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ABSTRACT

PURPOSE: To analyze binocular visual function after 
LASIK.

METHODS: Eye aberrometry and corneal topography 
was obtained for both eyes in 68 patients (136 eyes). 
To evaluate visual performance, monocular and binocu-
lar contrast sensitivity function and disturbance index for 
quantifying halos were measured. Tests were performed 
under mesopic conditions.

RESULTS: Binocular summation and disturbance index 
diminished signifi cantly (P�.0001) after LASIK with in-
creasing interocular differences in corneal and eye aber-
rations. Binocular visual deterioration was greater than 
monocular deterioration for contrast sensitivity function 
and disturbance index.

CONCLUSIONS: Binocular function deteriorates more 
than monocular function after LASIK. This deterioration 
increases as the interocular differences in aberrations 
and corneal shape increase. Improvements in ablation 
algorithms should minimize these interocular differences. 
[J Refract Surg. 2006;22:679-688.]

V arious studies have demonstrated that corneal and 
eye aberrations1-4 as well as night vision distur-
bances5,6 can increase after refractive surgery, while 

contrast sensitivity function can diminish after refractive sur-
gery.7-9 In general, studies on postoperative deterioration have 
concerned only monocular function, analyzing the results for 
each eye, with postoperative binocular function rarely being 
considered.10

Interocular differences are known to affect visual perfor-
mance.11-16 Jimenez et al16 demonstrated binocular summation 
measured by contrast sensitivity function in emmetropic sub-
jects is reduced when the asphericities of the cornea differ. After 
surgery, pronounced changes such as an increase in aberrations 
and differences in corneal shape1,2,5,8,17,18 occur in the eye; these 
changes partially explain the monocular deterioration in con-
trast sensitivity.7 In the binocular case, a reduction in postopera-
tive binocular summation can be expected when large interocu-
lar differences appear in eye aberrations and corneal shape.

In this study, we analyzed the role of interocular differenc-
es in aberrations and corneal shape on binocular visual func-
tion. Although many different visual functions can be used 
to evaluate binocular vision performance, this study exam-
ined contrast sensitivity function and the disturbance index 
for halos (a measure for quantifying night vision disturbanc-
es). Constrast sensitivity is a common and useful function to 
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evaluate spatial sensitivity. In addition, under normal 
conditions, binocular contrast sensitivity function is 
greater than monocular contrast sensitivity function, 
and therefore the comparison of pre- and postoperative 
binocular and monocular data can indicate possible 
deterioration of binocular visual function and whether 
it is greater than deterioration of monocular function. 
Halos constitute one of the night vision disturbances 
most frequently cited by patients who have undergone 
refractive surgery. Quantitative measurements of night 
vision disturbances are of great use in evaluating the 
surgical process and avoid the high subjectivity of 
questionnaires. For this study, we used a halometer6 
to measure and quantify halo effects. As with contrast 
sensitivity function, experimental data on the distur-
bance index will yield information on binocular and 
monocular postoperative deterioration. The lighting 
conditions used in this study were mesopic, a condi-
tion in which decreased contrast sensitivity function 
and the appearance of halos is more usual.

PATIENTS AND METHODS
This study included a total of 136 eyes in 68 pa-

tients who underwent LASIK. Informed consent was 
obtained from all patients in accordance with the Hel-
sinki Declaration. Surgery was performed in a refrac-
tive surgery clinic with a noncustomized procedure 
using the VISX Star S2 (VISX Inc, Santa Clara, Calif). 
Patient age ranged from 20 to 42 years, with 80% be-
tween 21 and 26 years. Mean (�standard deviation 
[SD]) preoperative spherical equivalent refraction was 
�4.20�2.10 diopters (D) (range: �1.00 to �7.50 D). 
The optical zone was 6 mm.

All patients met the following conditions: after 3 
months, they were satisfi ed with their outcome and no 
longer used any form of optical correction; mean post-
operative spherical refractive error did not exceed 0.5 
D (to avoid the infl uence of defocusing in contrast sen-
sitivity function8); and postoperative visual acuity was 
roughly equal (either higher or one Snellen line lower) 
to preoperative best spectacle-corrected visual acuity 
(BSCVA). No patient had a pre-existing condition (eg, 
glaucoma, corneal or neuro-ophthalmic diseases, or 
cataracts) that might affect contrast sensitivity.

