Changes in the Optic Disc Excavation of Children
Affected by Cerebral Visual Impairment:

A Tomographic Analysis
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Purposk. To obtain quantitative data on the optic disc excava-
tion in children affected by cerebral visual impairment (CVI) by
using the Heidelberg Retinal Tomograph (HRT)-II (Heidelberg
Engineering, Heidelberg, Germany).

METHODS. A total of 24 subjects affected by CVI (mean age, 7.28
years) were examined: 16 in alert conditions and 8 under
general anesthesia. The following parameters of the optic
nerve head were examined: disc area, cup area, rim area, cup
volume, rim volume, cup-to-disc area ratio, mean cup depth,
maximum cup depth, cup shape measure, and mean retinal
nerve fiber layer (RNFL) thickness. The tomographic results in
children with CVI were compared with those of 88 normal,
alert subjects of similar age.

Resurts. The optic disc of patients with CVI appeared smaller
than normal. Its excavation, however, was more pronounced.
Several tomographic parameters were altered in CVI-affected
subjects. Statistical analysis showed a highly significant proba-
bility in cup-to-disc area ratio (P < 0.01, both eyes), rim area
(P < 0.01, both eyes), cup shape measure (P < 0.01, right eye;
P < 0.01, left eye), and mean RNFL thickness (P < 0.01, right
eye; P < 0.01, left eye). A novel observation was temporal
atrophy of the optic nerve head in CVIL.

Concrusions. The data provide a tridimensional, objective eval-
uation of the anatomic alterations of the optic nerve head in
children with CVI. Furthermore, tomographic standards for
optic disc shape in normal children are set for the first time.
(nvest Ophthalmol Vis Sci. 2006;47:484 - 488) DOI:10.1167/
i0vs.05-0529

In developed countries, cerebral visual impairment (CVI)
represents one of the main causes of visual loss in chil-
dren,"? largely because of the improvement in neonatal rean-
imation techniques during the last decades, which has made
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possible the survival of premature newborns of increasingly
lower gestational age and weight."® CVI defines the visual
deficit caused by damage to the retrochiasmatic visual path-
ways, which include the optic radiation and both striate and
extrastriate higher-order cortical centers of visual process-
ing.?* The most common cause of CVI in children is perinatal
hypoxia-ischemia.”> Other mechanisms include cerebral malfor-
mations, epilepsy, and degenerative diseases of the central
nervous system.'?

Ophthalmic findings often associated with CVI are fundus
anomalies, refraction defects, squint, and nystagmus. Any dam-
age of the retinal ganglion cell fibers before completion of the
development of the visual system results in nerve head hy-
poplasia,®” and previous studies of CVI mention various levels
of optic nerve atrophy, including pallor, hypoplasia, and exca-
vation of the optic nerve disc.®~'° These findings are surpris-
ing, because retrogeniculate damage of the visual pathways
does not lead to peripheral modifications in the adult. To
explain the peripheral alterations caused by a central lesion, a
mechanism of retrograde, transsynaptic degeneration has been
suggested,'' ™' similar to that observed in monkeys with dam-
age to the visual cortex.'*'? In humans, alterations of the optic
nerve could be related to the gestational age at which the
cerebral event occurred. When periventricular leukomalacia
affects premature newborns at the end of the second trimester
of gestation, it is typically associated with optic nerve head
(ONH) hypoplasia, whereas in the third trimester, it is associ-
ated with pseudo colobomatous cupping.” An earlier morpho-
logic study of the ONH’ was based on fundus pictures of the
posterior pole and included measurements of the intraocular
pressure, which happened to be normal. This approach, how-
ever, could not provide tridimensional information, and there-
fore it did not permit the measurement the actual loss of nerve
fibers. In past decades, neuroimaging techniques have been
used to study CVI; transfontanel echography is commonly used
during the first months of postnatal life because of its conve-
nience, whereas computed tomography and magnetic reso-
nance imaging are used to localize the lesions along the visual
pathways.

