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Abstract

Uveal coloboma is a condition defined by missing ocular tissues and is a significant cause of
childhood blindness. It occurs from a failure of the optic fissure to close during embryonic
development, and may lead to missing parts of the iris, ciliary body, retina, choroid, and optic
nerve. Because there is no treatment for coloboma, efforts have focused on prevention. While
several genetic causes of coloboma have been identified, little definitive research exists regarding
the environmental causes of this condition. We review the current literature on environmental
factors associated with coloboma in an effort to guide future research and preventative counseling
related to this condition.
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1. Introduction

Uveal coloboma results when the optic fissure fails to appropriately close during weeks 5-7
of fetal development. The result is a gap in tissue that may affect the iris, ciliary body, retina,
and/or retina/choroid up to and including the optic nerve. The prevalence of this condition

is estimated to be between 2 and 14 per 100,000 births,126 with unilateral cases occurring
approximately 50% of the time8. The genetic causes of uveal coloboma have been well
reviewed!: 155. 1,159 Degpite significant effort, the yield of current molecular genetic
testing of coloboma patients is low, estimated to be about 8%108, suggesting environmental
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causes may contribute to the etiology of this condition’? 108, The purpose of this article is to
review epidemiologic and basic research evidence for possible environmental contributors to
coloboma. The data detailed in this text are summarized in the accompanying Table.

2. Nutritional Deficiencies/Excess

A. Vitamin A and its derivatives

Vitamin A signaling is known to be important in a variety of embryologic processes.
Retinoic acid (RA), the active metabolite of vitamin A, acts via nuclear RA receptors
(RARa/Bly) and retinoid X receptors (RXRa/ply) to regulate gene expression!39, RA
concentration gradients are found throughout the developing embryo and are a major driver
of the spatial organization of various organs. In the eye, mouse studies have shown RA
signaling in the optic vesicle, surface ectoderm, the prospective neuroretina and RPE

of the optic cup, and the periocular mesenchyme at specific times during embryonic
development2®. Additional studies have shown that RA signaling is impacted by several
mechanisms including the differential expression of various RAR and RXR receptors,
differential expression of enzymes responsible for RA synthesis and degradation, and
differential expression of retinol-, retinaldehyde- and RA-binding proteins2°. This signaling
is thought to be essential for the formation of the optic cup and the anterior segment36.

The role of RA in optic cup development is particularly important with regard to coloboma.
RA has been determined to be essential in mediating the closure of the choroid fissure, a
key event in the pathogenesis of coloboma. Zebrafish experiments demonstrated coloboma
in 75% of embryos treated with AGN194310, a small molecule inhibitor of all RARs®6. This
same group of experiments was able to link these events to RAR-regulated genes in both

the ventral retina/optic stalk and the periocular mesenchyme and show that genes in both

of these regions are independently important in mediating optic fissure closure®. Further
supporting these findings are several studies that have reported coloboma in both humans
and animals associated with mutations in various RA signaling genes’0: 86, 66, 91, 90, 131, 130,

In addition to the strong genetic evidence implicating disruption in vitamin A signaling
in the pathogenesis of coloboma, there is also evidence to suggest vitamin A deficiency
is associated with increased risk of coloboma. A case report described a child born to

a mother with abetalipoproteinemia known to be vitamin A deficient and noncompliant
with supplementation during pregnancy“3. The child was born with bilateral iris and
choroidal coloboma. Interestingly, the mother was compliant with supplementation for
her second pregnancy and delivered a healthy baby with no ocular findings#3. Another
report described a family with compound heterozygous missense mutations in the serum
retinol binding protein 4, encoded by the RBP4 gene. Two affected female children had
one sixth the level of normal retinol levels, and ocular exam revealed a “discrete iris
coloboma” in one sister'24, Mutations in RBP4 have been associated with coloboma in
other reports as well. Two siblings with mutations in this gene presented primarily with
a rod-cone degeneration phenotype, but one sibling was also noted to have anterior and
posterior segment coloboma23. While these reports describe loss of function mutations,
a third study describes a family with an autosomal dominant R8P4 mutation that also
results in anophthalmia, microphthalmia, and colobomal®. This variant affects vitamin A
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signaling by increasing RBP (the product of RBP4) binding to its receptor, but preventing

it activation. Interestingly, the pedigree of this affected family displayed a much higher
maternal penetrance compared to paternal penetrance, suggesting that this mutation’s impact
on maternal-fetal vitamin A metabolism drives the phenotypel®. A larger, descriptive study
based on 110 probands with coloboma and 83 family interviews found that, of the 83
families interviewed, 11 mothers (13%) reported having symptoms of night blindness,
suggesting a vitamin A deficiency during the third trimester of pregnancy®4.

Further evidence is provided by studies that examined pregnant rats that were fed a vitamin
A deficient diet and observed frequent colobomas as a result!®8: 149, One of these studies
supplemented different experimental groups with therapeutic vitamin A doses at various
time points!%6. Supplementation with vitamin A on days 10-13 of pregnancy (E10-E13)
had a strong protective effect that almost eliminated the number of colobomas seen, while
supplementation on the 14th and 15th day of gestation had a weaker, but still observable,
protective effect compared to no supplementation®¢. A more recent study went even further
in detailing the timing of supplementation relative to optic fissure closure in vitamin A
deficient rats123. The rat optic fissure closes on embryonic day (E) 13, and while retinol
supplementation in vitamin A deficient rats on E11.5 was sufficient for optic fissure closure
to occur in 100% of rats, delay of supplementation to E12.5 led to coloboma in 17% of
rats123, Further delay of supplementation to E13.5 led to coloboma in 100%123. Laminin
staining at various timepoints revealed that in vitamin A deficient eyes, the basal lamina
failed to dissolve, despite close approximation of the optic fissure margins!23, suggesting
this essential step in optic fissure closure is vitamin A dependent.

Excess retinoic acid is a known ocular teratogen, though there are no reported cases of

it causing coloboma in humans. One study did examine its effects on ocular development
in micel%. In this study five pregnant mice were given a single intra-peritoneal injection
of 12.5 mg/kg retinoic acid on day 7 of pregnancy, before the onset of early eye
morphogenesis. The mice were then sacrificed on day 18 of pregnancy, and the fetuses
were compared to those of five control mice dosed with corn oil, also sacrificed on day

18 of pregnancy. The authors noted gross malformations in 95.5% of the RA treated group
compared to just 6.7% in the control group. They observed faulty closure of the embryonic
fissure in 36.4% of the RA treated group compared to 3.3% in the control group.

