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PURPOSE. Strabismus is a common eye disorder with a prevalence of 1% to 4%. Comitant strabismus accounts for approximately 75% of all strabismus, yet more is known about the less
common incomitant disorders. Comitant strabismus is at least
partly inherited, but only one recessive genetic susceptibility
locus, on chromosome 7p, has been identified in one family.
The purpose of this study was to determine the frequency of
STBMS1 as a cause of primary nonsyndromic comitant esotropia (PNCE).
METHODS. Twelve families were recruited within the UK Hospital Eye Service as children attended for treatment of PNCE.
All consenting persons were clinically assessed, and DNA was
sampled. Chromosome 7 microsatellite markers were genotyped in all 12 families, and LOD scores were calculated under
recessive and dominant models.
RESULTS. One family was linked to STBMS1; in three, linkage
was significantly excluded; and the remainder were uninformative. Twenty-six members from three generations of the
linked family were analyzed further. Five family members were
defined as affected; two had esotropia with an accommodative
element; and three underwent strabismus surgery and appeared to have had an infantile/early-onset esotropia. A maximum LOD score of 3.21 was obtained under a dominant mode
of inheritance; a recessive model gave an LOD score of 1.2.
CONCLUSIONS. This study confirms that PNCE can result from
sequence variants in an unknown gene at the STBMS1 locus.
However, this locus accounts for only a proportion of cases,
and other genetic loci remain to be identified. In contrast with
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the previously reported family, the pedigree described in this
study is consistent with dominant rather than recessive inheritance at the STBMS1 locus. (Invest Ophthalmol Vis Sci. 2009;
50:3210 –3217) DOI:10.1167/iovs.07-1631

S

trabismus, synonymous with heterotropia, squint, and
tropia, is a common eye disorder with a prevalence of 1% to
4%.1–3 Strabismus can be subclassified into comitant and incomitant deviations whereby the angle of deviation is constant
or the angle of deviation varies with either the position of gaze
or the fixing eye. The most common form of strabismus is of
the horizontal, comitant type.1,4,5 However, although comitant
strabismus accounts for approximately three-quarters of all
cases,1 more is known about the underlying causes of the less
common incomitant form. Genes and loci have been identified
for incomitant deviations such as Duane syndrome, chronic
progressive external ophthalmoplegia, and congenital fibrosis
of the extraocular muscles.6,7 In contrast, for the more common comitant strabismus, only one recessive susceptibly locus
has been identified, in a single family, on chromosome 7p.6,8
Nevertheless, there is considerable evidence of a genetic
basis for comitant strabismus. Clinically, it is readily observed
that strabismus clusters within families. Hippocrates is often
quoted as the first to describe a familial tendency in the inheritance of strabismus, with transmission from parent to
child.9 –14 Several studies have cited heredity as a risk factor for
strabismus, specifically for accommodative esotropia,11 intermittent and constant exotropia,15 and accommodative and
partially accommodative esotropia.15 A large collaborative
project reported that the odds of a sibling having esotropia
more than doubled when another sibling was affected, but if a
child had exotropia, a sibling was at risk for exotropia only if
the children were from the same multiple birth.13 Twin studies
have demonstrated increased monozygotic concordance of esotropia in a Caucasian female cohort in the United Kingdom
(Hammond CJ, et al. IOVS 2002;43:E-Abstract 1465) and of
accommodative esotropia and intermittent exotropia in a Japanese cohort.16
Furthermore, strabismus type has been noted to vary with
race. A short report from the 1970s based on a Hawaiian cohort
recorded that esotropia was more common in Caucasians,
exotropia was more common in Asians, and esotropia and
exotropia were approximately equally distributed in the racially mixed group.17 This early description regarding the racial
distribution of strabismus is further supported by more recent
studies, such as one in a Hong Kong Chinese population in
whom exotropia was more prevalent than esotropia18 and
another by Chew et al.19 who described being white as a risk
factor for esotropia.
However, it is also evident that environment plays a significant role. The prevalence of strabismus is usually quoted as
less than 5%, but when ascertaining a cohort that has been
subjected to altered conditions during development, the prevalence of strabismus increases. Numerous authors have reInvestigative Ophthalmology & Visual Science, July 2009, Vol. 50, No. 7
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ported abnormalities in pregnancy20 –24 and delivery,15 prematurity,25,26 low birth weight,27 cortical insult,28,29 and
craniofacial synostosis30 as risk factors for strabismus. Furthermore, strabismus is frequently observed as a syndromic feature
in which the prevalence may be as high as 50%.31–35
To date there have been only two reported whole genome
linkage screens for nonsyndromic strabismus. One, by Fujiwara
et al.,36 screened markers in a clinic-based series of 30 strabismic sibling pairs. However, this study was underpowered and
revealed only a series of insignificant linkage peaks with no
definite linkage. The second study, undertaken by Parikh et
al.,8 identified potential strabismic families with multiple affected members. Strabismus status was construed from telephone conversations and retrospective analyses of medical
records. Subjects were considered to be affected if they had
obvious strabismus, underwent strabismus surgery, occlusion,
or orthoptic exercises, or received a diagnosis of strabismus or
amblyopia. This study,8 like the previous one,36 did not distinguish between esotropia and exotropia. DNA of seven large
families of European ancestry was sampled, with phenotypes
recorded primarily by self-report, and family members underwent whole genome linkage analysis. One family, treated by
the same clinician and whose affected members had esotropia
that developed in infancy or childhood, demonstrated linkage
of strabismus to chromosome 7p under a recessive model of
inheritance. This locus was designated STBMS1. The remaining
families showed no significant linkage to this or any other
locus.
To determine the frequency of STBMS1 as a cause of primary nonsyndromic comitant esotropia (PNCE), we recruited
and sampled 12 families with multiple members affected with
PNCE. In these we tested 21 microsatellite markers regularly
distributed along chromosome 7. Herein we report replication
of the STBMS1 locus but with a dominant pattern of inheritance in a Northern Irish family with PNCE.

