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were used to induce a controlled degradation of the 
retinal image for two pupil sizes (3 and 5 mm).
Results  Our results showed poorer visual perfor-
mance in monocular than the binocular condition. An 
increasing deterioration was observed with the level 
of spherical defocus. Positive binocular summation 
for visual acuity was found in all the parameters stud-
ied and was stronger under larger pupil size and for 
higher levels of spherical defocus. It was observed a 
positive binocular summation for the LDI under all 
the conditions studied. Strong and significant cor-
relations were found between LDI and LCDVA and 
between LDI and HCDVA for all the conditions. 
Higher correlations were obtained between distur-
bance index and visual acuity for spherical defocus 
compared to cylindrical.
Conclusion  Binocular summation was observed 
under different conditions of spherical and cylindri-
cal optical degradation of the image quality when the 
pupil size was fully controlled. This suggests that a 
neural factor is involved.

Keywords  Binocular summation · Pupil size · 
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Introduction

Normal binocular vision depends on a considerable 
number of optical and neural parameters [1]. One of 
these important parameters is the pupil size. Human 

Abstract 
Purpose  Smaller pupil size under binocular condi-
tions could justify partially the improvement of visual 
performance when compared to monocular condi-
tions. The purpose of this study was to assess the bin-
ocular summation for increasing levels of spherical 
and cylindrical defocus when the pupil size factor is 
ruled out as a confounding factor.
Methods  Fifteen young subjects were recruited in 
this crossover study. Light disturbance index (LDI) 
was evaluated with the light disturbance analyzer and 
low (LCDVA) and high (HCDVA) contrast visual 
acuity with the ETDRS test. Two positive spherical 
and cylindrical defocus levels (+ 1.5 and + 3.0 D) 
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visual performance depends strongly on pupil size, 
particularly in highly aberrated eyes [2–5], but also 
in healthy eyes [6–8]. Several physiological factors 
affect pupil size [9]: namely age [10], environmen-
tal lighting or visual complexity task among others 
[11, 12]. Pupil size also changes between monocu-
lar and binocular vision conditions being generally 
lower under binocular vision for the same age and 
environmental light. In healthy people, binocular 
sensitivity has been found to be higher compared to 
monocular sensitivity, due to binocular summation 
[13–15]. Nevertheless, an opposite effect (decrease) 
in the binocular summation was disclosed after cor-
neal refractive surgery procedures such as LASIK 
[16, 17]. Binocular summation refers to the superior-
ity of binocular vision performance over monocular 
vision performance [14, 15, 18, 19]. If this factor is 
above 1, there is a positive effect and, therefore, an 
enhancement on binocular condition compared to 
the best monocular condition [9, 14]. Moreover, this 
factor positively affects several metrics of visual per-
formance, including improvements in visual acuity, 
contrast sensitivity [4, 11, 18, 20–22] and reduction 
of light disturbance [23]. Light disturbance is a photic 
phenomenon which includes some specific visual dis-
turbances generally described as glare disability, star-
burst and halos. Regarding these visual disturbances, 
glare disability causes a reduction of visual perfor-
mance due to a glare source. Starburst and halos can 
alter and degrade the object shape or size. Also, halos 
can occur with or without starbursts (radial or regular 
scattering of light from a point source) [24]. In fact, 
light disturbance is an important aspect to take into 
account in multifocal contact lenses [23] and intraoc-
ular implantation of multifocal intraocular lenses 
[25, 26]. Sabesan et  al. [4] observed that binocular 
summation increases as contrast decreases under the 
conditions of high stimulus energies and low noise. 
Plainis et  al. [20] investigated the effect of binocu-
lar summation in eyes undergoing deterioration of 
retinal-image quality with defocus and showed that 
binocular vision ameliorates the effect of retinal blur 
on spatial visual performance. Escandon-Garcia et al. 
[25] observed a 30% improvement in light distur-
bance under binocular compared to monocular con-
ditions after multifocal IOL implantation. However, 
they did not control for potential changes of pupil size 
between binocular and monocular conditions. There-
fore, it is unclear whether this improvement reflects 

a neural summation factor or simply an optical effect 
due to the improvement in optical quality by pupil 
reduction under binocular vision conditions.

With this in mind, the present study has been 
designed to assess the impact of pupil size on high 
and low contrast visual acuity and light disturbance 
in young healthy eyes undergoing different spherical 
and cylindrical defocus levels. Moreover, this study 
has investigated the binocular summation under dif-
ferent pupil size conditions, fixed for monocular and 
binocular conditions in order to eliminate the poten-
tial effect of pupil constriction. The study has also 
evaluated the potential correlations between visual 
acuity (psychophysical parameter) and light distur-
bance index (a psychophysical parameter which quan-
tifies the light disturbance). This information will be 
used as reference for designing future studies involv-
ing these two metrics of visual performance. For 
example, it can be used in subjects with ocular dis-
ease, or in those undergoing optical or surgical visual 
correction. Also, it might be helpful for comparing 
with objective parameters.

