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Abstract  

Background/aims: Recently we identified association between age related macular 

degeneration (AMD) and genetic variants in the Serpin peptidase inhibitor, clade G, member 1 

(SERPING1) gene. In the current study we interrogated the genomic region in linkage 

disequilibrium (LD) with the SERPING1 gene, and modelled the contribution to disease of 

known genetic and environmental AMD risk factors. 

Methods: We analysed genes neighbouring SERPING1 and examined haplotype association 

with AMD. A stepwise logistic regression model was developed including known genetic and 

environmental risk factors (age, gender and smoking). Individual risk scores were assessed 

between groups of cases and controls. 

Results: In the SERPING1 region rs2511989 remains most significantly associated (p=1.77E-

05, odds ratio of 0.67). One haplotype, containing the rs2511989 variant and the majority of 

SERPING1, exhibits marginally stronger association (p=5.13E-06, odds ratio of 0.66). Our risk 

model includes six SNPs in CFH, C3, HTRA1 and SERPING1, showing independent effects, 

which together account for 45% of risk of developing AMD (p=1.65E-50) with a combined 

population attributable risk (PAR) of 87%. 

Conclusion: Results implicate SERPING1, with no convincing evidence for involvement of 

other genes in the region. We demonstrate a multifactorial model with significant differences in 

risk scores for cases versus controls (p=9.81E-71) and across AREDS stratified cases 

(p=1.88E-11). 
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Introduction 

Age-related macular degeneration (AMD) is the most common cause of visual loss in the 

developed world1. Several genes have been associated with the disease including complement 

factor H (CFH)2, the age-related maculopathy susceptibility 2/HtrA serine peptidase 1 

(ARMS2/HTRA1) region of chromosome 10q3, complement component 3 (C3)4, complement 

factor B (CFB) and complement component 2 (C2)5. Recently the SERPING1 gene has also 

been associated with AMD and replicated in an independent US sample6. This finding was not 

replicated in a further 3 publications7-9 but was replicated in a sample using UK controls10. Lu et 

al. also found association with a haplotype in the SERPING1 gene and the phenotype soft 

drusen11. 

 

Ennis et al. analysed genetic variation in the form of single nucleotide polymorphisms (SNPs) 

within and immediately adjacent to the SERPING1 gene. This approach could not exclude the 

possibility that other nearby variants generally inherited together on the same chromosomal 

background (in linkage disequilibrium, LD) as the SERPING1 locus accounted for the 

association with disease6. Global gene expression data12 (mRNA by SNP browser v1.0.1, 

http://www.sph.umich.edu/csg/liang/asthma/) also indicate that expression of the TIMM10 gene 

located 67kilobases (kb) proximal to SERPING1, is highly associated (p=1.50E-21) with SNPs 

less than 9kb from SERPING1. The current study extends the region previously studied to 

encompass the chromosomal region, including the TIMM10 gene, in strong linkage 

disequilibrium with the SERPING1 gene. We aim to test if association between AMD and other 

variants in the region can explain the observed association between SERPING1 and AMD.  

 

A number of environmental factors also affect AMD predisposition including age, ethnicity, 

family history, gender, and cigarette smoking13. Nutritional factors such as omega-3 intake have 

also been show to modify disease risk14. Several analyses of multiple factors affecting AMD risk 
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and progression have been conducted. Francis et al.15 analysed the joint effects of CFH and the 

chromosome 10q locus and concluded both loci contributed independent effects. Seitsonen et 

al.16 analysed variants in CFH, ARMS2 and C3 determining a population attributable risk (PAR –

see methods for definition) of ~65% for the 3 risk genes. They also found smoking had an effect 

only when other variables such as gender and the C3 genotype were accounted for. Seddon et 

al.17 analysed 6 SNPs in CFH, ARMS2, C2, CFB and C3 as well as non-genetic factors such as 

smoking, BMI, and those taking antioxidants as part of a clinical trial. They found independent 

effects of these polymorphisms and smoking on prevalence of AMD and developed a prediction 

model for progression and incidence of AMD. All of these analyses pre-dated the identification 

of the SERPING1 locus in disease susceptibility. Our present study creates a multifactorial 

model of risk which will assess the effects of known genes including SERPING1 as well as 

environmental effects. We determine the degree to which variants in the SERPING1 region act 

independently from established risk factors and estimate the overall risk accounted for by the 

model. These data enable calculation of a score for each individual showing their risk of AMD, 

these ‘risk scores’ are compared across groups. 