B. Folate

Folates, a group of water-soluble B vitamins, are essential coenzymes in one-carbon

transfer reactions. In the human body these reactions add carbon molecules to pathways
responsible for purine and pyrimidine synthesis--as well as methionine synthesis, serine

and glycine interconversion, and histidine catabolism8®. Despite the essential nature of
folate, it cannot be synthesized /n vivo, and therefore must be consumed from dietary
sources. Maternal folate deficiency is implicated in the development of neural tube defects
including spina bifida and anencephaly as well as neurocristopathies, congenital heart
defects, and congenital urinary tract defects®. Multiple studies show preconception folic acid
supplementation to be protective against these birth defects?”: 99 29, 28,26, 13,151 CJosure

of the neural tube and the optic fissure are similar in that they both involve the meeting
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and fusion of two neuroepithelial sheets during early development. An important difference,
however, is that, where the fusion occurs between apical sides of the neuroepithelium in
neural tube closure, it is between the basal sides of cells in optic fissure closure.

Folate appears to play a role in ocular development. Folate binding protein 1 (Fbpl), a
protein required for folate transport into cells, has been shown to be expressed early in the
developing eye!19. Saitsu and coworkers showed Fbp1 to be expressed in the neural folds

of mouse embryos preceding closure of the neural tube. While this observation does not
provide direct evidence of the mechanistic role of folate in neural tube closure, it is certainly
consistent with the importance of folate in this process. Similarly, after neural tube closure,
the authors of this study observed Fbpl expression in the optic vesicle starting on embryonic
day 10.5 and in the choroid plexus starting on embryonic day 12.5119, Notably, optic fissure
closure in mice occurs between embryonic days 11 and 138, meaning the timing of Fbp1
expression in the optic vesicle just before optic fissure closure is analogous to its expression
in the neural folds just prior to neural tube closure. Despite these intriguing associations,
more research must be conducted regarding the mechanism of Fbp1l and folate and the
closure of the optic fissure before any definitive conclusions can be made.

The literature on folate deficiency causing ocular defects is mainly limited to animal studies.
Multiple studies giving rodents a folate-restricted diet reported abnormalities related to optic
fissure closure. Nelson and coworkers reported coloboma to be among the abnormalities
present when feeding pregnant rats a diet deficient in folatel9°, Armstrong and Monie
similarly reported anophthalmia and microphthalmia after feeding pregnant rats a folate
deficient diet on days 7-9 of pregnancy and found retinal coloboma to be associated with

a folate deficient diet between days 9 and 11 of pregnancy®. While a similar study in mice
also found a folate deficient diet in the weeks preceding pregnancy to be associated with
anophthalmia and microphthalmia, the authors do not mention coloboma to be among the
abnormalities observed88. In humans, one case-control study interviewed 89 women who
gave birth to children with microphthalmia or anophthalmia about nutrient intake prior to
and during pregnancy compared to 4143 controls. This study found no association between
anophthalmia or microphthalmia and either folate supplementation or deficiency. Coloboma
specifically was not studied2’.

C. Nickel excess

Nickel is known to be both toxic and carcinogenic in humans. It is commonly used in a
variety of industries and can lead to contamination of surrounding food and water sources.
Nickel is also known to cross the placenta, and a variety of studies in multiple species

have reported congenital malformations in animals birthed to mothers exposed to nickel83.
While several animal studies cover the topic of nickel teratogenicity, only one contains
information regarding coloboma. Pregnant frogs were exposed to Ni2+ as nickel chloride,
and at Ni2+ concentrations at and above 4.5umol/L, 100% of tadpoles were born with ocular
malformations. The authors reported microphthalmia, focal hypopigmentation, hernias or
cysts of the choroid and retina, and iris colobomas as the most common malformations®’.
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D. Vitamin E

Vitamin E is an essential, fat-soluble compound with both antioxidant and
immunomodulatory effects. Vitamin E deficiency is rare, and though decreased vitamin E
intake is the most common cause in developing countries, in the developed world it typically
only occurs secondary to a variety of conditions resulting in fat-malabsorption, including
cystic fibrosis, abetalipoproteinemia, and Crohn disease. It can also occur secondary to
genetic diseases that affect vitamin E transport proteins’: 9, The syndrome of vitamin

E deficiency manifests with primarily neurologic symptoms. Its presentation can involve
ataxia, hyporeflexia, decreased night vision, and decreased vibratory sensations and the most
severe forms can progress to blindness, arrythmias, and altered cognition’?: 9,

Research on the impact of vitamin E levels on pregnancy outcomes is limited and will
require further study for definitive conclusions to be made. Researchers showed that vitamin
E levels vary throughout pregnancy in humans with the levels at their lowest early in
pregnancy and then increasing throughout!8; however, this study did not comment on
clinical outcomes associated with this observation. Other studies have found decreased
vitamin E levels in pregnancy to be associated with increased incidence of hypertensive
diseases of pregnancy116: 118.148, 11 A |arge case-control study using data from the National
Birth Defects Prevention Study found associations between the third quartile of vitamin E
intake and both congenital heart defects and anorectal atresia as well as the fourth quartile
of vitamin E intake with hypospadias®®; however, further study is needed to corroborate their
findings.

Only one study makes mention of an association between vitamin E deficiency and
coloboma. A case report from New Zealand reported a white rabbit born with a head tilt that
was found to have left microphthalmia along with iris and choroidal colobomal®2, When

the rabbit colony was examined, vitamin E concentrations in the feed were found to be at
25.1mg/kg compared to 40mg/kg recommended, and no vitamin E was detectable in the
livers of other rabbits tested in the colony. Normal vitamin A and selenium concentrations
were found in testing of both feed and liver samples. Because this is only one report, any
association between coloboma and vitamin E deficiency would need to be confirmed with
further study, which the authors acknowledge. No report of this phenomenon exists in other
animals or in humans.

3. Parental factors

A. Maternal thyroid disease

Thyroid hormones act via intranuclear receptors that can form either co-activator or co-
repressor complexes that regulate gene transcription®®. There are several known effects

of hypothyroidism on the developing human fetus. Severe hypothyroidism can lead to
congenital hypothyroidism, the features of which include poor growth, hair loss, thick
skin, protuberant abdomen, a large tongue, and intellectual disability8%; however, even mild
hypothyroidism has been associated with neurologial deficits*8. Additionally, congenital
hypothyroidism is associated with an increased risk of congenital malformations104: 78,
While little is known about the role of thyroid hormone in early ocular development,
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studies in zebrafish have shown that disruption of normal thyroid hormone signaling

leads to abnormal ocular and visual development!14 12 ater in development, thyroid
hormone signaling has been shown to be essential in retinal cone opsin expression in model
systems®’.

