriminations in the laboratory (e.g. distinguishing the

displacement of one line from another) to discriminations of more complex sensory patterns in the real world
(e.g. assessing x-ray images for abnormalities)>’. Much less clear however, is the precise nature of the envir-
onmental and biological constraints that dictate how much an organism can learn. Understanding, and poten-
tially removing, these obstacles to learning could open up new avenues for learning-based therapeutic
interventions — an approach proving to be extremely useful for recovering and treating different forms of sensory
loss in mature organisms (e.g.*).

We can quantify the visual abilities of an organism as a psychophysically measured visual threshold - the
smallest amount of change in a visual stimulus that produces a measurable sensation. Any visual stimulus consists
of information that can potentially be used by an organism to perform a given task. But it’s ability to use that
information is modulated by extraneous fluctuations in the physical environment (e.g. low light levels, heavy rain,
dense fog) and internal fluctuations within its central nervous system (e.g. sampling density of the photoreceptor
array, stochastic nature of neural firing, the modulation of activity from adjacent neurons)’. It is these envir-
onmental and biological factors that ultimately place limits on our perception of the visual world. A visual
threshold quantifies the performance of the visual system when it is operating at or near these limits.

We asked whether the same factors that set fundamental limits to visual thresholds also constrain the amount
an organism can learn on a visual task? Thresholds typically increase (i.e. visual performance deteriorates) when
visual stimuli are presented to increasingly peripheral retinal locations, largely because of coarser sampling by the
photoreceptor and ganglion cell array and their pattern of projection to visual cortex®. If initial threshold levels
determine the magnitude of learning, it follows that equating thresholds at different retinal eccentricities prior to
learning should lead to equivalent amounts of learning. We tested this hypothesis by comparing the amount of
learning in human subjects on a Vernier alignment task with stimuli presented at two different retinal eccent-
ricities (5 and 15 degrees). Vernier thresholds are cortically limited®'® and can be rendered the same at peripheral
eccentricities by spatially scaling stimuli to produce cortical representations of equivalent size'>'"". They can also
be impaired and elevated at peripheral eccentricities by visual crowding — a phenomenon in which nearby stimuli
have a deleterious effect on visual performance'>. We compared the amount of learning when alignment thresh-
olds were different or equated at the two retinal eccentricities either by spatially scaling or visually crowding
stimuli.

We find that equating thresholds before learning leads to equivalent amounts of learning, regardless of how
thresholds were equated. Where thresholds were different before learning, either due to retinal eccentricity, size of
the stimulus, crowding, or inter-subject variability, we find learned improvements to be proportional to the
performance level prior to training. We show that this relationship holds over a very wide range of performance
levels for a large number of subjects. Additionally, we show that trained improvements transfer to a retinal
location at which no training is undertaken, and that the degree of transfer is also linked to the initial performance
at that location.
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Results

We first compare the amount of learning when visual thresholds
before learning were unmatched. Eleven subjects trained on a
Vernier alignment task with stimuli of identical retinal size, presented
separately at 5 and 15 degrees eccentricity (‘unscaled’ - top row
Figure 1). To ascertain whether any improvements in performance
transferred to an untrained retinal location, alignment thresholds
were also measured at a location midway between the trained loca-
tions (10 degrees eccentricity) on the first and final training sessions
To facilitate interpretation of the data and comparison between dif-
ferent groups, we expressed subjects’ performance as a Weber frac-
tion (Vernier threshold/line length) throughout, unless otherwise
stated. Lower Weber fractions indicate better performance.

Figure 2 shows data for subjects who trained with stimuli of ident-
ical retinal size (unscaled). In this and subsequent figures, red, green
and blue symbols indicate data collected with stimuli presented at 5,
10 and 15 degrees eccentricity. It is well known that Vernier thresh-
olds increase with eccentricity'®, most likely due to an increase in
neural convergence and decrease in cortical magnification'"'* (phys-
ical extent of visual cortex devoted to a given angular extent of visual
space'®). Consistent with this notion, we found performance in the
first session was worse for more eccentric locations (see Figure 2a).
Mean (£SD) Weber fractions were 0.10 (+0.03), 0.18 (+0.07) &
0.27 (*0.07) at 5, 10 and 15 degrees eccentricity, respectively. An
ANOVA (see Data analysis) revealed a significant effect of eccent-
ricity on initial performance level [F(2, 10) = 40.58, p = <.0001],
with post-hoc comparisons indicating statistical differences in
subjects’ performance at all three eccentricities.

