
Contrast sensitivity in the ‘good eye’ of adult patients with
severe impairment in the other eye
Trisevgeni Giannakopoulou1, Sotiris Plainis1,2, Ioannis G Pallikaris1,3 and Miltiadis K Tsilimbaris1,3

1Institute of Vision & Optics (IVO), University of Crete, Crete, Greece, 2Faculty of Life Sciences, University of Manchester, Manchester, UK, and
3Department of Ophthalmology, University Hospital of Crete, Crete, Greece

Citation information: Giannakopoulou T, Plainis S, Pallikaris IG & Tsilimbaris MK. Contrast sensitivity in the ‘good eye’ of adult patients with severe

impairment in the other eye. Ophthalmic Physiol Opt 2013, 33, 150–156. doi: 10.1111/opo.12026

Keywords: binocular summation, contrast

sensitivity, monocular deprivation, one-eyed,

visual acuity

Correspondence: Sotiris Plainis

E-mail address: plainis@med.uoc.gr

T. Giannakopoulou and S. Plainis contributed

equally to this paper.

Received: 4 October 2012; Accepted: 3

January 2013

Abstract

Purpose: It is widely accepted that monocular deprivation results in improved

visual performance in the non-pathological eye. The current study investigates

the effect of deprivation due to severe impairment in one eye during late child-

hood or adulthood, on the spatial performance of the fellow ‘good’ eye.

Methods: Twenty patients (age: 29 � 9 years) with severe visual impairment in

one eye (visual acuity equal or worse than count fingers at 1 m), for a period

longer than 2 years, participated in the study. Only patients with an age less than

50 years and monocular deprivation onset greater than 9 years were included. On

the basis of the time of deprivation the patients were categorised into two sub-

groups: (i) long-past deprivation (N = 8, age 28 � 8 years, 9–20 years of depri-

vation) and recent deprivation (N = 12, age 30 � 11 years, 2–4 years of

deprivation). Eighteen more participants (age: 28 � 5 years) with normal binoc-

ular vision served as the control group. Best-corrected contrast sensitivity was

evaluated using reversing (2 Hz) vertical sinusoidal gratings. Seven spatial fre-

quencies (1, 2, 4, 8, 12, 16 and 24 c/deg) were tested. Performance of the control

group was tested both monocularly (dominant eye) and binocularly.

Results: In normal subjects, binocular viewing improved contrast sensitivity on aver-

age by 4.2 dB (corresponding to a 70% improvement in contrast threshold) compared

to monocular recordings. Average contrast sensitivity in subjects with impaired vision

in one eye was found to be higher by 5.0 dB (corresponding to an 83% improvement

in contrast threshold) compared with the dominant eye of the control group. The

increase in sensitivity was independent of spatial frequency. No differences were

observed between the two subgroups with recent and long-past deprivation.

Conclusions: Notable improvement in contrast sensitivity was found in the non-

pathological eye of patients with severe impairment in the other eye at an age after

the “critical” period of visual development. These findings are consistent with

growing evidence supporting functional changes as a result of altered experience

or injury in the adult vision system.

Introduction

It is well established that vision with two eyes is

enhanced over what would be expected with just one eye,

when conditions of binocular overlap and fusion are

achieved. This phenomenon, called binocular summation,

may be partly explained by probability factors, i.e. the

use of two independent “detectors”1,2 but is mainly

attributed to the existence of neurons in the visual cortex

that “summate” the signals from the two eyes.3 Many

psychophysical studies have shown that binocular facilita-

tion enhances contrast sensitivity4–7 and perceived supra-

threshold contrast,8,9 with the summation ratio, at and

around threshold, for normal observers being higher than

that predicted by probability summation (approximately

1.4).8–10
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It is plausible that binocular integration would be

