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Aim: To longitudinally evaluate the natural history of cerebral visual impairment
(CVI) in children with cerebral palsy (CP) and identify which early visual signs or
symptoms are associated with cognitive visual disorders (CVDs) at school age.
Method: Fifty-one individuals with CP and CVI underwent an ophthalmological, oc-
ulomotor, and basic visual function evaluation at three time points: T0 (6-35 months
old); T1 (3-5years old); and T2 (=6 years old). We also performed a cognitive visual
evaluation at T2. Logistic regression fitted using a generalized estimation equation
(binary) and cumulative link models (ordinal) were used to model the outcomes of
interest.

Results: Ophthalmological deficits were stable over time, except for ocular fundus ab-
normalities (T1-T0, p=0.01; T2-T1, p=0.02; T2-T0, p <0.01) and strabismus, whose
frequency increased with age (T2-T0, p= 0.02 with T2-T0, p =0.05). Conversely, fixa-
tion (T1-T0, T2-TO, p < 0.01), smooth pursuit (T2-T1, T2-T0, p <0.01), saccades (T1-
T0, T2-T1, T2-T0, p<0.01), as well as visual acuity, contrast sensitivity, and visual
field (T1-T0, T2-T0, p <0.01) all improved over time. Early oculomotor dysfunction
was associated with CVD at T2.

Interpretation: Although a diagnosis of CVI was confirmed in all children at each
time point, several visual signs and symptoms improved over time; in some cases,
they reached complete recovery at T1 and T2. These results emphasize the ‘perma-
nent’ but ‘not unchanging’ nature of the CVI associated with CP during development.

Cerebral visual impairment (CVI) is operationally defined as
a ‘verifiable visual dysfunction which cannot be attributed to
disorders of the anterior visual pathways or any potentially
co-occurring ocular impairment’.! Originally, the term CV1I
was coined to describe paediatric visual impairment of non-
ocular cause (as opposed to acquired brain injury in adults)
and its association with damage to areas implicated with vi-
sual processing.”® However, current views suggest that the
early neurological damage associated with CVT is probably
more extensive. This includes subcortical structures, optic

radiations and other white matter pathways, and higher-
order visual processing areas. Thus, the term ‘cerebral visual
impairment’ is considered more appropriate.*

CVI is the most common cause of congenital visual impair-
ment worldwide.*> It results from neurological damage,
maldevelopment, or malfunctioning of retrogeniculate vi-
sual pathways and structures (i.e. optic radiations, occip-
ital cortex, and visual associative areas).” Common causes
include prenatal or perinatal hypoxia-ischaemia, head in-
jury or trauma, infections, seizure disorder, and genetic and

Abbreviations: CVD, cognitive visual disorder; CVI, cerebral visual impairment.
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metabolic disorders.’ The clinical manifestations of CV1 are
heterogeneous and commonly include oculomotor disorders
(such as unstable fixation, discontinuous smooth pursuit,
abnormal saccadic movements, nystagmus, and strabismus),
deficits in basic visual functions (e.g. reduced visual acuity
and contrast sensitivity, visual field restrictions), as well as
cognitive visual disorders (CVDs), including difficulties
with visual recognition and visual guidance of movement.*”
Notably, although CVTis ascribed to dysfunction at the level
of the retrogeniculate pathways, it can also co-occur with
ocular problems (e.g. ocular fundus abnormalities).®

To date, only a few studies have researched the natural his-
tory of CVI, focusing mainly on oculomotor and basic visual
dysfunctions, such as evidence of improved smooth pursuit
and saccadic eye movements,” and visual acuity and contrast
sensitivity with age.*' However, several potential limita-
tions should be considered with regard to previous studies.
These include lack of a rigorous longitudinal study design,
heterogeneity of several aetiologies associated with CVI, or
the lack of a comprehensive evaluation of visual functions.
The objective characterization of the natural history of CVI
is of pivotal importance to improve counselling and the in-
terventional strategies offered to families, and to evaluate the
timing and efficacy of potential habilitative interventions.

We recently completed a cross-sectional study analysing
ophthalmological, oculomotor, and basic visual functions in
180 children diagnosed with CVIand cerebral palsy (CP) sep-
arated into three age groups (i.e. infants, preschool age chil-
dren, and school-age children).® Overall, younger children
showed more signs of visual impairment compared to older
children. Although these findings showed different neurovi-
sual profiles across age groups, the cross-sectional design of
the study did not allow for the evaluation of whether the signs
and symptoms of CVI changed over time in the same individ-
ual."? For this reason, we carried out a longitudinal study to
(1) evaluate the natural history of visual functions in a sam-
ple of children with CVI and CP, detailing their neurovisual
profile (including ophthalmological, oculomotor, and basic
visual functions), (2) explore which early visual signs are asso-
ciated with CVD later on at school age, and (3) analyse which
anamnestic, clinical, and instrumental variables correlate
with a better or worse neurovisual outcome. We focused this
evaluation on a population of individuals diagnosed with CP,
given previous evidence of a strong association of CVI with
this condition (observed in approximately 70% of individuals
with CP)"* and our ability to access a large sample of individ-
uals with CP that could be followed longitudinally.

