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Abstract
Background: Myopia prevalence has increased in the last 20 years, with many studies linking the increase to
reduced time spent outdoors. A number of recent observational studies have shown an inverse association
between vitamin D (25(OH)D) serum levels and myopia. However, in such studies it is difficult to separate the
effects of time outdoors and vitamin D levels. In this work we use Mendelian randomization (MR) to assess if
genetically determined 25(OH)D levels contribute to the degree of myopia.
Methods: We performed MR using results from a meta-analysis of refractive error (RE) genome-wide
association study (GWAS) that included 37,382 and 8,376 adult participants of European and Asian ancestry
respectively, published by the Consortium for Refractive Error And Myopia (CREAM) consortium. We used
single nucleotide polymorphisms (SNPs) in the DHCR7, CYP2R1, GC and CYP24A1 genes with known effects on
25(OH)D concentration as instrumental variables (IV). We estimated the effect of 25(OH)D on myopia level
using a Wald-type ratio estimator based on the effect estimates from the CREAM GWAS.
Results: Using the combined effect attributed to the 4 SNPs, the estimate for the effect of 25(OH)D on
refractive error was -0.02 (95% CI -0.09, 0.04) diopters (D) per 10 nmol/L increase in 25(OH)D concentration in
Caucasians and 0.01 (95% CI -0.17, 0.19) D per 10 nmol/L increase in Asians.
Conclusions: The tight confidence intervals on our estimates suggest the true contribution of vitamin D levels
to degree of myopia is very small and indistinguishable from zero. Previous findings from observational studies
linking vitamin D levels to myopia were likely attributable to the effects of confounding by time spent
outdoors.

Key messages
Multiple observational studies have shown an inverse association between 25(OH)D level and the degree of
myopia.
Results from this study suggest that vitamin D is not causally related to the degree of myopia.
Association estimates in observational studies are likely to be confounded by time spent outdoors.
Word count: 5369
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Introduction
Myopia is the most common type of refractive error (RE). Its prevalence has notably increased worldwide in the
past two decades, particularly in East Asian populations 1, 2. Despite many international efforts, because of its
complex nature the causes of myopia are not yet well understood

3, 4

. Numerous studies 5-11 have found that

time spent outdoors is inversely associated with myopia development and a number of mechanisms have been
proposed to explain this potential protective effect. One hypothesis is that time spent outdoors translates into
less time performing near work activities, which may promote eye elongation as a compensatory mechanism to
accommodation-induced defocus 12-14. However, some studies have shown that the effect of time outdoors in
the development of myopia is independent of the effect of near work activities 15-17. Another hypothesis suggests
that bright light enhances retinal dopamine release, which may suppress axial elongation 18, 19. More recently,
some studies have proposed that higher vitamin D level (measured as the concentration of 25(OH)D) in serum
or plasma reduces the risk of myopia20-23. However, studies from the British Avon Longitudinal Study of Parents
and Children (ALSPAC) and the European Eye Study found no evidence of an independent association between
25(OH)D levels and myopia19,
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. . The null findings from this large study suggest that the previously

documented association between serum 25(OH)D level and myopia was potentially confounded by time spent
outdoors and/or the degree of sun exposure.

In this work we aimed to clarify the role of 25(OH)D levels on myopia development. To this end, we carried out
a Mendelian randomization (MR) analysis. MR is an approach used to test and estimate the causal effect
between an exposure and an outcome26. The approach has been used to examine the link between 25(OH)D
levels and other complex diseases 27-29. MR uses an instrumental variable (IV) built from genetic variants with
known effect on the risk factor, to make a causal inference. This approach is considered to be equivalent to a
atural randomized controlled trial (RCT), as genotypes are segregated randomly from parent to offspring.
Because of this random transmission of alleles, the genotypes are not related to any of the factors (e.g. sex,
age, or environmental factors such as time outdoors), that commonly confound associations in traditional
epidemiological studies30. Here, we used genetic variants that are known to affect 25(OH)D concentrations as
an IV to evaluate the relationship between 25(OH)D levels and myopia (measured by RE).