severely constrained in conditions of abnormal binocular

visual experience, such as form deprivation in one eye

early in life. Wiesel and Hubel’s groundbreaking observa-

tions, showing that monocular deprivation in the cat and

the monkey,11–14 alters the morphological and functional

representation of the two eyes in the cortex, lead to a

plethora of experiments designed to reveal the underlying

mechanisms and operational characteristics of this process

(see for review15–17). For example, following studies dem-

onstrated that an imbalanced ocular input caused by lid

closure of one eye leads to a shift in the preference of cor-

tical neurons for the non-deprived eye.18–20 This is also

accompanied by a shrinkage of ocular dominance columns

representing the closed eye and an expansion of columns

representing the open eye,21 resulting in increased

responses of the cortical neurons in the non-deprived

eye.22

These physiological changes suggest that monocular

deprivation in humans, resulting from eye injuries, pathol-

ogies or enucleation during the period that the visual sys-

tem has considerable plasticity, would result in the non-

deprived eye mediating better performance than either eye

of a person with normal binocular vision. This has been

initially shown in studies investigating alignment sensitivity

(vernier acuity)23,24 but was also evident for contrast sensi-

tivity.25 Nicholas and colleagues25 found higher contrast

sensitivity in subjects who had an eye removed very early

during development because of a retinoblastoma compared

to the better eye of control subjects, with the difference

being more evident the earlier the eye was enucleated. The

current study investigated the effect of monocular depriva-

tion in late childhood or adulthood, due to ocular trauma/

pathology, on the spatial performance of the fellow eye. For

comparison, binocular summation was evaluated in aged-

matched controls with normal binocular vision.

Methods

Study - Participants

Twenty patients with severe visual impairment in one eye26

and an average age of 29 (SD 9, range 13–46) years were

included in the study. Patients were recruited from the

outpatient Retina Clinic of the University Hospital of

Heraklion, Crete, Greece, in a prospective consecutive non-

randomized fashion. Patients had been diagnosed with

severe visual impairment in one eye due to an ocular

pathology (e.g., retinal detachment, melanoma) or trauma

at least 2 years prior to their visit. Only patients with an

age less than 50 years and monocular deprivation onset

greater than 9 years were selected for further analysis. The

affected eye of all patients was measured with a visual acu-

ity equal or worse than finger counting at 1 m (see

Table 1). Average deprivation time (years of monocular

vision) was 8 (SD 6, range 2–20) years. Average age of

deprivation onset was 21 (SD 12, range 9–44) years. On the

Table 1. Personal and clinical details of the one-eyed patients

Personal details Affected eye Healthy eye

N Age (years) Gender Deprivation time (years) Visual acuity Ocular pathology BCVA (logMAR) Sph.Eq. (D)

S01 46 M 2 LP RD �0.24 plano

S02 30 M 2 NLP Melanoma �0.22 plano

S03 42 M 2 NLP RD �0.08 plano

S04 42 M 3 LP RD 0.00 plano

S05 13 F 3 FC at �20 cm Strabismus Surgery �0.26 �0.50

S06 13 M 4 LP Trauma 0.00 �4.00

S07 29 M 4 NLP Melanoma �0.22 plano

S08 36 F 4 LP RD �0.22 plano

S09 38 M 4 FC at 1 m Trauma �0.12 plano

S10 22 M 4 NLP Trauma �0.22 plano

S11 24 F 4 FC at 1 m Strabismus Surgery �0.10 �1.75

S12 27 M 3 FC at 1 m RD �0.28 plano

S13 26 M 9 LP Trauma �0.18 plano

S14 23 M 10 LP RD �0.28 plano

S15 46 M 11 NLP RD �0.14 plano

S16 25 F 16 FC at �20 cm Strabismus �0.10 plano

S17 30 M 20 NLP Trauma �0.10 plano

S18 23 M 13 NLP Melanoma 0.00 �1.13

S19 29 F 19 NLP Trauma 0.00 �2.75

S20 25 F 16 FC at �20 cm Trauma �0.10 �4.00

FC, Finger counting; LP, Light perception; NLP, No light perception; RD, Retinal detachment.
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basis of the time of deprivation due to severe visual impair-

ment the patients were also allocated into two subgroups:

(i) long-past deprivation (N = 8, age 28 � 8 years, 9–
20 years of deprivation) and recent deprivation (N = 12,

age 30 � 11 years, 2–4 years of deprivation). Exclusion

criteria for the non-affected eye were any retinal/macular

pathology, media opacities (cataract, corneal opacity and

vitreous hemorrhage), ocular surgery, glaucoma, major sys-

temic disease and neurological or any other disorders that

may compromise successful study participation. Exclusion

criteria for the control group were all the above-mentioned

exclusion criteria including spectacle-corrected visual acu-

ity worse than 0.00 logMAR (Snellen 6/6, 20/20), myopia

or hyperopia >4.00 D and anisometropia >0.50 D. The

average spherical equivalent was �0.59 � 1.30 D for the

patients with monocular impaired visual acuity and

�0.97 � 1.65 D for the control group.

Verbal consent was obtained from all participants after

they had received an oral explanation of the nature of the

study. The study was conducted in adherence to the tenets

of the Declaration of Helsinki and followed a protocol

approved by the University of Crete Research Board.