METHOD
Participants

A total of 223 children with CP were referred to our Neuro-
ophthalmological Tertiary Centre of Child Neurology and
Psychiatry Unit, Civil Hospital of Brescia, Italy between May
2013 and May 2018 for suspected visual impairment. Of

What this paper adds

o Children affected by cerebral palsy often present
with cerebral visual impairment, which persists
during development.

o Ophthalmological and orthoptic deficits were
stable over time, except for ocular fundus abnor-
malities and strabismus (exotropia), which were
more frequent with increasing age.

o Oculomotor and basic visual dysfunctions pro-
gressively improved in preschool and school-age
children and may reach complete recovery at pre-
school and school age.

« Early oculomotor dysfunction is associated with
cognitive visual disorders at school age.

these, 65 children were enrolled in the study according to the
following inclusion criteria: (1) a diagnosis of CP, confirmed
by neurological examination and neuroradiological findings
based on structural magnetic resonance imaging (MRI); (2)
the presence of CVI according to previously defined crite-
ria;' and (3) aged between 6 and 35 months. The CVI diag-
nosis was made according to the European definition of ‘a
verifiable visual dysfunction, which cannot be attributed to
disorders of the anterior visual pathways or any potentially
co-occurring ocular impairment’.! We enrolled all indi-
viduals with CP with a variable association of: oculomotor
dysfunctions (abnormalities in fixation and/or smooth pur-
suit and/or saccades or abnormal ocular movements); basic
visual function deficits (reduced visual acuity and/or visual
field and/or altered contrast sensitivity); and larger optic disc
cupping associated with optic nerve hypoplasia caused by
trans-synaptic degeneration.' These visual signs were not
primarily caused by disorders of the anterior visual pathways
(globe, retina, or anterior optic nerve). Fourteen infants were
lost to follow-up, leading to a complete sample of 51 children
(28 males, 23 females) for analysis. Individuals participating
in our previous cross-sectional study® were also included in
this study.

To evaluate the natural history of CVI, all participants
underwent video-recorded neurovisual evaluations at three
time points (for details, see ‘Neurovisual evaluation’ section
of the article): (1) TO (6-35months old); (2) T1 (3-5years
old); and (3) T2 (older than 6years). Mean (SD; range) age
at TO was 23months(8.9months; 6-35months); at T1, it
was 55months(11.2months; 36-71 months); at T2, it was
96 months (20 months; 72-144 months). Forty-four children
were White (86%), three were Asian (6%), three were African
or Black (6%), and one was South-American (2%). The socio-
economic status of all families was upper-middle; all children
were recognized according to the 104/1992 Act. Table 1 reports
details of the sample with regard to CP type-based criteria as
outlined in the Surveillance of Cerebral Palsy in Europe algo-
rithm," that is, Gross Motor Function Classification System
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TABLE 1 Clinical characteristics of the study cohort.

Characteristic n (%)
CP type
Left-sided unilateral spastic 13 (25)
Right-sided unilateral spastic 4(8)
Bilateral spastic 34 (67)
GMFEFCS level
I 18 (35)
II 6 (12)
111 5(10)
v 11 (21.5)
\Y 11 21.5)
MACS level
I 20 (39)
11 9 (17.5)
111 9 (17.5)
v 6(12)
\Y% 7 (14)
Structural findings
Maldevelopment 0
Predominant white matter injury 36 (71)
Predominant grey matter injury 12 (23)
Miscellaneous 3 (6)
Preterm birth (before 37 weeks) 22 (43)
Mean (SD) gestational age, weeks 31(3.4)
Range, weeks 24-36

Data are n (%) unless otherwise stated.
Abbreviations: GMFCS, Gross Motor Function Classification System; MACS,
Manual Ability Classification System.

(GMFCS),'® Manual Ability Classification System (MACS),"”
structural MRIs classified according to the MRI classifica-
tion system proposed by the Surveillance of Cerebral Palsy in
Europe,'® and preterm birth.

The study was conducted in accordance with the ethical
guidelines established by the Declaration of Helsinki and
was approved by the Ethics Committee of Brescia (NP 3070).
Written informed consent was obtained from all partici-
pants or a parent or caregiver before data collection.

Neurovisual evaluation

Comprehensive video-recorded neurovisual evaluations were
conducted at the three time points according to an established
protocol®"? (for details, see Appendix S1). Briefly, the assess-
ment included an evaluation of ophthalmological features (i.e.
cycloplegic refraction, anterior segment, and ocular fundus
examination); dynamic retinoscopy and accommodation as-
sessments were not carried out; oculomotor (i.e. visual axis
alignment to detect strabismus, extrinsic ocular motility, con-
vergence, presence or absence of nystagmus, fixation, smooth
pursuit, and saccades; stereopsis was not evaluated); and basic
visual functions (i.e. visual acuity, contrast sensitivity, and

visual field function). When the child reached school age (T2),
a cognitive visual evaluation was performed to assess visual
motor and visual perceptual dysfunctions, if their IQ was de-
termined to be normal or mildly impaired (full-scale IQ >50
and verbal IQ > 70 standard scores), and binocular visual acu-
ity was not less than 3 out of 10.

