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Abstract The purpose of this study was to determine
whether recovery of scotopic sensitivity occurs in
human ROP, as it does in the rat models of ROP.
Following a cross-sectional design, scotopic electro-
retinographic (ERG) responses to full-field stimuli
were recorded from 85 subjects with a history of
preterm birth. In 39 of these subjects, dark adapted
visual threshold was also measured. Subjects were
tested post-term as infants (median age 2.5 months) or
at older ages (median age 10.5 years) and stratified by
severity of ROP: severe, mild, or none. Rod photore-
ceptor sensitivity, Sgop, was derived from the a-wave,
and post-receptor sensitivity, log o, was calculated
from the b-wave stimulus—response function. Dark
adapted visual threshold was measured using a forced-
choice preferential procedure. For Sgrop, the deficit
from normal for age varied significantly with ROP
severity but not with age group. For log ¢, in mild ROP,
the deficit was smaller in older subjects than in infants,
while in severe ROP, the deficit was quite large in both
age groups. In subjects who never had ROP, Sgop and
log o in both age groups were similar to those in term
born controls. Deficits in dark adapted threshold and
log o were correlated in mild but not in severe ROP.
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The data are evidence that sensitivity of the post-
receptor retina improves in those with a history of mild
ROP. We speculate that beneficial reorganization of
the post-receptor neural circuitry occurs in mild but not
in severe ROP.

Keywords Retinopathy of prematurity -
Neural retina - Electroretinogram -
Rod photoreceptor - Dark adapted visual threshold

Introduction

Retinopathy of prematurity (ROP), even if mild,
causes long-term deficits in rod and rod-driven post-
receptor retinal function that persist long after acute-
phase ROP has resolved. Compared to term born
controls, in the majority of ROP subjects, both rod
photoreceptor and post-receptor response parameters
are below average from early infancy into adulthood;
former preterms who never had ROP do not differ
from age-similar controls [1]. Rod and post-receptor
retinal dysfunction are also noted in rat models of
ROP [2-9]. In rats followed longitudinally, post-
receptor sensitivity recovers whereas photoreceptor
sensitivity remains abnormal [2].

To determine whether there is evidence of recov-
ery of sensitivity in human ROP, we reviewed rod
photoreceptor and post-receptor ERG parameters in
infants and older subjects with a history of preterm
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birth. Dark adapted visual thresholds were also
evaluated for significant relationship to ERG indices
of sensitivity. The effects of age and ROP severity on
these cross-sectional ERG and threshold data from
infant and older subjects were analyzed.

Methods
Subjects

Rod and rod-driven ERG parameters from 85 subjects
with a history of preterm birth were analyzed
(Table 1A). Peripheral dark adapted visual thresholds
obtained from 39 of these subjects were also analyzed
(Table 1B). ERG parameters from 68 of the subjects
[1] and threshold data from 11 [10] have been
reported previously.

All subjects had serial fundus examinations in the
newborn intensive care nursery similar to those used
in the multicenter ROP treatment trials [11, 12]. Based
on these examinations, the subjects were categorized
according to maximum acute-phase ROP as severe,
treated ROP (n = 14), mild, untreated ROP (n = 50),
or no ROP (n = 21) [13, 14]. Those in the severe
category were treated by ablation of avascular

peripheral retina. Those in the mild category did not
require treatment; by clinical criteria, their ROP
resolved completely. Those in the no ROP category
had serial examinations and ROP was never detected.
No subject had active ROP at the time of the ERG test
and none had a history of retinal detachment or
surgery other than laser or cryotherapy.

Gestational age at birth ranged from 23 to 32
(median 27) weeks and birth weight from 490 to
2,275 (median 845) grams (Table 1A). Although, on
average, those with severe ROP were born earlier and
had lower birth weights, there was considerable
overlap in gestational age at birth and birth weight
among the three groups.