SUBJECTS

AND

METHODS

Subjects
Genomic DNA samples from 12 families with diagnoses of PNCE were
analyzed in this study. Informed consent was obtained from all subjects
tested; the research adhered to the tenets of the Declaration of Helsinki. Ethical approval was obtained from the Leeds East Research
Ethics Committee, and the study received National Health Service,
Research and Development consent.
As we sought to investigate the inheritance of PNCE, exclusion
criteria were established before subjects were included in this study.
These criteria were intended to minimize the genetic heterogeneity of
the cohort by excluding potential environmental causes of strabismus.
Exotropic strabismus was an exclusion criterion because it is not yet
known whether the underlying mechanism is the same as that for
esotropia. The other exclusion criteria were any incomitant deviation,
any exotropia (except consecutive exotropia, in which the primary
deviation was esotropia), any consecutive esotropia, esotropia secondary to another eye abnormality, esotropia secondary to brain or other
neurologic abnormality, esotropia secondary to trauma, esotropia secondary to craniofacial/orbit anomalies, esotropia secondary to gestation less than 36 weeks, esotropia secondary to birth weight less than
1500 g, esotropia secondary to traumatic circumstances at birth, and
syndromic esotropia.
All participants, affected and unaffected, were clinically assessed by
one of the authors (AR or JH) with the exception of 16 persons for
whom clinical reports were sought from the optometrist or orthoptist,
original hospital records were consulted, or childhood photographs of
those with esotropia that had been taken before strabismus surgery
were examined.
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Linkage Analyses
Genotyping was performed using fluorescently tagged microsatellite
markers. PCR reactions were carried out in a 25-L volume with 50 ng
genomic DNA, 20 pmol each primer (a fluorescent and an unlabeled
primer in each pair), 200 M each dATP, dCTP, dGTP, dTTP, 10 mM
Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.01% gelatin, and 1 U
Taq DNA polymerase (Invitrogen, Carlsbad, CA). After the initial denaturation step at 96°C for 3 minutes, the samples were processed
through 35 cycles of 92°C for 30 seconds, 50° to 60°C for 30 seconds,
and 72°C for 30 seconds. A final extension step was performed at 72°C
for 10 minutes. After amplification, PCR products were resolved by
capillary sequencing (ABI 377; Applied Biosystems, Foster City, CA)
and were analyzed with appropriate software (GeneScan 2.0.2 and
Genotyper 1.1.1; Applied Biosystems).
Haplotypes were constructed using pedigree drawing/genotype
database software (Cyrillic version 2.1.3; Cherwell Scientific Publishers, Oxford, UK). LOD scores were calculated under recessive and
dominant models, as detailed in Results. Linkage was undertaken with
the programs GENEHUNTER and LINKMAP within the Genetic Linkage
User Environment (GLUE) as hosted by the Laboratory for Interdisciplinary Technologies in Bioinformatics (LITBIO; http://www.litbio.
org/main.htm). Marker-allele frequencies were based on 41 unrelated
Caucasian persons of UK descent. The deCODE genetic map37 was
used for the selection of markers and to determine the genetic distances.