Methods

Subjects

The inclusion criteria to participate on this crosso-
ver study were: only emmetropic or myopic subjects 
with a spherical refraction less than |− 3.0 D| and an 
astigmatism less than |− 1.0 D|, monocular and bin-
ocular visual acuity ≤ 0.00 (logMAR notation) with 
binocular visual acuity better than monocular ones, 
no ocular pathology or surgery and no pharmacologi-
cal treatment which could affect their vision or pupil 
response. Additionally, all the subjects had to have a 
pupil diameter larger than five millimeters under the 
illumination conditions for the visual acuity optotype 
(illuminance of 170.27 ± 3.86 lx) and LDA (light dis-
turbance analyzer) device (see Light Disturbance sec-
tion for device description) allowing to standardize an 
artificial pupil size of 5 mm and 3 mm using artificial 
diaphragms (5 mm and 3 mm). A full eye examina-
tion for each participant was conducted including 
objective and subjective refraction using the endpoint 
criterion of maximum plus for the best visual acu-
ity. A subjective refraction examination was checked 
(best monocular VA for each eye and corresponding 
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best binocular balance). The pupil diameter was 
measured with the NeurOptics pupilometer (NeurOp-
tics VIP TM- 200, California) which has been proved 
to have very good repeatability and high safety [27]. 
Pupil size was measured while the subject was look-
ing at the light disturbance analyzer central light to 
ensure we measured the smaller pupil as a reference 
under this and the remaining test conditions (i.e., 
visual acuity measurement). Two positive spherical 
defocus levels (+ 1.5 and + 3.0 D) and two positive 
cylindrical defocus levels (+ 1.5 and + 3.0 D at 90°) 
were used to induce a controlled degradation of the 
retinal image. The order of defocus was random for 
the two pupil size conditions (5 and 3 mm) using arti-
ficial diaphragms at 12 mm from the corneal vertex 
on a trial frame. To obtain all the data, two sessions 
of one hour were required. In the first session, all 
the low (LCDVA) and high (HCDVA) contrast dis-
tance visual acuity measurements (parameters used 
to measure and assess visual acuity at different con-
trasts. See more description in the high and low con-
trast distance visual acuity section) were determined 
for the baseline and all the defocus levels (spherical 
and cylindrical) with the two pupil size conditions (5 
and 3 mm). In the second session, all the LDI (light 
disturbance index, parameter used to measure and 
quantify the halo size. See more description in the 
light disturbance section) values were obtained for the 
two pupil size conditions and the different levels of 
defocus (spherical and cylindrical). Patients wore the 
best spectacle correction on trial frame for the evalu-
ation distance. Following the Declaration of Helsinki, 
all patients were informed and carry out about the 
purpose of the study and all methods. All the subjects 
had the opportunity to clarify their doubts and sign 
an informed consent form before being enrolled in the 
study. So, the informed consent was obtained for all 
the participants. The study protocol was reviewed and 
approved by the Ethics Subcommittee for Life and 
Health Sciences of the University of Minho.

High and low contrast distance visual acuity

The best visual acuity with the ETDRS logMAR 
charts at a distance of 4  m under low contrast 
(LCDVA, 10%) and high contrast (HCDVA, 100%) 
conditions was measured. The measurements were 
obtained under a photopic illumination room condi-
tion: the luminance was 86.23 ± 1.75  cd/m2 and the 

illuminance was 170.27 ± 3.86 lx, measured with the 
Minolta LS-110 Luminance meter and the Minolta 
T10A Illuminance meter, respectively. The different 
defocus levels and pupil diameters were presented in 
a random order to avoid any learning effect to influ-
ence the results.