EYE ABERRATIONS AND CORNEAL TOPOGRAPHY
Pre- and postoperative data on corneal shape were 

obtained with the Orbscan II (Bausch & Lomb, Roches-
ter, NY). Eye aberrations were measured with Zywave 
(version 3.2, Bausch & Lomb), based on the Hartmann-
Shack sensor system. No dilatation was used for mea-
suring aberrations. Orbscan and aberrometer data were 
used to compile information on aberrations and corne-

al shape using Vol-Pro software (Sarver & Associates, 
Carbondale, Ill). The effects of eye aberrations were 
computed with the root-mean-square (RMS) parameter 
(from third-order coeffi cients) and the coeffi cient for 
spherical aberration.1,2,4

CONTRAST SENSITIVITY FUNCTION
The contrast sensitivity function test was conducted 

using Vision Works software (Vision Research Graphics, 
Durham, NH). The monitor was calibrated with a spec-
troradiometer PR-704 (Photo Research Inc, Chatsworth, 
Calif) according to the instruction given by Vision 
Works. The minimum contrast sensitivity increment 
was 4%. The frequencies tested were: 1.5, 3.1, 6.1, 9.8, 
14.2, and 18 cycles per degree (cpd). The test distance 
was 6 m. 

Contrast sensitivity function was determined based 
on the limits method.8,16 At the beginning of each ses-
sion, a 2-minute dark adaptation period was used to 
minimize the infl uence of adaptation at previous il-
lumination levels. Then, for a fi xed spatial frequency, 
patients began with the lowest contrast value available, 
the contrast increasing until patients could indicate 
the grating. This procedure was repeated three times. 
The contrast threshold was the average of the three 
contrasts perceived by patients.8,16 For the contrast 
sensitivity function, contrast sensitivity was computed 
as the reciprocal of the contrast threshold. Binocular 
as well as monocular contrast sensitivity function was 
determined before (best-corrected) and after surgery 
without correction.

DISTURBANCE INDEX FOR HALOS
A halometer was used to measure halo effect. This 

device, which has been analyzed extensively,6 enables 
the quantifi cation of this phenomenon, providing a dis-
turbance index. The halometer consists basically of a 
board with electronic components within a methacry-
late box connected to a personal computer. Tested with 
normal subjects and patients after LASIK, this appara-
tus has proven suffi ciently sensitive6 in patients who 
underwent surgery. Patients seated in front of the de-
vice view a black screen with different holes that permit 
the exit of light from the central and peripheral light 
emitting diodes arranged in 12 radial lines (Fig 1). The 
central high-intensity light (an angular size of 0.34°) 
serves also for fi xation of the patient’s gaze. The task 
of the patient was to discriminate the lateral luminous 
spots (0.06°) with respect to the central spot. This test 
was chosen because patients who see halos around a 
central source should have greater diffi culty in dis-
criminating peripheral lights surrounding the central 
source.6
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After an adaptation period (3 minutes of dark fol-
lowed by 1 minute of central stimulus), patients were 
presented randomly with stimuli from the 12 radial 
lines. On detecting peripheral spots, patients press a 
remote-control button, and this information is stored 
for subsequent treatment and to calculate the distur-
bance index. This index is determined as the quotient 
of the area of the spots not detected by the patient di-
vided by the total area presented to the patient, and 
this value is expressed as a percentage. False-alarm 
analysis was made previously. As the disturbance in-
dex increases, the discrimination capacity decreases, 
indicating a greater infl uence of halos. After undergo-
ing an initial trial session, all patients underwent three 
sessions, and the disturbance index was calculated as 
the average of the three sessions. Measurements were 
taken before (best-corrected) and after LASIK.

LIGHTING CONDITIONS AND BINOCULAR-SUMMATION 
COMPUTATION

Pupil size must be in the mesopic or scotopic range19 
for a night vision disturbance test and for testing the 
infl uence of aberrations in visual performance. The 
halometer test guarantees this condition6; for the con-
trast sensitivity function test, the average luminance 
level of the cathode-ray tube monitor was 8 cd/m2, a 
value within the mesopic range.19 Using a Colvard pu-
pillometer (Oasis Medical, Glendora, Calif), patients’ 

pre- and postoperative pupil size was measured at the 
average luminance level of the tests. Pupil size dur-
ing both tests ranged from 5.1 to 6.1 mm. For unifying 
aberrometric data, all computations in RMS, spherical 
aberrations, and corneal shape were computed for a 
5-mm pupil size using the Vol-Pro software.