Statistical analysis

The demographic, clinical, and neuroimaging data of the
sample are described as the mean, SD, and range for quanti-
tative variables (age), and counts and percentages for qualita-
tive variables (subtype of CP and brain MRI classification).
For the description of the neurovisual profile at the three
different time points, we used the mean, SD, and range for
quantitative variables (visual acuity and contrast sensitiv-
ity) and the counts and percentages of impaired qualitative
variables (ophthalmological, oculomotor, and visual field
functions).

With regard to changes over time, we explored whether
individuals underwent complete recovery of each impaired
visual variable (refractive error, anterior segment, ocular
fundus, strabismus, extrinsic ocular motility, nystagmus,
fixation, smooth pursuit, saccades, visual acuity, contrast
sensitivity, and visual field function). We also performed a
comparison of neurovisual profiles between the different
time points (for refraction, anterior segment, ocular fun-
dus, strabismus, extrinsic ocular motility, nystagmus, visual
acuity, contrast sensitivity, and visual field function). Binary
outcomes were modelled using logistic models fitted with
a generalized estimation equation'® to account for within-
individual measurement correlation. Results are reported
as the odds ratio (OR) with 95% confidence interval (CI).
Visual fixation, smooth pursuit, and saccades were treated
as ordinal variables and modelled using cumulative link
mixed models®® with ‘subject’ as the random term. Finally,
we also analysed which variables among preterm birth, CP
subtype (unilateral or bilateral spastic CP), severity of gross
and fine motor impairment according to the GMFCS and
MACS (mild, levels I and II; moderate, level III; severe, levels
IV and V), neuroradiological findings, and cognitive visual
evaluation (subgroup 1, children tested for CVDj; subgroup
2, children not assessed), correlated with better or worse
neurovisual outcome, using generalized estimation equation
models. The results are reported as the estimated mean val-
ues, with corresponding 95% Cls.

Data on cognitive visual functions are described using the
counts and percentages of the impaired visual motor and vi-
sual perceptual variables. The relationship between the pres-
ence of a CVD at T2 and early visual defects at TO and T1 was
evaluated using a generalized estimation equation logistic re-
gression model. Results are reported as the OR with 95% CL

All analyses were performed using R (R Foundation for
Statistical Computing, Vienna, Austria) v4.0.3. The signifi-
cance threshold was set at 5% and p-values were adjusted for
multiple comparisons using the Tukey algorithm.
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RESULTS

All the children presented with a variable association of more
than two CVI signs and symptoms at each time point. The
neurovisual profile data obtained at the three time points

TABLE 2 Neurovisual profiles at the three time points.

Refractive errors
Astigmatism (isolated and mixed)
Hypermetropia (isolated and mixed)
Myopia (isolated and mixed)
Anterior segment abnormalities
Ocular fundus abnormalities
Disc pallor
Disc cupping
Disc pallor and cupping
Strabismus
Esotropia
Exotropia
Extrinsic ocular motility deficit
Abduction deficit
Upshoot in adduction with V' pattern
Downshoot or upshoot in adduction
Inferior oblique overaction
Dissociated vertical deviation
Convergence insufficiency
Nystagmus
Fixation abnormalities
Unstable
Difficult to evoke
Not elicited
Smooth pursuit abnormalities
Discontinuous
Not elicited
Saccadic abnormalities
Increased latency
Dysmetric
Dysmetric and with increased latency
Not elicited
Visual acuity deficit
Altered contrast sensitivity
Visual field limitation
Right or left field defect
Upper or inferior field defect
Generalized field loss

CVI diagnosis

TO 1 (%)
51 (100)
46 (90)
37 (72)
8 (16)
2(4)
24 (47)
13 (54)
5 (21)
6 (25)
34 (67)
23 (68)
11 (32)
23 (45)
12 (52)
5(21)
209)
2(9)

0

2(9)
19 (37)
32 (63)
23 (72)
2 (6)
7(22)
42 (82)
32 (76)
10 (24)
45 (88)
5(11)
7 (16)
17 (38)
16 (35)
38 (74)
32 (63)
35 (69)
20 (57)
1(3)
14 (40)
51 (100)

T1 n (%)
51 (100)
45 (88)
37 (72)
14 (27)
3(6)
31 (61)
18 (58)
5(16)
8(26)
41 (80)
26 (63)
15 (37)
25 (49)
12 (48)
5(20)
2(8)
3(12)
14
2(8)
20 (39)
16 (31)
13 (81)
0
3(19)
38 (74)
35 (92)
3(8)
43 (84)
7 (16)
10 (23)
20 (47)
6 (14)
28 (55)
19 (37)
24 (47)
12 (50)
0

12 (50)
51 (100)

and from individuals with complete recovery of each visual
variable are presented in Table 2.