The improvements in Vernier alignment performance over the
course of training (expressed as the difference in Weber fractions
between the first and last session) (see Figure 2c), were 0.03 (£0.02)
and 0.15 (*=0.09) at the trained eccentricities of 5 and 15 degrees,
respectively. At the untrained (10 degree) eccentricity, performance
improved by 0.05 (£0.08). There was a statistically significant effect
of eccentricity on the improvements [F(2, 10) = 10.37, p = <.001].
Post-hoc analysis indicated a significant difference in improvement
at an eccentricity of 15 degrees compared to at 5 or 10 degrees. The
performance change that occurred with eccentricity mirrored the
differences in subjects’ threshold before learning. In other words,

15° 5°
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Figure 1| Schematic illustration of stimuli. Stimuli were always white
and presented on a black background, but are shown here and represented
in subsequent figures in red (5 deg), green (10 deg) and blue (15 deg).
Unscaled stimuli (top row) were the same retinal size at each eccentricity;
scaled stimuli (middle row) were larger at more eccentric locations;
crowded stimuli (bottom row) were the same size at each eccentricity. As
crowding increases with retinal eccentricity, different spatial distances were
required between target and flanker to equate performance. Subjects were
trained with stimuli presented at 5 and 15 degrees. Vernier alignment
threshold at 10 degrees was only measured on the first and last training
sessions.

we found that the magnitude of improvements in Vernier alignment
performance were proportional to initial levels of performance.

Matching performance by scaling stimuli equates the magnitude
of learning. To investigate this relationship further, in separate
groups of participants, we altered the stimuli at each eccentricity to
equate performance before training and measured improvements
following otherwise identical periods of training. We first equated
performance by spatially scaling stimuli. We adopted a procedure
used by Whitaker et al., (1992)" to spatially scale stimuli. In two
subjects (who did not undergo training) Vernier thresholds were
measured as a function of line length at the fovea and at 3
eccentric locations: 5, 10 and 15 degrees in the nasal peripheral
field of the right eye. Results were expressed as Weber fractions
and plotted relative to stimulus line length. This created a series of
curves, each horizontally displaced along the abscissa (Figure 3a). For
each eccentricity, a scaling factor was determined that minimised the
mean squared error between foveal and eccentric data''. There was
excellent agreement between data collected in the present study and
that collected previously by Whitaker and colleagues, (see Figure 3b).
We fitted a linear regression to the scaling factors obtained at each
eccentricity to determine the size of stimuli required to equate
peripheral to foveal alignment performance. The size of stimuli
required was 1.09, 1.91 and 2.73 degrees at 5, 10 and 15 degree
eccentricities, respectively. The resultant scaling factors reflect the
fact that Vernier alignment thresholds increase with eccentricity and
that correspondingly larger eccentric stimuli are required to equate
peripheral to foveal performance levels.

Eleven new subjects trained with stimuli that were magnified using
the scaling procedure described above. Therefore, stimuli were of
different retinal size (larger for greater eccentricities), but were equa-
ted in terms of cortical size at each eccentricity (see middle row of
Figure 1). Figure 4a shows alignment performance in the first session
at different eccentricities: scaled stimuli successfully matched per-
formance at each eccentricity. Mean Weber fractions in the first
session were 0.033 (+0.01), 0.034 (+0.01) & 0.036 (+0.01) at 5, 10
and 15 degrees, respectively. There were no statistical differences in
Weber fraction at each eccentricity at the start of training [F(2, 10) =
0.59, p = 0.56]. Initial performance at 5 degrees was better for sub-
jects trained with scaled stimuli (relative to unscaled stimuli) as
scaling equates performance relative to the fovea and stimulus mag-
nification is introduced for all eccentricities beyond this.