A study using the population-based Hungarian Case-Control Surveillance of Congenital
Abnormalities data set reported an association between maternal hypothyroidism and
coloboma. Among the mothers of 46 cases of coloboma, two (4.4%) had hypothyroidism,
which was markedly higher than the proportion of mothers with hypothyroidism in both
population (0.4%) and matched patient (0.3%) controls46. While these differences were
statistically significant, they are based on very small numbers and are yet to be confirmed in
independent studies.

B. Maternal diabetes

Maternal diabetes, including both gestational and pre-gestational diabetes, is a common
complication of pregnancy. Pregnancy naturally leads to decreased insulin sensitivity, and
maternal diabetes results when the body cannot produce enough insulin to overcome this.
Gestational diabetes is estimated to affect around 8% of pregnancies in the United States!61.
While pregestational diabetes is less prevalent, it does create a greater risk to neonatal
morbidity#1. Congenital anomalies are among the numerous complications associated with
maternal diabetes, with the National Birth Defects Prevention Study reporting an association
between many malformations and pre-gestational diabetes'40. /n utero exposure to high
glucose levels is thought to result in increased oxidative stress via the production of reactive
oxygen species, which in turn leads to an increase in the risk of congenital anomalies!10.

A few reports in the literature have described cases of coloboma in children born to

diabetic mothers. A 1958 study from the University of Helsinki performed ophthalmologic
examinations on 49 children born to diabetic mothers and found five children with
pathologic findings. One of these five children was a 2-year-old boy born via an
uncomplicated pregnancy to a mother noted to have poor control of her diabetes whose

only abnormality was a right uveal coloboma’®. Notably, this presentation was in contrast to
the other four cases, which all described children exhibiting varying combinations of mental
deficits, strabismus, and cataracts, among other findings’®. Another study retrospectively
reviewed 156 cases of children born to diabetic mothers and reported one of these children
born with a coloboma of unspecified type®C. Lastly, a third study reviewed 31 cases from
infants born to diabetic mothers where at least one malformation was observed and found
14 cases where multiple malformations were present®L. One of these cases was born with
numerous malformations including small ear, cleft palate multiple cardiac defects, absent
right and dysplastic left kidneys, skeletal anomalies, agenesis of the corpus callosum, and an
iris coloboma®l. Two other cases noted ocular malformations. One presented with bilateral
microphthalmia and another with bilateral optic atrophy®?.

C. Assisted Reproductive Technologies

During /n vitro fertilization (IVF), mothers, oocytes, and developing fetuses are exposed
to altered environments at various stages in the process, most notably, supraphysiologic
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hormone levels. Changes in hormone levels are known to alter transcription factor
expression leading to “altered placentation”82 89, Reports conflict regarding the existence
and relevance of epigenetic changes, namely DNA methylation, seen following IVF111,
Other research has noted increased incidence of both chromosomal aberrations and
congenital anomalies following IVF. One meta-analysis examined 21 cohort studies and
reported a higher risk of chromosomal defects, urogenital malformations, and circulatory
system abnormalities in children born following IVF or intracytoplasmic sperm injection
compared to those naturally conceived8%; however, they found no significant difference in
malformations in all other systems analyzed, including in the eyel69, although coloboma
was not specifically evaluated.

While an increase in ocular malformations following IVF has not been definitively reported,
one case series describing 47 children referred for ophthalmologic evaluation following

IVF has suggested an association3. The authors observed major ocular malformations in 12
(26%) of these children including uveal coloboma with microphthalmos in two3. Though
this series suggests an increased risk of coloboma in children born following IVF, the
evidence is not strong enough to draw definitive conclusions. It does however suggest
further study is worthwhile.

It is becoming clear that paternal factors may also have significant epigenetic

implications® 61, and therefore become important when considering environmental causes
of congenital malformations. This is particularly relevant given the increasing prevalence of
intracytoplasmic sperm injection, which similarly subjects oocytes to foreign environments.

4. Toxicity and Exposures

A. Alcohol

Maternal alcohol consumption during pregnancy is associated with a range of both physical
and neuropsychologic deficits, called fetal alcohol spectrum disorder. Altered neurologic
development is most associated with this disorder, and though they are less common,

growth retardation and characteristic facial abnormalities, including smooth philtrum, thin
upper lip, and shortened palpebral fissures, can also be present'2l: 158 Children with this
disorder can therefore present with a wide variety of findings ranging from mild cognitive
impairment to significant physical and neurologic impairment. The timing and dose of /in
utero alcohol exposure is thought to contribute significantly to the malformations present.
Animal studies have shown that exposing rodents to alcohol during gastrulation results in the
characteristic facial anomalies, while exposure during neurulation leads to a different set of
facial anomalies197: 158 Though exposure later in development produces fewer craniofacial
abnormalities, it continues to affect brain development07: 158, The pathophysiology of these
abnormalities is thought to be related to alcohol’s toxic effects on neural crest cells, which
contribute to the craniofacial abnormalities®” and neural stem cells, which contribute to
neurologic deficits!15.

In addition to the facial malformations classically associated with fetal alcohol exposure,
the eye is frequently affected in cases of fetal alcohol syndrome!34. Ocular malformations
seen include strabismus, microphthalmos, anterior segment anomalies, and fundus changes,
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mainly optic nerve hypoplasia and tortuous retinal vessels134. Few studies have suggested
an association between alcohol exposure and coloboma. A prospective observational study
followed 25 children diagnosed with fetal alcohol syndrome referred for ophthalmologic
examination starting at median age of 1 year old with a median follow up time of 11 years.
Of the 25 patients followed, 24 had ocular anomalies, and 23 had fundus abnormalities
(primarily optic nerve hypoplasia)132. One patient presented with bilateral iris and uveal
coloboma, optic nerve hypoplasia, exotropia, nystagmus, and poor vision132, This clinical
observation is strengthened by evidence from a study that gave intraperitoneal alcohol
injections to pregnant mice. The study found a significant increase in congenital anomalies
after alcohol treatment on days 8, 9, or 10 of gestation, and iris coloboma was one of the two
most frequently observed anomalies’”.

