Familial risk and interaction with hypertension and hyperglycemia in primary open-angle glaucoma
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Abstract
Although there is a genetic component to primary open-angle glaucoma (POAG) susceptibility, few studies have investigated interactions between genetic and environmental factors. We aimed to quantify the familial risk of POAG and estimate disease risk among individuals with a positive family history and either hypertension or hyperglycemia, as well as assess their interactions. Using the National Health Insurance database, which includes information on familial relationships and lifestyle risk factors, we identified 6,217,057 individuals with first-degree relatives (FDRs) from 2002-2018. We calculated familial risk using hazard ratios (HRs) with 95% confidence intervals (CIs) which compare the risk of individuals with and without affected FDRs. Disease risk was estimated among individuals with both a positive family history and hypertension or hyperglycemia, and interactions were assessed on an additive scale. Individuals with an affected parent had a 3.13-fold (95% CI 2.74 –3.58) increased risk of disease compared to those with unaffected parents. Individuals with affected father, mother, or both affected parents showed HRs (95% CI) of 3.50 (2.86 –4.30), 2.87 (2.41 –3.44) and 4.88 (1.83 –12.98), respectively. Familial risk adjusted for lifestyle factors decreased slightly (HR 3.14), suggesting that genetic component is the predominant driver in the familial aggregation. Individuals with a positive family history and either hypertension or hyperglycemia had a markedly elevated risk of disease, with HRs of 3.42 (95% CI 2.49 –4.69) and 3.27 (95% CI 2.15 –4.97), respectively. Hypertensive or hyperglycemic individuals with a positive family history may be considered a high-risk group and glaucoma screening may be considered.
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Introduction
Glaucoma is the second leading cause of irreversible blindness worldwide, with primary open-angle glaucoma (POAG) as its most common form [1]. Studies have reported that POAG affects approximately 2.2% of the global population over the age of 40 [2], with prevalence estimates ranging from 2.29% in Asian populations to 5.4% among people of African ancestry [3].
Genetic factors are known to play a role in the pathogenesis of POAG [4,5]. Studies have shown that the family members of glaucoma patients have up to a 10-fold increased risk of developing the disease [6]. Genetic studies have identified several genetic variants and single nucleotide polymorphisms (SNPs) that are associated with the development of POAG [7]. However, familial risk estimates from previous studies range from 3.1- [8] to 9.6-fold [6], showing a wide variation which may be attributable to heterogeneous study methodologies and sample sizes. Existing studies included up to a few hundred participants and may have yielded imprecise risk estimates due to limited statistical power and many used self-reported questionnaires or interviews in order to acquire information on family relationships or POAG diagnosis, which are susceptible to selective recall [9-11]. Most prior reports were case-control or cross-sectional studies that were unable to quantify incidence and risk ratios [6,8,11-14]. Two largescale population-based studies estimated the familial risk of POAG, however they used hospital discharge data which may not be representative of the general population [15,16]. Thus, a large-scale population-based study is needed in order to provide precise familial risk and incidence estimates for POAG, which could be useful for clinical risk counselling of families of patients.
A number of risk factors are associated with the development of POAG and accordingly, the familial aggregation of POAG may be influenced by both shared lifestyle factors in the family as well as genetic factors. However, their relative contributions in the familial aggregation of POAG is not well-studied. Hypertension [17-19] and diabetes [20,21] are established risk factors for POAG and have been shown to increase disease risk by approximately 1.50- and 1.40-fold, respectively. It is possible that the presence of these risk factors among genetically predisposed individuals yields a greater or lesser risk compared to non-genetically predisposed persons. These two factors may have an interactive relationship, in which the impact of risk factors is more sensitive towards individuals with a genetic predisposition. However, the risk of POAG associated with risk factors among individuals with a positive family history has not been clearly elucidated and studies on interactions between the two factors are limited. Epidemiologic studies at the population-level are currently unavailable.
Using the National Health Insurance (NHI) and the National Health Screening Program (NHSP) databases, which include information on family relationships and screening from the entire South Korean population, we aimed to estimate the familial risk of POAG and the combined risk of family history and hypertension/hyperglycemia. We also explored interactions between family history and these two factors in order to assess gene-environment interactions.