Figure 4b shows mean learning curves at 5 and 15 degrees
and performance on the first and last sessions at 10 degrees.
Improvements in performance (expressed as above) were 0.013
(%0.008), and 0.020 (*0.01) at the trained eccentricities of 5 and
15 degrees. At the 10 degree location, where no training was
received, performance improved by 0.019 (£0.02). There were no
statistical differences in the amount of improvement at each eccent-
ricity [F(2, 10) = 2.082, p = 0.15]. Put simply, learning was equival-
ent at each eccentricity when alignment performance was equated
before training.

Matching performance by crowding stimuli equates the
magnitude of learning. To investigate whether this finding was
specific to the method used to change performance (spatial
scaling), we used a different approach and matched alignment
performance in the first session by introducing variable amounts
of crowding. Flanking target stimuli by presenting additional lines
in nearby locations degrades performance - a phenomenon known
as crowding. The spatial extent over which crowding occurs grows
with eccentricity'. It is therefore possible to match performance at
different eccentricities by placing flankers at different spatial
distances from the stimuli (see Figure 1 bottom row).

To determine the exact flanker to target distances required to
equate performance at each eccentricity, Vernier alignment thresh-
olds were measured in four subjects at 5, 10 and 15 degrees as a

| 3:1158 | DOI: 10.1038/srep01158

2



a. b. c.
0.5 1 0.5 _ 1
£ 041 £ 04 n=11 £
oo oo c
< 0.31 c  0.31 [}
@ @ o
v 027 2 02 5 2
= £ S o1
= E %)
S 0.1 o 0.1 g
= ] = ] =
— ] ~ i <
0.05 0.05 0.01
-T T T T T T T T T T T T 1 =T T T
50 10° 15° 1 2 3 4 5 6 7 8 9 10 5° 10° 15°
Eccentricity Session Eccentricity

Figure 2 | Learning with unscaled stimuli. Performance on session 1 (a) at 5, 10 and 15 degrees. (b) Mean learning curves for 11 subjects at 5 and

15 degrees. Data for 10 degrees, where no training took place, is shown for

session 1 and 10. (c) Improvement in performance at each eccentricity.

Improvement is quantified as the difference between performance on the first and final sessions. Data for 5, 10 and 15 degrees are shown in red, green and
blue, respectively. Initial performance drops with increases in retinal eccentricity. However, improvement in performance generated by training on the

task across 10 sessions increases with retinal eccentricity. Error bars represe

function of flanker distance (the distance of the flanker to the centre
of the target lines). Target stimuli of the same size as the unscaled
stimuli (0.275 deg at each eccentricity) were crowded with flankers
1/4 the length of each line element. Results are plotted in figure 5
where the curve fits are best fitting solutions of Equation 1 (see Data
anlysis). Flanker distances were chosen from each curve that corre-
sponded to the same performance level (see yellow lines). This gave
flanker distances of approximately 70, 240 and 550 minutes of arc for
eccentricities of 5, 10 and 15 degrees eccentricities.

Eleven new subjects trained with stimuli that were crowded by
flankers; lower eccentricities required smaller flanker distances to
equate performance. Figure 6a shows alignment performance in
the first session at each eccentricity. The introduction of flankers
with predetermined separations successfully matched initial per-
formance levels at each eccentricity (mean Weber fractions:
0.38 (=0.09), 0.44 (*0.12) & 0.41 (0.14) at 5, 10 and 15 degrees).
There was no significant effect of eccentricity on performance at the
start of training [F(2, 10) = 3.05, p = 0.07].