Methods
3

Instrumental variables
As IVs we used SNPs in DHCR7 (rs12785878 and rs7944926), CYP2R1 (rs10741657 and rs12794714), CYP24A1
(rs6013897) and GC (rs2282679) which have been consistently reported to influence 25(OH)D levels 27, 28, 31-33.
We used these variants in preference to others in the same genes since these are in linkage disequilibrium (LD)
and we can use their estimated effects on vitamin D concentrations reported in Afzal et al. (rs7944926,
rs12794714) from 30 792 individuals of Danish descent27, and Mokry et al. (rs12785878, rs10741657,
rs6013897 and rs2282679) from 2 347 individuals of European descent28. Nevertheless, in Supplementary
Table 1 we show the association between RE and genotype for other SNPs in all 4 genes (DHCR7, CYP2R1 and
GC and CYP24A1).

Beta coefficients and standard errors quantifying the association between RE and genotype for the SNPs of
interest were obtained from a published genome-wide association study (GWAS) meta-analysis from the
Consortium for Refractive Error and Myopia (CREAM). Full details of this meta-analysis are described
elsewhere34. In brief, the meta-analysis included 37,382 of European ancestry from 27 studies and 8,376 Asian
participants from 5 studies. All participants were aged 25 or older; mean age and RE (measured as spherical
equivalent) in the European ancestry population were 55.7 (s.d.=12.3) and -0.1 (s.d.=0.76) respectively and in
the Asian ancestry population 55.8 (s.d.=5.54) and -0.34 (s.d.=1.52). Descriptions of each study cohort included
in the CREAM GWAS are in Supplementary Table 2. In our association analysis we regressed RE on each SNP of
interest, with age, sex and principal components included as covariates (number of principal components
included varied between studies). LD-score regression analysis35 found little evidence of population
stratification (LD-score intercept = 1.04). Each of the relevant SNPs was present in 25 or more of the European
ancestry studies and in all the Asian studies. Measurements of 25(OH)D level, vitamin D supplementation and
of outdoor behavior were not available on most participants. Not having direct 25(OH)D measurements
available is not a limitation because we intentionally used genetically determined 25(OH)D levels. Whilst being
able to correct for confounding factors such as outdoor behavior would slightly reduce the confidence
intervals on our estimates, not having this information is not of major importance in our MR analysis because,
subject to the MR assumptions (discussed below), any confounders (such as time spent outdoors) are
randomized with respect to genetically predicted 25(OH)D levels.
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Due to hyperopic shifts in older individuals, and to be able to better compare our results to those from Yazar et
al 20, we also performed this analysis using data from three younger cohorts: the Brisbane Adolescent Twin
Study (BATS), the Twin Eye Study in Tasmania (TEST) and ALSPAC. We included 3,732 individuals from the BATS
and TEST cohorts (mean age=16.90) and 3,791 individuals from ALSPAC whose RE was measured at age 15.
Details of the genotyping and phenotyping procedures are detailed elsewhere for ALSPAC19, 36, BATS37 and
TEST38.

In order to test the MR assumptions (described in the next section), we used individual level data from
TwinsUK cohort. The TwinsUK adult twin registry, based at St. Thomas' Hospital in London, comprises over
12,000 predominantly female European ancestry twins, from throughout the United Kingdom39. Twins who
volunteered were largely unaware of the eye studies at the time of enrolment and gave fully informed consent
under a protocol reviewed by the local research ethics committee (EC04/015), in accordance with the Helsinki
Declaration. Non-cycloplegic measures of refraction were used and the mean of the two eyes was considered.
Other phenotypes were not necessarily measured at the same time as RE. The concentration of 25(OH)D was
measured in serum (units= nmol/L). Smoking status (never=0, ex-smoker=1, current smoker=2), years of
education, and vitamin D supplementation were assessed through questionnaire. Body mass index (BMI) was
measured during clinical assessment. Socioeconomic status was graded from 1 to 5 using the Index of Multiple
Depri atio s ore, hi h is ased o the i di idual’s pla e of reside e i the UK. Ge otypi g as arried out
using two genotyping platforms: the HumanHap300k-Duo for part of the TwinsUK Cohort and the
Hu a Hap

‐Quad for the rest of the T i sUK Cohort. I putatio

as o du ted ith reference to

HapMap 2 CEU population using IMPUTE2. Only 484 individuals from the TwinsUK cohort had all the relevant
variables.