Light disturbance

In order to quantify light disturbance, the halom-
eter called light disturbance analyzer (LDA, CEOR-
Lab, University of Minho, Braga, Portugal) was 
used. This device analyses the size and shape of the 
halo surrounding a bright light under dim illumina-
tion conditions. In practical terms, the test consisted 
of identifying a peripheral stimulus (small white 
LED ref. HSMW-CL25 from Avago Technologies, 
San Jose, California) around a central LED stimulus 
(white LED ref. HLMP-CW47-RU000 from Agi-
lent Technologies, Inc., Berkshire, United Kingdom) 
under low-illumination conditions. The central LED 
is responsible for creating the glare condition while 
the surrounding LEDs are used as threshold discrimi-
nators at different positions and angular distances 
of the visual field [28]. So, the peripheral LEDs are 
only used to indicate the limits of the size of the halo 
caused by the central LED stimulus. This methodol-
ogy is similar to other visual tests to quantify night-
vision disturbances which use luminous stimuli 
around a central high-luminance stimulus to deter-
mine the halo size [29, 30]. The peripheral LEDs of 
the LDA are distributed in twenty-four semi-meridi-
ans with an angular separation of 15°. According to 
Linhares et  al. [28] during the test, the central LED 
had a maximum luminance of 2800 cd/m2, and 6 cd/
m2 for the surrounding LEDs, and therefore, the cen-
tral high-luminance LED is responsible of the halo 
perception and, maintaining constant the luminance 
of the stimuli, the detection of the surrounding LEDs 
would allow to determine the shape and size of the 
halo or visual disturbance. The peripheral stimuli 
were presented randomly around the central LED 
from the inner to the outer part of the field at random 
times from 250 to 750 ms. The subject was placed at 
a distance of two meters from the center of the central 
LED stimulus under low-illumination surrounding 
conditions (illuminance of 0.91 ± 0.02 lx) and had to 
continuously maintain the fixation on the central LED 
stimulus. The subject has to press the mouse control 
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button each time the peripheral stimulus is seen and 
the system presents the next semi-meridian. Three 
evaluations are performed in each semi-meridian 
before the instrument calculates the mean limit of the 
light distortion. If the standard deviation (SD) of the 
three evaluations in each semi-meridian is superior to 
20%, the device automatically repeats the measure-
ments in those semi-meridians until reach a SD infe-
rior to 20%. At the end of the test, a map of the size 
of the light disturbance (halo) is obtained [31]. One 
main parameter evaluates the degree of these dyspho-
topsias: the light disturbance index (LDI). The LDI is 
calculated as the ratio of the area of the points missed 
by the subject and the total area explored: the higher 
the LDI, the higher the light disturbance induced by 
the central source of light and the lower the ability to 
discriminate surrounding small stimuli. This parame-
ter is commonly used as a percentage in clinical stud-
ies using the same device [5, 23, 25, 26, 31], but it 
can be also expressed as the angular size of the halo 
radius from the observer position (in degrees or arc 
min). A LDI value of 100% corresponds to detect no 
one of the peripheral stimuli showed to the observer 
(a halo radius of 137.4  arc min from the observer 
position). In this work, the LDI is expressed as the 
radius of the halo from the observer position (in arc 
min).

Binocular summation

The binocular summation characterizes the binocu-
lar visual performance [4, 32, 33]. For the low and 
high contrast visual acuity, the binocular summation 
ratio BS

VA
 was calculated using Eq. (1), dividing the 

binocular visual acuity ,VA
bin
, by the best monocu-

lar one,  VA
best_mon

 (the higher of the two monocular 
values). For this calculation, decimal visual acuities 
were used, which were previously obtained from the 
logMAR VA values.

Regarding the light disturbance parameter LDI 
(light disturbance index), the discrimination capac-
ity increases when the LDI decreases. Therefore, 
the LDI binocular summation,BS

LDI
 , was calcu-

lated using Eq.  (2), dividing the lowest monocular 
value,LDI

best_mon
, by the binocular LDI valueLDI

bin
 . 

(1)BSVA =
VAbin

VAbest_mon

This calculation is in accordance with other authors 
who used an index comparable to the LDI [9].

A binocular summation ratio superior to 1 indi-
cates a positive binocular summation showing that 
the vision is better binocularly compared to monocu-
lar conditions.

Statistical procedures

The statistical analysis was performed using SPSS 
23.0 (SPSS Inc., Chicago, IL) for Windows. The 
normality was checked using the Shapiro–Wilk 
test (n = 15). In case of normal distribution, a t-test 
for two-sided alternatives was performed to com-
pare each visual variable separately (LCDVA and 
HCDVA): right eye vs left eye, monocular vs bin-
ocular and pupil size 5 mm versus pupil size 3 mm. 
Similarly, Wilcoxon signed rank test (two-sided 
hypothesis tests) was used in the case of no normal 
distribution (LDI). Repeated measures ANOVA with 
Bonferroni correction were used for LCDVA and 
HCDVA parameters and the multiple comparisons 
between baseline, defocus and pupil sizes. Alike, in 
case of non-parametric nature of the data, Friedman 
test with post-hoc correction was used for LDI and 
the multiple comparisons between baseline, defocus 
and pupil sizes. Degree of freedom shortened in DF. 
Therefore, in case of normality, Pearson correlation 
(Pearson R) was performed to find the relationship 
between defocus and visual acuity. Spearman correla-
tion (Spearman R) was made to find the relationship 
between light disturbance parameters and visual acu-
ity (LCDVA and HCDVA). Differences were con-
sidered statistically significant when the p value was 
lower than 0.05.

Results

Subjects

A total of 15 young subjects (11 females, 4 males) 
were recruited in this crossover study. The mean age 
was 28.5 ± 7.7 years. Table 1 shows mean refractive 
error of the participants as well as their mean pupil 

(2)BSLDI =
LDIbest_mon

LDIbin
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size under natural conditions but also under the LDA 
measurement conditions.