Mean improvements in performance were 0.13 (*0.06), and
0.17 (*£0.10) at the trained eccentricities of 5 and 15 degrees and
0.14 (*0.10) at the untrained location. There was no significant
effect of eccentricity on improvement [F(2, 10) = 1.67, p = 0.21].
Therefore, equating performance before training using crowding led
to equivalent amounts of improvement at each eccentricity.
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Magnitude of learning is inversely proportional to initial perfor-
mance levels. Where thresholds in the first session did not sta-
tistically differ, improvements in performance were not statistically
different. Similarly, in every case where starting performance was
statistically different, we found a statistical difference in the
magnitude of performance change (see Figures 2,4 & 6). Results
from subjects who trained with scaled and crowded stimuli
provide compelling evidence that threshold gains are tightly
coupled to performance levels prior to training, regardless of the
way in which threshold is constrained. When stimuli were spatially
scaled, thresholds for more eccentric locations were reduced. In
contrast, for crowded stimuli, performance was equated at a much
higher threshold level. Thus, the relationship between learned
improvements and threshold before training holds over a very
large performance range.

Figure 7 shows improvements plotted against starting threshold.
When quantified in terms of the difference in Weber fraction
between first and final session (Figure 7a), there is a proportional
relationship: the higher the starting threshold the greater the
improvement. The correlation of improvement and start perform-
ance in Fig 7a is significant (r* = 0.60, P < .0001). Learning data is
often presented as a ratio between starting and finishing performance
and when expressed in this way (and plotted against performance in
the first session; see Figure 7b), subjects improved by a factor of
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Figure 3 | Spatially scaling stimuli equates peripheral to foveal Vernier alignment thresholds. Weber fractions for the fovea and 3 eccentric locations are
plotted (data shown in lower contrast) as a function of line length for a representative subject. (a) A scaling factor that minimised the mean squared error
between the eccentric and foveal data (see high contrast data points) was calculated. (b) A linear regression line fitted through the data estimates the

scaling factor required to increase the size of the eccentric stimuli such that performance is matched to that at the fovea. dw and dn are data reproduced

from Whitaker et al., (1992)"".
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Figure 4 | Learning with spatially scaled stimuli. (a) Performance on session 1 at 5, 10 and 15 degrees. (b) Learning curves showing mean
performance on each session at 5 and 15 degrees. Data for 10 degrees, where no training took place, is shown for session 1 and 10. (c) Improvement in
performance at each eccentricity. Improvement is quantified as the difference between performance on the first and final sessions. Data for 5, 10 and
15 degrees is shown in red, green and blue, respectively. Performance at each eccentricity is the same on session 1 and there is no significant difference in
improvement at each eccentricity. Error bars represent 1 standard error of the mean (SEM).

2.18 (*1.53), on average. The slope of the curve fitted to the data in
Figure 7b is —0.116 and does not differ significantly from zero
[F(1,97) = 3.74, p = 0.06]. Data for the 10 degrees location are
included in addition to the trained locations and show that a sub-
stantial amount of learning transfer takes place. Performance
improved by a factor of 2.13 (*£1.78) at 10 degrees and was not
significantly different to that measured at the trained locations
(2.20 (=1.41). The improvement at 10 deg is unlikely to be the result
of simply taking two repeat measurements at that location, since at
the trained locations, improvements between any two consecutive
sessions (e.g. 1 and 2) were much smaller (see figures 2, 4 & 5).
Additionally, at 5 and 15 degrees, threshold improvements are
evident over the course of training, rather than being driven by
specific changes occurring early or late in the training schedule.

To assess the reliability of applying a performance improvement
factor of 2.18 to predict final performance from start performance,
actual performance was plotted against predicted performance on
session 10 (Figure 7c). Predicted performance was calculated by
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Figure 5 | The effect of flanker distance on Vernier alignment at each
eccentricity. Mean vernier threshold/line length at 5 (red), 10 (green) and
15 (blue) degrees plotted for 4 subjects as a function flanker distance.
Smooth curves are best fitting solutions of Equation 1. Flanker distances
were estimated from each curve that corresponded to the same threshold
(yellow lines).

dividing the performance on session 1 by 2.18. The slope of the
resultant curve fitted in Figure 7c is 0.98 (r> = 0.79) and does not
differ significantly from unity [F(1,97) = 0.07, p = 0.79].