 

Materials and Methods 

Cohort; 

Samples used in this study overlapped with the samples from the UK cohort previously 

described in Ennis et al. 20086 with some samples being replaced due to diminished DNA 

stocks. Recruitment was approved by the Southampton and Southwest Hants local research 

ethics committee and followed the tenets of the Declaration of Helsinki. All participants provided 

informed written consent. The sample included 470 cases and 470 controls, and consisted of 

544 females and 396 males. Clinically, AMD can be classified with a grading system as used in 

the Age Related Eye Disease Study (AREDS)18. For the present study these classes were 

defined as follows: an AREDS score of two (69 cases) was defined as multiple small drusen, 
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single or nonextensive intermediate drusen [63-124 μm], pigment abnormalities, or any 

combination of these; an AREDS score of three (116 cases) included the absence of advanced 

AMD and at least 1 large druse (125 μm), extensive intermediate drusen, or geographic atrophy 

(GA) that did not involve the center of the macula, or any combination of these and an AREDS 

score of four (285 cases) was classified as lesions of advanced AMD in the central macula 

(including the fovea) which included the presence of either choroidal neovascularization, 

disciform macular scarring or geographic atrophy. 

 

SNP selection; 

A region around the SERPING1 gene on chromosome 11q12.1 was defined using a linkage 

disequilibrium unit (LDU) map19 of publicly available genetic data on a sample with European 

ancestry (www.hapmap.org). This region extends from one LDU 5’ of SERPING1 to one LDU 3’ 

of the gene spanning 550 kb (56,941,540 to 57,491,647bp:NCBI build 36.1) and shows the 

region including variants likely to be inherited together (Figure 1). Haplotype tagging SNPs, 

were selected to reduce redundancy in the data, since only one of a pair or group of SNPs 

giving the same information is selected (Tagger Pairwise, r2 <0.9). All HapMap SNPs in the 

SERPING1 gene were genotyped even though some are redundant (LD measure, r2>0.8). Both 

HapMap SNPs in TIMM10 gene (rs17453436, rs10792101) were included. Quality control 

procedures removed very rare SNPs (minor allele frequency <5%) and those with genotype 

counts which deviated largely from expected indicating genotyping error (Hardy-Weinberg 

equilibrium in the control sample of p< 0.001). A total of 61 SNPs were analysed in the 

SERPING1 region including 11 SNPs from the original study6 (Supplementary Table 1). 

 

 We also genotyped 35 SNPs in 20 genes previously associated with AMD. After quality control, 

26 SNPs in 15 genes were analysed. Genotyping was carried out using KASPar chemistry 

(http://www.kbioscience.co.uk/genotyping/genotyping_chemistry.html). 
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SNP and haplotype analysis; 

Each SNP was analysed by a chi square of the allele counts in cases and controls, associated 

p-values and odds ratios with confidence intervals were calculated. Chi squares were also 

calculated for other genetic models including the genotypic test, Cochran-Armitage trend test, 

and recessive and dominant models using PLINK20. We analysed SNPs together in haplotypes 

within 10 smaller regions (blocks) where the SNPs are more commonly inherited together 

(defined on a solid spine of LD with a D’=0.8 by HAPLOVIEW, Supplementary Figure 1). We 

determined the possible combinations of SNPs (estimated haplotypes) present at >1% 

frequency over the SERPING1 region21 and tested for association with AMD risk. Omnibus 

haplotype analysis detects a unique effect across all haplotypes in a block. Haplotype specific 

association tests each haplotype versus the rest in each block. Multiple testing correction was 

carried out by Bonferroni or permutation. 

 

Logistic regression model; 

To determine the contribution of the SERPING1 gene to AMD risk in the context of other risk 

genes we conducted logistic regression analysis. This accounts for the variation in case/control 

status (dependent variable) using the best combination of independent variables, including any 

Bonferroni corrected significant SNPs from the SERPING1 region, the 26 SNPs from known 

AMD risk genes, age, gender, and smoking status. SNPs were coded, for example, aa=0, aA=1 

and AA=2.  