For each condition (binocular and monocular), the 
possible deterioration due to surgery was calculat-
ed, comparing preoperative best-corrected data with 
postoperative data. For contrast sensitivity function, 
to compare postoperative binocular with monocular 
data, binocular summation was used. There are differ-
ent alternatives20-22 to compute binocular summation. 
In this study, for each patient under each condition, 
we calculated the average of the contrast sensitivity 
function data for all of the frequencies tested, although 
we also made an analysis as a function of the spatial 
frequency. For each patient, binocular summation was 
calculated by dividing the binocular contrast sensitiv-
ity function by the mean of the two monocular contrast 
sensitivity function data.20-22 A different alternative20 
is to divide the binocular contrast sensitivity function 
by the “best eye” contrast sensitivity function; results 
also were computed in this way. The different metrics 
used in this study are defi ned in Table 1.

In the case of the halometer, as the discrimination ca-
pacity increases, the disturbance index decreases. Thus, 
to compare monocular with binocular data, we comput-
ed the quotient between the mean of the monocular-dis-
turbance indexes with the disturbance index computed 
binocularly. As the discrimination capacity under nor-
mal conditions is better binocularly than monocularly, 
a value �1.0 is expected for all patients. A value close 
to 1.0 would indicate the monocular and binocular dis-
crimination capacity are similar. For the halometer test, 
we will continue to call this quotient “binocular sum-
mation” as it represents the same concept as for the test 
of the contrast sensitivity function and other psycho-

Figure 1. Patients seated in front of the halometer view a black screen 
with holes arranged in 12 radial lines around a central high-intensity light 
source.

TABLE 1

Definitions of Metrics Used 
in This Study

Disturbance index for halos Area of spots not detected/Total
  area of the test

Binocular summation for CSF Binocular CSF/Mean monocular
  CSF

Binocular summation for 
  disturbance index

Mean monocular index/
  Binocular index 

Postoperative deterioration 
  for CSF

Postoperative CSF/Preoperative
  best-corrected CSF

CSF = contrast sensitivity function
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physical functions11 used for comparing binocular with 
monocular vision. To compare pre- and postoperative 
data, we divided the preoperative (best-corrected) dis-
turbance index by the postoperative index, for which a 
value �1.0 would indicate that the discrimination ca-
pacity had deteriorated after surgery.

RESULTS
Binocular and monocular postoperative deteriora-

tion (postoperative values divided by the best-correct-

ed preoperative contrast sensitivity function values) 
are shown in Figure 2. There was a signifi cant deterio-
ration with increasing postoperative interocular differ-
ences in eye aberrations (RMS from third-order coeffi -
cients) (P�.0001). According to different experimental 
results,1,2 monocular deterioration was expected; the 
novelty is that this deterioration also occurs binocu-
larly and is greater than the monocular deterioration, 
demonstrating that binocular vision worsens more 
than monocular and that this effect is greater as post-

Figure 2. Graph depicts deterioration of 
contrast sensitivity function after LASIK: 
monocular and binocular case as a function 
of the postoperative interocular differences 
in eye aberrations (root-mean-square [RMS] 
from third-order coefficients in microns). 
Deterioration for contrast sensitivity is 
defined as the ratio between postoperative 
CSF and preoperative best-corrected CSF.
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Figure 3. Graph depicts binocular summa-
tion for contrast sensitivity as a function of 
the postoperative interocular differences in 
eye aberrations (root-mean-square [RMS] 
from third-order coefficients in microns).
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operative interocular differences in RMS increase. This 
fi nding is important because under normal conditions, 
vision is binocular. In monocular vision, a signifi cant 
dependence (P�.0001) was found with the interocu-
lar differences in eye aberrations, but the dependence 
was more pronounced in the binocular case, refl ecting a 
stronger role of these differences in the binocular case.

