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Purpose: To investigate the impact of attention orientation in young myopic adults with astigmatism.
Methods: The effect of attention on foveal meridional performance and anisotropy was measured in corrected myopes with various 
levels of astigmatism (with-the-rule astigmatism ≤ −0.75D, Axis: 180 ± 20) using orientation-based attention. Attention was 
manipulated by instructing subjects to attend to either the horizontal or the vertical line of a central pre-stimulus (a pulsed cross) 
along separate blocks of trials. For each attention condition, meridional acuity and reaction times were measured via an annulus Gabor 
target situated remotely from the cross and presented at random horizontally and vertically in a two-alternative forced-choice 
employing two interleaved staircase procedures (one-up/one-down). Attention modulations were estimated by the difference in 
performance between horizontal and vertical attention.
Results: Foveal meridional performance and anisotropy were strongly affected by the orientation of attention, which appeared critical 
for the enhancement of reaction times and resolution. Under congruent orienting of attention, foveal meridional anisotropy was 
correlated with the amount of defocus for both reaction time and resolution, demonstrating greater vertical performance than horizontal 
performance as myopia increased. Compatible with an attentional compensation of blur through optimal orienting of attention, vertical 
attention enhanced reaction times compared to horizontal attention and was accompanied by an increase in overall acuity when myopia 
increased. Increased astigmatism was associated with smaller attention effects and asymmetry, suggesting potential deficits in the 
compensation of blur in astigmatic eyes.
Conclusion: Collectively, attention to orientation plays a significant role in horizontal-vertical foveal meridional anisotropy and can 
modulate the asymmetry of foveal perception imposed by the optics of the eye in episodes of uncorrected vision. Further work is 
necessary to understand how attention and refractive errors interact during visual development. These results may have practical 
implications for methods to enhance vision with attention training in myopic astigmats.
Keywords: myopia, astigmatism, meridional anisotropy, attention, visual performance

Introduction
Refractive anomalies are a leading cause of visual impairment and have been recognized as a major health concern 
worldwide.1 Reported as amongst the most common refractive errors,2 the prevalence of myopia and astigmatism has 
been increasing in many parts of the world, including East Asia3,4 and the United States,3,5–7 representing a serious 
burden to both patients and the economy.8,9 These refractive anomalies are often associated,10 leading researchers to 
surmise that astigmatism may be a by-product of the over-elongation of the eyeball in myopia.11 The presence of 
astigmatism is manifested by meridional-varying refractive power, leading to a constant retinal blur, which is not 
correctable without the use of eyeglasses or contact lenses.12 With the-rule (WTR) astigmatism, in which the horizontal 
refractive power is weaker than the vertical refractive power, is the most common form of astigmatism in Asian myopic 
adults.12,13 While there is a broad consensus on the myopiagenic influence of environmental blurs,14–17 to date, the 
etiopathogenesis of myopia, and its relationship with astigmatism, are still highly debated. A relatively neglected area in 
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myopia research has been the contribution of the brain in the emmetropization process, despite converging evidence of 
the possible influence of brain signals from animal studies.18,19 Such a contribution, though still unresolved, could take 
place through the autonomic neural mediation of the myopiagenic eye responses to environmental blur. Therefore, an 
important question is whether, and to what extent, the brain can detect blur and counteract its visual consequences. 
Although the answer remains an enigma, it appears that blur exposure is often dealt with through ocular compensatory 
responses of the eyeball in myopes.20 While this compensation improves the image quality of retinal blurred stimulations, 
the downside is that it operates irreversibly, causing a permanent retinal blur.21 When this occurs, the resulting 
degradation of retinal images falls on post-retinal processes, which remodel the perceived image depending on the 
recruited neuronal pathways (or visual channels) of the stimulation.22–24 In this remodelling, the role of attention is 
important as attending to visual feature(s) allows the selective prioritization of information processing by increased 
firings of neurons preferring the attended feature(s) and suppression of firing in other neurons.25 This attention-related 
neuronal modulation has been shown to enhance a variety of visual tasks, including visual acuity.26–28 This process 
coincides with the phenomenon of blur adaptation, which has been shown to improve defocused visual acuity and 
modulate contrast sensitivity.29 It has been suggested that an increased neuronal response of attended features could 
influence adaptation.30 Thus, under complex blur environments, the adaptability of neural adjustment driven by blur 
characteristics31 may benefit from task-oriented attention. More importantly, attention involves a wide network of 
neuronal connections,32 which could enable the mediation of the oculomotor response regulating retinal environmental 
blurs,33 in addition to neural coding of stimuli. However, it remains unknown whether attention can selectively enhance 
or suppress blur.28