The Heidelberg Retina Tomograph (HRT; Heidelberg Engi-
neering, Heidelberg, Germany) and its simplified version HRT-
I, is a confocal scanning laser ophthalmoscope designed for
acquisition and analysis of three-dimensional images of the
posterior segment. Conceived originally for early detection and
follow-up of glaucoma,'*~2! it has been successfully used in
studies of glaucomatous optic neuropathy because of its good
resolution and the reproducibility of its measurements.'% 22
The instrument provides morphometric parameters of the op-
tic disc, such as cup area, rim area, cup volume, rim volume,
and cup-to-disc ratio.'*

In this study, the HRT-II was used for the first time to
examine the optic disc in CVI with the purpose of providing a
quantitative description of disc anomalies and to correlate our
measurements with the visual performance of the patient.
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FIGURE 1. Retinal tomographic scan in an 8-year-old healthy child.
Color analysis (left) and Moorfields analysis (green lines) were normal.

MATERIALS AND METHODS

We examined 24 subjects whose mean age was 7.28 = 2.7 years. A
diagnosis of CVI was confirmed after examination of the available
evidence by a multidisciplinary team that included a child neurologist,
an ophthalmologist, a neuroradiologist, and a psychologist. We limited
our study to cerebral damage caused by hypoxia-ischemia, excluding
cerebral malformations and metabolic or genetic diseases. In addition
to optic disc tomography, ophthalmic tests included slit lamp and
fundus examination, assessment of visual acuity (when possible), mea-
surement of intraocular pressure with a hand-held tonometer (Tono-
Pen XL; Medtronic, Jacksonville, FL) in 15 subjects, and recordings of
flash-evoked visual potentials. The study was performed in 16 alert
subjects. In 8 additional subjects, ophthalmic examination was partic-
ularly difficult, due to poor cooperation, roving eye movements,
squint, or nystagmus. In these individuals we resorted to general
anesthesia, deemed necessary because we intended to diagnose and
eventually correct refractive errors that had escaped the attention of
previous examiners. The parents were informed of the purpose of the
procedure and their written consent was requested. Anesthesia was
obtained by administering 35% nitrous oxide for 1 minute, followed by
3% sevoflurane, both in a mixture of 50% O,-50% air through a me-
chanical ventilator that monitored simultaneously systemic arterial
pressure and O, saturation in a noninvasive way. The average duration
of the examination ranged from 20 to 40 minutes. On awakening, the
patients were kept with their parents in the recovery room for at least
1.5 hours. The tomography results in the CVI patients were matched
with those of 88 alert normal subjects of similar age (mean, 7.9 = 2.7
years). The control subjects were selected among those referred to a
Pediatric Ophthalmology Unit for suspected squint, amblyopia, or refrac-
tive errors, but otherwise found normal. All these subjects had a visual
acuity of 20/20, with a refractive error ranging from +3.00 to —2.00 D; an
astigmatism not higher than 2.00 D; normal anterior segment by slit lamp
examination; and normal fundus by indirect ophthalmoscopy. The study
was approved by the local ethics committee and was conducted accord-
ing to the recommendations of Declaration of Helsinki.

Optic Disc Tomography

HRT-II is a simplified version of the Heidelberg Retinal tomograph,
which permits rapid measurements of the ONH in a clinical setting.
HRT-II was described elsewhere in detail.'® Briefly, it is an automated
confocal scanning laser ophthalmoscope that consists of a 670-nm
diode laser and a confocal imaging system. The laser light, deflected by
oscillating mirrors, scans a 15° X 15° area at the posterior pole of the
eye, 1 to 4 mm in depth, with a Z series of 16 to 64 consecutive and
equidistant (one per 16 mm) two-dimensional optical sections, with a
resolution of 384 X 384 pixels. A three-dimensional image is then
obtained by integrating the optical sections acquired at different,
consecutive positions of the focal plane and aligned by appropriate
vertical and horizontal displacements. The resolution along the Z-axis
at each point is approximately 20 um. The three-dimensional image of
the posterior pole is then displayed on the computer monitor, and the
operator can draw the contour line of the optic disc by using a
computerized mouse system. Once the disc margin has been defined,
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the HRT software provides a series of measurements that describe the
morphology of the ONH in three dimensions. Of these measurements,
the following ones were considered in this study: disc area, cup area,
rim area, cup-to-disc area ratio, cup volume, rim volume, mean cup
depth, maximum cup depth, mean retinal nerve fiber layer (RNFL)
thickness (mean thickness of the RNFL along the contour line), and
cup shape measure. The last parameter mentioned depends on the
depth values relative to the curved surface of the optic disc inside the
contour line."> Cup shape measure is expressed by a number more
negative than —0.15 in normal eyes with small, flat cups, or less
negative than —0.15 in glaucomatous eyes with deep cups. All HRT-II
images were obtained after pupil dilation (1% tropicamide adminis-
tered three times) in an operating room setting. HRT-II automatically
gives a sectorial evaluation of the optic disk cupping, the so-called
Moorfields regression analysis17 (Figs. 1, 3). Since this technique has
been developed to identify early glaucomatous changes, we didn’t
utilize it for the analysis of our sample.