The 85 subjects were stratified into two age groups:
infant and older (Table 1A). Infants (n = 35) were
tested at median age 10.3 (range 7.4-36.3) weeks
post-term. Older subjects (n = 50) were tested at
median age 10.5 (range 3.1-23.0) years post-term.
The demographics of the subset with dark adapted
visual thresholds are summarized in Table 1B.
Throughout this paper, we report the age of former
preterm subjects as post-term age. Post-term age is
calculated by subtracting the difference between the
gestational age at birth and full term (40 weeks) from
the subject’s postnatal age: Post-term age = Postnatal

Table 1 Former preterm

subjects [median (range)] Category n

Gestational
age (weeks)

Birth weight (g) Age at test (post-term)

A. ERG subjects
Infants (n = 35)

Severe ROP 5 27.0 (25-28) 950 (499-1,040) 11.6 (9.0-31.3) weeks

Mild ROP 21 27.0 (24-31) 890 (610-1,332) 10.3 (7.4-36.3) weeks

No ROP 9 29.0 (25-32) 1,270 (740-2,275) 10.3 (9.1-33.8) weeks
Older (n = 50)

Severe ROP 9 26.0 (24-30) 634 (490-1,750) 10.0 (5.9-18.5) years

Mild ROP 29 25.0 (23-32) 760 (500-1,588) 11.1 (3.1-23.0) years

No ROP 12 30.5 (26-32) 1,424 (820-2,268) 9.8 (3.1-18.1) years

B. Subset of ERG subjects with dark adapted visual thresholds
Infants (n = 20)

Severe ROP 5 27.0 (25-28) 950 (499-1,040) 11.7 (9.4-32.9) weeks

Mild ROP 11 28.0 (24-30) 940 (610-1,230) 10.7 (7.6-18.9) weeks

No ROP 4 28.0 (27-30) 1,250 (1,195-1,270) 10.5 (9.9-11.3) weeks
Older (n = 19)

Severe ROP 4 25.5 (24-28) 634 (490-1,100) 10.4 (6.7-14.5) years

Mild ROP 12 25.5 (24-32) 785 (595-1,588) 11.6 (3.1-14.9) years

No ROP 3 26.0 (26-30) 930 (820-1,400) 7.7 (3.0-13.9) years
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age — (Term — Gestational age). For example, the
post-term age of an infant born at 26-week gestation
and tested at postnatal age 24 weeks is 10 weeks
[24 — (40 — 26) = 10].

This study conformed to the tenets of the Decla-
ration of Helsinki and was approved by the Chil-
dren’s Hospital Committee on Clinical Investigation.
Informed consent was obtained from the parents of
the infants and children, assent from the older
children, and consent from those 18 years and older.

ERG procedure

The majority of preterm subjects (70/85; 82%) were
tested with Burian-Allen corneal contact electrodes.
Skin electrodes were used in 15 of the 50 older
preterm subjects who were judged unlikely to tolerate
the Burian-Allen electrode. The skin electrode sub-
jects were median age 6.9 (range 3.0-11.9) years and
were distributed across ROP strata (severe: n = 3,
mild: n = 9, no ROP: n = 3). ERGs from preterms
were compared to those from term born 10-week-old
infants (n = 38) and mature (n = 60) subjects [1].
All controls were tested with Burian-Allen elec-
trodes; 18 of the mature controls were also tested
using skin electrodes.

Parents stayed with infants and children through-
out the procedure. One pupil was dilated with
cyclopentolate 1% and the subject was dark-adapted
for 30 min. Then, under dim red light, proparacaine
0.5% was instilled and a bipolar Burian-Allen
electrode was placed on the cornea. For skin
electrode testing, the active electrode was placed
near the outer canthus and the indifferent electrode
below the lower lid [15]. For both electrode types, a
ground electrode was placed on the skin over the
ipsilateral mastoid.

A Compact 4 system (Nicolet, Madison, WI) was
used to test 55 and an Espion system (Diagnosys,
Lowell, MA) was used to test 30 of the former preterm
subjects. Rod responses were recorded using a
Wratten 47B filter (4 < 510 nm) in the Nicolet system
and a 470-nm LED (half bandwidth 30 nm) in the
Espion system. In both systems, the gain was 1,000
and the bandpass was 0.5-1,000 Hz. The digitization
rate was 2,564 Hz for the Nicolet and 2,000 Hz for the
Espion. In the adult control subjects (Nicolet: n = 28;
Espion: n = 32), rod photoreceptor and post-receptor
parameters did not differ between the two recording

systems. Therefore, data obtained using the two
systems have been combined in all analyses.