One reason is that the features on which attention selectively acts remain only partially determined,25 as most studies 
have focused on modulation of the neuronal response through attention to low-level features, including spatial 
locations,34 colour,35 orientation,30 or spatial frequency.36 Considering that blur involves a combination of low-level 
features, attention may influence the processing of blur. In this respect, previous studies have shown that attention and 
defocus blur jointly modulate visual performance in near-peripheral vision, such that an increase in attention could 
counter a reduction in optical quality, and vice-versa.26 It has also been reported that reduced visual acuity can be 
accompanied by increased attention efficiency in peripheral vision.26

Although it is not clear how this interaction works in ametropic eyes, evidence of an association between myopia and 
visuospatial attention has been systematically reported37–40 as demonstrated by the observation that reaction times in 
a visual search task tended to be more affected by distractors in myopes than emmetropes.40 Use of a peripheral detection 
task on Gabor revealed stronger attenuation of contrast sensitivity in myopes, with the deployment of attention to the 
fovea.37 Myopes were also found to perform better in a foveal discrimination task (half-face matching task) requiring 
a narrow focus of attention.38 To explain the augmented impact of attention with myopia, it was proposed that myopes 
may use a narrower attentional window.37,40 Based on the zoom lens model,41 narrowing spatial attention could provide 
increased resolution around the attended location, and, thus, enable a flexible compensation of uncorrected blurred acuity 
in myopes. To date, however, whether myopes can effectively compensate through attention for the effects of uncorrected 
refractive errors remains to be determined.

In this study, it was reasoned that, if attention does counteract the effects of optical blur by enhancing visual 
processing, attention (modulations) would differ across the meridionally-varying blur of astigmatic myopes. Doing so 
would enable rebalancing of the visual performance across anisotropic optical meridians. For instance, the meridian with 
greatest refractive errors could be more enhanced by attention than the perpendicular meridian with lower refractive 
errors in order to minimize the asymmetrical blur inputs of astigmatism. Given the orientation dependence of astigmatic 
blur,11,42–44 such modulations could be realized through feature-based orientation.45 In this respect, a possible neural 
retuning with refractive errors is indicated by the alterations of performance anisotropy in adult myopic astigmats,46 as 
compared to adult myopes and emmetropes, under full optical correction. Thus, in WTR myopic astigmats, it has been 
shown that there is significant superiority of acuity performance for isolated gratings along the vertical as compared to 
the horizontal (the horizontal effect).46 Conversely, in emmetropes, the foveal vertical-horizontal asymmetry was found 
to be reversed and minimal,46 leaving the well-known oblique effect47 – an inferior performance for oblique orientation 
compared to cardinal (vertical/horizontal) orientation – as the predominant anisotropy observable for isolated gratings. 
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While it appears that no studies have investigated the attentional origin of this neural retuning, anisotropic effects of 
attention have been previously demonstrated in peripheral vision48–50 with a dominance of attention in the lower visual 
field as compared to the upper visual field48,50 and in the vertical meridian as compared to the horizontal49 for non-foveal 
stimuli. Also relevant to the current study is the observation of a modulatory effect of attentional load on the oblique 
effect for orientation discrimination tasks in normal subjects,51 underscoring the potential of attention to act on spatially 
localized anisotropies in performance.