The comparison of neurovisual profiles between T0, T1,
and T2 is presented in Table 3. Regarding ophthalmological
abnormalities, we noted that isolated or mixed astigmatism

T2 n (%)
50 (98)
46 (90)
38 (74)
10 (20)
4(8)

37 (73)
23 (62)
6 (16)
8(22)
42 (82)
23 (55)
19 (45)
27 (53)
12 (44)
7 (26)
3(11)
3(11)
1)
1(4)

18 (35)
10 (20)
10 (100)
0

0

25 (49)
25 (100)
0

32 (63)
6(19)
12 (38)
9 (28)
5(15)
28 (55)
15 (29)
17 (33)
8(47)

0

9 (53)
51 (100)

n who recovered® (%)
1)

/

/

[

~ - - - - - o - - o - - -

-2 (10)
22 (69)

/

-10 (26)
-17 (53)
-18 (51)
/

/

/

0 (0)

n who worsened” (%)

2(4)
13 (48)

~ o -~ —W o - - - o o - - - - -

o - S~ - o o o

Abbreviation: CVI, cerebral visual impairment. 0, nobody; /, not evaluated.

*Number of individuals who underwent complete recovery at T1 or T2.

°Number of individuals who developed a deficit at T1 or T2.
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TABLE 3

Mean score difference

Comparison of the neurovisual profiles between the T0, T1, and T2 time points.

Mean score difference

Mean score difference

(95% CI) p
T1 vs TO
Refractive errors
Astigmatism 0.81 (0.23 to0 2.89) 0.92
Hypermetropia 1.00 (0.56 to 1.76) 1
Myopia 2.03 (0.94 to 4.36) 0.07
Anterior segment 1.53 (0.56 to 4.14) 0.57
abnormalities
Ocular fundus abnormalities 1.74 (1.09 to 2.77) 0.01
Strabismus 2.05 (1.12 to 3.74) 0.01
Esotropia 1.26 (0.84 to 1.90) 0.36
Exotropia 1.66 (0.89 to 3.07) 0.12
Extrinsic ocular motility 1.17 (0.65 to 2.09) 0.80
deficit
Nystagmus 1.08 (0.89 to 1.31) 0.57
Visual acuity deficit 0.41 (0.21 to 0.81) <0.01
Altered contrast sensitivity 0.37 (0.20 to 0.69) <0.01
Visual field limitation 0.40 (0.21 t0 0.77) <0.01
OR (95% CI) P
T1vs TO
Fixation® abnormalities -0.68 (—0.95 to —0.41) <0.01
Smooth pursuitb abnormalities  —0.05 (=0.19 to 0.08) 0.60
Saccades® —0.54 (-0.93 to —0.15) <0.01
Saccadic amplitude —0.10 (-0.26 to 0.07) 0.35
abnormalities
Saccadic latency —0.30 (=0.55 to 0.05) 0.01

abnormalities

(95% CI) p (95% CI) P
T2vs T1 T2 vs TO

1.22 (0.34 to 4.35) 0.92 1.00 (0.19 to 5.17) 1

1.10 (0.59 to 2.06) 0.92 1.10 (0.54 to 2.24) 0.94
0.64 (0.34 to 1.19) 0.21 1.31 (0.53 to 3.21) 0.75
1.36 (0.66 to 2.79) 0.57 2.08 (0.61 to 7.06) 0.33
1.70 (1.04 to 2.77) 0.02 2.97 (1.56 to 5.65) <0.01
1.13 (0.57 to 2.24) 0.89 2.33 (1.00 to 5.39) 0.05
0.79 (0.57 to 1.07) 0.17 1.00 (0.59 to 1.69) 1

1.41 (0.87 to 2.28) 0.21 2.34 (1.08 to 5.08) 0.02
1.17 (0.81 to 1.68) 0.57 1.37 (0.69 to 2.71) 0.52
0.84 (0.64 to 1.11) 0.32 0.91 (0.65 to 1.29) 0.83
1.00 (0.69 to 1.44) 1 0.41 (0.22 to 0.76) <0.01
0.69 (0.45 to 1.05) 0.10 0.25 (0.12 to 0.53) <0.01
0.56 (0.34 to 0.90) 0.01 0.22 (0.11 to 0.46) <0.01
OR (95% CI) p OR (95% CI) P
T2vs T1 T2vs TO

~0.12 (~0.31 10 0.07) 0.30 ~0.80 (~1.09 to —0.50) <0.01
—0.58 (-1.00 to —0.16) <0.01 —0.63 (-1.05 to —0.22) <0.01
~0.93 (~1.40 to —0.47) <0.01 ~1.47 (-2.01 to —0.94) <0.01
—-0.39 (-0.86 to 0.09) 0.13 —0.48 (-1.03 to 0.07) 0.10
~0.45 (=0.73 to —0.17) <0.01 ~0.75 (=1.01 to —0.49) <0.01

Bold type indicates a statistically significant p-value.