Despite limited clinical evidence, recent studies involving the role of neural crest cells on
ocular development provide a potential link between fetal alcohol exposure and coloboma.
Neural crest cells have been shown to play a critical role in ocular development and

are thought to control appropriate optic cup development through non-cell autonomous
mechanisms, including the secretion of nidogen, an extracellular matrix proteinl0, Two
separate populations of neural crest, one defined by expression of the transcription factor
Sox10 and the other by expression of Foxd3 enter the eye at different time points37: 150,
While the different roles these populations play is yet to be elucidated, the Foxd3 expressing
population is known to primarily contribute to the formation of the anterior segment of

the eye, specifically the lens, iris and corneal stroma, and aqueous outflow channels3’. The
majority of Sox10 expressing neural crest is found in jaw and pharyngeal arches, but a small
population enters the eye for a short period early in ocular development3”. Interestingly, the
Sox10 expressing neural crest population in the jaw and pharyngeal arches was found to be
more susceptible to the toxic effects of alcohol compared to the Foxd3 expressing population
in the eye, and this is thought to explain how fetal alcohol syndrome leads to primarily
craniofacial abnormalities, with anterior ocular malformations being more rare3”. Given
their increased susceptibility to alcohol, pursuing the exact role of the small ocular Sox10
expressing neural crest cell population would be interesting in exploring a mechanistic link
between prenatal alcohol exposure and coloboma.

B. Methimazole

The prevalence of hyperthyroidism in pregnancy is estimated to be between 0.1 and 1%,
and it is associated with fetal complications when untreated®*. Antithyroid treatment,
typically with either methimazole or propylthiouracil, is therefore recommended to avoid
these complications; however, a “CHARGE-like” syndrome with defects including choanal
atresia, nipple hypoplasia, facial anomalies, and developmental delay has been defined

in association with prenatal exposure to methimazole2°. More recently, anti-thyroid drugs
have been associated with an increased risk of major congenital anomalies, though sub-
group analysis for malformations of the eye, ear, face, and neck did not reach statistical
significancel25.

Two case reports describe birth defects in mothers taking methimazole that include iris/
retinal coloboma. The first was in a 4-year-old girl whose mother took methimazole
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during the first two months of pregnancy. She presented with choanal atresia, iris and

retinal coloboma, and facial anomalies®*. The second report described a mother who was
taking 20mg/day of methimazole throughout her first trimester and switched to 5mg/day
during her third trimester. Her child was born with hypoplastic nipples, microcornea, and

a right iris coloboma along with other abnormalities®. Of 72 cases that reported congenital
defects after prenatal exposure to either methimazole or carbimazole (a precursor that is
metabolized to methimazole in the liver), these two cases were the only ones that described
coloboma to be among the defects?8. In addition, a study that dosed zebrafish embryos with
varying amounts of methimazole found “hypoplastic brain and spinal cord, pharyngeal and
esophageal narrowing, and retinal disruption” in fish that had been exposed’. These data
further support prenatal methimazole exposure as the cause of this syndrome23, It should be
noted that, given the associations between coloboma and maternal thyroid disease discussed
above, it is unclear whether the observations in these case studies are secondary to the drugs
or the underlying thyroid disorders being treated.

C. Hydroxyethylrutoside

Hydroxyethylrutoside (HER) is a semisynthetic form of rutoside, a flavonoid derivative
found in a variety of plant species. It is thought to reduce microvascular permeability
and erythrocyte aggregation and is therefore used in the treatment of chronic venous
insufficiency and hemorrhoids, as well as prophylaxis of venous microangiopathy and
edema. While studies have shown that HER may be effective in reducing symptoms

of vascular complications in pregnancy, namely varicose veins and hemorrhoids!13: 10,
concerns about its safety prevent it from being commonly used.

With regard to coloboma specifically, a Hungarian case-control study on 46 cases of
isolated ocular coloboma identified higher HER usage among pregnant mothers whose
children were born with coloboma compared to mothers of matched, population, and patient
(affected with nonocular congenital anomalies) controlsl46. A follow-up case-control study
compared a group of 22,843 cases with congenital abnormalities to 38,151 controls without
anomalies!12, There were four children born with coloboma and one born with bilateral
microphthalmia among these 22,843 cases. In all five of these cases, the mothers had
exposure to HER treatment during pregnancy. The mothers of three of the coloboma cases
received HER treatment from month one of pregnancy until delivery, the mother of the
fourth case received HER treatment from month 4 of pregnancy, and the mother of the
microphthalmia case received HER treatment from month 3 of pregnancy. Analysis of this
data revealed an association of unilateral ocular coloboma with HER treatment during the
second and/or third month of pregnancyl12.

D. Anticonvulsants

The teratogenic effects of anticonvulsants are well known and complicate the treatment of
mothers with epileptic disorders during pregnancy. The highest risk of major malformations
from these drugs come during the first trimester, but use throughout pregnancy is

thought to impact growth and neurodevelopment of the fetus142. A Cochrane systematic
review of the literature and a network meta-analysis both calculated the risk of major
congenital malformations in children born to mothers on various antiepileptics compared

Surv Ophthalmol. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Selzer et al.

Page 10

to those born to mothers without epilepsy and found statistically significant increased

risk from many commonly used antiepileptics'3: 145, Vialproate demonstrated the highest
risk of malformations, with the Cochrane review reporting a 10.93% prevalence of major
malformations in babies born to mothers using the drug®3: 145, Carbamazepine and
phenytoin both demonstrated an increased risk of malformations in both studies, with the
Cochrane review reporting risk ratio of 2.01 and 2.38 respectively compared to unexposed
children born to mothers without epilepsy!®3 and the network meta-analysis reporting
comparable odds ratios of 1.37 and 1.67 respectively compared to controls4°.

Fetal growth restriction, craniofacial and limb anomalies, and neural tube defects are among
the typical malformations that can be seen following fetal exposure to carbamazepine®8.
Two studies have reported on the association between coloboma and fetal exposure

to carbamazepine. The first is a case series that described four patients with ocular
malformations seen following first trimester exposure to the drug. One child was born

with bilateral anophthalmia and low birth weight, two were born with severe, bilateral
microphthalmia, and the last was born with a unilateral optic nerve colobomal38. The
mother of this fourth case was taking 600mg of carbamazepine three times per day
throughout pregnancy. The second study retrospectively reviewed 77 cases of anophthalmia,
microphthalmia, and coloboma to follow up on the initial report by Sutcliffe. Carbamazepine
exposure was not reported in any of these cases and a subsequent literature review found no
association between coloboma and carbamazepine use’S.