To test the existence of an astigmatic-blur-related attentional anisotropy, myopic subjects with various levels of 
astigmatism, but identical astigmatism axis was recruited, ensuring that all the subjects had the greatest blur along the 
same meridian. It was hypothesized that : 1) Attention to orientation selectively increases foveal resolution to the 
attended meridian, enabling separate compensation of horizontal and vertical blurred acuity (ie, meridional blur); and 2) 
attentional modulation is superior to the predominant blurred meridian. The study revealed that attention orientation 
produces both selective and global enhancements of meridional performance. For resolution acuity, global attention 
enhancement coincided with a preferential attention orientation, which varied with the amount of individual defocus. In 
agreement with a meridional attention compensation of blur, differential attention-related modulations between horizontal 
and vertical blurred acuity were found for both reaction time and resolution acuity. Astigmatism was found to reduce 
attention effect and asymmetry, highlighting possible attentional deficits with higher astigmatism.

Methods
Subjects
Visually corrected astigmatic subjects (Snellen equivalent > 20/20 in the tested eye) with various levels of refractive 
errors (Sphere: −3.47 ± 1.35D, Cylinder: −1.72 ± 0.78D) were recruited from a pool of thirty optometrist students, who 
underwent both subjective and objective refraction using an open-autorefractor (Shin-Nippon NVision-K 5001, Rexxam 
Co., Ltd., Kagawa, Japan). Given the limited proportion of low-moderate myopic young adults with WTR astigmatism in 
Hong Kong (>28% in the age range of 21–30 years, including hyperopes and high myopes),13 of the thirty potential 
participants, only nine subjects (Table 1, four males and five females, aged 21–24) matched the eligibility criteria: (1) 
spherical error: −0.50 D to −5.50 D; (2) cylindrical error < −0.75 D; (3) cylindrical axis: 180 ± 20 in the dominant eye; 
(4) anisometropia ≤2 D; (5) absence of ocular and systemic diseases; strabismus, or amblyopia treatment; and (6) no 
history of myopic control treatment. Given that all the subjects were compound myopes having WTR astigmatism, the 
most defocused meridian was near the vertical, where optical resolution is poorer. The sample size was chosen to provide 
a representative range of refractive errors in compound myopic astigmatism and achieve a statistically significant effect 
of attention. The experimental procedures were approved by the human ethics committee of The Hong Kong Polytechnic 

Table 1 Characteristics of Subjects

Sphere (D) Cylinder (D) Axis (°) Tested Eye Age Onset Sex

S1 −5.25 −2.00 5 R 9 M

S2 −5.25 −1.50 20 R 6.5 F

S3 −5.00 −2.00 5 R 10 F

S4 −4.25 −3.50 177 R 14 M

S5 −3.00 −2.25 5 R 8 M

S6 −3.00 −1.50 178 R 7.5 M

S7 −2.75 −1.25 180 R 11 F

S8 −2.50 −0.75 9 R 13 F

S9 −1.50 −3.50 180 L 3 F
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University (HSEARS20170103003), and the research was conducted according to the principles expressed in the 
Declaration of Helsinki. Written informed consent was obtained from each participant.

Experimental Procedures
Apparatus
Stimuli were presented on a Dell LCD gamma-corrected monitor (Dell Technologies, Round Rock, TX, USA; resolution: 
3840 × 2160, frame rate: 60Hz) on a grey background (25cd/m2). Throughout the test, the subject viewed the display 
monocularly (viewing distance: 3 meters) and with full correction, while instructed to fixate on the centre of the display. 
Each session lasted 4h.