*Fixation was categorized using ordinal scores: 1, present; 2, mildly impaired; 3, moderately impaired; 4, severely impaired.

®Smooth pursuit was categorized using ordinal scores: 1, present; 2, mildly impaired; 3, severely impaired.

“Saccades were categorized using ordinal scores: 1, present; 2, normometric with increased latency; 3, dysmetric but with normal latency; 4, dysmetric with increased
latency; 5, absent. The odds ratio (OR) is provided for binary outcomes (i.e. refraction, anterior segment, ocular fundus, strabismus, extrinsic ocular motility, nystagmus,
visual acuity, contrast sensitivity, and visual field). For binary outcomes (such as refraction, anterior segment, etc.), estimates, confidence intervals (CIs), and p-values were
estimated using logistic regression fitted using a generalized estimation equation. Visual fixation, smooth pursuit, and saccades were treated as ordinal variables; thus, the
mean score difference is reported. For ordinal variables, estimates, CIs, and p-values were estimated using cumulative link mixed models.

was the most common type of refractive error, followed by
hypermetropia and myopia. No significant changes with
age were detected regarding refractive errors and anterior
segment anomalies. However, ocular fundus abnormalities
(characterized by isolated optic disc cupping or optic disc
pallor) were more frequent at preschool and school age (T1-
T0, p=0.01; T2-T1, p=0.02; T2-T0, p < 0.01).

Considering oculomotor dysfunctions, the frequency
of strabismus increased with age (T1-T0, p=0.01; T2-TO0,
p=0.05). In particular, esotropia was observed in about
half of the children at each time point, while exotropia was
more frequently detected at school age (T2-T0, p=0.02). A
change in ocular deviation (from esotropia to exotropia or
vice versa) was noted in three cases (6%). An extrinsic oc-
ular motility deficit (mostly characterized by an abduction

deficit) and nystagmus (represented by continuous jerk nys-
tagmus) were stable over time. Conversely, visual fixation,
smooth pursuit, and saccade abnormalities improved over
time. Specifically, a statistically significant difference was
found for fixation (T1-T0 and T2-T0, p <0.01), smooth pur-
suit (T2-T1 and T2-T0, p<0.01), and saccade (T1-T0, T2-
T1, and T2-TO, p <0.01) scores. Analysing the parameters of
latency and amplitude of saccadic movements separately, we
found that dysmetria persisted over time while increased la-
tency decreased (T1-T0, p=0.01; T2-T1 and T2-T0, p < 0.01).

We also observed that basic visual functions improved
with age. The mean (SD) value of visual acuity at T0, T1, and
T2 was 3.9(2.9) cycles per degree (1.8[1.7] tenths), 4.1(3.7)
cycles per degree (4.1 [3.3] tenths; logM AR equivalent for 30
children, 0.27[0.24]), and 4.3 (3.1) cycles per degree (5.3 [3.9]
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tenths; logMAR equivalent for 33 children, 0.18 [0.25]). The
mean value for contrast sensitivity was 37.9% (45.2%) (T0),
21.8%(35.9%) (T1), and 12.2% (25.5%) (T2). In particular, an
improvement in visual acuity, contrast sensitivity, and visual
field started at preschool age (T1-T0 and T2-T0, p<0.01),
while visual field limitations also improved at school age
(T2-T1, p=0.01).

Finally, 25 of 51 children (49%, 12 males and 13 females)
met the criteria for the cognitive visual evaluation. The neu-
rovisual characteristics of the subgroup of children who un-
derwent the cognitive visual assessment (subgroup 1) and of
those who were not evaluated (subgroup 2) are reported in
Table S1. Briefly, the former had a milder phenotype com-
pared to the latter, considering both CVI signs and symp-
toms, and IQ and GMFCS level. Impairment of cognitive
visual skills was detected in 20 of 25 individuals. Specifically,
three children had an isolated visual motor dysfunction (all
with unilateral spastic CP and mild fine motor impairment
related to one hand; MACS level between I and II), eight had
an isolated visual perceptual impairment, and nine had both
disorders. Five of 25 children had no evidence of CVDs. The
presence of a CVD at T2 showed a statistically significant
correlation with discontinuous smooth pursuit movements
at TO (p=0.04). No other early visual deficits correlated with
CVDs (widespread, isolated visual motor or isolated visual
perceptual dysfunction) (Table S2). Isolated visual percep-
tual dysfunction was associated with extrinsic ocular motil-
ity deficit and increased saccadic latency (p=0.05) at T1. For
details, see Tables S2 to S5.

We also analysed which variables between preterm birth,
CP type, gross and fine motor impairment, neuroradio-
logical findings, and cognitive visual evaluation correlated
with better or worse neurovisual outcomes. Specifically, we
observed that none of the aforementioned variables were
related to refractive error status, while the frequency of oc-
ular fundus abnormalities increased, especially in children
born preterm (T1-T0 and T2-T0, p<0.01; T2-T1, p=0.01),
in children with bilateral CP (T1-T0, p=0.03; T2-T0 and
T2-T1, p<0.01), in children with low fine (MACS levels I
and II) motor impairment (T2-T0, p <0.01; T2-T1, p=0.03),
and with predominant white matter injury (T1-T0, p=0.01;
T2-TO, p<0.01; T2-T1, p=0.01). No significant relationship
with the cognitive visual evaluation was found.