A combination of growth restriction, microcephaly, limb, craniofacial, and cardiac defects
following fetal exposure to phenytoin defines fetal hydantoin syndrome38. Though

reports have also suggested an increase in both periocular and ocular anomalies in this
syndromel47: 157 the evidence linking fetal hydantoin exposure to coloboma is limited to a
single case report. It describes a child exposed to Dilantin (phenytoin), phenobarbital, and
primidone born with a constellation of malformations including hirsutism, cranial and facial
deformities, limb abnormalities, and scoliosis--along with a microphthalmic left eye with an
inferior iris and choroidal coloboma®.

E. Lysergic acid diethylamide (LSD)

One case reported on a child born to a mother who used lysergic acid diethylamide

(LSD) both before and during pregnancy. The child was born with a wide variety of limb,
craniofacial, organ, and ocular malformations that included a small iris coloboma®. While
other cases reporting ocular malformations other than coloboma as a result of LSD usage
have been published®3, this one report does not provide strong enough evidence to confirm
an association between coloboma and maternal LSD usage.

F. Radiation

In utero exposure to ionizing radiation is known to have harmful effects on developing
fetuses, but ethical considerations limit research that can be done in this population.
Radiation has been described as having teratogenic, carcinogenic, and mutagenic effects
on developing fetuses, and while exposure to any dose of radiation confers a risk, the
timing and dose of ionizing radiation can have a large impact on resulting malformations,
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with exposure during weeks 2 to 7 of gestation having the most significant effect3> 154,
Additionally, studies that examined decedents of residents of the Marshall Islands during
the mid-20™ century nuclear tests19! as well as the survivors of the Chernoby!152

and Fukushima®? nuclear disasters have reported on the effects of radiation exposure.
Specifically, increases in rates of congenital cataracts and truncus arteriosus were noted

in decendents of Marshall Islands residents,101 with higher rates of microcephaly, neural
tube defects, and microphthalmia observed in areas of Ukraine affected by the Chernobyl
disaster when compared to adjacent, less affected regions!®2. This phenomenon has also
been observed in rodents with a study that dosed pregnant rats with varying levels of
radiation on day nine of gestation and performed ocular examinations during postnatal week
5 finding iris and choroidal coloboma, microphthalmia, and anophthalmia in groups dosed
with 3.2, 6.3 and 12.6 Gy along with additional ocular malformations in the 12.6Gy group’®.
Further investigation of these observations performed transcriptional analysis on irradiated
mice, and linked the structural ocular defects observed to changes in RPE melanogenesis?2.
These studies collectively provide observational and experimental data from both humans
and rodents that links radiation exposure to structural ocular defects.

G. Saccharine

The literature linking maternal saccharine consumption to coloboma is limited to one
French study. Rats were fed diets containing varying concentrations and purities of
saccharine produced by two different synthesis methods. Microphthalmia, anophthalmia,
and coloboma were commonly seen malformations. The authors concluded that the
contaminants of saccharine synthesis, ortho-sulfobenzoic acid, para-sulfobenzoic acid,
para-sulfamolybenzoic acid, and para-toluenesulfonamide are responsible for the observed
teratogenic effects and that sufficient purification of commercial saccharine is necessary to
mitigate these risks2L.

H. Mycophenolate mofetil

A new embryopathy has been defined related to /n utero exposure to mycophenolate mofetil
(MMF). MMF is a potent immunosuppressant that inhibits inosine 5’-monophosphate
dehydrogenase (IMPDH), the rate-limiting enzyme in de novo guanine synthesis. It is
therefore able to selectively inhibit lymphocyte proliferation, as these cells are unable to
utilize the guanine salvage pathway and are therefore dependent on de novo synthesis.
Because of both its potent immunosuppressive effects and minimal side effect profile, MMF
has quickly become one of the primary immunosuppressants for prevention of allograft
rejection after solid organ transplant since its approval by the FDA in 1995. Additionally,

it is commonly used in immunosuppressive regimens for the treatment of autoimmune
diseases.

Starting in the early 2000s, several reports were published documenting congenital
malformations in babies born to mothers who had undergone renal transplants and were

on immunosuppressive regimens that included MMF7: 81,128, 141 These included cleft

lip and palate, microtia, external auditory canal atresia, micrognathia, and hypertelorism
along with other varied malformations. In 2007, a similar case was reported'9® with similar
malformations of the face, palate, ears, and jaw as well as bilateral chorioretinal colobomas.
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Following this case report, several other individual case reports and case series have been
published on babies with in-utero exposure to MMF. Two of these reports noted colobomas
among the malformations present? 122, A 2012 prospective study of 57 women who were
exposed to MMF during pregnancy found 8 fetuses/infants with major malformations82. One
of these cases was noted to have coloboma.

Perez and coworkers reviewed published cases of MMF embryopathy. In their analysis they
found that 34% of the reported cases of MMF embryopathy reported ocular anomalies
including chorioretinal coloboma, iris coloboma, or microphthalmia. They also note that,
though 20% of cases revealed chorioretinal coloboma, not every patient received a
funduscopic exam, and this may underrepresent the incidence of this malformation109, Also
of note, the authors draw attention to the fact that in every case that reported features typical
of MMF embryopathy with the exception of one case, where the fetus was exposed until 7
weeks gestation?, exposure to MMF occurred until at least the 8th week of gestation. This
suggests a “critical period” of MMF exposure in the first trimester. Optic fissure closure is
known to occur between weeks 5 and 7 of fetal life, and failure of this process results in
uveal coloboma.

Similar malformations have also been seen in /n vitro rat models. A 2013 study of
mycophenolic acid (MPA), the active ingredient in MMF, in whole-embryo rat cultures
found that exposure to MPA resulted in comparable malformations including truncated
torsos, deformed and fused brachial arches, and missing optic and otic vesicles20, While the
exact mechanism of the teratogenicity of MMF is unknown, the authors of this study suggest
that it could be related to the inhibition of IMPDH, as they measured IMPDH activity in
embryonic tissues throughout the period that they were cultured120, Further study is needed
to investigate this mechanism further.

Thiourea, though structurally similar to urea, contains a sulfur atom in place of an oxygen
atom. In addition to use in industrial applications, the antithyroid drugs methimazole and
propylthiouracil are structural derivatives of thiourea, which exhibits an antithyroid effect on
its own15. It is known to be teratogenic, causing neural tube and growth defects in rodents’3.
Additionally, one study dosing fetal rats for the first 14 days of development with a 0.2%
aqueous solution of 2’-thiourea observed colobomas along with other abnormalities’2. Given
the possible association of coloboma with maternal hypothyroidism and antithyroid drugs,
and the antithyroid properties of thiourea, a common mechanism could be explored.