Procedure
At the beginning of each session, subjects underwent a phase of training trials to familiarize themselves with the task and 
the instructions. Following the training, each test began with a subjective threshold adjustment of the spatial frequency of 
the grating oriented obliquely. This pre-adjustment was used to adjust the starting spatial frequency of the target stimuli 
(spatial frequency range: 20–40 cpd) on account of individual variability in performance. After pre-adjustment of an 
individual’s threshold, a fixation cross (depicted in Figure 1) (Length: 1°), serving as an adapter, appeared at the centre of 
the display. The cross adapter was used to help subjects direct their attention along the attended orientation. The width of 
the cross was continuously modulated (Width range: 0.02–20arcmin, Increment: 2.5arcmin, Frequency beat: 2Hz) in 
order to engage subjects in the attentive tracking of one of the lines of the cross.52 The cross adaptor appeared at the 
beginning of the test (duration: 40s) and before each target onset (duration: 4s) with a voice prompt instructing the 
subject to attend to one of the two lines of the central cross, the horizontal or the vertical. The long and short 
presentations of the cross were separated by a blank background (ISI: 1s). Using the same physical adaptor for both 
attentional conditions ensured that modulation of performance was attributed to attention only. As in previous studies 
using a similar paradigm,30,53 no neutral meridional attention was introduced, as it would have implied the change in the 
physical adaptor, preventing the comparison of the attention conditions. After the cross disappeared (ISI: 1s), an annulus 
Gabor target (Inner/Outer diameter: 1.25–5°, contrast: 50%) was briefly presented in the fovea (duration: 0.3s). The 
grating was filtered by a rotationally symmetric Gaussian low pass filter with a standard deviation σ=0.7° to reduce edge 
effects. Considering the difficulty of singling out one of the two lines, the cross was designed with vertical (grey-on- 
white, contrast: 100%) and horizontal (grey-on-black, contrast: 100%) lines having opposite polarity. To ensure that there 
was no local luminance adaptation and polarity-related bias, the size of the fixation cross was constrained such that the 

Figure 1 The temporal structure of the study. The sequence of the stimulation started with the presentation of a high contrast pulsed cross adaptor, used to direct the 
attention of the subject along the vertical or the horizontal at the beginning of the test and just before the presentation of the visual target. The visual target, an annulus 
Gabor either vertical (V) or horizontal (H), is used to determine resolution acuity under the meridional attention manipulation.
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visual cue and the annulus target did not overlap spatially. Considering that there was a negligible effect of polarity on 
spatial interaction,54,55 the possibility that polarity could result in different contrast adaptation effects at the remote 
location of the target was also excluded.

Visual Conditions & Test
Each attention condition (i.e., horizontal attention and vertical attention) was alternatively tested in brief separate blocks. 
During each attention condition session, horizontal (H) and vertical (V) resolution acuity (RA) were tested randomly. 
Subjects performed a total of ten blocks of trials for each condition (horizontal vs vertical attention, horizontal vs vertical 
Gabor). Each block of trials was separated by a break of 5 min to prevent the decline of attention and attenuate 
adaptation. The subject’s task was to identify the orientation of the Gabor. Trials were congruent when the orientation of 
attention matched the orientation of the target and incongruent when there was a mismatch.

RA: For each block condition, the spatial frequency of the grating was controlled via a 1-up-1-down staircase method 
converging to the 50% threshold with a step size of 3 cpd. To determine retinal resolution, each of the measured 
thresholds was averaged and corrected by accounting for the horizontal and vertical magnification effects introduced by 
the spectacle lens correction.56

RT: In order to evaluate the effect of adaptation and attention, reaction time (RT) was measured as the duration from 
the target onset to the button press. To eliminate outliers, an upper and lower cut-off was applied to RTs, and values 
exceeding two standard deviations were removed. For each block, the average RT was calculated.

Baseline Condition
To evaluate adaptation, resolution acuity and RTs were measured in a separate test in the absence of attention instruction 
and adapter using the annulus grating acuity.

Analysis
RT (in milliseconds) and RA (in cycles per degree cpd) were used to determine the foveal vertical-horizontal asymmetry 
(fVHA), measured as the ratio between vertical (V) and horizontal (H) performance. Visual performance and its 
meridional/attentional modulations were regressed using Pearson correlation against the amount of sphere (Sph) and 
cylinder (Cyl) with the goal to find whether, and to what degree, the overall blur (defocus) and meridional blur difference 
(astigmatism) accounted for the attention-related modulations. Two types of attention-related modulations of perfor-
mance were analyzed:

(i) congruency-related attention modulation (cAE), which measures the effect of attending to the meridian congruent 
to the target orientation as compared to the meridian incongruent to target orientation. This measure estimates the 
relative advantage of attending to the orientation of the target.

(ii) the orientation-related attention modulation (oAE), which measures the effect of attending to the horizontal 
meridian as compared to the vertical. This measure estimates the relative advantage of attending to a specific 
meridian (eg vertical).