RESULTS
Linkage Analyses
Twelve UK families who had multiple members affected with
PNCE were analyzed. To determine whether PNCE in any of
these families showed linkage to STBMS1, 21 markers spanning
chromosome 7 were tested for linkage, with multipoint LOD
scores generated using the program GENEHUNTER. Markers
(deCODE location) used were as follows: 7ptel–D7S2477 (0 cM)–
D7S1819 (9 cM)–D7S2200 (20 cM)–D7S3051 (32 cM)–D7S1802
(35 cM)–D7S1808 (43 cM)–D7S817 (52 cM)–D7S2846 (59 cM)–
D7S1818 (71 cM)–D7S3046 (82 cM)–D7S2204 (91 cM)–D7S820
(98 cM)–D7S821 (106 cM)–D7S1799 (113 cM)–D7S3061 (126
cM)–D7S1804 (138 cM)–D7S2202 (149 cM)–GATA104 (152
cM)–D7S3070 (166 cM)–D7S3058 (175 cM)–MFD442 (183 cM)–
7qtel.
By observation, the mode of inheritance of nonsyndromic
comitant esotropia within the pedigrees appeared dominant.
However, the STBMS1 locus was reported under a recessive
mode of inheritance.8 Multipoint analyses were therefore undertaken under both recessive and dominant models. To define
appropriate parameters for dominant and recessive inheritance
for PNCE, we made the assumption that STBMS1 accounted for
approximately 20% of PNCE but that mutations at other unidentified loci accounted for the reminder of the trait. This
estimate was based on the results of Parikh et al.,8 who reported linkage to STBMS1 for 1 of 7 families analyzed after
whole genome scanning but did not clarify whether the remaining families significantly excluded, or were merely uninformative for, the STBMS1 locus. We further assumed that
strabismus in this population had a prevalence of approximately 4% and that PNCE accounted for approximately 70% of
strabismus in Caucasians,38 – 40 giving an overall prevalence for
PNCE of approximately 2.5% in Caucasians. We estimated that
sequence variants at the STBMS1 locus cause strabismus in
approximately 0.5% of the Caucasian population. A dominant
STBMS1 allele (or alleles) would thus be expected to have a
frequency of approximately 0.0025, whereas a recessive allele
would have a frequency of approximately 0.07. For dominant
and recessive inheritance models, the phenocopy rate was
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FIGURE 1. The 11 pedigrees (pedigrees A–J) included in the study in which no evidence of linkage to chromosome 7p was observed; pedigree
B is an amalgamation of two pedigrees that were recruited separately. Solid symbols: individuals confirmed to be affected with PNCE. Open
symbols: individuals confirmed to be unaffected. Question marks: individuals whose status was uncertain. All participants were Caucasian except
for three of mixed race. DNA, DNA extracted from whole blood; DNA cells, DNA extracted from a buccal sample.