J. Hyperthermia

In animals, experiments across multiple species have demonstrated teratogenic effects from
even 1.5-2.5 °C elevations in body temperature in certain species3®. Hyperthermia has

been shown to primarily affect the central nervous system, especially if it occurs during
critical periods of embryonic development3®. Epidemiologic studies in humans have also
demonstrated an increased prevalence in neural tube defects associated with maternal fevers,
hot tub, and sauna use®: %, Though human studies have not examined the potential of
hyperthermia to cause coloboma, animal studies have described coloboma after maternal
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hyperthermia in chicks!®3 and guinea pigs*. Given the ability of high temperatures to
disrupt neural tube closure, it is plausible to hypothesize that exposure to high temperature
during the embryonic period of optic fissure closure could result in coloboma, but this would
have to be confirmed experimentally.

K. Synthetic Cannabinoids

Synthetic cannabinoids are laboratory derived compounds designed to interact with the
cannabinoid receptor and are commonly abused as recreational substances®3. Usageis
associated with a variety of harmful effects, including aggressive behavior, anxiety,
paranoia, and memory problems®2. Studies on the teratogenic effects of natural cannabinoids
have linked marijuana use to growth, limb, and behavioral defects in humans*# 59, and
administration of high doses of A9-THC, the active ingredient in marijuana, to pregnant
mice led to fetal malformations®. Given that synthetic cannabinoids are associated with
more toxic effects than naturally occurring cannabinoids and are often stronger agonists

of the cannabinoid receptors than naturally occurring cannabis38, Gilbert and coworkers
tested the teratogenicity of the synthetic cannabinoid CP-55,940 in mice by administering

it on day 8 of pregnancy®®. Theyobserved craniofacial and ocular malformations in all drug-
treated groups, which increased in frequency with increasing dose. Ocular malformations
commonly observed included microphthalmia, coloboma, and anophthalmia.

L. Thalidomide

Thalidomide, a drug originally released in the 1950s to treat morning sickness in pregnant
women, is now infamous for the birth defects it caused. Thalidomide embryopathy can affect
almost any organ in the body and is most severe when the developing embryo is exposed
during the “critical period” between days 20 and days 36 after fertilization144. Several
studies have reported on the association between thalidomide exposure and coloboma.
Multiple case series from the 1960s describe cases of coloboma in thalidomide babies,

with one describing colobomatous defects in 5 out of 20 with ocular defects*’ and another
detailing 3 cases in a series of 12 children with defects resulting from thalidomide?*.
Another larger series reported findings related to the examination of 154 children with
thalidomide-induced defects and reported coloboma in 5 of these children2®, In addition

to these retrospective reports, a prospective study performed ophthalmologic exams on 86
Swedes with confirmed thalidomide embryopathy and found ocular finding in 46, 3 of which
were colobomal33, Despite the rarity of coloboma among the numerous defects seen as a
result of thalidomide exposure, this combination of retrospective and prospective data makes
thalidomide a likely candidate as a cause of this malformation.

5. Infection

A. Cytomegalovirus (CMV)

Around 10% of babies born with congenital cytomegalovirus (CMV) present with various
problems at birth®5, These can include petechial rash, jaundice hepatosplenomegaly,
microcephaly, restricted growth, sensorineural hearing loss, and chorioretinitis, and, as a
result, infants born with this infection are at risk for debilitating long-term disabilities®®: 14,
Congenital CMV infection has been linked to coloboma through one case report that
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presented four patients born with congenital CMV and optic nerve abnormalities®0. Of these
4 patients, one was noted to have a unilateral partial optic nerve coloboma discovered at

20 weeks of agealong with other abnormalities, and a second presented with a complete
unilateral optic nerve coloboma and microphthalmia. A retrospective analysis of 28 children
with optic nerve hypoplasia and 10 children with coloboma attempted to find any association
between these conditions and environmental exposures and noted no exposure to CMV in
any of the 10 coloboma cases*?; however, the small sample size of these studies prevents any
definitive conclusions from being made regarding CMV infection and coloboma.

B. Toxoplasmosis

The classic congenital infection caused by Toxoplasma gondii, a protozoan parasite, causes
a triad of chorioretinitis, hydrocephalus, and intracranial calcifications'37. The connection
between congenital toxoplasmosis and coloboma has been suggested many times. The
original description of ocular toxoplasmosis described an infant with hydrocephalous,
microphthalmia, and a “colobomatous area” in the macula, which may not be a true optic
fissure closure defect105. 87 Another report on ocular toxoplasmosis specifically highlighted
the similarities in appearance between a toxoplasma infection scar and a colobomall?,
which calls into question what was being referred to in the original report. A case of

a congenital coloboma discovered in a 25-year-old with congenital toxoplasmosis has

also been observed39. A descriptive retrospective cohort study of 173 cases of ocular
toxoplasmosis in Indonesia aimed to more definitively define the clinical features and

risk factors of ocular toxoplasma infection, but reported no cases of colobomal35. Despite
coloboma being considered a feature of ocular toxoplasmosis, the published evidence
linking the two is limited to two individual cases.

C. Zikavirus

Zika virus, a primarily mosquito-borne arbovirus, is known to cause a group of congenital
anomalies known as congenital zika syndrome that includes microcephaly, thinned cortices
and subcortical calcifications in the brain, macular scarring and focal pigmentary retinal
mottling in the eye, contractures, and hypertonia®’. Notably, the eye can be affected in
29-70% of cases®2. While other ocular findings are more common, numerous studies

have reported coloboma associated with congenital zika syndrome33: 31. 162, 63,52 Tyyg
studies performed ocular exams on patients with congenital microcephaly secondary to zika
infection, and reported coloboma in 9.7% of 62 patients examined43 and 41.7% of 12 eyes
examined34. Infection during the first trimester of pregnancy is associated with higher rates
of fundus abnormalities, suggesting infection during a “critical period” is important in the
development of malformations32.

6. Conclusion

Despite a large number of studies linking various environmental exposures to coloboma,
the vast majority are either single case reports or deal in numbers too small to provide
strong evidence. Studying this condition in humans is made particularly difficult both by
its rarity and the potential for under ascertainment, especially if it arises as an isolated and
relatively asymptomatic defect however, there is compelling evidence for the role of some
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environmental exposures on the development of coloboma including vitamin A deficiency,
folate deficiency, maternal hypothyroidism, maternal alcohol use, fetal mycophenolate
mofetil exposure, and congenital zika virus infection. These findings are supported by
experimental animal data, epidemiologic evidence, and plausible mechanisms, which point
to the need for additional studies integrating more comprehensive methods. Other exposures,
for example radiation and hyperthermia, may not be specific to coloboma, but may occur

if the insult arises during a specific critical period in optic fissure closure; however, more
purposeful epidemiologic and experimental studies will need to be performed to identify and
eliminate environmental causes of coloboma.