Statistical analysis
Afzal et al.27 reported precise effect estimates for rs7944926 in DHCR7 and rs12794714 in CYP2R1 showing
that each SNP is estimated to reduce the concentrations of 25(OH)D by 2-3 nmol/L per risk allele and explain
between 0.3% and 0.6% of the total variance in 25(OH)D concentrations. Similarly Mokry et al.28 reported
effect estimates of rs10741657 in CYP2R1, rs12785878 in DHCR7, rs2282679 in GC and rs6013897 in CYP24A1
on natural-log-transformed 25(OH)D level. In order to make the effect sizes comparable to those reported by
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Afzal et al, we transformed the effect estimates from natural logarithm to the natural scale using an intercept
at e4 (~54.59) nmol/L of 25(OH)D 29. Based on these effect parameters and those from the myopia GWAS
meta-analysis, we estimated the effect of 25(OH)D on RE using a Wald-type ratio estimator30. The standard
error from this ratio estimate was approximated using the delta method40. We present separately the
estimated effect of 25(OH)D on RE using 1) the variants with effect estimates extracted from Afzal et al and 2)
the four variants used in Mokry et al.
Where possible, we tested the three fundamental MR assumptions to ensure the validity of the IV 26, 30: 1) the
IV must be strongly associated with the exposure variable; 2) the IV is not associated with potential
confounders; 3) the IV is only associated with the outcome variable (RE) via the exposure (25(OH)D levels)
[Figure 1]. For assumption 1, there is very strong evidence that the 4 SNPs we selected are robustly associated
with 25(OH)D levels27, 31, 32. Additionally, in the TwinsUK Study, where individual data were available, we
showed a clearer association between an allele score containing these 4 SNPs and the 25(OH)D level. To test
assumption 2, we performed a series of linear regressions between the aggregated allele score and smoking,
BMI, education and socioeconomic status. Assumption 3 is difficult to test directly – however, the SNPs
chosen play clear roles in vitamin D synthesis in the skin and metabolism in the liver yet have no obvious
biological link to the development of RE other than through vitamin D.

Results
Based on the effects of the SNPs in DHCR7, CYP2R1, GC and CYP24A1 on 25(OH)D concentrations27, 28 and their
effects reported in the CREAM GWAS of RE in adults aged over 25 (N= 37,382 for Europeans and N= 8,376 from
Asians) 34, the association between 25(OH)D concentration and RE was not statistically significantly different
from 0 (i.e. the estimates for Europeans βiv varied from -0.09 to 0.06 diopters (D) per 10 nmol/L and from -0.09
to 0.22 for Asians and confidence intervals overlapped with 0) [Table 1]. Likewise, the estimates based on the
effects of the SNPs in RE in three younger cohorts of European descent (TEST, BATS and ALSPAC (N= 7,523),
mean age ~16) ranged from -0.12 to 0.19 with wider standard errors [Table 1].

Given that each of the SNPs explain just a small fraction of the variance in 25(OH)D levels (0.3%-0.6%), we
investigated if their aggregated effect had an effect on RE. We computed an inverse-variance weighted
estimate of the effect combining the ratio estimate of rs7944826 and rs12794714 based on effects on vitamin
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D from Afzal et al. and obtained estimates of �̂�
0.05) for the young Europeans, and �̂�

=0.05 ± 0.05 (P>0.05) for Europeans, �̂�

=-0.05 ± 0.06 (P >

=-0.06 ± 0.12 (P>0.05) for Asians [Figure 2]. Similarly, based on the

effects for rs10741657, rs12785878, rs2282679 and rs6013897 from Mokry et al. we obtained estimates of
�̂�

=-0.02 ± 0.03 (P>0.05) for Europeans, �̂�

=0.03 ± 0.05 (P > 0.05) for the young Europeans, and �̂�

=0.01

± 0.09 (P>0.05) for Asians [Figure 3]. Given that the DHCR7 locus has been shown to be influenced by

population stratification41 and that the SNP in CYP24A1 may be regarded as a weak instrument, we estimated
the causal effect by excluding each or both of these loci from the analysis as a robustness check. These yielded
similar estimates with confidence intervals overlapping with 0 [Supplementary Figures 1-3].