Statistical Analysis

Quantitative data are shown as the mean and SD. Only images were
selected for this study in which the SD for the mean position of each
pixel was =30 um. The Shapiro-Wilk’s W test was used to evaluate the
distribution of the data, and, if they were normally distributed, Stu-
dent’s #-test was used for comparisons between groups. If data distri-
bution was not normal, the nonparametric Mann-Whitney test was
used. Sensitivity (probability or percentage of positive test results
among patients with disease) and specificity (probability or percentage
of negative test results among patients without disease) were used to
evaluate the diagnostic accuracy of HRT measures. Given the known
limitations of diagnostic accuracy as a parameter for measuring the diag-
nostic performance of a test, the statistical analysis of sensitivity and
specificity was performed by means of operating characteristic (ROC)
curves®® with the calculation of the area under the curve (and its 95%
confidence interval [CI)) for all the parameters. Differences in frequencies
were evaluated by means of y* statistics or the Fisher exact test, as
appropriate. P < 0.05 was assumed to indicate statistical significance. All
tests were two-tailed. Analyses were performed on computer (Statistica
for Windows; StatSoft Inc. 2004, Tulsa, OK, and MedCalc>%).

RESULTS

Clinical Findings and Visual Acuity

The prevalent neurologic diagnoses in our CVI sample were
spastic diplegia (10 cases), tetraparesis (8 cases) and hemipa-
resis (5 cases). Only one subject showed less severe neurologic
signs. It was possible to determine visual acuity only in 12
subjects. To this end, we used either Early Treatment Diabetic
Retinopathy (ETDRS) charts (seven cases) or Teller acuity cards

FIGURE 2. Tridimensional retinal tomographic imaging of the subject
in Figure 1: the cupping was within normal limits.



486 Ruberto et al.

IOVS, February 2006, Vol. 47, No. 2

TABLE 1. Optic Disc Parameters and Statistical Significance in CVI-Affected Subjects Compared with Healthy Controls

CVI Subjects (n = 24)

Control Subjects (n = 88)

Mean SD Mean SD P
oD oS oD [0} oD (01} OD [0} OD oS
Disc area 2.05 1.97 0.48 0.38 2.48 2.42 0.46 0.50 0.000075 0.000163
Cup area 0.64 0.60 0.48 0.42 0.41 0.41 0.35 0.38 0.016224 0.005800
Rim area 1.40 1.30 0.49 0.41 2.03 2.01 0.47 0.44 0.000001 0.000000
Cup volume 0.23 0.13 0.50 0.12 0.09 0.10 0.13 0.15 0.045874 0.080435
Rim volume 0.42 0.29 0.28 0.18 0.52 0.52 0.23 0.32 0.032521 0.000140
Cup/disc ratio 0.30 0.33 0.21 0.19 0.16 0.16 0.11 0.12 0.001874 0.000147
Mean cup depth 0.25 0.17 0.26 0.09 0.16 0.17 0.10 0.12 0.009064 0.413672
Maximum cup depth 0.69 0.48 0.66 0.22 0.50 0.53 0.30 0.36 0.081090 0.962876
Cup shape measure —0.15 -0.16 0.11 0.08 —0.22 —0.23 0.10 0.08 0.001681 0.000711
Mean RNFL thickness 0.15 0.10 0.16 0.11 0.21 0.24 0.08 0.13 0.003430 0.000022

(five cases). In these subjects, visual acuity ranged from 0.05 to
1 (mean, 0.46 * 0.49).