7. Methods of Literature Search

The citations for this article were obtained from PubMed searches covering the years
1966-2021 using the search terms “coloboma,” “environmental causes,” and “teratogen.”
Studies that provided evidence of coloboma linked to environmental causes were included,
while studies that either did not include coloboma, or linked coloboma to genetic causes
were excluded. Additional references were obtained from Chang 2006 to capture relevant
references that were not found with these search terms, included older references. Each
environmental cause described in Chang’s review was searched in PubMed along with the
terms “coloboma” and “teratogen” to capture more recent publications. Again, references
that specifically described the environmental cause and coloboma were included. English
translations of the abstracts of non-English publications were used. While there are
limitations to this approach, the authors felt this was preferable to excluding the evidence
provided by these sources entirely.
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Summary of reports implicating an environmental cause of uveal coloboma with major conclusions, reference
and level of evidence.

nickel chloride concentrations

malformations that included
coloboma at and above
concentrations of 4.5umol/L

Exposure Type of Study Main Conclusions Level of Study
Evidence
Nutritional
Deficiency/Excess
Vitamin A and its Zebrafish embryos treated with RAR  Coloboma in 75% of treated lla L t al 2011 [86 b
Derivatives inhibitor AGN194310 embryos upo et al 2011 [86]
Case report of child born to vitamin Child born with bilateral 11b Gaudet et al 2006 [43]
A deficient mother colobomas
Case report of two sisters with RBP4 One of two sisters born with 11b Schoner et al 2008
mutation and 1/6™ normal vitamin A coloboma [124]
levels
Case report and exome analysis of One of two siblings with RBP4 b Cukras et al 2012 [23]
two siblings with RBP4 mutations mutations born with coloboma
Genetic analysis of 3 unrelated Autosomal dominant RBP4 11b Chou et al 2015 [19]
families with multiple members with  mutations found to drive MAC by
MAC disrupting vit A transport
Descriptive study of 83 mothers of 13% of mothers reported 1 Hornby et al 2004 [64]
110 probands with coloboma symptoms of vitamin A deficiency
during third trimester of pregnancy
Study of rats fed vitamin A deficient Vit A deficiency resulted in babies  1lb Wilson et al 1953
diet during pregnancy born with coloboma, but vit 156 b
A supplementation during days [156]
10-15 of pregnancy significantly
reduced number of colobomas seen
Study fed pregnant rats vit A Colobomas observed in offspring 11b Warkany and
deficient diet Schraffenberger 1946
[149)”
Study supplemented vit A deficient Vitamin A supplementation on lla See and Clagett-Dame
pregnant rats on days 11.5-13.5 of day 11.5 of pregnancy was 100% 2009 [123 b
pregnancy protective of coloboma while [123]
supplementation on days 12.5 and
13.5 led to colobomas in 17% and
100% of births respectively
Study dosed rats with intraperitoneal ~ Congenital malformations lla Ozeki and Shirai 1998
injections of retinoic acid on day 7 observed in 95.5% of rats on day 106 b
of pregnancy 18 with 36.4% displaying faulty (106]
closure of the embryonic fissure
Folate Pregnant rats were given a diet Colobomas were among the 11b Nelson et al 1955
deficient in folate congenital malformations noted [100]17
Rats fed folate deficient diet at Coloboma was associated with a lla Armstrong and Monie
various timepoints in pregnancy folate deficiency during days 9-11 1966 8 b
of pregnancy (8]
Folate deficient diet given to mice in ~ Associated with anophthalmiaand  1lb Maestro-de-las-Casa et
the weeks prior to pregnanc microphthalmia with no mention b
P pred Y of colgboma al 2013 [68]
Case control study compared No association was found between 111 Shaw et al 2007 [127]
89 women who gave birth to either condition and folate
offspring with anophthalmia or supplementation or deficiency
microphthalmia to 4143 controls
with regard to nutrient intake during
pregnancy
Nickel Excess Pregnant frogs exposed to various Tadpoles were born with ocular lla Hauptman et al 1993
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Exposure Type of Study Main Conclusions Level of Study
Evidence
Vitamin E Case report of a white rabbit born Rabbit was found to have vitamin v Nielson and Carlton
with left microphthalmia along with  E deficiency b
iris and choroidal coloboma 1995 [102]
Parental Factors
Maternal Thyroid Case-control study comparing the 4.4% of coloboma mothers 1 Vogt et al 2005 [146]
Disease mothers of 46 cases of coloboma had hypothyroidism, which was
with the general population markedly higher than the
proportion of mothers with
hypothyroidism in both population
(0.4%) and matched patient (0.3%)
controls
Maternal Diabetes Prospective study of 49 children One coloboma was reported v Koskenoja 1958 [75]
born to diabetic mothers
Retrospective review of 156 of cases ~ One coloboma was reported v Grenet et al 1972 [50]
of children born to diabetic mothers
Retrospective review of 31 cases One coloboma was reported 1 Grix 1982 [51]
of infants born to diabetic mothers
where at least one malformation was
observed
Assisted Reproductive  Analysis of 21 cohort studies No significant difference in ocular lla Zheng et al 2018 [160]
Technologies comparing children born following malformations found
IVF or intracytoplasmic sperm
injection to those naturally
conceived
Prospective study of 47 children Major ocular malformations 1 Anteby et al 2001 [3]
referred for ophthalmologic occurred in 26% of children and
evaluation following IVF included uveal coloboma with
microphthalmos in two
Toxicity and
Exposures
Alcohol Prospective observational study 24 children had ocular 1l Stromland Hellstrom
of 25 children with fetal malformations including one 1996 [132]
alcohol syndrome referred for coloboma
ophthalmologic evaluation
Mice given intraperitoneal alcohol Iris coloboma was one of the most 11b . b
injections on days 8, 9, or 10 of frequently observed malformations Kronick 1976 [77]
gestation
Methimazole Case report of a 4-year old girl Child presented with choanal v Hall 1997 [54]
whose mother took methimazole atresia, iris and retinal coloboma,
during the first two months of and facial anomalies
pregnancy
Case report of a child whose mother  Child born with a right v Aramaki et al 2005 [6]
was taking methimazole throughout iris coloboma among other
her pregnancy abnormalities
Review of 72 cases that reported 2 cases of coloboma noted to be v Cassina et al 2012 [16]
congenital defects after prenatal among the defects
exposure to either methimazole or
carbimazole
Zebrafish embryos dosed with “Retinal disruptions” were among Ila Komoike et al 2013

varying concentrations of
methimazole

the malformations seen

[741°

Hydroxyethylrutoside
(HER)