We found no statistical differences between the age of subjects in
each group [F(2, 30) = 1.218, p = 0.31] and no statistically signifi-
cant relationship between the age of subjects and the magnitude of
improvements in performance ([F(1,97) = 3.64, p = 0.06] extra
sum-of-squares F test).

Discussion

Our results provide strong evidence that learned improvements in
visual thresholds are strongly coupled to performance levels prior to
training. Equating performance by spatially scaling stimuli, or by
introducing different levels of crowding, leads to equivalent levels
of learning - something that would be predicted if improvements are
dependent on pre-training performance. As a result of the systematic
variation in performance created by performing the task at different
retinal eccentricities, with different sized stimuli, with different levels
of crowding, not to mention the small natural individual variation
between observers, we were able to faithfully characterize the rela-
tionship between improvements and initial performance levels. Poor
initial thresholds levels lead to more improvement and vice versa.
Weber’s law states that the just-noticeable difference between two
stimuli (in this case the separation between two Vernier elements) is
proportional to the intensity of the stimuli. Our results show that
perceptual learning also obeys a similar Weber-like law, whereby
improvements generated during a fixed period of training are pro-
portional to starting threshold.

Several studies have demonstrated improvements in Vernier
acuity following practice'*"”. Fundamental changes to the neural
processing of spatial information required to successfully perform
the task®, as opposed to learning associated with better knowledge of
the task procedure, are thought to mediate the improvements.
In support, practice-based improvements in Vernier thresholds
are strongly coupled to the orientation of the test lines”?'.
Additionally, changes in oculo-motor control (e.g. increased accu-
racy of accommodation or fixation stability) that could regulate
retinal image quality are unlikely to underlie these effects since
Vernier thresholds are relatively insensitive to image blur** and
motion*?**. As in several previous studies'>'”'***, we found some
inter-subject variability in the amount of improvement following
training. This has been attributed to factors such as previous experi-
ence, attention, general levels of arousal, age, intelligence, motivation
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Figure 6 | Learning with crowded stimuli. (a) Performance on session 1 at 5,10 and 15 degrees. (b) Learning curves showing mean performance on each
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Performance at each eccentricity is the same on session 1 and there is no significant difference in the magnitude of improvement across eccentricities.

Error bars as before.

etc'®. We show that, despite this variability, it is possible to predict
future performance from start performance for the vast majority of
individuals.

Previous studies have shown that perceptual learning-based
improvements are influenced by initial levels of performance in
subjects with normal vision'®**>°. Fahle & Henke-Fahle'® reported
greater improvements when starting performance was poorer.
However, subjects were all trained at the fovea and the small varia-
tions in Vernier threshold evident prior to training reflected normal
levels of inter-observer variability. It has been suggested that this
individual variation in threshold is related to variations in the size
of primary visual cortex (V1)’. We show that the relationship
between starting threshold and level of improvement is robust and
operates over a range three orders of magnitude larger than that
investigated in the Fahle & Henke-Fahle study. Furthermore, as we
trained each subject concurrently at two peripheral retinal locations
our results confirm that the relationship applies to within-subject as
well as between-subject comparisons of learning.

Spatially scaling stimuli to account for changes in cortical mag-
nification results in equivalent levels of learning and transfer of
learning at different eccentricities. Previous work that has examined
learning at different eccentricities reported results that were highly
specific to the learning task®. For example, subjects could learn
to discriminate grey-scale images (compound Gabor patches)
just as well in two locations (fovea and at 3 deg.) when stimuli
were spatially scaled, but category learning retained a scale-
invariant advantage at the fovea®. This suggests that category learn-
ing may be functionally distinct from basic visual discriminations
and is a task that requires mechanisms beyond those that encode
elementary visual features such as orientation or relative position.
The fact that category learning appears to be a foveal specialization,
may ultimately limit the ability of this form of learning to generalize
to other retinal locations. We show that when the spatial judg-
ment remains constant, equating learning is not specific to account-
ing for eccentricity-dependent changes in cortical representation
per se, but can be achieved regardless of the method used to set
threshold. Certainly, for tasks that are limited by the sampling reso-
lution of neurons in early visual cortex (V1), such as Vernier align-
ment, it does not matter if the associated neural uncertainty results
from the eccentricity at which the task is performed, the size of the
stimulus, the amount of visual clutter around the stimulus or indi-
vidual differences in absolute sensitivity to relative spatial position.
This suggests that whatever mechanism is reading out this position
information, it is agnostic to the source of sensory uncertainty but
not its magnitude.