Rod photoreceptor

The activation of phototransduction was studied in all
subjects. Responses to full-field, brief (<3 ms), blue
stimuli ranging from +2.1 to 43.6 log scot td s were
recorded. The rod photoresponse parameters (Srop
and Rgrop) were calculated by fit of the Hood and
Birch [16] formulation of the Lamb and Pugh model
[17, 18] to the a-waves. The equation is

R(l’7 l) = [1 — exp{—O.SISROD(t — ld)z}] Rrop (1)

where [ is the flash (scot td s), Srop, a parameter
[(scot td)'s™] that depends on the time constants of
the steps in the activation of phototransduction [18],
Rrop, the saturated response amplitude (LV), and 7,
a brief delay (ms). All three parameters (Srop, Rrop»
and ;) were free to vary.

Post-receptor rod-driven b-wave

The stimulus/response function
V() = [I/(I+ 0)] Vmax (2)

was fit to the b-wave amplitudes of each subject. In
this equation, V is the b-wave amplitude (pV)
produced by flash intensity I, Vyax the saturated
amplitude (uV), I the stimulus in scot td s, and ¢ the
stimulus that evokes a half-maximum b-wave ampli-
tude. Thus, 1/0 is a measure of sensitivity.

The function was fit only up to those higher
intensities at which substantial a-wave intrusion
occurred (~+1.0 log scot td s) [19]. Under these
rod-mediated conditions, the b-wave represents the
activity of ON bipolar and other second- and third-
order neurons [20, 21].

Validation of parameters obtained
using skin electrodes

In a preliminary analysis, we tested adult, term born
control subjects (n = 18) with both the Burian-Allen
electrode and skin electrodes (Table 2). There was
no significant difference (repeated measures ¢ test) in
the estimates of Sgop or log o, but skin electrode
amplitudes (Rrop and Vyax) were significantly
smaller than Burian-Allen amplitudes. In an
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Table 2 Comparison of
Burian-Allen and skin

Rod photoreceptor

Post-receptor

electrode results in mature,

Srop (scot td s)

Rgop (1LV) Log o (scot td s)

Vmax (V)

term born controls [median

(range)] Burian-Allen

84.9 (53.6-110.5)
Skin 73.0 (12.8-123.8)

395 (137-541)
58 (17-97)

—-0.8 (-=1.1--0.2)
—-0.8 (—=1.2--0.1)

431 (305-566)
72 (42-115)

individual, the difference between Burian-Allen and
skin electrode estimates of both Sgop and log ¢ was
small. Specifically, the median difference in log Srop
was +0.04 (range —0.24—+0.17 log unit), and the
median difference in log ¢ was +-0.02 (range —0.19-
40.40 log unit). Thus, Sgop and log ¢ parameters
obtained with skin and Burian-Allen electrodes were
combined. For every individual, saturated amplitudes
(Rrop and Vy1ax) obtained with skin electrodes were
considerably smaller than those obtained with the
Burian-Allen electrode [Rrop: median 16% (range
6-31%); Vmax: median 16% (range 11-34%)].

Psychophysical thresholds

Peripheral visual thresholds were estimated using a
two-alternative, forced-choice method, as previously
described [22]. After dark adapting for 30 min, the
subject was positioned in front of a rear projection
screen. A 30 minarc diameter, flickering, red light
attracted the subject’s gaze to the center of the screen.
When an adult observer reported that the subject was
looking at the center, the fixation target was extin-
guished and a peripheral test stimulus presented.
Stimuli were 50-ms duration, blue (Wratten 47B,
A < 510 nm), 2° diameter spots presented 30° to the
right or left of the fixation target. Stimulus intensity
was controlled using calibrated neutral density filters.
The observer, unaware of the right-left position of the
test stimulus, reported stimulus location, right or left,
based on the subject’s head and eye movements. Older
subjects pointed to the stimulus or reported its
location verbally. Thresholds were determined using
a transformed up-down staircase that estimated the
70.7% correct point of the psychometric function [23].