Experimental Procedure

Both visual acuity and contrast sensitivity measurements

were performed at 4.0 m distance, monocularly (dominant

eye for the control group) and binocularly (only for the

control group), with best spectacle sphero-cylindrical cor-

rection and natural pupils. Eye dominance (in control nor-

mals) was determined by looking through a central hole in

an A4 card, held by the participant in both hands away

from the body. During the monocular measurements in

both groups the other eye was covered with a non-translu-

cent eye patch, while participants were asked to keep the

eye closed underneath. The order of viewing testing (mon-

ocular vs. binocular) for the control group was counter-

balanced.

Visual acuity recordings

Visual acuity was assessed using the UoC European-wide

logMAR charts (www.precision-vision.com).27,28 A back-

illuminated slim stand (www.sussexvision.co.uk) was used

to hold the charts. Chart 1 and chart 2 were used for

recording visual acuity of the dominant eye and of both

eyes (in control normals) respectively. All subjects were

asked to identify each letter one by one in each line starting

from the upper left-hand letter, and to proceed by row until

they could no longer name correctly at least one letter in a

line. They were instructed to read slowly and guess the let-

ters when they were unsure. Visual acuity was derived from

the calculation of missed letters up to the last readable line.

Contrast sensitivity recordings and analysis

Contrast sensitivity was evaluated using a vertical (90o)

sinusoidal grating (size: 3 deg), modulated at a frequency

of 2 Hz in a square-wave reversal mode. The grating was

displayed on a 21-inch Sony GDM F-520 CRT monitor, by

means of a VSG 2/5 stimulus generator card (www.crsltd.

com) until the subject gave a verbal “yes” or “no” response

at each contrast level. Seven spatial frequencies (1, 2, 4, 8,

12, 16 and 24 c/deg) were tested. Mean screen luminance

was 30 cd/m2. The gamma functions of the red, green and

blue guns of the monitor were calibrated with a PR-650

spectro-radiometer (www.photoresearch.com). Contrast

(C) was defined in terms of Michelson, i.e. Lmax-Lmin\L-

max+Lmin., where Lmax and Lmin are the maximum and min-

imum screen luminances, respectively. Contrast sensitivity

was measured in decibels (dB), where dB = 20 log10
C�1(0 dB corresponds to 100% C and 0.01 CS, 6 dB to

50% C). Observers were asked to fixate on a cross, located

in the centre of the screen, while room lights were extin-

guished during the experiment. Threshold was determined

using a binary-search staircase with a contrast resolution of

1 dB (0.05 log units of contrast). Gratings were initially

presented with a relatively high contrast (16 dB). If seen,

contrast was decreased by 16 dB. If not, it was increased by

16 dB. Successive increments were halved until the incre-

ment was less than 1 dB. The average of three measure-

ments was taken as a threshold for each spatial frequency.

Subjects were given a 15-min practice session to get famil-

iarised with the threshold procedure.

Contrast sensitivity functions (CSF) were plotted in a lin-

ear-log scale and were fitted with second-order polynomi-

als. The spatial frequency cut-off (spatial frequency for

CS = 0) was calculated from the linear slope of the linear-

linear CSF plots (for spatial frequencies >2.5 c/deg). Fur-

thermore, in order to evaluate any bandwidth-specific loss,

the area under the contrast sensitivity function (AUCSF)

was calculated29, 30 for the following spatial frequency (f)

ranges: from 0.0 to 1.2 log c/deg (AUCSFfull), from 0.0 to

0.5 log c/deg (AUCSFlow) and from 0.5 to 1.2 log c/deg

(AUCSFhigh) (see Equation 1).

AUCSFfull ¼
Z 1:2

0

f ðxÞdx;AUCSFlow

¼
Z 0:5

0

f ðxÞdx;AUCSFhigh

¼
Z 1:2

0:5

f ðxÞdxð1Þ

Statistical analysis

Post-hoc power calculation, performed using the G*Power
version 3.1.3 (www.psycho.uni-duesseldorf.de/aap/projects/
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gpower/),29 for t-test (2 independent samples),

a-error probability of 0.05 and a sample size of 18 (group

1) and 20 (Group 2) rendered a power (1-b error probabil-

ity) for all indices tested higher than of 0.85. The indices

used for statistical analysis were the three AUCSF areas and

the cut-off frequency. Any statistical difference between the

groups was estimated using independent samples t-tests.

Differences between the monocular and binocular perfor-

mance for the normal subjects were estimated using paired

t-tests (MedCalc�, version 12.0.0, www.medcalc.org).

Results

Table 2 depicts average (�SD) values of visual acuity scores

and contrast sensitivity areas and cut-off frequencies for

the control and the one-eyed participants.