This result also appeared in terms of postoperative 
binocular summation. Figure 3 presents the postopera-
tive binocular summation as a function of the postop-
erative interocular differences in eye aberrations (RMS 
parameter). Summation decreased as interocular differ-
ences increased. The high correlation coeffi cient found 
(r2=0.86, P�.0001) confi rms this trend. Table 2 shows 

the average pre- and postoperative data for spherical 
equivalent refractive error, RMS (from third-order co-
effi cients), and contrast sensitivity function.

One of the most relevant aberrations is spherical ab-
erration. This is important in practical surgery because 
studies have demonstrated a notable increase after sur-
gery.1,2 Figure 4 shows the postoperative binocular sum-
mation as a function of the postoperative interocular dif-
ferences in spherical aberration (Z0

4, spherical coeffi cient). 
The same trend as with eye aberrations was found, with 
a signifi cant decrease in spherical aberration occurring 
as interocular differences increased (r2=0.81, P�.0001). 
It should be pointed out in reference to Figures 3 and 4 
that in the narrow range of low interocular differences

TABLE 2

Comparison of Pre- and Postoperative Mean Spherical Equivalent Refraction, 
Root-Mean-Square, and Binocular and Monocular Contrast Sensitivity Function

Preoperative Postoperative

Mean spherical equivalent (D) �4.22�1.90 �0.03�0.31

  Range �1.0 to �7.5 0.5 to �0.5

Root-mean-square (5 mm) (µm)* 0.342�0.102 0.616�0.157

Mean contrast sensitivity function†

  Binocular 91.4�76.8‡ 60.3�50.7

  Monocular 59.4�42.3‡ 45.6�38.2

*From third order.
†Mean for all frequencies.
‡Best-corrected.

Figure 4. Graph depicts binocular summa-
tion for contrast sensitivity as a function of 
the postoperative interocular differences 
(microns) in eye spherical aberration (Z0

4).
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(�0.05 µm), there was large variability in binocular sum-
mation.

Figure 5 presents halometer results, which were 
similar to the contrast sensitivity function results. The 
results refl ect a deterioration in binocular summation 
(r2=0.91, P�.0001) as the postoperative interocular dif-
ferences increased, demonstrating that a binocular dete-
rioration higher than monocular also is detected with a 
different visual function—in this case, the disturbance 

index that measured the discrimination capacity. The 
average preoperative (best-corrected) disturbance index 
in the monocular case was 28.2�2.4, which increased 
signifi cantly to 51.0�2.8 (P�.0001) postoperatively. 
Therefore, we confi rmed the results found with this de-
vice,6 in which this apparatus can quantitatively detect 
the effect of halos in visual perception and the deterio-
ration in discrimination after LASIK.

Figure 6 shows postoperative interocular differenc-

Figure 5. Graph depicts binocular sum-
mation as a function of the postoperative 
interocular differences in eye aberrations 
(root-mean-square [RMS] from third-order 
coefficients in microns) for the halometer.
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Figure 6. Graph depicts postoperative 
interocular differences in corneal aspheric-
ity (�Q) as a function of the postoperative 
interocular differences in eye aberrations 
(root-mean-square [RMS] from third-order 
coefficients in microns).
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es in corneal asphericity (�Q) as a function of the post-
operative interocular difference in RMS aberrations. 
We found a highly signifi cant correlation (r2=0.92, 
P�.0001), this result being explained by the fact that 
the parameter corneal asphericity provides an average 
of corneal shape. It is well known that variations in 
this parameter induce proportional variations in eye 
aberrations19; therefore, the greater the interocular dif-
ferences in corneal shape, the higher the interocular 
differences in aberrations.

The selective deterioration of postoperative LASIK 
for spatial frequency is well known.7-9,23-25 This de-
terioration has been found only monocularly, so we 
computed the postoperative binocular summation as 
a function of the spatial frequency. Figure 7 shows the 
average binocular summation for contrast sensitivity 
function and disturbance index as a function of the 
spatial frequency. According to an analysis of vari-
ance, the means did not differ signifi cantly (P�.05 for 
both cases).