Calibrations
Stimuli were measured with a detector and appropri-
ate scotopic filter (IL 1700, International Light,

Newburyport, MA) placed at the position of the
subject’s cornea. The maximum intensity stimulus
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was 79.2 scotopic cd/m? in the ERG system and 5.0
scotopic cd/m” in the psychophysical apparatus. In
adults, assuming a pupil diameter of 8 mm, the ERG
stimulus produced approximately +3.6 log scot td s
and the psychophysical stimulus approximately +2.4
log scot td s. In our analysis of rod photoreceptor and
post-receptor function, we used the same troland
values for both infant and older subjects.

Retinal illuminance varies directly with area of the
pupil and transmissivity of the ocular media and
inversely with the square of the posterior nodal
distance [24, 25]. The infants’ median pupil diameter
was 5.0 mm. We used the area of each infants’
dilated pupil and published estimates of the ocular
media density [26] and axial length of the eye [27] to
estimate the retinal illuminance. In summary, equal
intensity stimuli produce retinal illuminance in
10-week-old infants which differs from that in older
subjects by less than 0.1 log unit [1, 28-30]. For the
ERG system, the maximum stimulus was 6.13 lm/mz;
for the psychophysical apparatus, it was 0.44 Im/m>.

Statistical analyses

For each subject, ERG parameters (Sgop, log o,
Rrop, and Vyax) were expressed as the log of the
difference from the calculated normal value for age
[31]. In normal development, these parameters do not
change significantly after infancy [31].

Analysis of variance (ANOVA) was used to eval-
uate the effect of ROP severity (severe, mild, no ROP)
and age (infant, older) on each ERG parameter. All
ANOVA results are summarized in Table 3.

For those subjects who had dark adapted visual
threshold measured, linear regression was used to
compare deficit in threshold for significant relation-
ship to deficit in photoreceptor (Srop) and post-
receptor (log o) sensitivity. Thresholds and ERG
parameters were expressed as difference from mean
adult control values [31].

The level of significance for all tests was
P <0.01.
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Results

Sample ERG records

(Fig. 1) from two mild
ROP subjects are shown, one recorded using a

Burian-Allen electrode, the other recorded with
skin electrodes. Model fits to the a-wave, and the

b-wave
shown.

stimulus response functions

are also

Mild ROP age 10 weeks

501 Spqp = 27 (scot td)1s?
Reqp = 130 pV

"% ¥ log o = +0.09 log scot td s

vy = 189 v

>:_ 100 +
L)
.
10 ; ; + i
=1 (] 1 2 3
log scot td s

Mild ROP age 7 years

Fig. 1 Sample ERG (a)
records from mild ROP
subjects. a ERGs recorded log scot
using a Burian-Allen :-d3(s)
contact electrode and model :
fits to a- and b-waves in a +2.7
10-week-old infant with a +24
history of mild ROP. Left: :
Dark adapted ERG +2.1
responses to a series of +18
flashes. Flash intensity in
log scot td s is indicated to +1.5
the left of the traces. Upper +1.2
right: The first 40 ms of the
response (solid lines) to the +0.9 A
five brightest flashes and +0.6
model fits to the a-wave +0.3 J\
(Eq. 1, dashed lines). The ’ w
calculated values of Sgop 0
and Rgop are indicated. -03 e
Lower right: b-wave
amplitude plotted as a -0.6 p—
function of stimulus | 100 uv
intensity. The smooth curve
represents Eq. 2 fit to the L] (R R
points. The calculated 0 40 80 120 160
values of log ¢ and Vyax
are indicated. b ERGs (b)
recorded using skin log scot
electrodes in a 7-year-old td s
child with a history of mild +33
ROP. The features are the ' M
same as in a +3.0