Case-control study comparing the
mothers of 46 cases of coloboma
with the general population

Case-control study of 22,843 cases
with congenital abnormalities

Mothers of cases of isolated

ocular coloboma identified had
higher HER usage than mothers

of matched, population, and patient
controls

4 colobomas and 1 case of
microphthalmia were noted along
with an association between
unilateral ocular coloboma with
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Evidence
HER treatment during the second
and/or third month of pregnancy
Anticonvulsants Case series of four patients Malformations included one v Sutcliffe et al 1998
with ocular malformations seen case of anophthalmia, two [136]
following first trimester exposure to microphthalmia, and one coloboma
carbamazepine
Retrospective review of 77 cases of No instance of carbamazepine 1 Kroes et al 2002 [76]
anophthalmia, microphthalmia, and exposure found
coloboma
Case report of a child exposed Child born with a constellation v Hampton and
to phenytoin, phenobarbital, and of malformations including inferior Krepostman 1981 [56]
primidone iris and choroidal coloboma
Lysergic Acid Report of a child born to a mother Child born with a wide variety of v Apple and Bennett
Diethylamide (LSD) who used LSD both before and limb, malformations that included 1974 [5]
during pregnancy a small iris coloboma
Radiation Pregnant rats dosed were with Iris and choroidal coloboma, 1lb Kuno et al 1993 [79][7
radiation on day 9 of pregnancy and microphthalmia, and anophthalmia
examined during postnatal week 5 were observed
Rates of malformations in areas of Higher rates of microphthalmia lla Wertelecki et al 2017
Ukraine affected by the Chernobyl were among the malformations [152]
disaster were compared to adjacent, noted
less affected regions
Saccharine Pregnant rats fed varying Microphthalmia, anophthalmia, 11b Colson et al 1984
concentrations and purities of and coloboma were commonly [21]17
saccharine seen malformations and these
malformations were attributed
to contaminants of saccharine
synthesis
Mycophenolate Report of child born following in- Child born with coloboma among v Ang et al 2008 [2]
Mofetil (MMF) utero MMF exposure other malformations
Report of child born following in- Child born with coloboma among v Schoner et al 2008
utero MMF exposure other malformations [122]
Prospective study of 57 women 8 fetuses/infants with major v Hoeltzenbein et al
who were exposed to MMF during malformations, one of which was 2012 [62]
pregnancy noted to have a coloboma
Literature review of reported cases 20% of cases of MMF 1l Perez-Aytes et al 2017
of MMF embryopathy embryopathy were noted to have [109]
chorioretinal coloboma
Whole embryo rat cultures expsosed ~ Exposure to MPA resulted in 11b Schmidt et al 2013
to mycophenolic 451 acid (MPA) malformations including truncated 120 b
torsos, deformed and fused [120]
brachial arches, and missing optic
and otic vesicles
Thiourea Rats dosed for the first 14 days of Rats observed to have colobomas b Kernet al 1980 [72 b
development with a 0.2% aqueous along with other abnormalities emeta (2]
solution of 2’-thiourea
Hyperthermia Chicks exposed to hyperthermia Colobomas described among 11b - b
during development abnormalities Nilsen 1968 [103]
Review describing exposure of Colobomatous malformation noted 1V b
guinea pig embryos to hyperthermia ~ among malformations seen Graham 2005 [49]
Synthetic Mice dosed with the synthetic Craniofacial and ocular lla Gilbert et al 2016
Cannabinoids cannabinoid CP-55 on day 8 of malformations noted in all drug- [45]17
pregnancy treated groups, which included
microphthalmia, coloboma, and
anophthalmia
Thalidomide Series of 20 children with ocular Colobomatous defects observed in v Gilkes and Strode

defects after thalidomide exposure

five children
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Exposure Type of Study Main Conclusions Level of Study
Evidence
Series of 12 children with defects Three cases of coloboma observed 1V Cullen 1964 [24]
resulting from thalidomide
Examination of 154 children with Coloboma reported in 5 children v Smithells 1973 [129]
thalidomide-induced defects
Prospective study of 86 Swedes with  Ocular findings noted in 46 11 Stromland and
confirmed thalidomide embryopathy individuals, 3 of which were Miller1993 [133]
coloboma
Infection
Cytomegalovirus Report of four patients born with Two patients born noted to have v 60
(CMV) congenital CMV and optic nerve optic nerve colobomas
abnormalities
Retrospective analysis of 28 children  No exposure to CMV in any of the  1lI 40
with optic nerve hypoplasia and 10 10 coloboma cases
children with coloboma
Toxoplasmosis Original description of ocular Infant descrived with v 67
toxoplasmosis hydrocephalous, microphthalmia,
and a “colobomatous area” in the
macula
Case of a 25 year old patient with Patient was noted to have a \Y 30
congenital toxoplasmosis coloboma
Retrospective cohort study of 173 Study reported no cases of b 135
cases of ocular toxoplasmosis coloboma
Zika Virus Series of 29 infants with suspected Bilateral iris coloboma noted in v 33
congenital zika infection one patient
Examination of two infants born One infant noted to have left v 31
with seropositive zika infection temporal colobomatous defect
Case series of 112 infants born to 1 infant noted to have bilateral v 162
mothers with PCR-confirmed zika colobomas
infection
Examination of 442 completed 4 infants noted to have eye v 63
pregnancies in women with abnormalities including coloboma
laboratory evidence of recent Zika
infection
Case report of a 3 day old baby with  Infant noted to have v 52
PCR confirmed zika infection severe bilateral colobomatous
chorioretinal atrophy
Series of 62 patients with congenital ~ Coloboma found in 9.7% of v 143
microcephaly secondary to zika patients
infection
Series of 12 eyes examined in 41.7% of found to have coloboma v 34

patients with congenital ziika
infection

Abbreviations: RAR, retinoic acid receptor; MAC, microphthalmia, anophthalmia, and coloboma.

aUsing US Agency for Healthcare Research and Quality grading scale for evidence-based reports, level | being the highest rating while level 1V is
the lowest rating http://www.ahrg.gov/research/findings/evidence-based-reports/index.html

bAnimaI studies.
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