High and low contrast distance visual acuity

Figure 1 shows the mean values of the low contrast 
distance visual acuity (LCDVA), monocularly and 
binocularly, under the different defocus conditions 
studied and for the two pupil diameters (3 and 5 mm). 
No significant differences between right and left eye 
in all measuring conditions (spherical and cylindrical 
defocus, and pupil sizes) were found (t(14) = − 1.431, 
p = 0.174) Nevertheless, all the LCDVA monocu-
lar parameters were found to be significantly higher 
than the binocular ones in all measuring conditions 
(t(14) = 2.654, p = 0.019), which indicates a poorer 
visual performance in logMAR scale. The pupil size 
of 5 mm showed a statistically significant deteriora-
tion compared to the pupil size 3  mm in all meas-
uring conditions (t(14) = 2.529, p = 0.024). With 
spherical defocus and pupil size of 5 mm condition, 
a statistically significant deterioration in LCDVA was 
found proportionally with the amount of defocus. 
Monocularly, for each amount of + 1.5 D, a deteriora-
tion of 0.53 logMAR in LCDVA (Pearson R = 0.999, 
p ˂ 0.001) was disclosed ( F

1,14 = 100.870, p < 0.001). 
Similarly, in the binocular condition (pupil size of 
5 mm), a statistically significant deterioration ( F

1,14 = 
104.334, p < 0.001) was showed with increasing the 
spherical defocus (Pearson R = 0.999, p <  0.001). A 
deterioration of 0.41 logMAR on average between 
baseline and spherical defocus of + 1.5 D and a mean 
value deterioration of 0.47 logMAR between spheri-
cal defocus of + 1.5 and + 3.0 D were found. Like-
wise, with the pupil size of 3 mm, monocularly and 
binocularly, a statistical significant deterioration 
( F

1,14= 106,258, p < 0.001) was found proportionally 

with the amount of defocus (Pearson R = 0.999, p <  
0.001).

Similarly, results showed a statistically significant 
deterioration of LCDVA inducing cylindrical defocus 
compared with baseline measurements. Monocularly, 
for the pupil size of 5 mm, a degradation was shown 
for cylindrical defocus condition, with a minimum 
mean difference of 0.32 logMAR between baseline 
and + 1.5 D ( F

1,14 = 151.874, p < 0.001) and of 0.33 
logMAR between + 1.5 D and + 3.0 D of cylindrical 
defocus ( F

1,14 = 122.263 p < 0.001). Similar results 
were obtained binocularly: an average LCDVA dete-
rioration for cylindrical defocus condition with a 
mean difference of 0.31 logMAR between baseline 

Table 1   Average pupil diameters (mm) and refraction (D) 
of the subjects enrolled in the study. Standard deviation (SD) 
included

n = 15 Mean values (SD)

Natural pupil diameter (mm) 6.1 ± 0.6
Natural pupil diameter under LDA meas-

urements conditions (mm)
5.65 ± 0.30

Refraction
 Sphere (D)
 Cylinder (D)

− 0.42 ± 0.82
− 0.25 ± 0.43

Fig. 1   Average and standard deviation values of logMAR 
distance visual acuity for low contrast (LCDVA) under spheri-
cal (+ 1.5 and + 3.0 D) and cylindrical defocus (+ 1.5 D at 90° 
and + 3.0 D at 90°) for 3 and 5 mm (mm) pupil size condition 
(n = 15). Baseline data (no defocus) are included. Error bars 
represent standard deviation
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and + 1.5 D ( F
1,14 = 157.118, p < 0.001) and a mean 

difference of 0.28 logMAR between + 1.5 D and + 3.0 
D of cylindrical defocus ( F

1,14 = 115.126, p < 0.001). 
As a result, a strong correlation was demonstrated 
between cylindrical defocus and LCDVA (Pearson 
R = 0.999, p ˂ 0.001) for the 5 mm pupil.

For the pupil size of 3 mm, significant deteriora-
tions of LCDVA were also found for cylindrical defo-
cus condition under monocular viewing for both com-
parisons: a mean difference of 0.29 logMAR between 
baseline and + 1.5 D ( F

1,14 = 163.348 p < 0.001) and 
a mean difference of 0.30 logMAR between + 1.5 D 
and + 3.0 D of cylindrical defocus ( F

1,14 = 128.986, 
p < 0.001). Binocularly, average LCDVA deteriora-
tions were also obtained, with a mean difference of 
0.29 logMAR between baseline and + 1.5 D ( F

1,14 = 
128.986, p < 0.001) and a mean difference of 0.25 
logMAR between + 1.5 and + 3.0 D of cylindrical 
defocus ( F

1,14 = 115.126, p < 0.001). As a result, a 
strong correlation was demonstrated between cylin-
drical defocus and LCDVA (Pearson R = 0.999, 
p < 0.001) for the smallest pupil.

Figure 2 shows mean values for the high contrast 
distance visual acuity (HCDVA) under the different 
conditions tested (spherical and cylindrical defocus 
and the two pupil sizes of 3 and 5 mm). No statisti-
cally significant differences were found between left 
and right eye in all the conditions (t(14) = −  1.076, 
p = 0.300). A strong correlation between defocus 
(spherical and cylindrical) and HCDVA (Pearson 
R = 0.999) was demonstrated. All the binocular mean 
values were statistically better than the monocular 
ones (t(14) = 3.351, p = 0.005). Comparing pupil size 
between 5 and 3 mm, the HCDVA mean values were 
significantly better for the 3 mm pupil (t(14) = 2.377, 
p = 0.032 for baseline; t(14) = 3.489, p = 0.004 for 
spherical conditions and t(14) = 2.504, p = 0.025 for 
cylindrical defocus) in all the conditions (spherical 
and cylindrical defocus, monocularly and binocu-
larly) except binocularly for the baseline where differ-
ences were no significant (− 0.20 ± 0.07 logMAR for 
the 5 mm and − 0.21 ± 0.07 logMAR for the 3 mm 
pupil, t(14) = 1.522, p = 0.150).