+2.7

+2.4

+2.1

+1.8

+15

+1.2

+0.9

+0.6

+03 M

0 P ————

-0.3

-0.6

-0.9

-1.2

-15

r T T T Y T Y 1
0 40 80 120 160
ms

809 Spop = 83.6 (scot td)'s?

i log o= -1.04 log scottd s
E Vs = 87 uV

-2 -1 0 1 2 3
log scot td s
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Mean values of sensitivity parameters Sgop and log
o expressed as the log of the difference from normal
for age (A log normal) are shown for each ROP
category and age group in Fig. 2. ANOVA (Table 3)
showed that deficits in log Srop (upper panel) varied
significantly with ROP severity but not with age. On
average, the Sgrop deficit in the severe category was
0.38 log unit (infant) and 0.32 log unit (older), that is,
sensitivity was 42 and 48% of that in the controls. In
those with mild ROP, the Sgop deficit was smaller:
0.22 log unit (infant) and 0.12 log unit (older), that is,
sensitivity was 60 and 76% of that in controls. For
those with no ROP, Sgop was normal at both ages.

Deficits in post-receptor sensitivity are summa-
rized in Fig. 2, lower panel. The deficit in log o
varied significantly with ROP severity but not with
age (Table 3). Of note, there was a significant
interaction between age and ROP severity. In subjects
with a history of mild ROP, the deficit in log ¢ was
significantly smaller in the older group than in the
infant group (¢ = 6.74; df = 79; P < 0.01), while in
subjects with a history of severe ROP, large deficits

0 =
g 0.2
[ 3

9 0.4
o J
2 06 -
« |
0.8 A

1.0
0 -
0.2
) J
o 0.4 1
2 4
0.6
< ]
0.8 1
1.0 -

Infant Older Infant Older Infant Older
Severe, Mild, No ROP
Treated Untreated

Fig. 2 Mean (SEM) sensitivity expressed as the log of the
difference from normal for age (A log normal). Upper panel:
Rod photoreceptor sensitivity, Sgop. In both mild and severe
ROP, significant deficits in Sgop were seen in infants and older
subjects. Lower panel: Rod post-receptor sensitivity, log ¢. In
infants, log ¢ was low in those with a history of ROP, whether
mild or severe. In older subjects, deficits in log o were smaller
in mild than in severe ROP
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were found in both age groups; the latter deficits were
not significantly different.

Deficits in rod photoreceptor and post-receptor
saturated amplitude (Rrop and Vyax, respectively)
are summarized in Fig. 3. The deficits in both log
Rrop and log Vyax varied significantly with severity
but not with age (Table 3). Both amplitude param-
eters were lowest in severe ROP. There was no
significant interaction between age and ROP severity
for either amplitude parameter.

Deficit in peripheral dark adapted visual threshold
is plotted as a function of deficit in post-receptor
sensitivity in Fig. 4. In the no ROP subjects (upper
panel), as in normal development, the deficit in
psychophysical threshold was predicted by the deficit
in log . In mild ROP (center panel), deficits in log ¢
and peripheral threshold were similar; the points fell
near the diagonal line (slope = 1.0) that indicates
equal deficits in both. There was a significant
relationship between deficit in threshold and deficit
in log ¢ (y=044x — 11; r=0.46; t= 3.50;
P < 0.001). The slope of the regression line did not
differ significantly from 1.0. In severe ROP (lower
panel), there was no relationship between deficit in
threshold and deficit in log o.

In normal development, photoreceptor sensitivity
(Srop) predicts dark adapted visual threshold eleva-
tion [32]. In ROP, whether mild or severe, there
was no significant relationship between Sgop and
threshold (not shown). The relationship in subjects

Table 3 Results of analyses of variance

Sensitivity (A log normal for age)

Photoreceptor (Sgop) Post-receptor (log o)

F df P F df P
Severity 1931 2,79 <0.001 8.61 2,79 <0.01
Age 3.04 1,79 ns 047 1,79 ns
Age x Severity 0.30 2,79 ns 532 2,79 <0.01

Saturated Amplitude (A log normal for age)

Photoreceptor (Rrop) Post-receptor (Vyax)

F df P F df P
Severity 509 2,79 <001 7.89 2,79 <0.01
Age 375 1,79 ns 064 1,79 ns

Age x Severity 0.64 2,79 ns 009 2,79 ns
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Infant Older Infant Older Infant Older
Severe, Mild, No ROP
Treated Untreated

Fig. 3 Mean (SEM) saturated amplitude expressed as the log
of the difference from normal for age (A log normal). Upper
panel: Rod photoreceptor saturated amplitude, Rrop. Lower
panel: Post-receptor saturated amplitude, Vyax. The deficit in
both amplitude parameters was greatest in severe ROP

with no ROP was similar to that in normal
development.

