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Abstract Color vision was examined by psycho-

physical tests and photopic color full-field electroret-

inography (ERG) in formerly preterm children, and

compared with those of full-term children. In a

prospective case–control study, 25 patients with a

history of preterm birth 7–14 years of age were

divided into three groups: group I, laser-treated

retinopathy of prematurity [ROP] (n = 7); group II,

spontaneously regressed ROP (n = 8); group III, no

ROP (n = 10). Age-matched full-term born children

comprised the control group (n = 8). Color vision

was assessed by Fansworth D15 and Lanthony

desaturated D15 tests. The cone function was tested

using photopic full-field ERG. Besides the ISCEV

standard stimuli, blue light on amber background was

also used (S-cone ERG). The correlation between

ERG parameters and prematurity or ROP was

determined. We found no significant differences

between any patient group and the control group in

the results of the psychophysical tests, and implicit

times of the ERG responses. The ERG b-wave

amplitudes were significantly lower in group I

(laser-treated ROP) compared to controls, for 2 of 4

stimulus conditions i.e. the standard (P = 0.028) and

S-cone (P = 0.017) single flash ERGs. The general

estimating equation model statistics found a signif-

icant effect of prematurity on the b-wave amplitudes

(P = 0.025, standard, P = 0.014, S-cone ERG). A

slightly reduced photopic ERG b-wave amplitude

may be associated with prematurity.

Keywords Color vision � ERG � Retinopathy of

prematurity

Introduction

Infants born at less than 32 weeks’ gestation are at

high risk of retinopathy of prematurity (ROP),

myopia, amblyopia, strabismus, and optic nerve

abnormalities [1–3] related to the degree of prema-

turity [4] and the presence of cerebral damage. [5]

These children have also been reported to have an

increased long-term incidence of color vision [6] and

contrast sensitivity impairments [3] unrelated to

major ocular disease or cerebral damage.

Since the first hypothesis of tritan defects in preterm

born infants by Abramov [6] several studies investi-

gated color vision in children with history of preterm

birth. The results of the psychophysical tests are

controversial [6–9]. However in the CRYO-ROP study,

with pseudoisochromatic plates, the investigators
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found an increased occurrence of blue-yellow deficits

in children born before term, which was not related to

birth weight, gestational age or severity of ROP, and

showed no correlation with cryotherapy treatment. A

relationship was observed only with visual acuity [10].

ERG studies have shown that ROP has an effect on

the photoreceptors and post receptoral retina that

persist even after its active phase. The late-maturing

central retina and particularly the rod outer segments

in the macula, appear to be vulnerable to these

effects. Subtle deficits also occur in peripheral retinal

function and persist into adolescence and early

adulthood [11–14]. According to Fulton et al., ROP

has less effect on the cone than on the rod photore-

sponses suggesting that cones are more resistant to

the ROP disease process [15].

In this study, we examined whether an objective

method (photopic full-field ERG with blue light

stimuli on amber background), can detect a selective

alteration in the functioning of the blue-cone system

in preterm born children compared to age matched

full term born controls.

Methods

This study was approved by the local human research

ethics committee (TUKEB 101/2006; Semmelweis

University, Budapest, Hungary) and is in accordance

with the Declaration of Helsinki. Written informed

consent was obtained from all participants’ parents or

guardians. Parents or guardians stayed with their

children throughout the procedure. This prospective

case–control study included formerly preterm chil-

dren 7–14 years of age who had received treatment

and follow-up at our department. Their data were

then compared to those collected from healthy, age–

matched children born at full term. Both eyes of each

control and each formerly preterm subject were

examined. When both eyes of a subject were eligible

for the study, one eye was randomly selected for

statistical analysis. An eye was eligible for this study

if it had a normal-appearing posterior pole and its

best corrected visual acuity was 1.0 (decimal scale).

The birth weight and the gestational age at birth for

the groups are presented in Table 1.

Subjects

Subjects with a history of preterm birth

Patients were excluded from the study if they had

nystagmus, or a history of cerebral damage. Eyes

with residua of ROP (i.e., macular dragging, mac-

ular fold, partial retinal detachment involving the

macula, or total retinal detachment), amblyopia, or

myopia higher than –3.5 D spherical equivalent

were also excluded. Patients were divided into three

groups following the stage of ROP found during the

acute phase [16]. One eligible eye from each subject

chosen at random was selected and enrolled in each

group.