Using individual level data from the TwinsUK study (N=484) (individual level data were not available within the
wider CREAM study) we tested the MR assumptions [Figure 1]. Table 2 shows the effect estimates and partial
correlations between the relevant SNPs and 25(OH)D level, including age, sex, vitamin D supplementation,
smoking, BMI, education and socioeconomic status as covariates. Overall, the SNPs were clearly associated
with 25(OH)D concentrations with the exception of rs6013897; the strongest association was observed for
rs10741657 (R2=2.13%; P=1.2x10-3). The SNPs were not associated with any of the potential confounders (i.e.
BMI, smoking, socioeconomic status and vitamin D supplementation). Multivariable linear regression showed
no statistically significant association between 25(OH)D levels and RE (βvitD=0.03 ± 0.03; P=0.35) – however,
this estimate was not statistically significantly different from Yazar et al. (Pdiff=0.28). As expected, education
was negatively associated with RE (P=0.001). Socioeconomic status, vitamin D supplementation, smoking and
BMI were not associated with RE (P>0.05).
We assessed the possibility of pleiotropy further by examining GWAS summary statistics of BMI42, smoking43
and education44 from very large samples. We found that none of the SNPs were associated to these traits after
correcting by 4 tests (4 loci) [Supplementary Table 3].

Discussion
In this work, we presented an MR study assessing the relationship between 25(OH)D levels and RE. Our results
showed no evidence of an association between genetically determined 25(OH)D levels and degree of RE.
However, as it is difficult to prove that an exposure has no effect at all (e.g. the effect is too small to be
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detected), we show that if it exists it is likely to be in the range of �̂�

=-0.02 (95% CI -0.09, 0.04) diopters (D)

per 10 nmol/L increase in 25(OH)D concentrations in older Europeans, �̂�

younger Europeans and �̂�

=0.01 (95% CI -0.17, 0.19) in

=0.03 (95% CI -0.07, 0.12) D per 10 nmol/L increase in Asians. These results

suggest that the association observed in previous studies 20-23 is likely confounded by residual effects of
increased time outdoors.
A study from Choi et al21 involving 2038 adolescents from South Korea showed a statistically significant
association between 25(OH)D concentrations and RE; however, time spent outdoors was not entirely
accounted for (i.e. physical exercise and area of residence were investigated but not outdoor time). A
subsequent study20 involving young adults from Western Australia also reported that participants with low
25(OH)D3 levels were more likely to be myopic even after accounting for the effect of time spent outdoors and
conjunctival UV autofluorescence20; nonetheless, 25(OH)D3 concentration is particularly affected by the
amount of sun exposure, and given that time outdoors is hard to measure accurately it is possible that there
was residual confounding (i.e. in observational studies even if correction is made for confounders, confounding
may remain if the confounders are inaccurately measured). More recently, another study involving 2666
children (mean age = 6.12) found that low 25(OH)D level was associated with longer axial length and increased
myopia risk. This association, although it remained statistically significant, was attenuated once time outdoors
was fit into the model23. However, two larger studies failed to show an independent association between
25(OH)D and myopia. A study of 3677 participants from ALSPAC 19, 24, found no independent association
between incident myopia and either 25(OH)D2 (derived from fortified foods and vitamin supplements) or
25(OH)D3, after adjusting for time outdoors and year and season of blood sample collection. Similarly, the
European Eye Study found no independent association between 25(OH)D 3 and degree of myopia25.

Whether 25(OH)D concentrations cause myopia could be investigated via a RCT. However, this is costly and
not always feasible. Instead, here we use MR, hi h is o sidered as a atural RCT in up to 34,000
individuals to test whether vitamin D has a role in RE. A strength of MR is that it allow us to measure
differences in life-time exposure, while an RCT just describes the effect during the time of the study. Since we
demonstrate no relationship over the lifetime, it is unlikely that an RCT over a shorter period would draw
different conclusions (for this to happen, an unlikely series of events is required e.g. the effect of vitamin D
increases cause X units increase in myopia for ages 5-9, followed by the effect of vitamin D increases causing
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exactly X units decrease in myopia for some later time period, such that over the lifetime any causal events
exactly cancel out).

One of the strengths of our study is that the genetic variants we used are a robust proxy for 25(OH)D levels
and have well understood roles in the vitamin D synthesis and metabolic pathway. Although these SNPs have a
small effect on 25(OH)D levels, the underlying principle with instrumental variable analysis is that one
intentionally carves out a small component of the overall trait variation that is not affected by confounding.
Providing that the overall sample size of individuals with genotype and myopia data available is high, our
overall power will be high, even when the effect of each SNP on 25(OH)D is small. Instrumental variable
estimates in our first analysis took advantage of the large samples sizes (37,382 Europeans and 8,376 Asians)
of the CREAM GWAS meta-analyses and an extra sample of 7,523 young Europeans allowing us to estimate
effect sizes with tight confidence intervals. These confidence intervals are evidence that our study is well
powered to detect very small effects45.