Objective refraction was used to report the regression, as no marked difference was found between objective and 
subjective refraction regression. All the data were reported with mean and standard error.

Results
Adaptor Effects
A significant elevation of mean RT (No adaptor: 904ms ± 32ms, with adaptor: 1142ms ± 42ms, Two-way repeated 
ANOVA: adaptor effect F(1,8) = 0.711, p = 0.002) accompanied by significant reduction of mean resolution acuity was 
observed in the presence of the remote adaptor (Figure 2, No adaptor: 62.270 cpd± 3.699 cpd, with adaptor: 46.148 cpd ± 
2.640 cpd, Two-way repeated ANOVA: adaptor effect F(1,8) = 0.756, p = 0.001), confirming that performance was 
affected by the remote adaptor. No interaction between adaptor and target orientation was found (Two-way repeated 
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ANOVA: RT, adaptor X orientation F(1,8) = 0.157 p = 0.257; Resolution acuity, adaptor X orientation F(1,8) = 0.002 p = 
0.898) nor was there a statistical difference in foveal meridional anisotropy (RT: fVHA with adaptor: 0.9404 ±0.00791, 
fVHA without adaptor: 0.9403 ± 0.0762; paired t(8) = −0.011, p = 0.992; Resolution acuity, fVHA with adaptor: 0.04186 
± 04186, fVHA without adaptor: 1.0628 ± 0.08292; paired t(8) = 0.149, p = 0.885) observed for the conditions with or 
without the remote adapter, ruling out differential adaptation effects between the horizontal and vertical.

fVHA
RT: For all subjects, mean RT was faster along the vertical (fVHA = V/H = 0.9404 ±0.00791; one sample t(8)= −7.533, 
p < 0.001), showing evidence of a systematic performance difference between horizontal and vertical. This confirmed the 
inversion of the horizontal-vertical foveal asymmetry found in myopic WTR astigmatism.46

RA: Horizontal and vertical also showed significant differences in resolution acuity in meridional difference (|V − H| 
= 6.703 ± 0.486, one sample t(8) = 13.794, p < 0.001), but, in contrast with RTs, the direction of fVHA varied among 
subjects.

Figure 2 Adaptor effect. Effect of the adaptor on horizontal (H) and vertical (V) resolution acuity for each subject. In all the figures, the error bar corresponds to the 
standard error.
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fVHA and Refractive Errors
RA: When subjects attended target orientation, the vertical-horizontal asymmetry increased in line with the amount of 
defocus (Figure 3A, fVHA Vcongruent/Hcongruent Sph: r(9) = 0.711, p = 0.032; Cyl: r(9) = −0.253, p = 0.512), such that 
higher myopes had better vertical acuity than lower myopes. Interestingly, when the target was unattended, fVHA was 
not significantly associated with refractive errors (Sph: r(9) = −0.157, p = 0.687; Cyl: r(9) = 0.020, p = 0.960).

RT: RT shows the same correlation between individual congruent fVHA and the amount of defocus (Figure 3B, Sph: r 
(9) = −0.843, p = 0.004; Cyl: r(9) = −0.053, p = 0.892), with superior RT along the vertical as compared to the horizontal, 
as defocus increased. Again, when the target was unattended, fVHA was not significantly associated with refractive errors 
(Sph: r(9) = −0.351, p = 0.355; Cyl: r(9) = −0.023, p = 0.953). Overall, the results indicated that, in situations of 
enhanced processing, congruent attention tended to advantage processing on the vertical as compared to the horizontal 
meridian when myopia increased.

Congruence Effect on fVHA
RT: In addition, congruent attention significantly accentuated the vertical-horizontal asymmetry in RTs as compared to 
incongruent attention for higher myopes (Figure 4A, N = 7, Sphere < −2.50D, fVHAcongruent/fVHAincongruent = 0.932 ± 
0.021; one-sample t(6) = 3.249, p = 0.017), indicating a significant impact of attention on the magnitude of vertical- 
horizontal asymmetry in higher myopes.

RA: For resolution acuity, there was a strong correlation between the attention-related change in fVHA and the 
amount of defocus (Figure 4B, fVHAcongruent/fVHAincongruent Sph: r(9) = −0.891, p = 0.001; Cyl: r(9) = −0.082, p = 
0.833), confirming the increased vertical-horizontal asymmetry for higher myopes.