 

Population attributable risk (PAR); 

PAR measures the effect on disease rate in the population that can be attributed to a particular 

factor, showing the percentage of cases that could be avoided if the risk factor were eradicated. 

This is generally not feasible, for example, in the case of genetic risk factors or gender, but is a 
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useful measure of the importance of each risk factor. We calculated this as, PAR=Pr(OR-

1)/(1+Pr(OR-1)), where OR is the odds ratio from the logistic regression model and Pr the 

prevalence of the risk factor in the general population, estimated from controls16.  A combined 

PAR was also calculated as PAR=1-(1-PAR1)(1-PAR2)…(1-PARn) incorporating all risk factors. 

 

Individuals risk scores; 

Using variable coefficients (B) from the logistic regression, which show the effect size of each 

risk factor (natural log of the odds ratio), we calculated a risk score for each individual using 

previously described methods17. The risk score is a value for each individual intended to convey 

their personal risk of developing AMD. Risk scores were then compared between known cases 

and controls by an ANOVA test. Receiver operating characteristic (ROC) curve analysis 

determined the classification accuracy of the risk scores by calculating the area under the curve 

(AUC) with 95% confidence intervals and significance level. We further investigated the risk 

scores in the patient group stratified by AREDS score and carried out an ANOVA test followed 

by a post hoc least significant difference (LSD) test. 

 

All analyses were carried out using PLINK v1.0420, HAPLOVIEW v4.121 and SPSS(v16.0). 

 

Results 

Single SNP and haplotype analysis; 

There were several results with uncorrected P-values less than 0.05 across the SERPING1 

region, as expected given extended LD. Figure 1 shows a cluster of significant results which 

corresponding to the SERPING1 gene. Five SNPs (rs2511989, rs2509897, rs11229109, 

rs2244169 and rs2511990) have a p<0.05 after multiple testing correction (Table 1). The most 

significant result is for the SERPING1 SNP rs2511989 (p=1.10E-03). The protective effect is 

shown by an odds ratio (OR) of 0.67 (95% CI 0.56-0.80). Similar results for alternative genetic 
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models are given in Supplementary Table 3. SNPs within and adjacent to the TIMM10 gene 

show no association (p=0.61 and 0.76). 

 

Omnibus haplotype analysis (after Bonferroni correction) gives significant results in blocks six 

and seven (Table 3). Block six is upstream of the SERPING1 gene and contains the promoter 

region including the second most significant SNP rs2509897 (p=1.60E-03) six haplotypes within 

this block account for 97.4% of our sample.  Block seven includes all SNPs genotyped within 

the SERPING1 gene and contains three haplotypes accounting for 98.1% of the sample. The 

common GCTCGTTGGG haplotype in block seven demonstrates the strongest association and 

contains rs2511989, the SNP most strongly associated with AMD risk. Although the significance 

of the haplotype is marginally greater than that observed for the single SNP rs2511989, the 

odds ratios are almost identical (0.65 and 0.67 respectively). 

 

Single SNP allelic chi square results for variants implicated in AMD risk, in genes other than 

SERPING1, are presented in Supplementary table 2. SNP rs10490924 within ARMS2 showed 

the strongest association (p=3.65E-20). SNPs in CFH, HTRA1, CFHR5, C3, APOE, C2 and C7 

were also significant before correction. Ten SNPs in CFH, CHFR5, HTRA1, ARMS2 and C3 

remain significant after correction for multiple testing. 

 

Logistic regression model and population attributable risk (PAR) estimates; 

The five SNPs significant after correction from the SERPING1 region (Table 1), all 26 variants 

from other genomic regions as well as age, gender and smoking status were analysed by 

logistic regression to determine their contribution to AMD disease status. Six SNPs were 

significant (Table 4). Similar to previous analyses, inclusion of multiple SNPs from the CFH 

gene shows multiple independent effects in this gene. The HTRA1, SERPING1 and C3 loci 

were also represented. Of the non-genetic factors, advanced age, female gender and positive 
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smoking status also contribute to AMD status. The model shows the proportion of variation in 

risk accounted for as the Nagelkerke R2= 0.446 and a good overall fit (p=1.65E-50). Despite the 

similarity in odds ratios for SERPING1 and C3 (although C3 shows a risk effect and SERPING1 

a protective effect) their respective PAR values differ reflecting the difference in risk allele 

prevalence (0.19 in C3 and 0.56 in SERPING1). The combined population attributable risk 

(PAR) based on these data is 87% (Table 4). 