assumed to be 2%. Parikh et al.8 assumed a penetrance of 90%
in their analysis, and we used the same figure of 90% penetrance in both models.
In 11 of the 12 families, no evidence of linkage to chromosome 7p was observed using the dominant model of inheritance described; these families are shown in Figure 1. Linkage
to STBMS1 was significantly excluded in three of these families
(families A, B and G; the power for exclusion in family B came
from the right/maternal side of the family). LOD scores in the
remaining families were not significant. Family C had an LOD
score of 0.5; families D, H, I, and J had nonsignificant negative
LOD scores; and families E and F were completely uninforma-
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tive in the STBMS1 region. Only one family of Northern Irish
origin demonstrated possible linkage to STBMS1 (LOD score
2.1). To confirm these findings, five additional microsatellite
markers flanking the reported STBMS1 locus were genotyped
in all 12 families, including five additional members of the
putative STBMS1-linked family (Fig. 2). Markers (deCODE location) were 7ptel–D7S513 (23 cM)–D7S2557 (29 cM)–D7S2508
(31.37 cM)–D7S507 (31.51 cM)–D7S503 (34 cM)–7qtel.
Using data from all microsatellite markers analyzed, the
maximum LOD score obtained for the pedigree with the program GENEHUNTER was 1.13 at 25 cM (Fig. 3) under a recessive mode of inheritance and 2.17 at 31 cM with a dominant

FIGURE 2. Pedigree of the autosomal dominant PNCE family analyzed in this study. Solid symbols: individuals confirmed to be affected with PNCE. Open symbols: individuals confirmed to be
unaffected. Haplotypes spanning the STBMS1 locus are shown below each symbol. Each haplotype block is represented by a different color. The black line within the haplotype bars represents
uninformativeness. Genotypes for individual 26 were inferred. The red haplotype is found in all

affected persons but is also found in individual 30, considered an example of incomplete
penetrance. For individuals 904, 905, 906, and 908, DNA was extracted from buccal samples; thus
there was not sufficiently good quality DNA to fully genotype these persons. Individuals 33, 39, 49,
and 50 were genotyped for the first set of markers covering the whole of chromosome 7, but there
was insufficient DNA to refine the genotyping in the second marker set within the STBMS1 locus.
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FIGURE 3. GENEHUNTER LOD plot
under the recessive model for the
PNCE family. Twenty-one microsatellite markers were spaced evenly
along chromosome 7. Another six
markers were clustered around the
STBMS1 locus.

inheritance model (Fig. 4). The algorithm used in GENEHUNTER (Lander-Green algorithm) has limitations in the number of persons from the same pedigree who can be analyzed;
large families are trimmed to reduce them to a smaller size.
Thus, in this analysis, individuals 32, 30, 31, 33, 46, 37, 36, 908,

44, 45, 905, and 906 were dropped. Therefore, we undertook
new multipoint analysis with another program, LINKMAP,
based on the Elston Stewart algorithm, which easily handles
large pedigrees without dropping any member but using a
small number of markers. Four microsatellites (D7S507,

FIGURE 4. GENEHUNTER LOD plot
under the dominant model for the
PNCE family. Twenty-one microsatellite markers were spaced evenly
along chromosome 7. Another six
markers were clustered around the
STBMS1 locus.

Downloaded from iovs.arvojournals.org on 04/16/2021

Inheritance of Strabismus

IOVS, July 2009, Vol. 50, No. 7

3215

FIGURE 5. LINKMAP LOD plot under the dominant model for the
PNCE family, using the microsatellite
markers D7S507, D7S3051, D7S503,
and D7S1802.

D7S3051, D7S503, D7S1802) lying in the region of maximum
LOD score as given by GENEHUNTER were used. In this analysis of the full pedigree, a maximum LOD score of 3.21 was
obtained in the same region as previously observed under the
dominant model (Fig. 5). Similar analysis under a recessive
model gave an LOD score of 1.2.
Given that we had hypothesized a penetrance of 90%, we
undertook further analysis to examine the possibility that penetrance might have been overestimated in this and the previous study8 because of recruitment bias in the selection of large
families. Analyses under a dominant model were rerun with
penetrances of 0.8 and 0.7, giving maximum LOD scores of
3.08 and 2.93, respectively, still significantly higher than the
level required for confirmation of a published locus.