DISCUSSION
For many visual functions, including contrast sensi-

tivity function, the binocular system is more effi cient 
than the monocular system,11,20-22,26,27 with a binocular 
summation greater than unity. An analysis of Figures 
3 and 4 shows that for all patients, the postoperative 
binocular system continued to be more effective than 
the monocular one, as the binocular summation was 
�1.0, as might be expected. The point is that this effec-
tiveness decreases as interocular differences increase, 

showing that interocular differences (in this case, eye 
aberrations) play an important role in visual function. 
The origin of binocular summation,26-28 if neural or 
probability, depends on the value reached by the bin-
ocular summation. A binocular summation value of 
1.2 indicates that the superior binocular performance 
is due only to a probabilistic origin27 (probability sum-
mation). According to the decision model of Campbell 
and Green26 for contrast-threshold experiments, a val-
ue of 1.4 indicates some interocular excitatory interac-
tion (neural summation). From Figure 3, we observe 
that from approximately 0.4 µm, the infl uence of in-
terocular differences is of such magnitude that binocu-
lar summation diminishes to the level of probability 
summation.

Concerning corneal aberrations, the same results 
are expected, as the change in eye aberrations are 
due primarily to the change in the anterior surface of 
the cornea, although changes also are detected in the 
posterior surface. This has been confi rmed by differ-
ent authors.1,2 Computing corneal aberrations, we fi nd 
a signifi cant correlation with increasing interocular 
differences in RMS and spherical corneal aberrations 
(r2=0.8 and r2=0.81, respectively, P�.0001), drawing 
the same conclusions as for RMS and spherical eye ab-
errations.

It would be informative to study the possible clini-
cal implications of this postoperative decrease in 
binocular contrast sensitivity function. We found the 
average percentage of contrast sensitivity function im-
provement of the binocular system with respect to the 

Figure 7. Graph depicts average binocular 
summation for contrast sensitivity function 
(CSF) and disturbance index as a function 
of spatial frequency (cpd). Data include 
standard errors.
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monocular was 54% (binocular summation 1.54) be-
fore surgery, decreasing to 26% after surgery (an aver-
age loss of 28% in contrast sensitivity function). For 
31 patients, the loss was �30%; this percentage was 
higher than the majority of the contrast sensitivity in-
crements that can be found in the test we used. For 
example, for the frequency of 6 cpd, all of the contrast 
sensitivity increments were �20%. We also can com-
pare these values to the improvements expected with 
customized corneal ablation. Experimental results29 
show contrast sensitivity function improvements in 
the case of total monochromatic corrections did not 
exceed 80% improvement in the contrast sensitivity 
function up to 10 cpd. Therefore, the losses in binocu-
lar contrast sensitivity function refl ected in our results 
(an average of approximately 30%) are important for 
taking binocular function into account in future im-
provements of refractive surgery.

We also computed binocular summation divid-
ing the binocular contrast sensitivity function by the 
“best eye” contrast sensitivity function.20 The results 
showed the same trend: a decreasing binocular sum-
mation as the postoperative interocular differences in 
eye aberrations increased, obtaining a high correlation 
coeffi cient (r2=0.83, P�.0001 for contrast sensitivity 
function and r2=0.86, P�.0001 for disturbance index).

Results concerning postoperative interocular differ-
ences in corneal asphericity (see Fig 6) agree with those 
reported by other authors.16 For emmetropic subjects, 
high interocular differences in corneal asphericity di-
minished the binocular summation for the contrast 
sensitivity function, whereas when the interocular dif-
ferences in corneal asphericity were low, the loss in 
binocular summation was not signifi cant.

We should note the fi ndings of this study were ob-
tained with a laser platform that uses a noncustomized 
algorithm. Customized algorithms30 seem to provide 
better contrast sensitivity outcomes than conventional 
LASIK. We have no data on interocular differences 
with customized platforms. If customized ablation also 
succeeds in minimizing interocular differences in eye 
aberrations and corneal shape, better binocular vision 
performance would be expected.