Group I: Laser-treated patients Both eyes of the

patients underwent argon blue-green or 810-nm diode

laser treatment for stage-3 threshold ROP. Laser

Table 1 Median data for the four groups (median IQR, minimum–maximum)

Formerly preterm children Control

children

P

Laser treated eyes

(Group I)

Eyes with spontaneously

regressed ROP (Group II)

Eyes without ROP

(Group III)

GroupIV

Birth weight (g) 1300 (515)

(640–1620)

980 (1050)

(750–1940)

1350 (725)

(900–1980)

3525(575)

(3000–4000)

–

Gestational age

at birth (week)

29 (2.0)

(24–32)

28 (6.0)

(25–34)

30 (5.50)

(29–34)

Full term –

Age (y) 10 (2.5)

(9–14)

8(2.0)

(7–13)

11 (2.0)

(7–13)

10.0 (2.8)

(7–14)

0.189

Spherical equivalent

(D)

–0.17 (1.5)

(–2.8 to ?2.2)

1.04 (4.34)

(–1.76 to ?3.3)

-0.87 (2.37)

(–1.76 to ?3.75)

0.52 (2.45)

(–1.75 to ?4.19)

0.465

Results of Kruskal–Wallis test for age and spherical equivalent, P = asymptomatic significance level for the four groups
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coagulation was performed by using indirect

binocular ophthalmoscopy. 14 eyes of 7 children

were examined, 10 eyes were eligible, and 7 eyes

were included after randomization.

Group II: Patients with spontaneously regressed

ROP Higher stages than stage 1 or 2 ROP were

not documented in the acute phase within a few

months of birth. 8 patients responded, 12 eyes

matched with the enrollment criteria, 8 eyes were

included after randomization.

Group III: Patients without ROP No ROP was

documented during the neonatal period. Twenty eyes

of 10 patients were checked; 18 eyes were eligible, 10

eyes were included after randomization.

Term born control subjects

Group IV All control subjects were born at full

term, 7–14 years of age, generally healthy, with no

ocular disease. (8 children, 16 eligible eyes, 8

randomly selected eyes).

Ophthalmic assessment included the following

steps in order. Best corrected visual acuity was

measured with Snellen chart adjusted at 5 m. The

Lang test was used to screen amblyopia. Refraction

and keratometry readings were obtained after cyclo-

plegia (3*Tropicamid 1%) with a calibrated autoke-

ratorefractometer (model Accuref-K 9001; Shin

Nippon, Tokyo, Japan). Slit lamp biomicroscopy

and ophthalmoscopy were performed

Color vision tests

Color vision was assessed using the Fansworth D15,

and the Lanthony desaturated D15 tests (LUNEAU

Ophthalmologie). Each eligible eye was tested and the

child was asked to place the 15 colored caps in order.

The Lanthony desaturated test was always performed

twice to check for repeatability [17]. The color vision

tests were performed under daylight conditions

obtained by a D65 (illuminant D) light source at 270

lux. The results were evaluated with a WEB-based

scoring software (http://www.torok.info/colorvision/

d15.htm) for the Farnsworth-Munsell 100-Hue, Roth

28-Hue, Farnsworth D-15, and the Lanthony D-15

desaturated color tests. This scoring software com-

pares results to age matched normative data.

ERG measurements

Cone function was objectively tested for both eyes

after pupil dilation (mentioned above), using full-field

electroretinography under photopic conditions (RET-

Iport System, Roland Consult GmbH, Wiesbaden,

Germany). DTL electrodes were placed on the cornea

after oxybuprocain 0.4%/proparacaine 0.5% instilla-

tion. A ground electrode was placed on the skin near

the temporal orbital rim. Single flashes and 30 Hz

flicker were presented for both the ‘‘standard’’ ERG

(white light) and for the ‘‘S-cone’’ ERG (blue light on

amber background). To get more cone specific

responses, 30 Hz flicker was applied first, followed

by 3 single flashes. We followed procedures proposed

by the International Society for Clinical Electrophys-

iology of Vision (ISCEV) [18]. The interstimulus

interval was 5 s for flash. The strength of white flash

and flicker was 3 cd*s/m2 (on 25 cd/m2 background).