Congruency Effect
RT: Globally, attending to a specific meridian systematically statistically improved RTs for that meridian (Figure 5, cAE 
= RTcongruent/RTincongruent = 0.957 ±0.013; one sample t(8) = −3.319, p = 0.011), confirming that attention was 
successfully oriented to the distinct orientation to be attended to by the subjects during the task. Considering the 
relationship between RT and contrast,57,58 this selective enhancement aligned with the possibility of compensatory effect 
of attention on meridional blur, whereby attending to a meridian resulted in improvement of blurred acuity.

Figure 3 Foveal meridional anisotropy (fVHA) of performance. (fVHA) when congruently attending to the orientation of targets as a function of the amount of sphere for 
(A) resolution acuity and (B) RTs. As the amount of defocus increased, a relative increase in vertical performance was observed as compared to the horizontal.
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RA: For RA, a statistically significant change of the magnitude of resolution with attention congruency was observed 
(|Congruent-Incongruent| = 3.655 ± 0.653, one sample t(8) = 5.592, p < 0.001). While there was a slight but insignificant 
tendency of attention-related modulations to improve the resolution of the attended meridian, in contrast with RTs, no 
systematic overall improvement (5/9 subjects) of the attended meridian was found (Figure 6A, cAE = 1.018 ± 0.022, one 
sample t(8) = 0.800, p = 0.447), indicating there were individual differences in the visual effects of attention congruency. 
In contrast, a strong tendency for the strength of congruence-related attention modulation to increase as astigmatism 
decreased was observed (Figure 6B, |Congruent-incongruent|, Sph: r(9) = 0.004, p = 0.991; Cyl, r(9) = 0.845, p = 0.004), 
suggesting the possibility of a reduced meridional effect of attention switching in higher astigmats.

Figure 4 Effect of attention congruency on (fVHA). (A) Attention-related modulation of meridional asymmetry for RTs and acuity in subjects with sphere <−2.50D. (B) 
Attention-related modulation of meridional asymmetry in acuity as a function of sphere. *P < 0.05.

Figure 5 Congruency-related attentional modulation of RTs. Change in RTs was associated with switching attention from the congruent to the incongruent meridian for 
horizontal, vertical or both target orientations. The grey dots indicate the individual attention effect on RT values for each target meridian; the red bars indicate the mean 
value; the shaded areas represent one standard error. *P < 0.05, ns not significant.
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Meridional Asymmetry of Attention
RT: However, consistent with a foveal asymmetry of attention strength, a statistically significant increased magnitude of 
attention asymmetry was observed (|cAEV − cAEH| = 0.068 ± 0.018, one sample t(8) = 3.80, p = 0.0005). The 
congruence-related attentional modulation was also significantly greater for vertical RT, as compared to horizontal RT 
for higher myopes (Figure 7A, N = 7, Sphere < −2.50D, cAEv–cAEH = −0.07 ±0.022; one-sample t(6) = 3.128, p = 
0.020) in line with the greater (congruence-related) attention enhancement of the poorer vertical meridian.

RA: For RT, a significant magnitude of meridional asymmetry in attention effects was observed (|cAEv − cAEH| = 
0.279±0.030, one sample t(8) = 9.238, p < 0.001), which significantly increased with myopia (Sph: r(9)= −0.687, p = 
0.041; Cyl, r(9) = −0.072, p = 0.853). Again, as myopia increased, attention congruency significantly enhanced acuity of 

Figure 6 Congruency-related attentional modulation of resolution acuity. (A) Change in resolution acuity associated with switching attention from the congruent to the 
incongruent meridian for horizontal to vertical. (B) Magnitude of the congruence-related attention modulation as a function of astigmatism.

Figure 7 Meridional asymmetry of congruence-related attention. (A) Attention-related modulation of meridional asymmetry for RTs and acuity in subjects with sphere < 
−2.50D. (B) Attention-related modulation of meridional asymmetry in acuity as a function of sphere. *P < 0.05, ns not significant.
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the poor vertical meridian as compared to horizontal acuity (Figure 7B, cAEv – cAEH Sph: r(9) = −0.873, p = 0.002; Cyl, 
r(9) =−0.053, p = 0.892), with a superior attention effect in vertical acuity for the higher myopes (Sphere < −4.00D).