Concerning the dependence of binocular summa-
tion on spatial frequency, we found the dependence 
on spatial frequency monocularly was not maintained 
when considering the binocular summation parameter 
(see Fig 7). These results agree with those of previous 
reports that show no spatial-frequency dependence for 
binocular summation in normal subjects.16,26

We should not rule out that in the decline of bin-
ocular summation in postoperative patients with high 
interocular differences in aberrations, other factors 

may have had an infl uence, such as microstriae31 after 
LASIK, which have demonstrated a certain infl uence 
of the monocular contrast sensitivity function. The in-
fl uence of age32 could not be signifi cantly analyzed in 
this study given the age distribution of the patients. 
Also, different authors10,33,34 have investigated a pos-
sible correlation of pupil size before and after surgery 
with respect to the deterioration of visual quality. In 
our case, we found no correlation (P�.05) between the 
binocular-summation data and pupil size before and 
after surgery, which is in agreement with the results re-
ported by other authors.33 In any case, it should be tak-
en into account that on determining the contrast sensi-
tivity function and the disturbance index binocularly, 
the pupil-size data are lower in the binocular case,10,35 
thereby minimizing the effects of the aberrations in the 
binocular case. The results of Campbell and Green26 
for threshold-contrast experiments showed binocu-
lar-summation data were slightly lower in the case of 
the artifi cial pupil (1.44) with respect to a natural one 
(1.43). For other visual functions, such as visual reac-
tion time,35 this decline also was detected in the case 
of the artifi cial pupil. In any event, threshold-contrast 
experiments26 show that quantitatively, the infl uence 
is minor and does not account for all of the binocular 
summation.

One explanation for the role of interocular differ-
ences in visual function is that some binocular aspects, 
such as fusion, stereopsis, and binocular summation, 
depend on the spatial distribution of the images on the 
retina,36-38 with these aspects being more effective when 
the content in spatial frequency between the two images 
is similar. For example, Blake and Levinson,36 measur-
ing contrast thresholds with differing spatial content 
in both images, found lower binocular summation. In 
our case, when the aberrations differ, the distribution of 
spatial frequency on the retina varies between the two 
eyes,19 with this difference in the spatial distribution of 
the images augmenting as the difference in aberrations 
(or corneal shape) grows. In earlier studies,39,40 we have 
shown that an asphericity change of �Q=0.1 generates 
a signifi cant difference in the spatial distribution of the 
images on the retina. Therefore, when large interocular 
differences in aberrations are generated, a reduction in 
binocular summation could be expected; these results 
are consistent with those of other authors who have 
demonstrated interocular differences may play an im-
portant role in binocular vision.11-16

It would be useful to determine the reason why high 
interocular differences in corneal asphericity arise after 
surgery. Some authors have shown that the use of the 
paraxial Munnerlyn formula partially explains8,41,42 the 
notable increase in aberrations and corneal asphericity 
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in myopic patients after surgery. In any case, postop-
erative changes in aberrations and corneal shape can-
not be totally explained41,42 by the Munnerlyn formula, 
as these may be due to other factors (eg, decentration, 
type of laser, optical role of the fl ap, wound healing, 
and biomechanical effects43). All of these factors can 
result in large interocular differences for some patients, 
as the infl uence of these factors can prove different in 
each ablation. This has been experimentally confi rmed 
with previous results8 that have demonstrated some 
patients having similar initial ametropia and corneal 
shape in both eyes show large and signifi cant interocu-
lar differences in corneal shape after surgery.

Ablation algorithms are founded on monocular vi-
sual function without considering binocular function. 
The results of this study indicate the expected results 
at the monocular level can lose effectiveness on being 
evaluated binocularly if interocular differences in eye 
aberrations and corneal shape arise. Therefore, a laser 
platform should achieve a more accurate prediction 
for postoperative corneal shape,44 this being decisive 
in the design of new ablation algorithms. For example, 
a calibration procedure including correction factors 
from real and expected corneal shape could minimize 
these differences in eyes, promoting better binocular 
and monocular visual performance.

Our fi ndings show a signifi cant decline in binocular 
summation measured by the contrast sensitivity function 
and discrimination capacity around lights under mesopic 
conditions. This deterioration increases as the interocu-
lar differences in spherical and RMS aberrations and cor-
neal shape increase. Binocular function deteriorates even 
more than monocular function. These fi ndings indicate 
future improvements of ablation algorithms should ana-
lyze and minimize interocular differences in aberrations 
and corneal shape; otherwise, possible monocular im-
provements could be canceled by binocular interaction 
under normal viewing conditions.
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