Table  2 shows the mean values of the binocular 
summation for the visual acuities studied (LCDVA 
and HCDVA). In all conditions, a positive binocular 
summation was obtained: the mean binocular sum-
mation was higher than 1, highlighting the superi-
ority of binocular visual system compared with the 

monocular one. Therefore, the binocular visual acuity 
was better than the best monocular one. As a result, 
for the LCDVA, it was observed that the binocular 
summation increased significantly under larger pupil 
size in all the conditions (t(14) = 2.538, p = 0.024 for 
baseline; t(14) = 5.641, p = 0.001 for spherical and 
t(14) = 3.388, p = 0.004 for cylindrical) and, further-
more, higher level of spherical defocus was achieved.

For the HCDVA, the binocular summation 
increased significantly with pupil size for the + 1.5 
D spherical defocus (t(14) = 2.473, p = 0.027) and 
for the + 3.0 D cylindrical defocus (t(14) = 2.282, 
p = 0.039). In the other conditions, binocular 

Fig. 2   Average and standard deviation values of logMAR dis-
tance visual acuity for high contrast (HCDVA) under spherical 
(+ 1.5 D and + 3.0 D) and cylindrical defocus (+ 1.5 D at 90° 
and + 3.0 D at 90°) for 3 and 5 mm (mm) pupil size condition 
(n = 15). Baseline data (no defocus) are included. Error bars 
represent standard deviation
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summation showed a tendency to improve with 
larger pupil but with no significant differences 
(t(14) = 1.470, p = 0.164 for baseline; t(14) = 0.612, 
p = 0.550 for + 3.0D spherical defocus; and 
t(14) = 0.930, p = 0.368 for + 1.5D cylindrical 
defocus).

Light disturbance

Figure 3 shows the mean values of the LDI (radius, 
in minutes of arc) under spherical and cylindrical 
defocus and the two pupil sizes studied (5 and 3 mm). 
There were no significant differences between right 
eye and left eye for all the conditions measured (with 
a minimum of Z value = −  1.59, DF = 14, p = 0.11 
for + 3.0 cylindrical). The binocular LDI values 
asserted a statistically significant difference com-
pared to the same condition monocularly (with of a 
minimum Z value = 2.31, DF = 14, p = 0.02 for base-
line) except for the comparison of the LDI monocular 
baseline with the binocular LDI baseline under the 
3 mm pupil condition, with no significant difference 
(Z value = 1.385, DF = 14, p = 0.17) and neither did 
the binocular LDI with a spherical defocus of + 1.5 
D comparing left eye with binocular condition (Z 
value = 1.61, DF = 14, p = 0.11). As a result, the bin-
ocular LDI values were lower than the monocular 
ones for the pupil sizes analyzed, with a significant 
difference in the most of conditions. Therefore, under 

monocular conditions, the light disturbance was 
stronger.

Comparing pupil size between 5 and 3  mm, LDI 
mean values were significantly better for the 3  mm 
pupil for spherical defocus of + 3.0D (monocularly, 
Z value = −  2.04, DF = 14, p = 0.04; Binocularly, Z 
value = − 2.84, DF = 14, p = 0.005) and both cylindri-
cal defocus binocularly (Z value = −  2.53, DF = 14, 
p = 0.01).

For both pupil size conditions, the monocular and 
binocular LDI values increased significantly with 
spherical and cylindrical defocus (Z value = 3.11, 
DF = 14, p = 0.002). In fact, the LDI proportionally 

Table 2   Mean binocular summation for the low contrast dis-
tance visual acuity (LCDVA) and for the high contrast distance 
visual acuity (HCDVA) under different levels of cylindrical 
(Cyl) and spherical (Sph) defocus and different pupil sizes (5 
and 3 mm). Standard deviation (SD) included

n = 15 Binocular summation 
mean values

Pupil size Defocus LCDVA HCDVA

5 mm Baseline 1.16 ± 0.12 1.10 ± 0.10
Sph + 1.5 D 1.52 ± 0.24 1.31 ± 0.16

+ 3.0 D 1.99 ± 0.59 1.47 ± 0.39
Cyl + 1.5 D 1.26 ± 0.22 1.23 ± 0.18

+ 3.0 D 1.39 ± 0.19 1.44 ± 0.36
3 mm Baseline 1.07 ± 0.12 1.06 ± 0.06

Sph + 1.5 D 1.18 ± 0.30 1.16 ± 0.17
+ 3.0 D 1.69 ± 0.63 1.39 ± 0.47

Cyl + 1.5 D 1.12 ± 0.18 1.17 ± 0.20
+ 3.0 D 1.22 ± 0.18 1.26 ± 0.24

Fig. 3   Average and standard deviation values of the light dis-
turbance index (LDI, arc min) under spherical and cylindrical 
defocus for 3 and 5  mm (mm) pupil size condition (n = 15). 
Baseline data (no defocus) are included. Error bars represent 
standard deviation
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worsened with defocus, showing a stronger effect of 
the light disturbance on halo perception. With the 
amount of defocus, the LDI was more deteriorated 
monocularly than binocularly with statistically sig-
nificant differences.