We found complete transfer of improvements to 10 degrees
eccentricity, where no training was undertaken. This was rather sur-
prising given that it has previously been shown that learning on
Vernier acuity tasks is highly location specific’. This could be
explained by the fact that Vernier thresholds were measured for each
subject at 10 degrees in the first session. Testing at one location
before training and then training at a different location leads to
complete transfer of learning to the tested location®’, highlighting
the possibility that higher non-retinotopic areas are involved in per-
ceptual learning®**. One study has demonstrated that, for a detec-
tion task, improvements spread to non-trained locations across a
putative window of spatial attention and are not limited to target
locations®. Therefore, we cannot rule out the possibility that the
10 degree location in the present study was situated within such a
window induced by training at locations 5 degrees either side, result-
ing in transfer to this non-trained location. Although it has prev-
iously been assumed that specificity for orientation, spatial frequency
or location pointed towards the locus of learning residing in the
neural networks that encode such information, equally possible is
the proposal® that what is specifically learnt is how best to efficiently
decode the relevant visual information to improve the accuracy of
discrimination judgments. This could occur more centrally and need
not require functional changes in the tuning preferences of indi-
vidual neurons. The transfer of learning to an untrained location,
and the fact that internal neural noise seems to have a common
influence on learning would seem to be broadly consistent with this
view.

Our results suggest that it is possible to predict the amount of
improvement and level of performance ultimately obtainable follow-
ing training in normal subjects. In the present study we show that
improvements on a trained task are a constant proportion of the
initial threshold level. That is to say, when improvements are
expressed as a ratio between performance on the first and final day
of training, they are constant - as has previously been found***”. On
average, individuals improved by a factor of approximately two. If
the rate of improvement for each initial performance level is the same
throughout the training period, the relationship between improve-
ment and start performance will remain fixed. The relationship will
breakdown, however, if a floor or saturation level in improvement is
reached earlier for individuals starting at a particular threshold level
compared to other starting levels. Theoretically, this could be caused
by a variety of factors depending on the task. For example, retinal
photoreceptor spacing may limit improvements in resolution thresh-
old past some optimum level. Additionally, some studies have con-
tinued training for long periods of time and found subsequent
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Figure 7 | Improvement in performance as a function of starting performance. Improvement at 5 (red), 10 (green) and 15 degrees (blue), expressed as
the difference in performance between the first and final session. (a) The curve shows best fitting solutions Equation 2 with a slope 1.007 and
intercept —0.42. Improvements are a constant proportion (approximately 0.38) of starting performance. (b) Improvements plotted as a ratio between the
final and first session. (c) Measured final session performance plotted as a function of final session performance as predicted by applying a universal

improvement factor of 2.18.

cascades of performance improvements after an initial plateau has
been reached®. Therefore, the time period over which improvements
are considered may influence the relationship between start perform-
ance and improvement.

The present study was not designed to investigate the effects of
external noise on learning. Despite this, the results are in general
agreement with studies that have found consistent levels of improve-
ment across different levels of external noise®>*’. There are however
exceptions. For example, no improvement occurs at low external
noise levels following extensive practice on a foveal orientation iden-
tification task*', and for texture-defined stimuli, improvements occur
predominantly at low external noise conditions*. Therefore,
depending on the nature of the task or stimulus, the magnitude of

learning can differ when different amounts of external noise is added
to the stimulus*.