Clinical Description
All members of the linked family except individual 32, whose
phenotype was confirmed by a report from an optometrist,
were assessed by one of the authors (AR or JH) (Table 1).
Individuals 27, 49, 28, 41, and 904 had PNCE. Individual 27 has
not undergone strabismus surgery, has worn spectacles since
the age of 5, underwent occlusion therapy, has a current
spherical equivalent of ⫹7.50 DS (both eyes), and has primary
esotropia with an accommodative component. Individual 49
has not undergone strabismus surgery, has worn spectacles
from the age of 8, has a current spherical equivalent of ⫹7.50
DS (both eyes), and has primary esotropia with an accommodative element. Individual 28 underwent strabismus surgery at
age 10, stopped wearing spectacles at age 14, underwent
occlusion therapy, and manifests residual esotropia. Individual
41 underwent strabismus surgery and occlusion therapy, has a
current spherical equivalent of ⫹0.25 DS right eye (RE) and
⫹2.25 DS left eye (LE), and now has consecutive exotropia.
Individuals 28 and 41 had primary esotropia before surgery, as
confirmed by a review of family photographs; the original
medical records have since been destroyed. Individual 904
underwent strabismus surgery (at 3 and again at 15 months of
age) and occlusion therapy, has a current spherical equivalent
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of ⫹2.75 DS RE and ⫹3.00 DS LE, and now has residual
esotropia with an accommodative element. The primary deviation was infantile esotropia, as recorded in the original hospital record, before surgery. All other persons within the pedigree were found on examination to be unaffected. Of those
persons defined as unaffected, only one had significant hyperopia, described as greater than ⫹4.00 D.41 Individual 50 does
not have PNCE and has a current mean spherical equivalent of
⫹4.50 DS RE and ⫹4.25 DS LE.

DISCUSSION
This study replicates linkage of PNCE to a region of chromosome 7p identified in a previous study as the STBMS1 locus. It
also confirms that this locus accounts for only a proportion of
cases and that other genetic loci remain to be identified. However, in contrast to the previous report,8 this study suggests
dominant rather than recessive inheritance at the STBMS1
locus.
However, in both this study and the previous study, inheritance models were assumed rather than inferred because neither study had sufficient power to detect linkage and to prove
the mode of inheritance. The best model in each case should
therefore be considered an approximation of the true model.
Nevertheless, findings in this study are consistent with dominant inheritance, suggesting that the recessive inheritance reported by Parikh et al.8 may not account for all STBMS1-linked
PNCE families. Analysis of our data under a recessive model
gives a positive but insignificant LOD score. This could imply
that alleles at the STBMS1 locus can be dominant or recessive
in their action, an observation that has been noted for other
genes.42– 45 Alternatively, it may imply complex inheritance,
with the action of genes at other loci and environmental
factors also contributing to the development of the condition.
In these circumstances, STBMS1 alleles may be additive in their
effect, contributing to a background of susceptibility to the
trait. However, given that the trait in these families appears to
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TABLE 1. Summary of the Clinical Findings for the Northern Irish Family Linked to the STBMS1 Locus
Individual

Right SE

Left SE

Strabismus

Strabismus
Surgery

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
49
50
904
905
906
908

⫹7.50
Plano
Plano
Plano
Plano
⫹2.25
⫹0.50
Plano
Plano
Plano
⫹2.25
⫹0.50
⫹0.75
⫹2.50
⫹0.25
⫺0.75
Plano
Plano
Plano
⫺0.50
⫹7.50
⫹4.50
⫹2.75
Plano
Plano
Plano

⫹7.50
Plano
Plano
Plano
Plano
Plano
⫹1.50
Plano
Plano
Plano
⫹2.00
⫹4.00
⫹0.25
⫹2.75
⫹2.25
⫹1.00
Plano
Plano
Plano
Plano
⫹7.50
⫹4.25
⫹3.00
Plano
Plano
Plano

Primary esotropia with accommodative component
Primary esotropia
No
No
No
No
No
No
No
No
No
No
No
No
Primary esotropia
No
No
No
No
No
Primary esotropia with accommodative component
No
Infantile esotropia
No
No
No

No
Yes
No
No
No
No
No
No
No
No
No
No
No
No
Yes
No
No
No
No
No
No
No
Yes
No
No
No

Individual number refers to the pedigree (Fig. 2). Right SE, right eye spherical equivalent; left SE, left
eye spherical equivalent.