Table  3 shows a positive binocular summation 
effect of the LDI for all the experimental conditions. 
So, the best values were obtained binocularly com-
pared to monocularly (best monocular value of the 
two eyes). We found no statistically significant dif-
ferences between 5  mm pupil size and 3  mm pupil 
size conditions (t(14) = 0.429, p = 0.675). Only for 
the + 3.0D spherical defocus, the binocular summa-
tion disclosed a statistically significant difference 
(t(14) =  −  2.516, p = 0.025) between 5  mm pupil 
size and 3  mm pupil size. Finally, no statistically 

significant differences between the different defo-
cus conditions and pupil size conditions (with of 
a minimum Z value = −  1.48, DF = 14, p = 0.14 
between + 1.5 cylindrical and + 3.0D cylindrical for 
pupil diameter of 3 mm) were reported.

Correlations

Table  4 shows high statistically significant correla-
tions (p < 0.001) between LDI and LCDVA, but also 
between LDI and HCDVA for all the conditions 
(defocus and pupil size). Higher coefficient correla-
tions were reported monocularly respect to binocu-
larly in all the conditions. The highest correlations 
(Spearman R > 0.86) were obtained with spherical 
defocus respect to cylindrical defocus between LDI (a 
psychophysical parameter) and LCDVA (a visual sub-
jective parameter), but also between LDI and HCDVA 
(Spearman R > 0.85). The pupil size conditions did 
not show significant differences (p > 0.05) comparing 
their results with the same amount of defocus.

Discussion

The main purpose of the study was to investigate the 
potential role of the pupil size and defocus on binocu-
lar summation for high and low contrast visual acu-
ity and light disturbance metrics. A group of healthy 
and young subjects was chosen because the factor of 
age is an important factor which could influence the 
results of binocular summation [10, 32]. The present 
study shows that binocular summation in healthy 
and non-surgical patients is consistent under con-
trolled pupil size conditions. In fact, this study has 

Table 3   Mean values of the binocular summation for the light 
disturbance index (LDI) under different levels of cylindrical 
(Cyl) and spherical (Sph) defocus and different pupil sizes (5 
and 3 mm, mm). Standard deviation (SD) included

Pupil size Defocus LDI Binocular summa-
tion mean values (SD), 
n = 15

5 mm Baseline 1.16 ± 0.24
Sph + 1.5 D 1.22 ± 0.34

+ 3.0 D 1.19 ± 0.17
Cyl + 1.5 D 1.18 ± 0.30

+ 3.0 D 1.34 ± 0.54
3 mm Baseline 1.21 ± 0.42

Sph + 1.5 D 1.16 ± 0.41
+ 3.0 D 1.32 ± 0.16

Cyl + 1.5 D 1.20 ± 0.31
+ 3.0 D 1.32 ± 0.19

Table 4   Spearman 
coefficient correlations 
(Spearman R) between 
visual acuity (low contrast 
distance visual acuity, 
LCDVA; and high contrast 
distance visual acuity, 
HCDVA) and the Light 
disturbance index (LDI) for 
different levels of defocus 
and pupil sizes (5 and 
3 mm) in monocular and 
binocular conditions

SPEARMAN R (VA-LDI)

Pupil size Defocus Best eye (n = 15) Worst eye 
(n = 15)

Binocular 
(n = 15)

LCDVA 5 mm Spherical 0.903 0.908 0.862
Cylindrical 0.756 0.776 0.688

3 mm Spherical 0.894 0.931 0.887
Cylindrical 0.740 0.760 0.645

HCDVA 5 mm Spherical 0.850 0.893 0.866
Cylindrical 0.738 0.773 0.639

3 mm Spherical 0.869 0.888 0.863
Cylindrical 0.715 0.716 0.601
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corroborated that might involve essentially a neu-
ral factor and not an optical factor because it is not 
just the result from the expected pupil size reduction 
under binocular conditions and the quality of the 
optics forming the retinal image but it could be the 
ability of the visual cortex to resolve the details of 
that [1, 20, 34, 35].

The control of the pupil size in this study allowed 
eliminating one important source of interindividual 
variability. The factor of the pupil size was controlled 
for two different visual functions: the visual acuity by 
means of the LCDVA and the HCDVA and the light 
disturbance by means of the LDI (psychophysical 
parameters). That’s why the effect of binocular sum-
mation was investigated in low and high contrast dis-
tance visual acuity and during the light disturbance 
phenomena under positive spherical and cylindrical 
defocus.