Concerning oculomotor functions, the detection of stra-
bismus increased over time in infants born preterm (T1-T0,
p=0.01; T2-T0, p=0.02), in individuals with bilateral CP
(T1-TO, p=0.02), in individuals with severe gross motor
impairment (T1-T0 and T2-T0, p=0.03), and in individu-
als with predominant white matter injury (T1-T0, p=0.01;
T2-TO, p=0.03). Conversely, an improvement in smooth
pursuit and saccades with age was not related to anamnestic,
clinical, or neuroradiological data, while fixation was ame-
liorated mainly in children not evaluated for CVD (T1-T0
and T2-T0, p < 0.01; T2-T0, p=0.01).

Regarding basic visual functions, we observed an improve-
ment mainly in children born at term (visual acuity: T1-TO,
p=0.01;T2-TO, p <0.01), with bilateral CP (contrast sensitivity:

T1-T0 and T2-T0, p<0.01; T2-T1, p=0.03), and mild fine (vi-
sual acuity and contrast sensitivity: T1-T0 and T2-T0, p <0.01;
visual field: T1-T0 and T2-T0, p<0.01; T2-T1, p=0.01) and
gross motor involvement (visual acuity: TI-T0 and T2-TO0,
p<0.01). No relationship was found with cognitive visual eval-
uation and the neuroradiological imaging data.

DISCUSSION

In this longitudinal study, we examined a sample of chil-
dren affected by CP and CVI by detailing their neurovisual
profile during development, thus allowing a characteriza-
tion of the natural history of visual function over time.
At a first level, our findings are in line with the results of
our previous cross-sectional study, demonstrating an age-
related profile of visual impairments in a population of in-
dividuals with CVL.°

The prevalence of refractive errors, especially astigma-
tism, was frequent in our study sample. While the prevalence
of astigmatism and hypermetropia was stable at each time
point, there was an apparent trend for an increase in myo-
pia. This finding is similar to that observed in a population
of typically developing children®" and could be explained
by intrinsic (fast progression and axial length elongation
of the eye) and extrinsic (extensive near-work for reading,
studying, and school-related demands) factors.' We highly
recommend that early screening and correction of refractive
errors should be pursued because failure to do so can impair
cognitive development,* limit activities of daily living, and
affect reading skills.®

The prevalence of ocular fundus abnormalities also wors-
ened over time. About half of the children without anoma-
lies during infancy (T0) presented with optic disc cupping
or optic disc pallor at school age (T1). This observation may
be explained by loss of the papillomacular fibres, which is
associated with early brain damage.** In fact, primary injury
of the retrogeniculate visual pathways can secondarily affect
the pregeniculate visual pathways and the retina when brain
injury occurs at an early age.”” Awareness of the delayed
onset of ocular fundus anomalies (not detected in previous
examinations) may help clinicians to interpret them cor-
rectly (because of trans-synaptic degeneration rather than
an acute brain lesion), avoiding unnecessary examination
and follow-up.”®

A similar trajectory was observed for strabismus, whose
frequency increased with age. This could be because of
maldevelopment of visual motor control mechanisms
caused by brain damage.”’” Specifically, none of the chil-
dren in our study showed spontaneous recovery of esotro-
pia, while about half of the sample developed exotropia
at preschool and school ages. Moreover, a change in oc-
ular deviation (from esodeviation to exodeviation or vice
versa) was noted, although only in a few cases. These find-
ings underline the instability of ocular deviation in chil-
dren with CP; this is a factor that explains why none of our
participants underwent surgical treatment for strabismus.
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Other well-known reasons include a higher risk of over-
correction, difficulties making precise angle measure-
ments, limited cooperation during examination, and the
complex medical condition of the patient.”® Our data agree
with previous studies reporting that even if resolution of
strabismus with age is rare, conversion from esotropia to
exotropia is possible;* therefore, surgery in children with
CP should be deferred.*® Conversely, other studies under-
line the efficacy of an early surgical approach.’ Finally, in
the scoping review conducted by Williams et al., a variable
experience was reported regarding interventions to im-
prove ocular alignment, with inconclusive results.’* Early
detection of strabismus and its potential complications
(e.g. amblyopia, suppression, contractures, abnormal reti-
nal correspondence) is required to avert them, with proper
early treatment carried out by using glasses, eye patches,
and orthoptic training, given that surgery might not neces-
sarily prevent abnormal sensory adaptations.”