Tomography

In normal children, tomography showed that, in general, the
optic disc had lesser physiological cupping than in adults (Figs.
1, 2; Table 1).

In fact, the mean cup-to-disc area ratio was 0.16, whereas in
adults the reported ratio was 0.22.'% In patients with CVI, the
mean optic disc area was smaller, the cup-to-disc ratio larger,
the rim area reduced, and the optic nerve fiber layer thinner
(Figs. 3, 4; Table 1).

In 14 subjects with CVI, we found an increase in the cup
volume, and this alteration was especially marked in two of
them. In addition, we noted that the cupping was more pro-
nounced on the temporal side in nine of the subjects, an
alteration that in the rest of this article will be referred to as
temporal atrophy. Increased cup volume and temporal atrophy
were present in six subjects. In patients with CVI, the mean
and the maximum cup depths were deeper than in normal
subjects. As expected, in patients with CVI, the rim area was
smaller than in normal subjects (1.40 = 0.49 in the right eye,
1.30 = 0.41 in the left eye, P < 0.000001 and P < 0.000000,
respectively) respect to normal children 2.03 = 0.47 and
2.01 = 0.44 (Table 1), suggesting a loss of fibers. The rim
volume was decreased too. The cup shape measure, the num-
ber that expresses the shape of the excavation, represents one
of the most important parameters in early glaucoma diagnosis.
The more negative the number, the more flat and small is the
cup and the shallower its depth. The cutoff for glaucoma is
approximately —0.15.'¢ In our CVI sample this measure was
—0.15 = 0.11 and —0.16 * 0.08 in right and left eyes, respec-
tively (—0.22 = 10 and —0.23 * 0.08 in normal children, see

FIGURE 3. Retinal tomographic imaging in a 13-year-old CVI-affected
child. Note the pronounced cupping confirmed by Moorfields analysis
to be irregular at three points (red lines).

Table 1). Other significant probabilities were those regarding
the mean RNFL thickness and the cup-to-disc ratio.

Sensitivity and Specificity

The parameter of the optic disc that exhibited the highest
sensitivity (i.e., the greatest power to identify sick subjects)
was the rim volume in the right eye (78.3, Table 2) and the rim
area in the left eye (87.5). The parameter that had the highest
specificity (i.e., the greatest power to identify healthy sub-
jects), was the cup volume in the right eye (95.5, Table 2) and
the mean RNFL thickness in the left eye (96.2). Sensitivity and
specificity of each parameter decreased in parallel with the
reduction of the optic disc area (in agreement with previous
studies on glaucoma'>*"*%)_ In our sample, 12 of 23 right eyes
had hypoplastic optic discs (disc area, <1.9-2 mm) and 10 of
21 left eyes exhibited the same pathology. In only in five
subjects was this finding related to low gestational age (<32
weeks). In addition, when we analyzed the data of the rim area
in 23 right eyes, we noted that it was significantly reduced in
12 (<1.5 mm), and, of 21 left eyes, it was significantly reduced
in 11. These findings are therefore at variance with a previous
report,” in which the small size of the optic disc appeared
correlated with lower gestational age in premature newborns,
whereas an optic disc of normal size with cup excavation was
associated with higher gestational age. Finally, of 23 right eyes,
9 had a significant cup excavation (>0.8 mm) and, of 21 left
eyes, 9 showed the same modification. Thus, in our sample, the
alteration of the optic disc is not related to the gestational age
at which the pathologic event produced the anatomic and
functional damage.

FIGURE 4. Tridimensional retinal tomographic imaging of the subject
in Figure 3.
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TABLE 2. Diagnostic Accuracy
Sensibility Specificity
(%) (%) ROC Area
oD oS oD [0} OD 95% CI [0} 95% CI