  

Individuals risk scores; 

Risk scores (Figure 2, A and B) show a highly significant (p= 9.81E-71) shift between cases 

(mean score= 0.81) and controls (mean score= -1.09), however, there is appreciable overlap. A 

high area under the curve (AUC) value of 0.83 (95% CI 0.81-0.86) was obtained by ROC curve 

analysis as a measure of classification accuracy, showing an 83% chance of correctly assigning 

a random case and a random control correctly. The point on the curve farthest from the diagonal 

line of chance shows the optimal threshold for assigning cases and controls with a 76% 

probability of correctly assigning a case and a 24% probability of misclassifying a control as a 

case (Supplementary Figure 2). We stratified the patient group by AREDS score (Figure 2, C, D 

and E) and observed a significant difference in risk score across groups (p=1.88E-11). A post 

hoc least significant difference (LSD) test shows the difference lies between cases with an 

AREDS score of two versus either group of cases with scores of AREDS three or four. The risk 

scores for the group containing cases with an AREDS score of two versus the group with an 

AREDS score of 4 were significantly different (p=4.94E-12), as were the risk scores in the 

groups containing cases with AREDS scores of two versus three (p=4.07E-09). 

 

Discussion 

Age-related macular degeneration (AMD) was one of the first complex diseases to be 

successfully analysed by genome-wide association.  Since the initial successful identification of 
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the CFH gene, several other genes have been implicated and replicated. Recently the 

SERPING1 gene was added to this list after a highly significant association signal was observed 

as part of a candidate gene study and replicated in an independent US sample6. There have 

been mixed results in further studies, several have failed to replicate this result7-9 while others 

have found positive results10;11. 

 

The current study aimed to distinguish if the association signals implicating the SERPING1 

locus might be acting in proxy for some other linked variant(s). In particular, the TIMM10 gene 

has previously shown altered expression levels associated with genetic variants close to the 

SERPING1 promoter12. However, SNPs within and immediately adjacent to TIMM10 showed no 

association with AMD. Across the region analysed, rs2511989 located within intron six of the 

SERPING1 gene remains the most significantly associated with AMD as previously reported6, a 

number of markers including rs2509897 in the promoter region are strongly supportive. The 

pattern of associated markers after correction for multiple testing shows clear clustering limited 

to the SERPING1 gene itself. A single exception is for rs11229109 in the TXNDC14 gene. This 

gene is widely expressed and postulated to play a role in monitoring protein folding in the 

endoplasmic reticulum22. Although TXNDC14 involvement in AMD cannot be unequivocally 

ruled out, the association is less significant than that seen with SERPING1 gene and TXNDC14 

is not a conspicuous functional candidate in the aetiology of macular degeneration. Whereas, 

the SERPING1 gene encodes the complement component 1 inhibitor, an important first step in 

the regulation of the complement system which has been highly implicated in AMD 

pathogenesis. 

 

The GCTCGTTGGG haplotype within the SERPING1 gene is most strongly associated with 

disease and marginally more significant than SNP rs2511989. rs2511989 is the only SNP 

present in this haplotype as a rare allele explaining why haplotype analysis does not give 
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appreciably more information than the single SNP test. SNP rs2511988 lies adjacent to 

rs2511989 within this haplotype and in high LD. Although nominally significant rs2511988 does 

not withstand correction for multiple testing (p=0.07). However, there is evidence suggesting 

that variation at rs2511988 may affect splicing efficiency and intron six removal since it is 

located directly before exon seven and adjacent to a branch point sequence23. Other significant 

SNPs are located in the promoter region of SERPING1 suggesting possible regulatory effects. 

 

We assessed the contribution of the SERPING1 locus in the context of other genetic and 

environmental factors. Our multifactorial model showed that only variants from the CFH, 

HTRA1, C3 and SERPING1 genes showed sustained effects. This is the first study to show the 

independent effects of SERPING1 given the effects of other well established genes. 

Interestingly, for a given gene, the SNP variants which contributed to the final model were not 

necessarily the most significantly associated SNPs when assessed independently. For example, 

the SERPING1 promoter SNP rs2509897 was included over rs2511989. Increasing age, female 

gender and smoking also significantly contributed to our model which accounts for a high 

proportion, 45%, of AMD risk. 