Discussion

Small but statistically significant deficits in rod pho-
toreceptor sensitivity, Srop, are seen in both infants
and older subjects with a history of mild and severe
ROP (Fig. 2, upper panel). Photoreceptors appear to be
a therapeutic target in ROP. Pharmacological protec-
tion of immature photoreceptors benefits the neuro-
vascular outcome in a rat model of ROP [33].
Deficits in post-receptor sensitivity, represented
by log o, are seen in infants with a history of mild
and severe ROP. In older subjects, the log ¢ deficits
are minimal in mild ROP but marked in severe ROP
(Fig. 2, lower panel). These cross-sectional ERG
data from young infants and older subjects
(>3 years) suggest that in mild ROP, post-receptor
sensitivity improves after early infancy. In mild
ROP, deficits in post-receptor sensitivity and deficits
in threshold are correlated (Fig. 4, middle panel).
Our previous longitudinal psychophysical measures
of dark adapted visual threshold [10] indicated that

in mild ROP, peripheral retinal sensitivity reached
maturity in late infancy (9-12 months post-term).
Therefore, we predict that post-receptor sensitivity
(log o) also matures in late infancy. In term born
controls, peripheral sensitivity is mature by age
6 months [22].

We hypothesize that in mild ROP patients, bene-
ficial reorganization (“rewiring”) of post-receptor
retinal circuitry leads not only to improved ERG
sensitivity but also to normal visual thresholds [10].
We have previously observed beneficial reorganiza-
tion in a patient with desferoxamine toxicity [34]
whom we have now followed for more than a decade.
Pharmacological exposure caused photoreceptor,
post-receptor, and visual dysfunction. Mild rod
dysfunction (Sgop) was irreversible but post-receptor
function (log o) and visual threshold recovered [34].
In animals, more severe injury to the photoreceptors,
due to light damage or heritable degeneration, causes
marked detrimental remodeling of the post-receptor
retina [35-37]. We suspect that in mild human ROP,
stepwise beneficial remodeling of neural and vascular
elements occurs. Growth factors mediate neural-
vascular cross talk during the evolution and resolu-
tion of ROP in a rat model [38]. Analogous processes
may be operative in human ROP.

The apparent lack of post-receptor recovery in
severe ROP could be consequent to the intimate
relationship between the post-receptor neural retina
and its vascular supply. By definition, acute vascular
abnormalities are more marked in severe than in mild
ROP and may be associated with irreparable injury
to the post-receptor neural circuitry. We cannot
exclude the possibility that in some patients with
severe ROP, the post-receptor circuitry recovers by
late infancy only to lose function in childhood. We
have, however, found no evidence of this in the
extant data (Fig. 2, lower panel).

Further delineation of the interplay of the post-
receptor neural circuitry and the retinal vasculature is
essential for understanding of the recovery of func-
tion in mild ROP and the apparent lack of recovery in
severe ROP. Such understanding may lead to
improved clinical outcomes, perhaps by identifying
new therapeutic targets. Complementary analyses of
vasculature and retinal layer morphology [39—41] and
of function, assessed using ERG and psychophysical
methods, will provide the critical information in
infants and children. Interpretation of the retinal
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processes in human ROP will undoubtedly continue
to be informed by the results of investigations in rat
models [2, 33, 38, 42-45].
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<« Fig. 4 Deficit in dark adapted peripheral threshold (A log
DAT) plotted as a function of deficit in post-receptor
sensitivity (A log ¢) in preterm subjects with a history of no
ROP (top), mild ROP (middle), and severe ROP (bottom). The
circles represent data from individual preterm subjects (open
circles—infants; filled circles—older subjects). The triangles
indicate the mean (£SEM) for term born 10-week-old infants
(open) and adults (filled). The mean normal adult value is at
coordinates (0,0). The solid line has a slope of 1
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