To the maximum extent possible, we have tested the MR assumptions using individual level data from the
TwinsUK study and publicly available GWAS summary statistics and followed the MR reporting checklist46. We
found no evidence for the SNPs we used being associated with measured confounding variables. In the
unlikely event there is confounding due to 25(OH)D associated SNPs being associated with an unmeasured
confounding variable (MR assumption 2), for us to reach the conclusion we did (zero effect), there would have
to be a true effect of 25(OH)D levels on RE which was exactly cancelled out by a confounding variable acting in
the opposite direction and of the same magnitude 47. Nevertheless, a number of limitations must be
acknowledged. In the first part of our analysis, we did not have the actual effect estimates of the relevant
genetic variants on the 25(OH)D levels of CREAM participants. Instead, the effects were computed using an
approximation based on the effects estimated by Afzal et al27 and Mokry et al28. It must be noted that any
inaccuracy in estimates of the effect of each SNP may have caused a variation in the magnitude of our MR
estimates. However our conclusions regarding the significance of the effect remain valid providing that the
SNPs for 25(OH)D level constitute a strong instrument (i.e. if the SNPs are unambiguously associated with
25(OH)D level). Although the estimates of the effect size for each of our SNPs on 25(OH)D levels vary across
different published studies (across different ancestries), the SNPs are clearly statistically significantly
associated with 25(OH)D level, with the main determinant of the variation in effect size estimates being the
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small sample size in most studies (compared to the highly precise estimates from the 30,792 individuals in
Afzal et al27). Another limitation is that it is not possible to completely rule out a very small but genuine effect
of 25(OH)D level on myopia, particularly in the case of the Asian ancestry group or the young European
ancestry group.

In addition to the 3 primary MR assumptions listed above, an additional MR assumption is required if one
wishes to compute a specific estimate for the effect of a risk factor (vitamin D levels) on an outcome (degree of
myopia); this assumption states that the effect of the risk factor on the outcome is linear. Whilst this may not
be strictly true, especially in the case of very large or very small 25(OH)D values, our results would not change
materially because differences in scaling would still result in very small estimates for the effect of 25(OH)D
level on degree of myopia.

In conclusion, our MR estimates do not support a direct involvement of vitamin D with myopic RE as
individuals genetically predisposed to lower 25(OH)D levels were not more myopic than expected. In contrast
to observational studies, our estimates are very unlikely to be confounded by time outdoors, which is a
consideration of substantial importance given the relation of time outdoors with myopic RE and 25(OH)D
levels.

Conflict of interest
The authors have indicated they have no potential conflicts of interest to disclose.

Acknowledgements
Data on refractive error GWAS was provided by the CREAM consortium. The list of members is included in the
supplementary material. G.C.-P. is supported by scholarship from the University of Queensland and QIMR
Berghofer Medical Research Institute. SM is supported by an Australian Research Council Future Fellowship. RL
is supported by a National Health and Medical Research Career Development Fellowship. DAM acknowledges
support from NHMRC grant APP1021105. KMW acknowledges support from a Medical Research Council (UK)
Clinical Research Training Fellowship and PGH a Fight for Sight Early Career Investigator Award. TLY is
supported by National Institutes of Health/ National Eye Institute (NIH/ NEI) 1R01EY018246-01, NIH/ NEI R01
EY014685, Research to Prevent Blindness Inc. and University of Wisconsin School of Medicine and Public
Health Centennial Scholars Fund. TwinsUK: The study was funded by the Wellcome Trust; European
Co
u ity’s “e e th Fra e ork Progra
e (FP /2007-2013). The study also receives support from the

10

National Institute for Health Research (NIHR)- funded BioResource, Clinical Research Facility and Biomedical
Resear h Ce tre ased at Guy’s a d “t Tho as’ NH“ Fou datio Trust i part ership ith Ki g’s College
London. SNP Genotyping was performed by The Wellcome Trust Sanger Institute and National Eye Institute via
NIH/CIDR. Funding support for SNP genotyping was also provided by the National Institutes of Health
1R01EY018246.