Disc area 65.2 71.4 83.0 74.7 0.79 0.71-0.87 0.77 0.67-0.85
Cup area 52.2 76.2 78.4 53.2 0.65 0.55-0.73 0.70 0.60-0.78
Rim area 47.8 87.5 87.5 59.5 0.69 0.60-0.78 0.76 0.66-0.84
Cup volume 56.5 81.0 95.5 79.7 0.83 0.74-0.89 0.88 0.80-0.94
Rim volume 78.3 47.6 39.8 78.5 0.62 0.52-0.71 0.62 0.52-0.72
Cup/disc ratio 47.8 61.9 87.5 823 0.63 0.53-0.72 0.77 0.67-0.85
Mean cup depth 78.3 57.1 380 60.3 0.66 0.56-0.75 0.56 0.45-0.66
Maximum cup depth 78.3 71.4 386 40.5 0.60 0.50-0.69 0.50 0.39-0.60
Cup shape measure 60.9 81.4 73.9 68.4 0.71 0.62-0.79 0.74 0.64-0.82
Mean RNFL thickness 47.8 57.1 92.0 96.2 0.68 0.59-0.77 0.80 0.71-0.87

Data show sensibility, specificity, and ROC area Curves for the HRT main parameters. Bold type: maximum; italic type: minimum.

Di1sCUSSION

In this article, we provide the first tomographic description of
the morphology of the ONH in children affected by CVI. In
addition, because existing standards for optic disc tomography
in healthy populations are exclusively concerned with adults
18 to 80 years of age, we report data obtained from a large
sample of normal subjects of pediatric age (mean, 8 years;
range, 4-12). Thus, our work represents the first database of
optic disc tomography in children. Optic disc analysis based on
bidimensional images generates useful descriptive data, but it
does not provide quantitative information on the precise tridi-
mensional anatomy of the ONH. In agreement with previous
studies based on fundus examination,® '° we observed in sub-
jects affected by CVI a marked hypoplasia of the optic nerve
associated with a significant percentage of reduction in disc
area (16% and 17% the right and left eyes, respectively; P <
0.01 in both eyes). Significant reductions of rim area (30% in
0D, 35% in OS, P < 0.01) and rim volume (20% and 40% the
right and left eyes, respectively; P < 0.01) were also found—
probably due to expression of a reduced number of nerve
fibers, as a result of optic nerve damage. These findings are also
most likely related to a smaller scleral hole in a smaller and
malformed ocular globe in CVI-affected children. Our findings
confirm the observation that the ONH of children affected by
CVI exhibits a more prominent pseudocolobomatous excava-
tion.® In addition, we show an enlargement in the area and
volume of the excavation and a significant increase in both the
cup-to-disc area ratio and cup shape measure. Taking into
account a mean cup shape measure of approximately —0.15 in
the patient group, we could suppose that such data points out
a more pronounced excavation, but a rather small one, in these
subjects. This finding could represent differences in the mor-
phologic characteristics of CVI-induced optic nerve damage
compared with that in glaucomatous neuropathy. In contrast,
however, with this study we show that hypoplasia and exca-
vation may coexist in the same ONH (5/12 subjects), rather
than being mutually exclusive. The reduction in both area and
volume of the neuroretinal rim and in the mean nerve fiber
thickness show that the central cerebral damage causes a loss
of axons in the optic disc of children affected by CVI. Partic-
ularly interesting is the novel observation of a temporal atro-
phy, either isolated (3 subjects, 6 eyes) or associated with
excavation (6 subjects, 10 eyes). This finding may be a sign of
a loss of fibers of the papillomacular bundle, suggesting a
severe functional damage. Compared with the glaucomatous
disc, the excavation of the ONH in CVI-affected children is
oriented in a more horizontal direction. Maybe the injury that
occurs in the optic radiations mostly reverberates along tem-

poral-nasal axis. Hence, for a better understanding of the
correlation along the visual pathway between the damaged
cerebral area and the fiber loss in the optic disc, a comparison
between magnetic resonance findings, and optic tomography
data in the same subjects could provide further information. If
the temporal atrophy is indeed caused by a lesion of the
papillomacular bundle, it should be emphasized that this to-
mographic finding may be a sign of a more severe visual loss.
In fact, visual acuity could not be tested or was very low in all
but one of the subjects with temporal atrophy (8/9), whereas
in individuals who exhibited cupping alone (5/12), it ranged
between 0.2 and 1. In conclusion, this study stresses the
usefulness of the tomographic analysis of the ONH in diseases
other than glaucoma.
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