Previous work®**>** has demonstrated that improvements follow-
ing training are linked to deficit levels prior to training in individuals
with amblyopia — a developmental anomaly of spatial vision.
However, in contrast to our findings in subjects with normal vision,
some studies investigating perceptual learning in amblyopia show
that improvements expressed as a ratio are greater when initial per-
formance levels are worse®®*>*°. This suggests that either the mechan-
isms driving the performance gain or the factors limiting threshold in
amblyopia are different. In support of this, subjects with amblyopia
have been shown to improve on tasks where those with normal vision
do not (e.g.***>***). Although the amblyopic visual system is limited
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Table 1 | Subject information. Information for all subjects trained.
Subjects are divided into those that trained with stimuli of the same
size (unscaled), those that trained with stimuli which were scaled
to match initial performance (scaled) and those that trained with
crowded stimuli o match initial performance (crowded). M = male,
F = female, OD = right eye, DS = dioptre sphere, Pl = plano, VA =
visual acuity, LogMAR = logarithm of the minimum angle of
resolution

Subject Age  Gender OD Distance Rx VA (LogMAR)
Unscaled

J 22 F -3.25/-0.50 x 180 -0.10

JC 22 F -3.25/-1.25x 165 -0.06
MD 24 F -3.50 DS -0.10
AY 24 M -2.25/-1.50 x 165 -0.10

RT 22 M Pl -0.12
GW 23 M —-3.00/-2.00x 178 -0.14
WL 22 F -0.25DS -0.08

QT 29 F -1.25/-0.25x 105 -0.08

u 23 F Pi -0.10

RL 41 M —4.50DS ~0.10

L 29 M —1.50DS ~0.10
Spatially scaled

ATA 30 M —-0.50 DS -0.12

ZH 31 F Pl -0.10

HS 21 M -0.25DS -0.12

JL 21 M Pl/—0.25 x 30 -0.10
GH 22 F +0.25 DS -0.14

ID 20 F —-0.75/-0.50 x 100 -0.12

KR 20 M -0.25/-0.50x 100 -0.12

AS 20 F +0.25 DS -0.12
ADP 21 F Pl -0.02
SO 20 F +3.00/-0.50 x 165 0.00

PB 20 M +025DS 0.00
Crowded

KB 25 F -0.25/-0.50 x 55 -0.08

ZH 21 M Pl -0.16
(0]e] 26 F Pl/—0.25x 115 -0.14

AP 24 F —-0.50 DS -0.14

BS 30 F Pl -0.10
CLY 36 F —3.00 DS -0.08
JPW 21 F -0.25-0.25x 95 -0.14

AT 22 F —-0.50/-0.50 x 165 -0.06

EC 27 F -3.75/-0.50x 175 -0.12
MH 20 F Pl/—0.50x 110 -0.02

RC 20 M Pl/—0.50x 15 -0.12

by many of the same factors that limit normal vision (e.g. external
noise), additional sources of internal noise have been identified that
dramatically increase levels of spatial uncertainty or markedly distort
the neural representation of visual stimuli**~**. It is possible that the
mechanisms that underpin visual learning must first overcome these
additional constraints that elevate thresholds beyond normal levels.
Indeed, learning-based reductions in contrast detection thresholds in
normal subjects can be explained exclusively by external noise reduc-
tion, while improvements in amblyopic subjects require additional
internal noise reduction®. Consequently, the adult amblyopic visual
system may possess greater potential for improvement, which sup-
ports the therapeutic use of perceptual learning procedures in this
clinical group*®***

The finding that improvements in normal subjects are tied to their
initial threshold in a lawful way, analogous to Weber’s law, suggests
that the same factors that impose limits on a visual threshold also
constrain the amount an organism can learn on a visual task.

Methods

Subjects. Thirty-nine subjects with normal or corrected-to-normal vision
participated in the study (mean 25 = 5 years). The experimental procedures adhered
to the tenets of the Declaration of Helsinki and were approved by a local ethics
committee at the School of Psychology, The University of Nottingham. The refractive
error of each subject was determined and visual acuity measured using a Bailey-Lovie
chart™ prior to training. Table 1 contains information for each subject who
underwent training. None of the subjects had previously undergone any training on
the Vernier alignment task. The mean age (£SD) of subjects in each group was

26 (£6), 22 (+4) & 25 (£5) years for the unscaled, scaled and crowding groups,
respectively.