fit a Mendelian model of inheritance, it is likely that STBMS1
alleles are major contributors to susceptibility in these families.
In contrast to previous genetic studies of strabismus,8,36 all
family members who consented to this study either were
examined by a study clinician or had a phenotype report
completed by their own clinicians. Phenotype status was not
dependent on verbal corroboration by the family member or a
relative. Furthermore, every effort was made to refine the
phenotype under investigation and to differentiate esotropia
from exotropia; this meant that all family members who were
scored as affected had PNCE.
All affected members of the STBMS1 family had primary esotropia. However, the five who were scored as affected did not all
have the same subclassification of esotropia. Two siblings (27 and
49) had esotropia and an accommodative element associated with
moderate hyperopia, whereas the remaining three (28, 41, 904)
all had strabismus surgery and appeared to have had infantile/
early-onset esotropia in association with mild hyperopia. The
STBMS1 phenotype appears to vary in its expression in different
persons, which may reflect environmental influences or the action of alleles at other susceptibility loci. This phenotype, with
esotropia developed in infancy or childhood and some degree of
hypermetropia, appears to be similar to that reported in the
STBMS1 family described by Parikh et al.8
Eleven other families with PNCE were genotyped with the
same marker set. Of these, three significantly excluded the
STBMS1 locus (pedigrees A, B, G; Fig. 1). The remaining eight
showed no significant evidence for linkage at the STBMS1
locus, confirming that PNCE does not result entirely from
alleles at a single locus. Parikh et al.8 also reported six more
families with strabismus unlinked to STBMS1. However, these
families might have been unlinked to STBMS1 because they did
not have primary esotropia given that no distinction was made
between esotropia and exotropia. The Asian cohort reported
by Fujiwara et al.36 was too small to support any significant
findings, and once again no distinction was made between
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esotropia and exotropia. Nevertheless, based on this study and
that of Parikh et al.,8 it appears that STBMS1 accounts for only
a proportion of esotropia cases. It remains to be seen whether
families with exotropia also map to this locus, suggesting that
these two conditions are in fact allelic variants of the same
phenotype, or whether esotropia and exotropia are genetically
distinct.
A number of possible interpretations may be applied to the
genotypes presented in Figure 2. However, a conservative
evaluation of the haplotype data in our linked family suggests
a 28-Mb interval defined by crossovers in individual 28 proximal to marker D7S2477 and in individual 49 distal to marker
D7S1808. A similar analysis of the Parikh family suggests a
13-Mb interval between markers D7S1527 (located in the interval between markers D7S1819 and D7S2200) and 1931/
1932 (approximately 100 kb proximal to D7S1802), as shown
in Figure 2. Clearly, for a complex trait with incomplete penetrance and high phenocopy rate, such data must be interpreted with caution. Nevertheless, the fact that the smaller
interval defined by the Parikh family lies fully within the larger
interval defined in our linked family makes it highly likely that
these families segregate PNCE because of alleles of the same
gene. The 7p21.3–15.3 region is relatively gene poor, with only
33 annotated RefSeq genes in the 13-Mb region defined by a
strict interpretation of haplotypes in the Parikh family. This
observation, together with improvements in sequencing technology and confirmation of the locus in a second family, makes
identification of the STBMS1 gene a practical goal within the
near future.

Acknowledgments
The authors thank the clinicians, especially Caroline Smith, Barbara
Uttley, and Susanne Zintel, who aided in the collection of data; the
PNCE families for their time, patience, and continued support of this
study; and the Giles Van Colle Award and The Visual Research Trust.