As in our previous work,® nystagmus and extrinsic ocular
motility disorders were stable with age. Regarding other ocu-
lomotor functions, we observed progressive improvement in
fixation, smooth pursuit, and saccades. Specifically, fixation
was more stable at preschool age and more than half of the
children presenting with anomalies during infancy demon-
strated spontaneous recovery at the follow-up examination.
This finding is in agreement with evidence drawn from
typically developing individuals, showing that the ability to
steadily fixate a target is not completely developed at birth.**
Rather, it develops mostly during the first 5years of life, par-
alleling retinal and central nervous system maturation.”
Fixation is an active process that allows an observer to main-
tain focused attention by inhibiting potentially intrusive eye
movements®® and is important in activities of daily living.*®
Moreover, fixation is essential for the correct development
of visual function and is a prerequisite for the development
of other oculomotor functions.” This may help to explain
improvements in smooth pursuit and recovery occurring at
school age. In fact, the development of smooth pursuit de-
pends on the ability to fixate a stimulus at the fovea, the abil-
ity to determine target velocity on the retina, and match it
with eye velocity.”® Our findings are supported by data from
previous literature reporting that the accuracy of smooth
pursuits relies on the integration of cortical and subcortical
pathways and continues to improve throughout childhood
and into adolescence.”®

Although complete recovery of saccades was observed
only in one-third of the children during the follow-up, we
observed an improvement from preschool age. In particular,
saccadic latency, defined as the time required to initiate an
eye movement after a verbal command, was more sensitive
to the effect of age than amplitude or accuracy, that is, the
process of stopping the saccade in a location to optimally
foveate a visual target. Previously, saccade amplitude was
reported as being relatively unaffected by age.”” In contrast,
a slow but progressive improvement in saccade latency was
reported between the first months of life”® up to adoles-
cence.”® Saccade amplitude is controlled, above all, by early

developing subcortical structures of the brain and in partic-
ular the superior colliculus, which determines the position
of the target and generates accurate saccadic movements to-
wards a target location.” Conversely, latency is driven by a
wide range of cortical areas (such as the parietal cortex and
frontal regions); thus, it is influenced by cognitive processes
such as attention, working memory, long-term memory, and
decision-making,"’ all of which continue to develop through-
out the preschool and school years. While previous reports
were based largely on observations pertaining to individuals
with neurotypical development, some studies hypothesized
that an improvement in altered saccadic movements also oc-
curs in individuals with CP over time (although not assessed
using a longitudinal study design®”*").

We also observed progressive improvement in visual
acuity and contrast sensitivity at preschool age, as well
as visual field function at school age. Specifically, about
one-third of children with visual acuity deficits in infancy
reached normal values at school age; half of the children
presenting with altered contrast sensitivity and visual field
limitations had a spontaneous recovery during the fol-
low-up. Matsuba and Jan'® and Watson et al."' previously
reported an improvement in visual acuity and contrast sen-
sitivity in about half of their study sample over a period of
several years. These apparent discrepancies may be related
to methodological issues as we considered a complete re-
covery of functions while other authors defined improve-
ment as a change in level of functioning. This trajectory of
improvement could be related to the development of foveal
cones, cortical architecture refinement, environmental fac-
tors as observed in typically developing individuals,** and
developmental neuroplasticity, which may mediate func-
tional recovery of vision by activating, modulating, and
strengthening residual visual signals.’ Regarding the re-
covery of visual field function, it could be related to two
possibilities. First, resolution of transient dysfunction and
changes in the neuronal circuits of the perilesional tissue
that occur soon after brain damage.** Second, the effect of
an improved ability to shift attention towards a peripheral
stimulus observed at school age.*’

Finally, a large proportion (80%) of the children in our study
evaluated for cognitive visual functioning presented with a
CVD, with visual motor and visual perception skills often being
impaired simultaneously. The presence of oculomotor dysfunc-
tions (i.e. discontinuous smooth pursuit, altered saccadic move-
ments, and extraocular movement deficits) at TO and T1 were
associated with a CVD at school age. Our findings are partially
in line with a previous study by Morelli et al.,*® who reported
that oculomotor dysfunctions, and visual acuity and contrast
sensitivity deficits, may have a significant impact on cognitive
visual functioning. A possible explanation for the apparent lack
of association between CVDs and basic visual functions in our
study may be related to the fact that visual acuity and contrast
sensitivity were comparatively not as severely impaired in our
study sample. Furthermore, only one study investigated this
relationship using a longitudinal design*’ and found a statisti-
cally significant association between oculomotor dysfunction
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in newborns and CVD (expressed by visual motor and visual
reasoning deficits) at 5years of age. Thus, early recognition of
these risk factors for CVD could be pivotal to offer individu-
alized habilitative interventions during a period of maximal
neuroplasticity*® and to mitigate further emergence of cogni-
tive visual impairment. Notably, visual motor or visual percep-
tual dysfunctions are typically diagnosed later in development
(around 5-6years of age) when they typically interfere with
learning, social interaction, and activities of daily living.*®