Apparatus. Stimuli were generated on a PC using custom software written in
Python®. Stimuli were presented on a LaCie Electron 22 Blue IV color CRT monitor
(LaCie, OR, USA) with a resolution of 1920 X 1440 and a refresh rate of 85 Hz.
Subjects had their heads held in position using a forehead and chinrest and testing was
carried out in a dark room. Fixation was maintained on a small illuminated fixation
dot positioned to the right side of the monitor. Stimuli were presented at the centre of
the screen and eccentricity controlled by altering the viewing distance. The viewing
distances were 1, 1.5 & 3 meters for eccentricities of 15,10 and 5 degrees, respectively.

Psychophysical measurements: Stimuli and task Stimuli consisted of vertically
oriented abutting Vernier lines. The luminance of the Vernier lines was 83 cdm ™ and
the luminance of the background 0.29 cdm . Stimuli were presented at 5, 10 or
15 degrees in the nasal periphery of the right eye, whilst the left eye was occluded with
a patch. On each trial, either the top or bottom Vernier line was randomly assigned to
placement at the required eccentricity. The top Vernier line was positioned to the left
or to the right relative to the bottom line in random sequence from trial to trial.
Stimuli were presented for 200 msec on each trial.

In a two-alternative forced choice task, subjects were required to indicate whether
the top Vernier line was displaced to the left or to the right of the bottom Vernier line
with a key press. Auditory feedback was given at the end of each trial. If the top line
was displaced to the left relative to the bottom line, a low-pitched tone (frequency =
300 Hz) was played. If the top line was displaced to the right relative to the bottom
line, a high-pitched tone (frequency = 800 Hz) was played. The next stimulus was
displayed immediately after the subject’s response. The horizontal separation of the
two Vernier lines was varied using a 3-down, 1-up staircase procedure. Staircases
terminated after 60 trials. Thresholds were estimated as the mean of the last 4
reversals.

Training paradigm. All subjects completed 10 sessions. Each session was carried
out on a different day. Where possible, sessions were completed on consecutive days
and there was a gap of no more than three days between any two sessions for each
observer. On the first and final sessions, Vernier alignment thresholds were measured
at 5, 10 and 15 degrees. At each eccentricity, threshold was measured using a single
staircase of 60 trials. On sessions 2-8, subjects trained at 5 and 15 degrees. At each
eccentricity, 5 randomly interleaved staircases (60 trials in each) were used to
measure threshold.

Thirty-three subjects were divided into 3 groups. The first group trained with
stimuli which had the same angular size (height of each line = 0.275 degrees) at each
eccentricity i.e. unscaled. The second and third groups trained with stimuli that were
manipulated to equate initial performance (threshold/line length on Session 1) at
each eccentricity; by spatially scaling stimuli and by crowding, respectively. Figure 1A
shows a schematic of the stimuli used at 5, 10 and 15 degrees for each of the 3 groups.

Data analysis. To establish whether there were any statistical differences in subject’s
alignment performance at different eccentricities before, during and after learning, we
used a one-way repeated measures ANOVA and Tukey HSD test for post-hoc
comparisons.

Weber fractions plotted as a function of flanker-target distance at different
eccentricities (Figure 5), were fitted with a log Gaussian function of the form:

W= A X exp(—0.5 X (In(d/C)/>")?) (1)

where W is threshold/line length, A is amplitude, d is flanker distance, C is the
centre of the distribution and ) is the width of the distribution. The relationship
between improvement in performance and initial levels of performance in all con-
ditions at each eccentricity (Figure 7a, b and c) was fitted with following function:

AW = exp(c + m X log(W))) @

where AW is the degree of improvement, ¢ is the intercept, m is the slope and W is
the performance in the first session. The relationship between actual and predicted
performance (Figure 7c) was fitted with the same equation, where y is actual
performance and x predicted performance on the final session.
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