All control participants showed an enhanced perfor-

mance with the two eyes. Average (�SD) best-corrected

visual acuity of the control group was better with binocular

(�0.19 � 0.07 logMAR) than with monocular

(�0.11 � 0.09 logMAR) observation (mean difference

�0.08, 95% CI from �0.06 to �0.10 p < 0.001 - paired

t test). Similarly, contrast sensitivity was higher with binoc-

ular compared to monocular vision at all spatial frequen-

cies (see Figure 1). The average binocular summation

(binocular minus monocular sensitivity) in contrast sensi-

tivity for all spatial frequencies was 4.2 dB (range 3.8–
5.2 dB), which corresponds to about 70% improvement in

contrast threshold and was independent of the spatial fre-

quency. Highly significant differences between the two

viewing conditions were found for full-, high- and low-

AUCSF areas as well as for the spatial frequency cut-off

(p < 0.001 for all indices; paired t-tests).

Average best-corrected visual acuity in the group with

severe visual impairment in one eye (�0.14 � 0.10 log-

MAR) was higher compared to the dominant eye of the

control group. However, this difference (mean 0.04, 95%

CI from �0.03 to 0.10 logMAR) did not reach statistical

significance (p = 0.23, independent samples t-test). On the

other hand contrast sensitivity was higher at all spatial

frequencies in patients with one eye than with the domi-

nant eye of the control group (Figure 2). The average dif-

ference in contrast sensitivity between the two groups was

5.0 dB, which corresponds to an 83% improvement in con-

trast threshold. This difference is to some degree more pro-

nounced for high spatial frequencies (approximately 6.5 dB

for 16 and 24 c/deg compared to approximately 4.5 for

other frequencies). Highly significant differences between

the two groups were found for full-, high- and low- AUCSF

(p < 0.001 for all parameters; independent samples t-tests)

as well as for the spatial frequency cut-off (mean 3.0, 95%

CI from 1.6 to 4.4 c/deg, p < 0.001; independent samples

t-tests). Note that the contrast sensitivity in patients with

one eye was also higher (by 0.84 dB on average) than the

binocular values of the control group. These differences

were not statistically significant (p > 0.05 in all indices).

Finally, comparing performance between the two sub-

groups (recent vs. long-past deprivation) of patients with

one eye revealed no statistically significant differences for

average (�SD) visual acuity (recent: �0.16 � 0.10

Table 2. Mean (SD) visual acuity and contrast sensitivity values, for the two groups (one-eyed vs control) and the two subgroups of one-eyed patients

(recent vs long past). AUCSF: area under the contrast sensitivity function

Visual acuity

Contrast sensitivity

Group AUCSF low AUCSF high (dB*c/deg) AUCSF full Cut-off frequency (c/deg)(logMAR)

Control

Monocular �0.11 (0.09) 28.6 (1.3) 22.8 (1.6) 51.4 (2.7) 25.8 (1.7)

Binocular �0.19 (0.07) 31.1 (1.0) 25.6 (1.1) 56.7 (1.9) 27.6 (1.5)

One-eyed �0.14 (0.10) 31.0 (1.4) 25.6 (2.1) 56.5 (3.3) 28.8 (2.4)

Recent �0.16 (0.10) 31.2 (1.1) 26.1 (1.9) 57.3 (2.8) 29.3 (2.6)

Long-past �0.11 (0.09) 30.6 (1.7) 24.7 (2.2) 55.4 (3.8) 27.9 (1.9)

Figure 1. (upper) Average contrast sensitivity functions for the control

group (18 participants) under binocular (filled red circles) and monocu-

lar (open blue circles) vision; (lower) difference between binocular and

monocular contrast sensitivity. The dashed lines form second order

regressions. The bars indicate � 95% confidence intervals.
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logMAR, long-past: -0.11 � 0.09 logMAR, p = 0.37). Con-

trast sensitivity was found to be higher for the whole range

of spatial frequencies in the “recent” subgroup (see

table 1), but differences did not reach a statistically signifi-

cant level (p > 0.05 in all indices).

Correlations between visual performance in patients with

one eye and the continuous variables were also tested.

Figure 3 depicts plots of linear correlations between log-

MAR acuity, cut-off frequency of the contrast sensitivity

function and the AUCSFhigh as a function of deprivation

time and the age of deprivation onset. Performance tended

to reduce with deprivation time and increase with the age

of deprivation onset, although none of the individual

regressions were significant.

Discussion

This study shows that monocular deprivation from a vari-

ety of causes leads to improved performance of the fellow

eye. This was tested in patients who were diagnosed with

severe visual impairment in one eye due to ocular pathol-

ogy or trauma: their contrast sensitivity was found to be

significantly better than that of an age-matched control

group with normal binocular vision when tested monocu-

larly. The increase in sensitivity was independent of the

spatial frequency and similar in magnitude to that found

when monocular and binocular sensitivities were compared

in normal subjects. On the other hand, visual acuity, mea-

sured with high contrast letters, did not reveal any differ-

ences between the two groups.