The S-cone ERGs were performed with similar values

to the proposed ISCEV extended protocol to assess

S-cone responses The background illumination was

amber (585 nm) at 85 cd/m2, to bleach the M- and

L-cones. The stimuli were 6 cd*s/m2 blue (430 nm)

flashes, reacting on S-cones only (Ref: http://www.

iscev-wiki.org/twiki/bin/view/Main/SCone) All stim-

ulus conditions (white flicker, white flash, blue flicker,

blue flash) were produced by LEDs and were pre-

sented three times each, with flicker presented first.

White stimuli were always presented before blue

stimuli. Signals were bandpass filtered (low cut: 1 Hz,

high cut: 300 Hz) and amplified (gain: 100,000) with

artefact rejection at 95%. The amplitudes and implicit

times were compared for the four groups.

Statistical analysis

Statistical analysis was performed with commercial

software (GraphPad Prism 3.0 and SPSS ver. 15.0 for

Windows; Chicago, IL). P B 0.05 was considered

statistically significant, with a 95% CI. The Shapiro-

Wilks W test showed that the data were not normally

distributed; therefore nonparametric tests were

applied, and data were expressed as medians with

the corresponding interquartile range (IQR). The

Kruskal–Wallis test was used to evaluate differences

among the four groups. For parameters showing

significant difference between the groups Dunns Post

Test was used, to compare each group to others
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Receiver operating characteristic (ROC) curves

were plotted to determine the cutoff point of b-wave

amplitudes of standard ERG S-cone ERG with blue

flash, respectively. The amplitudes were the test

variables, prematurity was the static variable, with

the category 0 used for full-term subjects (group IV)

and 1 for the preterm children (group’s I–III). The

null hypothesis was that there was no difference

between the preterm and full-term subjects.

General estimating equations (GEE) were calcu-

lated for all selected eye and eligible fellow eyes

(40 eyes of 25 preterm children and 16 eyes of 8 full-

term subjects), to investigate whether prematurity or

ROP was responsible for effects in the preterm group.

The working correlation matrix was independent. A

logit link function was applied. The patients’ identity

numbers were used to designate the subjects. The

patients’ eyes were compared to determine the within

subject effects. The cutoff point calculated by ROC

was the dependent parameter. The following factors

were analyzed: stages of ROP (1. laser treatment, 2.

ROP stages 1 to 2; 3. no ROP), birth weight B1,250 g

and gestational age at birth B30 weeks as indices of

prematurity. These two latter parameters were con-

sidered together, i.e. both values had to be below the

respective values.

Results

No significant differences were found for any

parameters between the left and right eyes of the

patients.

The Kruskal–Wallis test showed no significant

differences between the four groups for the following

parameters: age, refraction (Table 1), the results of

the psychophysical color vision tests, and the implicit

time of the ERG waves for any stimulus condition

(Table 2).

The b-wave amplitudes were smaller in the

preterm groups compared to controls. The lowest

amplitudes were found in laser treated preterm group

(Fig. 1). However the differences were significant

only for standard single flash ERG amplitude and for

S-cone single flash ERG amplitude (Table 2).

Although amplitude appears to decrease with

increasing severity of retinopathy, we found no

significant differences for any parameters among

the three premature groups. The comparison with

Dunns post test of the groups for parameters showing

significant difference are summarised in Table 3.

GEE statistics were performed to determine the

relationship of prematurity and ROP in the reduced

ERG amplitudes found in the preterm subjects

Table 2 Median (IQR) color vision total error score, and ERG implicit times (ms) and amplitudes (lV), results of Kruskal–Wallis

test (P) The numbers in parentheses are IQR (interquartile range)

Formerly preterm children Control

children

P

Laser treated

eyes (Group I)

Eyes with spontaneously

regressed ROP (Group II)

Eyes without

ROP (Group III)

GroupIV

Color vision test

total error score

Saturated 0 (3) 0 (0) 0 (0) 0 (0) 0.491

Desaturated 4.0 (13.5) 10.0 (27.5) 18.0 (17.0) 12.0 (17.5) 0.835

Standard

procedure

Implicit time,

flicker

28.0 (2.8) 28.5 (2.3) 28.5 (2.0) 29.0 (2.0) 0.111

b-wave implicit

time, single flash

29.0 (1.0) 29.0 (2.3) 28.5 (2.0) 29.0 (2.0) 0.78

Amplitude, flicker 57.8 (29.5) 88.7 (65.1) 78.8 (28.79) 109.5 (87.73) 0.074

b-wave amplitude,

single flash

110.0 (36) 174.0 (99) 161 (44) 199.0 (109.25) 0.028

S-cone ERG

procedure

Implicit time, flicker 28.0 (2.5) 29.0 (3.3) 28.5 (1.0) 28.0 (1.5) 0.506

b-wave implicit

time, single flash

28.0 (3.5) 29.5 (4.0) 28.0 (1.75) 28.5 (2.75) 0.545

Amplitude, flicker 50.4 (25.1) 58.9 (60.1) 72.4 (51) 94 (58.75) 0.095

b-wave amplitude,

single flash

97.2 (41.4) 138.0 (31) 141.0 (97.4) 171.5 (43) 0.017

Significant P values are signed with bolded characters
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compared with the full-term subjects. At first, the