IOVS, July 2009, Vol. 50, No. 7

References
1. Stidwill D. Epidemiology of strabismus. Ophthalmic Physiol Opt.
1997;17:536 –539.
2. Donnelly UM, Stewart NM, Hollinger M. Prevalence and outcomes
of childhood visual disorders. Ophthalmic Epidemiol. 2005;12:
243–250.
3. Friedman Z, Neumann E, Hyams SW, Peleg B. Ophthalmic screening of 38,000 children, age 1 to 21⁄2 years, in child welfare clinics.
J Pediatr Ophthalmol Strabismus. 1980;17:261–267.
4. Ohlsson J, Villarreal G, Sjostrom A, Abrahamsson M, Sjostrand J.
Visual acuity, residual amblyopia and ocular pathology in a
screened population of 12–13-year-old children in Sweden. Acta
Ophthalmol Scand. 2001;79:589 –595.
5. Kvarnstrom G, Jakobsson P, Lennerstrand G. Visual screening of
Swedish children: an ophthalmological evaluation. Acta Ophthalmol Scand. 2001;79:240 –244.
6. Michaelides M, Moore AT. The genetics of strabismus. J Med
Genet. 2004;41:641– 646.
7. Engle EC. The genetic basis of complex strabismus. Pediatr Res.
2006;59:343–348.
8. Parikh V, Shugart YY, Doheny KF, et al. A strabismus susceptibility
locus on chromosome 7p. Proc Natl Acad Sci U S A. 2003;100:
12283–12288.
9. Grutzner IP, Yazawa K, Spivey BE. Heredity and strabismus. Surv
Ophthalmol. 1970;14:441– 456.
10. Paul TO, Hardage LK. The heritability of strabismus. Ophthalmic
Genet. 1994;15:1–18.
11. Ziakas NG, Woodruff G, Smith LK, Thompson JR. A study of
heredity as a risk factor in strabismus. Eye. 2002;16:519 –521.
12. Abrahamsson M, Magnusson G, Sjostrand J. Inheritance of strabismus and the gain of using heredity to determine populations at risk
of developing strabismus. Acta Ophthalmol Scand. 1999;77:653–
657.
13. Podgor MJ, Remaley NA, Chew E. Associations between siblings
for esotropia and exotropia. Arch Ophthalmol. 1996;114:739 –
744.
14. Cantolino SJ, Von Noorden GK. Heredity in microtropia. Arch
Ophthalmol. 1969;81:753–757.
15. Matsuo T, Yamane T, Ohtsuki H. Heredity versus abnormalities in
pregnancy and delivery as risk factors for different types of comitant strabismus. J Pediatr Ophthalmol Strabismus. 2001;38:78 –
82.
16. Matsuo T, Hayashi M, Fujiwara H, Yamane T, Ohtsuki H. Concordance of strabismic phenotypes in monozygotic versus multizygotic twins and other multiple births. Jpn J Ophthalmol. 2002;46:
59 – 64.
17. Ing MR, Pang SW. The racial distribution of strabismus: a statistical
study. Hawaii Med J. 1974;33:22–23.
18. Yu CBO, Fan DSP, Wong VWY, Wong CY, Lam DSC. Changing
patterns of strabismus: a decade of experience in Hong Kong. Br J
Ophthalmol. 2002;86:854 – 856.
19. Chew E, Remaley NA, Tamboli A, Zhao JL, Podgor MJ, Klebanoff
M. Risk-factors for esotropia and exotropia. Arch Ophthalmol.
1994;112:1349 –1355.
20. Hakim RB, Tielsch JM. Maternal cigarette-smoking during pregnancy—a risk factor for childhood strabismus. Arch Ophthalmol.
1992;110:1459 –1462.
21. Stromland K, Pinazo-Duran MD. Ophthalmic involvement in the
fetal alcohol syndrome: clinical and animal model studies. Alcohol
Alcoholism. 2002;37:2– 8.
22. Stromland K, Miller MT. Thalidomide embryopathy: revisited 27
years later. Acta Ophthalmol (Copenh). 1993;71:238 –245.
23. Glover SJ, Quinn AG, Barter P, et al. Ophthalmic findings in fetal
anticonvulsant syndrome(s). Ophthalmology. 2002;109:942–947.