Firstly, the binocular performance under photopic 
conditions was analyzed by measuring the low and 
high contrast visual acuity. The results indicated a 
strong enhancement of the binocular summation with 
increased defocus [36]. The best binocular visual acu-
ity values were found statistically better in all the lev-
els of defocus for the 3  mm pupil size compared to 
the 5 mm pupil size except for the binocular baseline 
condition. This result could be explained for the high 
threshold achieved in baseline binocular viewing. 
Nevertheless, the binocular summation was found to 
be stronger for the 5 mm pupil size in photopic con-
ditions. Moreover, a better binocular summation was 
achieved in low and high contrast visual acuity with 
higher spherical defocus compared with baseline and 
other conditions of cylindrical defocus. As reported 
by Plainis et  al. [20], a higher binocular summation 
was found in a group of young subjects (i.e., same age 
mean value) with higher spherical defocus and lower 
binocular summation for natural condition but not at 
the same distance for visual acuity (i.e., 1  m com-
pared with 4  m in the present research). Also, they 
have demonstrated that binocular vision improved 
with the effects of retinal blur on spatial visual per-
formance, but the study was limited since no control 
of the pupil size was set. These results suggested 
that the binocular summation for visual acuity task 
was stronger when the amount of positive defocus 
increased. Similarly, in the present study, stronger 
binocular advantages were found for a high level of 
defocus (+ 3.0D), but also for a lower level of defocus 

(+ 1.5D). In the same manner, for higher spherical 
defocus where the retinal blur is the most relevant, 
the present results corroborated that the binocular 
summation increased for low and high contrast visual 
acuity [1, 34, 37, 38] (for + 3.0D spherical, LCDVA: 
1.99 ± 0.59 and HCDVA: 1.47 ± 0.39). Banton and 
Levy [39] found that the binocular superiority for low 
contrast stimuli has also been shown in Vernier acu-
ity. They suggested that in higher contrasts the bin-
ocular advantage diminishes due to saturation. Others 
studies also confirmed higher binocular summation in 
contrast using masking experiments (studying neural 
correlates of consciousness and spatiotemporal limits 
of visual discrimination) [40, 41]. Correspondingly, 
the increased binocular summation observed with 
retinal blur may be due to the activation of a larger 
population of neurons at close-to-threshold detection 
meaning that less contrast was required under binoc-
ular than under monocular stimulation to obtain the 
same proportion of cells that contribute to contrast 
detection [20, 42]. In another study, Castro et al. [9] 
showed significant differences in contrast sensitivity 
and visual discrimination between monocular and 
binocular conditions inducing anisocoria and posi-
tive defocus. Due to the interocular differences, they 
found a deterioration of the binocular summation for 
the contrast sensitivity function (CSF) after inducing 
different levels of anisocoria compared with natural 
conditions. Similar results were found for the visual 
discrimination index, a parameter which is similar to 
the LDI, since quantifies the perception of halos [9]. 
The present study shows that controlling the pupil 
size, and avoiding any anisocoria, higher positive 
defocus is associated to superior binocular summa-
tion effects on visual acuity (LCDVA and HCDVA). 
In other words, binocular summation mechanism pro-
vides stronger feedback as the monocular image qual-
ity of each eye deteriorates further.

Secondly, the light disturbance phenomenon was 
measured, by means of the LDI, for different defo-
cus and control pupil size conditions. Under such 
luminance condition, a better binocular performance 
was corroborated compared to monocular condition 
as well as an improvement of the binocular summa-
tion when the retinal image was further deteriorated. 
The binocular summations in the LDI were lower 
compared with the visual acuity. Recently, Amorim 
et  al. [43] found higher light disturbance values in 
monocular compared to binocular conditions with 
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positive and negative defocus of + 1.0D and cyclo-
plegia in young health subject. However, they did not 
control the pupil size changes between monocular 
and binocular conditions. Ferreira-Neves [31] et  al. 
showed that changing the pupil size from 3 to 6 mm 
did not have a significant impact on light disturbance 
in healthy subjects under pharmacologically induced 
mydriasis with 1% phenylephrine. They showed that 
the role of the pupil size as a main contributor to light 
disturbances is not so evident. Moreover, Villa et al. 
[44] found a moderate but not significant positive 
correlation between the pupil size and the magnitude 
of the light disturbances in eyes undergoing myopic 
laser-assisted in situ keratomileusis (LASIK) surgery. 
The present study did not find statistically significant 
gain in the binocular summation for the LDI depend-
ing on the pupil size except for the highest spherical 
defocus (better with the pupil size of 3  mm). Other 
works have shown this trend monocularly and bin-
ocularly but using a different device [9]. They found 
a moderate increase in visual disturbance as pupil 
size increases, comparing artificial pupils of 2, 3 and 
4 mm, but with no significant differences. Such differ-
ences were justified by a deterioration of the retinal-
image quality with pupil size. However, the visual 
disturbances were significantly greater with natural 
pupils (mean diameter of 6.5  mm) compared to the 
artificial ones, showing a stronger effect when large 
differences in pupil sizes were compared.