 

Population attributable risks (PARs) were calculated for each significant risk factor in our model. 

Our data shows the CFH variant rs1061170 has a PAR of 35%, slightly lower than in previous 

publications, 49%24 and 58.1%16.  The C3 rs2230199 variant has a PAR of ~8% in our data 

similar to published results, 17%24 and 5.8%16. In comparison with estimates for other risk 

genes a PAR of 17% for the SERPING1 variant rs2509897 indicates the importance of this 

gene in our population. The combined PAR of 87% in our data may imply that determining an 

individual’s risk of disease based on these factors alone would be feasible. Accurate disease 

prediction is clinically valuable in terms of early diagnosis, and modification of risk factors such 

as smoking and nutrition or with earlier drug intervention. Our results show a significant 
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difference in risk scores between cases and controls and in cases grouped by ARED score 

(Figure 2) and ROC curve analysis shows the discrimination power of this model is 83% 

(Supplementary Figure 2). This shows there is an 83% chance of predicting a random case and 

a random control correctly. Our analysis shows that if 76% of cases were correctly classified, 

24% of controls would be misclassified as cases. A high risk score may justify more regular 

ophthalmic examinations for those who do not appear to have AMD. However, given a disease 

prevalence of ~5%, of a 1000 people, 228 (86%) of the 266 considered high risk would be 

wrongly assigned and a substantial proportion of cases would be missed. Therefore, although 

our risk prediction model is supported by a high discrimination power, accuracy is not sufficient 

for direct applicability in a clinical setting. 

 

Our model may be limited by noise in the data, for example controls may yet develop this age-

related disease and AMD cases may progress to a more advanced form. We have limited this 

noise by selecting controls over the age of 50 years. Although all major AMD risk genes were 

included, incomplete knowledge of the risk factors affecting AMD may limit this study and 

inclusion of new risk factors should improve the resolution of the model. The odds ratios we 

present are broadly comparable to those published previously suggesting this model would be 

generally applicable; however, it should be tested in an independent cohort of patients. 

 

We believe the value of this study is that it clarifies the contribution of risk factors which lead to 

the development of AMD. However, it also highlights that such determination does not 

guarantee effective discrimination between cases and controls. Others have found similar 

results25. This is an important result in an era where increasingly commercial testing is being 

directly offered to patients to determine their genetic risk of AMD (http://www.decodeme.com , 

https://www.23andme.com). The future of personalised medicine promises the use of genetic 
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testing and risk prediction for early diagnosis and treatment, but our results show that we should 

avoid overstating association findings at an individual level. 
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Legends to Figures; 

Figure 1. The SERPING1 region analysed, showing the negative natural log of the p-

values (-ln p-value) for each allelic chi square, the LDU map, haplotype blocks and the 

locations of all genes in the region. 

This plot shows the region analysed around the SERPING1 gene. For the 61 genotypes 

available the black line with open circles shows the results of the allelic chi square tests with the 

negative natural log of the p-values plotted on the left y-axis. The red dashed line shows the 

threshold for significance after Bonferroni correction. The green line shows the LDU map plotted 

in linkage disequilibrium units on the right y-axis. Flat regions on the LDU map represent 

extensive LD and steps represent areas of recombination where LD and thus ancestral 

haplotypes tend to be broken up. Below the x-axis all genes in the region are plotted with arrows 

to show their direction of transcription, the SERPING1 gene is in red and the TIMM10 gene is in 

blue and both are in bold. At the top of the diagram the locations of the ten haplotype blocks are 

also plotted as blue bars. 

 

Figure 2. Histograms of risk scores for cases, controls and for cases split by AREDS 

score. 

The distributions of risk scores are plotted for controls (A), cases (B), and cases split by AREDs 

score, AREDS2 (C), AREDS3 (D), AREDS 4 (E). The total number in each class is given along 

with the mean and 95% confidence interval.  
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Table 1.  Single SNP analysis of SERPING1 region, five of 61 single SNP results have 

p<0.05 after correction. 