cutoff point of b-wave amplitude was determined by

ROC curve analysis only for the two stimulus

conditions that showed a significant difference on

the Kruskal–Wallis test. The cutoff point of standard

single flash ERG b-wave amplitudes was 99.8 lV

(sensitivity: 0.825; specificity: 1.0; area under the

curve [AUC] = 0.743 ± 0.076, mean ± SD, P =

0.009; 95% CI: 0.594–0.893). For S-cone ERG flash

amplitude, the cutoff point = 81.05 lV (sensitivity:

0.85; specificity: 1.0), area under the curve [AUC] =

0.763 ± 0.061, (mean ± SD), P = 0.005; 95% CI:

0.638–0.889. (Fig. 2)

The general estimating equation indicated

P = 0.025 and P = 0.014 for the effect of prematu-

rity (birth weight B1,250 g and gestational age

B30 weeks) on the b-wave amplitudes obtained by

standard single flash ERG and S-cone ERG with

single blue light stimuli, respectively. The analysis of

effect of severity of retinopathy or laser treatment on

the subtle cone dysfunction resulted in P values of

0.095 and 0.422 under conditions mentioned above.

Discussion

We found a subtle cone pathway dysfunction, that

was present for ERG b-wave amplitude, but not

latency, in formerly preterm children with normal

appearing posterior pole. Comparing the preterm

groups (group I–III) to a control group, significant

differences in the b-wave amplitudes obtained with

standard and S-cone electroretinography using single

flash light stimuli were found, in subjects with a

history of preterm birth who had laser-treated ROP.

Plausible explanations for the b-wave amplitude

decrease could be the severe ROP that required laser
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Fig. 1 Typical ERG waves of the four study groups (ampli-

tudes near the median values). I: Laser-treated ROP eye, II:

Spontaneously regressed ROP eye, III: no ROP eye, IV: control

eye. For the 30 Hz flicker waves, the timepoint 0 is not at the

beginning of the x-axis because of the continuos stimulation

Table 3 P values of Dunns multiple comparison for b-wave

amplitudes of standard single flash ERG and for b-wave

amplitudes of S-cone single flash ERG (Group I: laser-treated

eyes; Group II: eyes with spontaneously regressed ROP stages

1 or 2; Group III eyes without ROP; Group IV: full term

control subjects)

Standard single flash S-cone single flash

Group IV–III P [ 0.05 P [ 0.05

Group IV–II P [ 0.05 P [ 0.05

Group IV–I P < 0.05 P < 0.05

Group I–II P [ 0.05 P [ 0.05

Group I–III P [ 0.05 P [ 0.05

Group II–III P [ 0.05 P [ 0.05

Significant P values are signed with bolded characters
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treatment, or the premature birth. For the cones the

first possibility could include loss of the cells, while

the second one could include cellular dysfunction due

to the disruption of normal development.

The first possibility is unlikely, as recent data gained

with adaptive optics Fourier domain optical coherence

tomography offered no evidence of cone loss in the

central retina of the subjects with ROP [19] The

ablation of the periphery could also be an explanation

of cone loss but at present we have very few data on

cone distribution in the periphery. Spatial cone density

was investigated mostly in the foveal or parafoveal

area, because in the periphery rods are known to be the

dominant type of photoreceptors [20, 21].

Cellular dysfunction is more probable; as high

vulnerability of the developing foveal cones is

previously described, and these are the immature

photoreceptors which appear to be particularly vul-

nerable to retinal oxygen level fluctuation [22]. The

results of the GEE statistics in our study are also in

accordance with this second hypothesis. It was the

degree of prematurity characterized with birth weight

B1,250 g and gestational age at birth B30 weeks, and

not the severity of ROP or laser treatment, that

predicted the long-term cone impairment.