References
1.
Morgan I, Rose K. How genetic is school myopia? Progress in retinal and eye research 2005;
24: 1-38.
2.
Kempen JH, Mitchell P, Lee KE, et al. The prevalence of refractive errors among adults in the
United States, Western Europe, and Australia. Archives of ophthalmology 2004; 122: 495-505.
3.
Sivak J. The cause(s) of myopia and the efforts that have been made to prevent it. Clinical &
experimental optometry : journal of the Australian Optometrical Association 2012; 95: 572-82.
4.
Wojciechowski R. Nature and nurture: the complex genetics of myopia and refractive error.
Clinical genetics 2011; 79: 301-20.
5.
Dirani M, Tong L, Gazzard G, et al. Outdoor activity and myopia in Singapore teenage
children. The British journal of ophthalmology 2009; 93: 997-1000.
6.
Rose KA, Morgan IG, Ip J, et al. Outdoor activity reduces the prevalence of myopia in
children. Ophthalmology 2008; 115: 1279-85.
7.
Jones LA, Sinnott LT, Mutti DO, Mitchell GL, Moeschberger ML, Zadnik K. Parental history of
myopia, sports and outdoor activities, and future myopia. Investigative ophthalmology & visual
science 2007; 48: 3524-32.
8.
Low W, Dirani M, Gazzard G, et al. Family history, near work, outdoor activity, and myopia in
Singapore Chinese preschool children. The British journal of ophthalmology 2010; 94: 1012-6.
9.
Guo Y, Liu LJ, Xu L, et al. Myopic shift and outdoor activity among primary school children:
one-year follow-up study in Beijing. PloS one 2013; 8: e75260.
10.
Sherwin JC, Reacher MH, Keogh RH, Khawaja AP, Mackey DA, Foster PJ. The association
between time spent outdoors and myopia in children and adolescents: a systematic review and
meta-analysis. Ophthalmology 2012; 119: 2141-51.
11.
He M, Xiang F, Zeng Y, et al. Effect of Time Spent Outdoors at School on the Development of
Myopia Among Children in China: A Randomized Clinical Trial. Jama 2015; 314: 1142-8.
12.
Czepita DA, Zejmo M. Environmental factors and myopia. Annales Academiae Medicae
Stetinensis 2011; 57: 88-92; discussion
13.
Drexler W, Findl O, Schmetterer L, Hitzenberger CK, Fercher AF. Eye elongation during
accommodation in humans: differences between emmetropes and myopes. Investigative
ophthalmology & visual science 1998; 39: 2140-7.
14.
Berntsen DA, Mutti DO, Zadnik K. The effect of bifocal add on accommodative lag in myopic
children with high accommodative lag. Investigative ophthalmology & visual science 2010; 51: 610410.
15.
Ip JM, Saw SM, Rose KA, et al. Role of near work in myopia: findings in a sample of Australian
school children. Investigative ophthalmology & visual science 2008; 49: 2903-10.
16.
Lin Z, Vasudevan B, Jhanji V, et al. Near work, outdoor activity, and their association with
refractive error. Optometry and vision science : official publication of the American Academy of
Optometry 2014; 91: 376-82.
17.
Mutti DO, Mitchell GL, Moeschberger ML, Jones LA, Zadnik K. Parental myopia, near work,
school achievement, and children's refractive error. Investigative ophthalmology & visual science
2002; 43: 3633-40.
11