Our findings in control subjects agree with previous

studies which reveal that contrast sensitivity, under in-

focus conditions, is enhanced by 40–80% with binocular

viewing.4–7,9 Binocular summation decreases with ageing,

reflecting deterioration in cortical activity and/or an

increasing inter-ocular difference in spatial performance,

with the better eye dominating the overall visual perfor-

mance.7,10,31 Interestingly, a recent study32 has shown that

binocular vision ameliorates the effect of blur, with the

effect being more pronounced the higher the amount of

retinal blur. Binocular superiority is significantly reduced

for high contrast targets.5,33–35 Note that the use of non-

translucent eye patch during the contrast sensitivity record-

ings in the control group could have engaged in binocular

rivalry with the unpatched eye and possibly influenced light

adaptation and monocular threshold. However, it has been

reported that this is more common when the eye under-

neath the patch is open and in cases the dominant eye is

patched.36 Ellingham et al.36 found that only 16% of their

patients with the “non-dominant” being patched experi-

ence visual disturbances.

Current results on patients with severe monocular vision

impairment confirm previous evidence from patients with

unilateral deprivation, following surgical removal of one

eye, during infancy or childhood.25 This study reports an

Figure 2. (upper) Average contrast sensitivity functions for the control

(18 participants, open blue circles) and the one-eyed group (20

participants, filled green squares) under monocular observation (lower)

difference in contrast sensitivity between the two groups (control minus

one-eyed). The dashed lines form second order regressions. The bars

indicate � 95% confidence intervals.

Figure 3. Plots of visual performance (upper: visual acuity; middle: cut-

off frequency of contrast sensitivity function; lower: area under the con-

trast sensitivity function, AUCSFfull) as a function of deprivation time

(left) and onset of deprivation (right). Dotted lines correspond to linear

regression fits. Parameters for linear regression fits are also shown.
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improvement in the non-deprived or ‘good’ eye of patients

with a late onset of deprivation (>9 years of age), after the

‘critical period’ for normal visual development, during

which neuronal activity in the visual cortex can be shaped

by natural sensory experience.13,37,38 This is in agreement

with recent studies showing that it is possible to reinstate

much greater levels of plasticity in the adult visual system

than previously suspected,16,37,39–43 even in brief periods of

monocular deprivation.41 Perhaps the most telling evidence

in humans comes from the treatment of amblyopia.

Although, until recently, it was believed that treatment of

amblyopia was ineffective for children older than about

8 years (see for review44), new clinical and experimental

studies provide evidence for neural plasticity beyond the

critical period.45,46 Moreover, there are reports of sponta-

neous visual acuity improvement in the amblyopic eye of

patients following visual loss in the fellow (non-amblyopic)

eye due to macular degeneration.47,48 The “spontaneous”

effects of plasticity may also explain the absence of any dif-

ference in sensitivity improvement found in the two sub-

groups (recent incidence of deprivation vs long-past

deprivation) tested.

Furthermore, we found that the enhancement in contrast

sensitivity in the patients with severe monocular vision

impairment is the same for the whole range of spatial fre-

quencies. This pattern is similar to the binocular summa-

tion measured in normal subjects, indicating that the

remaining eye subserves most of the retino-cortical neuro-

nal circuitry that was previously dominated by the other

eye.39 In contrary, Nicholas et al.25 reported a selective

change in the spatial performance of the non-deprived eye

in patients with unilateral enucleation during infancy or

early in childhood, i.e. the elevation in contrast sensitivity

was more pronounced for middle spatial frequencies, They

suggested that this was due to a reduction in the number of

neurons with large receptive fields in the deprived eye, i.e.

the neurons devoted to the Magnocellular (M) pathway,

resulting in an expanded M-ganglion cell population in the

fellow eye. However, It is now well accepted that the M

pathway provides the neural basis of the luminance channel

mediating most of the contrast sensitivity function to

achromatic patterns.49–52

In conclusion, notable improvement in contrast sensitiv-

ity is found in the non-pathological or ‘good’ eye of

patients with severe impairment in the other eye due to

ocular trauma/pathology at an age after the “critical” per-

iod of visual development. The enhancement in sensitivity

equals the binocular facilitation observed in normal sub-

jects and is similar for the whole range of spatial frequen-

cies. Current observations are consistent with growing

evidence supporting functional changes as a result of

altered experience or injury in the adult vision system.
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