Downloaded from iovs.arvojournals.org on 04/16/2021

Inheritance of Strabismus

3217

24. Block SS, Moore BD, Scharre JE. Visual anomalies in young children
exposed to cocaine. Optom Vision Sci. 1997;74:28 –36.
25. Pennefather PM, Clarke MP, Strong NP, Cottrell DG, Dutton J, Tin
W. Risk factors for strabismus in children born before 32 weeks’
gestation. Br J Ophthalmol. 1999;83:514 –518.
26. Schalij-Delfos NE, de Graaf MEL, Treffers WF, Engel J, Cats BP.
Long term follow up of premature infants: detection of strabismus,
amblyopia, and refractive errors. Br J Ophthalmol. 2000;84:963–
967.
27. Mohney BG, Erie JC, Hodge DO, Jacobsen SJ. Congenital esotropia
in Olmsted County, Minnesota. Ophthalmology. 1998;105:846 –
850.
28. Algawi K, Beigi B, Asady M, Murphy J, Okeefe M. Ophthalmological sequelae following posthemorrhagic hydrocephalus. NeuroOphthalmology. 1995;15:97–101.
29. Pennefather PM, Tin W. Ocular abnormalities associated with
cerebral palsy after preterm birth. Eye. 2000;14:78 – 81.
30. Hertle RW, Quinn GE, Minguini N, Katowitz JA. Visual-loss in
patients with craniofacial synostosis. J Pediatr Ophthalmol Strabismus. 1991;28:344 –349.
31. Cregg M, Woodhouse JM, Stewart RE, et al. Development of
refractive error and strabismus in children with Down syndrome.
Invest Ophthalmol Vis Sci. 2003;44:1023–1030.
32. Haugen OH, Hovding G. Strabismus and binocular function in
children with Down syndrome: a population-based, longitudinal
study. Acta Ophthalmol Scand. 2001;79:133–139.
33. Butler JV, Whittington JE, Holland AJ, Boer H, Clarke D, Webb T.
Prevalence of, and risk factors for, physical ill-health in people
with Prader-Willi syndrome: a population-based study. Dev Med
Child Neurol. 2002;44:248 –255.
34. Kapp ME, Vonnoorden GK, Jenkins R. Strabismus in Williams
syndrome. Am J Ophthalmol. 1995;119:355–360.
35. Izquierdo NJ, Traboulsi EI, Enger C, Maumenee IH. Strabismus in
the Marfan syndrome. Am J Ophthalmol. 1994;117:632– 635.
36. Fujiwara H, Matsuo T, Sato M, et al. Genome-wide search for
strabismus susceptibility loci. Acta Med Okayama. 2003;57:109 –
116.
37. Kong A, Gudbjartsson DF, Sainz J, et al. A high-resolution recombination map of the human genome. Nat Genet. 2002;31:241–247.
38. Stidwill D. Orthoptic Assessment and Management. 2nd ed.
Hoboken, NJ: Blackwell Science; 1998.
39. Mohney BG. Common forms of childhood esotropia. Ophthalmology. 2001;108:805– 809.
40. Mohney BG. Update on childhood esotropia. Ophthalmology.
2002;109:1583–1584.
41. Young TL, Metlapally R, Shay AE. Complex trait genetics of refractive error. Arch Ophthalmol. 2007;125:38 – 48.
42. Dryja TP, Hahn LB, Cowley GS, McGee TL, Berson EL. Mutation
spectrum of the rhodopsin gene among patients with autosomal
dominant retinitis pigmentosa. Proc Natl Acad Sci U S A. 1991;88:
9370 –9374.
43. Rosenfeld PJ, Cowley GS, McGee TL, Sandberg MA, Berson EL,
Dryja TP. A null mutation in the rhodopsin gene causes rod
photoreceptor dysfunction and autosomal recessive retinitis pigmentosa. Nat Genet. 1992;1:209 –213.
44. Gerber S, Rozet JM, Takezawa SI, et al. The photoreceptor cellspecific nuclear receptor gene (PNR) accounts for retinitis pigmentosa in the Crypto-Jews from Portugal (Marranos), survivors
from the Spanish Inquisition. Hum Genet. 2000;107:276 –284.
45. Coppieters F, Leroy BP, Beysen D, et al. Recurrent mutation in the
first zinc finger of the orphan nuclear receptor NR2E3 causes
autosomal dominant retinitis pigmentosa. Am J Hum Genet. 2007;
81:147–157.