Comparing with the results obtained by Escandon-
Garcia et  al. [25] in pseudophakic subjects (a mean 
HCDVA of − 0.16 ± 0.27 logMAR; and a mean LDI 
of 34.6 ± 16.0%, equivalent to a mean halo radius of 
about 47.6 arc min), the present results show lower 
values for light disturbance and high contrast distance 
visual acuity, which is probably due to the fact that 
the pupil size was controlled.

Macedo-de-Araujo et al. [5] investigated the effect 
of positive and negative spherical aberration on the 
light disturbance. They corroborated that light distur-
bance is sensitive to changes in image quality caused 
by modifications in spherical aberrations and that 
accommodation and pupillary constriction are capa-
ble of compensating the degradation of the optical 
quality induced. However, that study did not control 
the pupil size and did not measure under monocular 
and binocular conditions so the combined effect of 
induced spherical aberration and pupil size as well as 
binocular summation was not investigated.

Finally, the present results have shown strong cor-
relations (Spearman R > 0.85) between visual acuity 
and LDI (psychophysical parameters). Hence, the 
binocularly and monocularly (worst eye) best corre-
lations were obtained with spherical positive defocus 
(inducing myopia) independently of the pupil size 
conditions. More specifically, the best correlations 
were obtained for a 5 mm pupil size.

The influence of the accommodation was con-
trolled for young and healthy subjects inducing myo-
pia by defocus. Furthermore, in baseline condition, 
neither of the subjects recruited had hyperopia. Dur-
ing all our visual measurements, no statistically sig-
nificant differences were observed between the two 
eyes of all the subjects and all the conditions meas-
ured. In fact, it is known that the interocular differ-
ences influence the binocular summation for different 
visual functions, such as contrast sensitivity or visual 
discrimination capacity under low-illumination con-
ditions [4, 9].

Limitations of this study include that actual pupil 
size was not measured during visual acuity and 
light disturbance evaluation. However, after meas-
uring the pupil with an infrared pupilometer in dim 
surrounding conditions with the only illumination 
given mainly by the central LED in the LDA device 
without trial frame, it is expected that the actual 
pupil size “behind” the artificial pupil diaphragm 
would be always larger and not smaller than the ref-
erence measurement. The illuminance reaching the 
eye under light disturbance measurements is lower 
(0.91 ± 0.02 lx) than for the remaining test conditions 
to measure visual acuity (170.27 ± 3.86 lx). Even for 
LDA examination, when the eye is behind the arti-
ficial diaphragm to control the aperture during the 
experiments, the illuminance will be lower and the 
pupil size expectedly larger. Thought we could not 
measure the true pupil size during the experiments 
(behind the artificial diaphragm), it seems reasonable 
to assume that actual pupil size during experiments is 
larger than that measured as control with the infrared 
pupilometer during LDA exposure. Consequently, we 
should also assume that the artificial pupil at 12 mm 
is in fact the limiting aperture (3 and 5  mm pupil). 
During the measurements of the LDI under defocus-
ing conditions, the subjects see a defocused image of 
the central and peripheral LEDs. This situation cor-
responds to a similar situation when the subject is in 
real life trying to discriminate sources of light around 
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a central light source that generates the glare effect. 
In addition, the LDA device uses a patient response 
type of testing which could be affected by subjective 
cognitive capacity. However, to limit it, the peripheral 
stimuli were presented randomly around the central 
LED and at random times. Another limitation could 
be the small number of participants in this study. 
Indeed, a higher number could allow a greater preci-
sion in our findings. However, this exploratory study 
demonstrated to be statistically powerful to test the 
hypothesis raised in the purpose of the study. Future 
studies with larger and more representative samples 
shall be conducted.

In summary, the present results confirm that under 
the conditions of this study, a positive binocular sum-
mation is observed with increasing levels of defocus 
(spherical and cylindrical) even when pupil size is 
kept constant. This confirms that beyond the eventual 
optical improvement due to stronger binocular pupil 
constriction, neural factors are involved in improving 
the binocular visual performance under challenging 
conditions of image quality degradation. This might 
be relevant for surgical or non-surgical visual cor-
rection techniques where residual refractive errors 
or deliberately uncorrected refractive errors are pre-
sent. It is observed higher binocular summation with 
higher defocus and lower contrast induced in visual 
function. This confirms that under the effect of the 
defocus in combination with the two controlled pupil 
sizes, the binocular summation prevails and increases 
due to its neural factor (exceeding the optical effect) 
and not only to an optical one. Further investigation 
will be required to confirm the part of the neural fac-
tor of the binocular summation in the same conditions 
investigated. It is also confirmed a strong correlation 
monocularly and binocularly between LDI and visual 
acuity (especially with spherical defocus induced). 
This raises an interesting point that suggests light dis-
turbance might be a candidate to psychophysical indi-
cator of the visual potential involving a detection task 
rather than a recognition task as in the case of vis-
ual acuity where other factors such as literacy might 
influence the measures.
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