This cone dysfunction seems to be a really subtle

alteration, as significant decrease can be detected

only in the b-wave amplitude, but the b-wave implicit

times did not differ from those of controls. (A-waves

could not be analysed in all cases, due to the small

amplitudes and thus weak signal-to-noise ratio in all

groups.) On one hand, earlier maturation may protect

the cones. On the other hand, cones have twice as

many mitochondria and greater aerobic ATP produc-

tion which protects against metabolic insults and

apoptosis [23]. Furthermore, cones, in contrast to

rods, have the capability of utilizing endogenous

glycogen, affording protection against the adverse

effects of hypoxia and attendant hypoglycemia. [24].

Patient selection can also be an explanation for this

finding, because in this study we examined preterm

born children with perfect vision, and nomal appear-

ing posterior pole. A previous study of Fulton et al.

reported that cone function is only minimally reduced

in mild ROP, but it is below the normal mean in all

subjects with severe ROP [15].

The observed b-wave alteration can also imply that

inner retinal cone pathways were affected in our

subjects. Our previous morphological research with

OCT, and other multifocal ERG findings support this

hypothesis, suggesting that the developmental orga-

nization of the central retina is altered in ROP. The

decrease or absence of inner retinal cell migration in

preterm infants can be an explanation for the

diminution of foveal depression and the continuity

of bipolar and amacrine cell layer, seen on OCT scans

[25], and the decreased amplitude of ERG waves in

the central rings with multifocal ERG [26].

For the investigation of selective blue cone

dysfunction, we tried to apply blue cone specific

stimuli. At the time of our investigations there had

been several reports that the human S-cone ERG can

be separately detected, but this S-cone ERG was not

standardized for age or methodology. [27–30]. We

chose a strong amber background light to desensitize

the L and the M cones as well as the rods, and to

leave the S-cones much less light-adapted and

consequently more responsive [30].

We found a reduction in b-wave amplitude for

both ISCEV standard stimulus flashes and our S-cone

stimuli and therefore we thought that besides

S-cones, M- and L-cones might also be altered. This

finding is supported by previous experimental studies

describing cone differentiation in humans. S-opsin is

expressed first at 12th gestational week, and it is

followed by L/M opsin some weeks later in the
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Fig. 2 ROC curve to determine the cutoff point of b-wave

amplitudes of standard ERG and S-cone ERG with single flash

stimuli, respectively. Data points were joined with straight line
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central region. [31, 32]. At the time of oxygen

induced injury probably S-cones are in a more mature

so less vulnerable state than L/M cones. At the same

time, our S-cone responses did not correspond with

those reported previously in the literature. Their

latency was earlier than published S-cone ERGs, and

their b-wave amplitude was greater and more similar

to standard cone ERGs. It raised the possibility; that

we could not separate the S-cones totally from the

L/M cones with our stimuli.

In accordance with the ERG results we couldn’t

detect any selective color vision defect in preterm

born children; compared to controls with the Fans-

worth D15 and the Lantony desaturated (L15) tests.

We chose these two color vision tests because they

are rather short, so relatively easy for children, and

L15 was found to be the most suitable test for

screening of early color vision abnormalities in

uncomplicated juvenile diabetes [33]. It is only the

Fansworth-Munsell 100-Hue test that has the same

clinical reliability and sensitivity, but its results are

affected—particularly in children—by the much

longer execution time [33, 34]. The increased

prevalence of impaired color vision, reported earlier

in the CRYO-ROP study with the Standard Pseu-

doisochromatic Plates (SPP) in a big population

[10], was not detected in several smaller studies

with psychophysical methods [5–9]. The CryoROP

Study described yellow-blue color vision deficits in

a large preterm population. All of the children were

younger than our patients. The birth weigth was less

than it was in our study and all neonates had some

stage of ROP. According to the literature, the SPP

test used in the CRYO-ROP study demonstrated low

sensitivity in early color vision defects in diabetes

patients [33].

Limitations of the present study are the small

sample size, and the moderate selectivity of the

S-cone stimulation which precluded a definitive

conclusion. However our study shows that a subtle

dysfunction of the cone pathways is possible and it

could be related to the degree of prematurity. The

dysfunction represented by the photopic b-waves

amplitude could mean that in addition to, or instead

of the cone photoreceptors themselves, but the inner

retinal cone pathways were affected. The alteration

found is in accordance with previous anatomic and

electrophysiological data showing lower vulnerability

of cones than rods to ROP [15].
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