18.
Ashby RS, Schaeffel F. The effect of bright light on lens compensation in chicks. Investigative
ophthalmology & visual science 2010; 51: 5247-53.
19.
Guggenheim JA, Williams C, Northstone K, et al. Does vitamin D mediate the protective
effects of time outdoors on myopia? Findings from a prospective birth cohort. Investigative
ophthalmology & visual science 2014; 55: 8550-8.
20.
Yazar S, Hewitt AW, Black LJ, et al. Myopia is associated with lower vitamin D status in young
adults. Investigative ophthalmology & visual science 2014; 55: 4552-9.
21.
Choi JA, Han K, Park YM, La TY. Low serum 25-hydroxyvitamin D is associated with myopia in
Korean adolescents. Investigative ophthalmology & visual science 2014; 55: 2041-7.
22.
Mutti DO, Marks AR. Blood levels of vitamin D in teens and young adults with myopia.
Optometry and vision science : official publication of the American Academy of Optometry 2011; 88:
377-82.
23.
Tideman JW, Polling JR, Voortman T, et al. Low serum vitamin D is associated with axial
length and risk of myopia in young children. Eur J Epidemiol 2016.
24.
Morgan IG, Rose KA. ALSPAC study does not support a role for vitamin D in the prevention of
myopia. Investigative ophthalmology & visual science 2014; 55: 8559.
25.
Williams KM, Bentham GC, Young IS, et al. Association Between Myopia, Ultraviolet B
Radiation Exposure, Serum Vitamin D Concentrations, and Genetic Polymorphisms in Vitamin D
Metabolic Pathways in a Multicountry European Study. JAMA Ophthalmol 2017; 135: 47-53.
26.
Greenland S. An introduction To instrumental variables for epidemiologists. International
journal of epidemiology 2000; 29: 1102.
27.
Afzal S, Brondum-Jacobsen P, Bojesen SE, Nordestgaard BG. Genetically low vitamin D
concentrations and increased mortality: Mendelian randomisation analysis in three large cohorts.
Bmj 2014; 349: g6330.
28.
Mokry LE, Ross S, Ahmad OS, et al. Vitamin D and Risk of Multiple Sclerosis: A Mendelian
Randomization Study. PLoS Med 2015; 12: e1001866.
29.
Ong JS, Cuellar-Partida G, Lu Y, et al. Association of vitamin D levels and risk of ovarian
cancer: a Mendelian randomization study. International journal of epidemiology 2016.
30.
Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G. Mendelian randomization:
using genes as instruments for making causal inferences in epidemiology. Statistics in medicine 2008;
27: 1133-63.
31.
Ahn J, Yu K, Stolzenberg-Solomon R, et al. Genome-wide association study of circulating
vitamin D levels. Human molecular genetics 2010; 19: 2739-45.
32.
Wang TJ, Zhang F, Richards JB, et al. Common genetic determinants of vitamin D
insufficiency: a genome-wide association study. Lancet 2010; 376: 180-8.
33.
Zhang Y, Wang X, Liu Y, et al. The GC, CYP2R1 and DHCR7 genes are associated with vitamin
D levels in northeastern Han Chinese children. Swiss medical weekly 2012; 142: w13636.
34.
Verhoeven VJ, Hysi PG, Wojciechowski R, et al. Genome-wide meta-analyses of
multiancestry cohorts identify multiple new susceptibility loci for refractive error and myopia.
Nature genetics 2013; 45: 314-8.
35.
Bulik-Sullivan BK, Loh PR, Finucane HK, et al. LD Score regression distinguishes confounding
from polygenicity in genome-wide association studies. Nature genetics 2015; 47: 291-5.
36.
Boyd A, Golding J, Macleod J, et al. Cohort Profile: the 'children of the 90s'--the index
offspring of the Avon Longitudinal Study of Parents and Children. International journal of
epidemiology 2013; 42: 111-27.
37.
Wright MJ MN. Brisbane Adolescent Twin Study: Outline of study methods and research
projects. Aust J Psychol 2011: 65–78.
38.
Mackey DA, Mackinnon JR, Brown SA, et al. Twins eye study in Tasmania (TEST): rationale
and methodology to recruit and examine twins. Twin research and human genetics : the official
journal of the International Society for Twin Studies 2009; 12: 441-54.

12

39.
Moayyeri A, Hammond CJ, Hart DJ, Spector TD. The UK Adult Twin Registry (TwinsUK
Resource). Twin research and human genetics : the official journal of the International Society for
Twin Studies 2013; 16: 144-9.
40.
Thomas DC, Lawlor DA, Thompson JR. Re: Estimation of bias in nongenetic observational
studies using "Mendelian triangulation" by Bautista et al. Annals of epidemiology 2007; 17: 511-3.
41.
Berry DJ, Vimaleswaran KS, Whittaker JC, Hingorani AD, Hypponen E. Evaluation of genetic
markers as instruments for Mendelian randomization studies on vitamin D. PloS one 2012; 7:
e37465.
42.
Locke AE, Kahali B, Berndt SI, et al. Genetic studies of body mass index yield new insights for
obesity biology. Nature 2015; 518: 197-206.
43.
Vink JM, Smit AB, de Geus EJ, et al. Genome-wide association study of smoking initiation and
current smoking. Am J Hum Genet 2009; 84: 367-79.
44.
Okbay A, Beauchamp JP, Fontana MA, et al. Genome-wide association study identifies 74 loci
associated with educational attainment. Nature 2016; 533: 539-42.
45.
Colegrave N, Ruxton GD. Confidence intervals are a more useful complement to
nonsignificant tests than are power calculations. . Behavioral Ecology 2002: 14 (3): 446-7. .
46.
Boef AG, Dekkers OM, le Cessie S. Mendelian randomization studies: a review of the
approaches used and the quality of reporting. International journal of epidemiology 2015.
47.
VanderWeele TJ, Tchetgen Tchetgen EJ, Cornelis M, Kraft P. Methodological challenges in
mendelian randomization. Epidemiology 2014; 25: 427-35.