Gene SNP Allelic 2χ  Uncorrected 
p-value 

Permutation 
p-value 

Odds 
ratio 

95% 
Confidence 

Interval 
SERPING1 
(Intron) rs2511989 18.42 1.77E-05 1.10E-03 0.67 0.56-0.80 

SERPING1 
(promoter) rs2509897 17.51 2.86E-05 1.60E-03 0.67 0.55-0.81 

TNXDC16 
(Intron) rs11229109 11.89 5.65E-04 3.33E-02 0.73 0.60-0.87 

SERPING1 
(promoter) rs2244169 11.58 6.66E-04 3.90E-02 1.38 1.14-1.65 

SERPING1 
(promoter) rs2511990 11.36 7.51E-04 4.42E-02 1.37 1.14-1.65 

 

Table 2. Omnibus haplotype results for the 10 haplotype blocks. 

Block 2χ  
Degrees 

of 
freedom 

Uncorrected 
p-value 

7 19.96 2 4.63E-05 
6 19.54 5 1.52E-03 
1 9.45 2 8.88E-03 
9 13.55 5 1.87E-02 
3 9.89 3 1.95E-02 
8 18.87 9 2.63E-02 
4 10.12 4 3.85E-02 
5 7.11 3 6.85E-02 

10 7.46 4 1.13E-01 
2 7.20 5 2.06E-01 

 

Omnibus haplotype results show the significance of a unique effect from any haplotype within 

the block. The dashed line shows the threshold for significant p-values < 0.05 after Bonferroni 

correction (10 blocks/ tests) 
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Table 3. Haplotype specific results for the significant blocks six and seven. 

Block Haplotype 
Haplotype 
frequency 

Case:Control 
frequencies 

2χ  Uncorrected 
p-value 

Permutation 
p-value 

Odds 
ratio 

95% 
Confidence 

Interval 
Block 7 GCTCGTTGGG 0.418 0.366 : 0.470 20.78 5.13E-06 2.00E-04 0.65 0.54-0.78 
Block 6 GAAAGGG 0.336 0.371 : 0.301 10.20 1.40E-03 7.89E-02 1.37 1.13-1.66 
Block 7 ATTCGTCAGG 0.309 0.343 : 0.275 10.12 1.50E-03 8.14E-02 1.38 1.13-1.68 
Block 6 GGGTCAG 0.231 0.204 : 0.258 7.56 6.00E-03 2.80E-01 0.74 0.59-0.91 
Block 6 GAATCAG 0.153 0.133 : 0.173 5.74 1.66E-02 5.95E-01 0.73 0.57-0.94 

The dashed line shows the threshold for significant p-values <0.05 after correction by permutation. 
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Table 4. Logistic regression model. 

 

Variable B S.E. Wald df Sig. 
Odds 

Ratios 

95% Confidence 

Interval PAR 

Lower Upper 

Constant -10.483 1.117 88.034 1 6.43E-21 0.000 - - - 

Age 0.110 0.013 70.410 1 4.82E-17 1.117 1.088 1.146 - 

HTRA1_rs11200638 1.031 0.159 41.771 1 1.03E-10 2.803 2.051 3.832 26.84 

CFH_rs1061170 0.892 0.174 26.208 1 3.07E-7 2.439 1.734 3.431 35.10 

CFH_rs1065489 0.630 0.234 7.263 1 0.007 1.877 1.187 2.968 11.32 

CFH_rs2019727 -0.642 0.254 6.372 1 0.012 0.526 0.319 0.866 42.05* 

SERPING1_rs2509897 -0.318 0.146 4.719 1 0.030 0.727 0.546 0.969 17.47* 

Gender 

(female=1;male=0) 
0.433 0.202 4.533 1 0.032 1.542 1.039 2.289 21.89 

C3_rs2230199 0.364 0.171 4.550 1 0.033 1.440 1.030 2.012 7.63 

Smoking (yes = 1; 

0=no) 

0.597 0.281 4.533 1 0.033 1.818 1.049 3.150 10.58 

*Show protective effect, but PAR calculated for the “risk allele”. 

Population attributable risk (PAR)= Pr(OR-1)/(1+Pr(OR-1)), where OR is the odds ratio and Pr 

the prevalence of the risk factor in the general population, estimated from controls. Combined 

PAR = 87.01%. 

B = Logistic coefficient B. 

S.E. = Standard error of logistic coefficient B. 

Wald = Wald chi square. 

Sig. = p-value of Wald chi square. 

df = Degrees of freedom. 

 