Orientation of Attention
RT: Interestingly, when attending to the vertical, the overall RT was significantly improved for the higher myopes 
(Figure 8A, N = 7, Sphere < −2.50D, oAE: 1.036 ± 0.012; one-sample t(6) = 3.018, p = 0.023) and the vertical-horizontal 
foveal asymmetry significantly heightened, as compared with when attending to the horizontal (fVHAattend v/fVHAattend H 

= 0.916 ± 0.025; one-sample t(8) = −3.402, p = 0.009). This finding highlights the existence of a better orientation of 
attention for overall performance, which was associated with a greater meridional asymmetry.

RA: A strong correlation was observed between overall orientation-related attentional modulations of acuity and the 
amount of defocus (Figure 8B, oAEoverall =RAAttend H/RAAttend V: Sph: r(9) = 0.853, p = 0.003; Cyl, r(9) = 0.056, p = 
0.886), which confirmed an optimal orientation of attention to enhance overall acuity. Attending the poor vertical 
meridian tended to improve the overall resolution more for higher myopes (Figure 8B, N = 4, Sphere < −4.00D, 
0.951 ± 0.018, one sample t(3) = 2.766, p = 0.070) but decreased resolution for low myopes (Figure 8B, N = 5, Sphere ≥ 
−3.00D, 1.044 ± 0.0007, one sample t(4) = 6.214, p = 0.003), as compared to attending to the horizontal.

Concurrent with this overall enhancement through attention orienting, the strength of attention asymmetry (Figure 9A 
and Figure 9, |oAEH − oAEV|: Cyl: r(9) = 0.778, p = 0.014) was shown to be significantly correlated with the amount of 
cylinder, but not with the amount of defocus (Sph: r(9) = −0.115, p = 0.768). Remarkably, this meridional difference in 
attention effect became more pronounced as astigmatism decreased, indicating reduced meridional attentional difference 
for low astigmats. While it suggested an effect of meridional blur difference in attention modulation, the direction of this 
modulation was in contradiction with the hypothesis that optical resolution difference increases attention difference and 
thus coinciding more with the idea of an attentional deficit, whereby the differential meridional effect of attention 
orienting would be reduced by astigmatism.

Discussion
Studies on foveal meridional anisotropy in corrected astigmatic subjects46,59,60 and neural compensatory effects of attention in 
normal eyes48–51 showed the existence of asymmetry of visual performance related to individual refractive status and attention 
modulation, respectively. To our knowledge, this is the first study that bridges the gap between these two separate streams of 
research by assessing the relationship between attention orientation and meridional performance in astigmatic myopes. In 

Figure 8 Orientation-related attentional modulations. (A) Attention-related modulation of meridional asymmetry for RTs and acuity in subject with sphere <−2.50D. (B) 
Orientation-related attentional modulations in overall acuity as a function of defocus. *P < 0.05, ns not significant.
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agreement with previous studies showing an interaction between attention and blur,26,27 the results demonstrated pronounced 
attention-related modulations of horizontal-vertical foveal asymmetry (Figures 5 and 6) affecting reaction times and resolution 
acuity, which points to the likely impact of attention on blurred acuity. In addition, this study revealed the first evidence that 
attention-related modulations are significantly correlated with individual refractive errors in astigmats (Figures 4B and 6–9B). 
Such correlation supports the existence of compensatory attentional changes, which could counteract the effects of refractive 
errors. Thus, the unresolved origin of refractive error-related changes in meridional anisotropies found in young adults46 is likely 
to reflect, not just changes in sensory adaptation,31 but also variations in the brain networks underlying feature-based attentional 
control.61–63 A change in attentional network in myopic astigmats is consistent with the recent observation in myopes of brain 
changes,64–66 including regions supporting attention. Given the influence of attentional networks on cognition and emotion,67–69 

an alteration of voluntary attentional control with refractive errors could also have important behavioral and psychological 
implications,69–72 which warrants further investigations. These results may open up new perspectives for enhancing vision using 
attention training in myopic astigmats.