13

Table 1. Effect estimates (β) and standard errors (SE) of the instrumental variables (SNPs) on 25(OH)D concentrations and refractive error (RE). βzx refers to the effect of the
SNP on 25(OH)D and βzy refers to the effect on REand βiv shows the causal effect estimates (diopters (D) per 10 nmol/L 25(OH)D increase).
Effect on 25(OH)D
(10 nmol / L)*
SNP (gene)

EA/
NEA

βzx

SEzx

R2

rs7944926 (DHCR7)

A/G

-0.20

0.019

0.4%

rs12794714 (CYP2R1)
Combined

A/G
-

-0.30
-

0.022
-

0.6%
1%

rs10741657 (CYP2R1)
rs12785878 (DHCR7)
rs2282679 (GC)
rs6013897 (CYP24A1)
Combined

C/T
G/T
C/A
A/T
-

-0.28
-0.31
-0.26
-0.15
-

0.07
0.07
0.07
0.08
-

0.6%
0.6%
0.5%
0.1%
1.8%

RE Europeans N=37,382a
βzy

SEzy

βiv

SEiv

RE Europeans young cohorts
N=7,523b
βzy

Based on SNPs used in Afzal et al27
-0.011 0.018
0.06
0.09 -0.038
-0.015 0.016
0.05
0.05 0.036
0.05
0.05
Based on SNPs used in Mokry et al28
0.007 0.017 -0.02
0.06 0.034
-0.009 0.019
0.03
0.06 -0.035
0.021 0.018 -0.09
0.07 -0.044
0.012 0.020 -0.08
0.13 0.008
- -0.02
0.03
-

SEzy

βiv

SEiv

RE Asians N=8,376a
βzy

SEzy

βiv

SEiv

0.025

0.19

0.13

0.020

0.042

-0.1

0.21

0.021
-

-0.12
-0.05

0.07
0.06

0.015
-

0.042
-

-0.05
-0.06

0.14
0.12

0.021
0.028
0.023
0.027
-

-0.12
0.12
0.17
-0.05
0.03

0.08
0.09
0.09
0.19
0.05

0.024
0.025
-0.038
-0.032
-

0.050
0.042
0.039
0.042
-

-0.09
-0.08
0.15
0.22
0.01

0.18
0.14
0.15
0.29
0.09

*Effect estimates were extracted from Azfal et al27 or Mokry et al28 respectively. Standard errors and R2 estimates based on Mokry et al were computed from the reported
F-statistics.
a
Effect estimates are based on those from the large RE GWAS meta-analysis from CREAM34.
b
Effect estimates were computed using data from young individuals from the TEST, BATS and ALSPAC cohorts (mean age 16).
EA/NEA: Effect allele / Non-effect allele
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Table 2. Association between the IVs and 25(OH)D concentrations after adjusting for potential confounders* in
the TwinsUK cohort.
TwinsUK (N=484) 25(OH)D
SNP (IV)

βzx

SEzx

R2

rs11234027 A/G

-6.35

3.46

0.70%

rs7944926 A/G

-3.81

2.85

0.40%

rs10741657 C/T

-8.47

2.59

2.10%

rs12794714 A/G

-5.4

2.49

0.90%

rs2282679 C/A

-3.72

1.38

0.36%

rs6013897 A/T

-1.79

1.59

0.02%

* Vitamin D supplementation, sex, age, smoking, BMI, education and socioeconomic status.
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Figure 1. Mendelian randomization assumptions. 1) SNPs (instrumental variable) are robustly associated with
25(OH)D concentrations (exposure variable); 2) SNPs are not associated with the confounders; 3) The SNPs are
associated to refractive error (outcome variable) through their effect on 25(OH)D concentrations.
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Figure 2. Causal effect estimates based on SNPs (IVs) and parameters extracted from Afzal et al.
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Figure 3. Causal effect estimates based on SNPs (IVs) and parameters extracted from Mokry et al.
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