We observed that some parameters of visual outcome were
related to anamnestic features (preterm or term birth), and
clinical (subtype of CP and severity of motor impairment)
and neuroradiological (predominant white or grey matter
damage) variables, while others were not. Specifically, the
frequency of ocular fundus abnormalities increased, espe-
cially in children born preterm with bilateral CP and low
fine motor impairment because of predominant white matter
injury. Also, strabismus increased in children born preterm
with bilateral CP because of predominant white matter injury
but with severe gross motor involvement. Conversely, basic
visual functions were ameliorated in individuals born at term,
with bilateral CP, and mild fine and gross motor involvement.
Our data are in line with the literature reporting a poorer vi-
sual outcome in individuals born preterm and a better visual
prognosis for those born at term.**® This finding could be
related to the timing, location, and extent of the brain in-
jury, which could influence the process of neuronal plastic
reorganization.* Usually, a hypoxic insult could cause lesions
to the periventricular white matter in infants born preterm;
and to the grey matter (also involving the visual cortex), hip-
pocampus, brainstem, and thalamic regions in infants born
at term.">*' Damage to the optic radiation (located in the
periventricular region) was predictive of minor visual recov-
ery than injury to the occipital area."**** In addition, early
damage occurring in an infant born preterm may prevent cru-
cial tropic factors from being released and may result in more
extensive visual pathway damage.* Finally, our findings on
significant visual improvement in children with mild motor
impairments are in line with those by Matsuba and Jan'® who
reported that children with fewer comorbid conditions (such
as independent ambulation) were more likely to improve. The
outcome of smooth pursuit and saccades was not related to
peculiar clinical and instrumental features, while fixation im-
proved mainly in children not assessed for CVD. As individ-
uals who did not undergo the cognitive visual assessment had
a more severe clinical profile, we can speculate that fixation
improved significantly more in the children not assessed for
CVD and less so in the others because they were already ‘sta-
ble’ at TO in most cases. The small number of enrolled chil-
dren and the lack of a detailed neuroradiological description
could possibly explain these results.

This study has several potential limitations that should
be considered. First, for methodological reasons, we chose to
enrol only children with CP to characterize the natural his-
tory of CVI. Thus, generalizing our observations to all indi-
viduals affected by CVI (i.e. other associated causes) should
be done with caution. Second, there is a need to evaluate

oculomotor functions using more quantitative accuracy.
Future studies should be carried out using more sophisti-
cated quantitative assessments, such as eye-tracking record-
ings, to objectively evaluate oculomotor functions. Finally,
the current sample size of recruited participants may have
limited the generalizability of the results.

In conclusion, characterizing the developmental trajec-
tory of CVI is of pivotal importance to better understand
its characteristics, improve the counselling offered to fami-
lies, and define the type, timing, and efficacy of habilitative
interventions, directing resources towards those functions
that can still be improved and, at the same time, preventing
them from being further compromised. A diagnosis of CVI
was confirmed in the entire study sample and at each time
point. However, except for a few ophthalmological and or-
thoptic problems that were stable over time, all other visual
functions changed with age. Specifically, ocular fundus
abnormalities and strabismus worsened, while oculomotor
(fixation, smooth pursuit, and saccades) and basic visual
(visual acuity, contrast sensitivity, and visual field) dys-
functions improved considerably, reaching complete recov-
ery in some children at preschool and school ages. These
data contribute to our further understanding of the natural
history of CVI, emphasizing the ‘permanent’ but ‘not un-
changing’ nature of this brain-based visual impairment.
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SUPPORTING INFORMATION
The following additional material may be found online:

Table S1: Neurovisual profiles at T2 in children who
underwent the CVD assessment and those who did not
perform the evaluation

Table S2: Prediction of the presence of a CVD at T2 by
earlier vision problems

Table S3: Prediction of a visual motor impairment at T2 by
earlier vision problems

Table S4: Prediction of a visual perceptual impairment at T2
by earlier vision problems

Table S5: Prediction of a widespread impairment at T2 by
earlier vision problems

Appendix S1: Supplementary materials

How to cite this article: Galli ], Loi E, Calza S,
Micheletti S, Molinaro A, Franzoni A, et al. Natural
history of cerebral visual impairment in children with
cerebral palsy. Dev Med Child Neurol. 2024;00:1-10.
https://doi.org/10.1111/dmcn.16096

85U8017 SUOWLLIOD 8A1IR1D) 3|qeo! [dde au Aq peusenob aJe Sspie YO ‘8sn JOSe|nl 10} Aiq1T 8UIUQ A8]IM UO (SUORIPUOD-PUR-SLIBIALIOD" A3 1M ARIq Ul |UO//ScNY) SUORIPUOD pue SWB 1 84} 885 *[Z0Z/0T/¥T] Uo AiqiTauluo A8|IM VIDSTE 1A 1TIAID 1TVA3dS 11930 1SSV A 9609T USWIP/TTTT'OT/I0PALI00 A3 1M AIq 1 puljuoy/Sdny Wwoly pepeo|umod ‘0 ‘6v7/869%T


https://doi.org/10.1111/dmcn.16096

	Natural history of cerebral visual impairment in children with cerebral palsy
	Abstract
	METHOD
	Participants
	Neurovisual evaluation
	Statistical analysis

	RESULTS
	DISCUSSION
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