Changes in RTs indicated modulations of attention systematically improved the attended meridian (Figure 3A), 
providing evidence that subjects oriented their attention to the instructed orientation. Attention congruency was superior 
at the attended vertical meridian in the higher myopes (Figure 4A), consistent with the idea that flexible orienting of 
attention can take place to compensate for the meridional asymmetry of performance arising from optical or/and neural 
asymmetry. While selective RT enhancements did not systematically reflect on spatial performance, the results revealed 
that attending to a specific meridian produced a global modulation of RT and resolution across the two meridians 
(Figure 7B), more compatible with a compensatory effect of the overall blurred acuity through optimal orienting of 
attention. For higher myopes, this general enhancement was achieved when subjects attended to the stronger blurred 
meridian (ie, the vertical), highlighting a preferential orientation of attention.

Concurrent to this general modulation, astigmatism-related changes in the magnitude of attention asymmetry 
were observed (Figure 8A and Figure 8). Remarkably, the strength of attention asymmetry did not increase with 
astigmatism as expected if attention had differentially enhanced the meridional blurs, but resulted in the opposite 
effect. It follows that increased astigmatism may impair the asymmetry of attention modulation observed in 
normal subjects in favour of a general correction of blur through a more rigid, but also more optimal orientation 
of attention. Interestingly, such an attention deficit echoes previous findings showing an alteration of attention 

Figure 9 Meridional difference in orientation-related attentional modulations. (A) Orientation-related attentional modulations of vertical and horizontal acuity. (B) 
Magnitude of the difference in the orientation-related attentional modulations as a function of astigmatism. The arrows indicate the acuity changes in orientation-related 
attentional modulations between meridians.
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effect in myopes.34–37 Disentangling the separate effects of defocus and astigmatism on attention effects remains 
needed to clarify the impact of astigmatism per se on the compensatory effect of attention on neural asymmetry.

In summary, this study supports a general compensation of the overall blurred acuity through preferential orientation 
of attention, but not a meridional compensation of blurred acuity. It is likely that utilizing attention orientation to correct 
meridional blur is not a satisfactory strategy to correct meridional blurred acuity, as it would require the ability to rapidly 
switch attention between each meridian, an operation that may challenge the relatively slow time course of feature-based 
attention.73 In contrast, a general enhancement of acuity suggests a preferential orientation of attention in astigmatic 
myopes, which may be correlated with difference in attentional allocation and/or flexibility. A general acuity enhance-
ment through preferential orienting may be acquired through learning during the period of uncorrected blur. How such 
preferential attention orienting is affected by the age of onset of astigmatism and its correction remains to be determined. 
Since no neutral baseline measurement was used during the test, this study cannot elucidate whether astigmatic subjects 
naturally oriented their attention toward the optimal attention orientation. Although our result demonstrated a consistent 
effect of attention on horizontal-vertical foveal asymmetry, a larger sample of participants would be needed to fully 
elucidate the meridional distribution of attention in astigmatic myopes, and the cost/benefit associated with its deploy-
ment. Considering some differences of attention-related modulation of RT and acuity, it is possible that the visual benefit 
of enhanced temporal processing could have been contaminated by individual differences in the adaptation effect. 
However, it is well known that RTs and acuity can be complexly related,74 and so these differences may be caused by 
the differential processes and pathways involved in rapid motor response and visual discrimination. Thus, whether 
attention can effectively correct for ocular blur or can be a biomarker of abnormal refractive error development requires 
more research. Future studies should address the important question of whether attention operates via selective 
compensatory response from ocular accommodation and/or an enhanced neuronal response.

Conclusion
The results of this study show that the orientation of attention modulates reaction time and resolution acuity and hence 
has the capability to compensate for the optical effects associated with episodes of uncorrected refractive errors during 
abnormal refractive development. Determining whether this attention compensation is restricted to the correction of 
defocus blur or more complex blur patterns is critical to clarify the degree of tuning of the brain to the eye’s optics.
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