Methods
Data sources
In this study, we leveraged the NHI and NHSP databases in order to acquire information on all insured individuals and their dependents. The NHI is a government service that provides mandatory insurance to South Korea’s entire population of more than 50 million people. Both inpatient and outpatient healthcare utilization data are recorded in the NHI database, including disease diagnosis, prescriptions and procedures. Each medical facility submits this data to the NHI in order to receive reimbursement. The NHI database includes information on employment, enrollment and family relationships of beneficiaries and their dependents, and therefore we were able to identify parents and their offspring.
The NHSP is a health screening program that offers biennial health check-ups to beneficiaries and their dependents over the age of twenty, the results of which are then recorded in the NHI database. The examination includes a standardized questionnaire on participants’ medical history and lifestyle habits, such as smoking and alcohol consumption. Anthropometric measurements and basic tests are also taken at the check-up, including body mass index (BMI), systolic and diastolic blood pressure, creatine, liver enzymes, lipid parameters, chest radiograph, fasting blood sugar and hepatitis virus status.

Assessing family relationships
Employed or self-employed individuals can become NHI beneficiaries by paying a small percentage of their income. The spouse and children of beneficiaries are eligible to enrol in the program as dependents after the registration of either marriage or birth. This information allowed us to identify family relationships. An individual was considered the biological offspring of a married couple if they were registered at birth as a dependent.

Study population
Using the NHI and NHSP databases, we selected individuals with identifiable biological mother and father who underwent the standardized health checkup provided by the NHSP from January 1st, 2002 to December 31st, 2018. We excluded individuals who were diagnosed with POAG prior to the medical examination, as well as those with single parents or stepparents and children who were not registered as a dependent at birth. From this process, we constructed a cohort of 6,217,057 individuals, comprising 2.7 million families.

Assessment of risk factors
Blood samples are collected from the NHSP participants after overnight fasting to measure fasting blood sugar levels. We categorized individuals according to their fasting blood sugar levels. Individuals with a fasting blood glucose level below 100 mg/dl were categorized as ‘normoglycemic,’ those between 100 and 125 as ‘moderate,’ while those at or above 126 were categorized as ‘hyperglycemic.’
Blood pressure is measured three times on the same arm using an automatic sphygmomanometer, after a 10-minute rest period and the mean of the last two measurements calculated. Individuals were categorized according to their blood pressure in mmHg into 5 groups: (1) systolic blood pressure (SBP) <120 & diastolic blood pressure (DBP) <80; (2) SBP 120–129 & DBP <80; (3) SBP 130–139 or DBP 80–89; (4) SBP 140–180 or DBP 90–120; (5) SBP >180 & DBP >120. We also acquired information on other lifestyle characteristics of each study participant (see Supplementary text S1 for details).

Identification of POAG case diagnosis
We defined a POAG case as an individual who visited an outpatient clinic three times or more under the principal diagnosis of POAG (ICD-10 code H40.11) and who also underwent ophthalmoscopy, gonioscopy, visual field examination and measurement of central corneal thickness and intraocular pressure. To verify the diagnostic accuracy, we developed several algorithms based on the number of healthcare facility visits of POAG patients with ICD-10 code H40.11.

Statistical analysis
The study population was followed from January 1st, 2002 until a diagnosis of POAG, death, or the end of the follow-up period on December 31st, 2018, whichever came first. Individuals born after 2002 were followed since birth.
Once an individual was diagnosed with POAG during the follow-up period, their offspring were considered “exposed” and identified as “with an affected parent.” If a second parent became affected, they were defined as the “first familial case,” with the offspring identified as “with both affected parents.” In families with no affected parents, offspring were identified as “without affected parents,” and if the offspring developed POAG during follow-up, they were defined as “non-familial cases.”
We calculated person-years for each study subject, beginning from the index date of POAG diagnosis and ending at the corresponding end of follow-up. Study subjects contributed to person-years only when they were still at risk, i.e. alive and living in Korea without a diagnosis of POAG. The sum of person-years of all at-risk individuals was defined as total person-years. We calculated the incidence rate by dividing the number of POAG cases by the total person-years. Cox proportional hazard regression models were used to assess the magnitude of familial aggregation and estimate hazard ratios (HRs) with 95% confidence intervals (CIs) by comparing the risk of disease among people with versus without affected parents. HRs were calculated for each familial relationship. The proportional hazard assumption was tested by using the Schoenfeld assumption and scaled Schoenfeld residuals. In order to account for missing data on lifestyle factors, we excluded each missing value in the univariate analysis, while for the multivariate analysis, we replaced the missing data with the most frequent values in each column. We also imputed mean/median data and used multiple imputation, and as the results were similar for all three imputation methods, we chose imputation using the most frequent variables.
The association of environmental risk factors in POAG was examined by HRs with 95% CIs from Cox proportional hazards regression. The independent variables were blood pressure, BMI, fasting blood sugar, smoking status, alcohol use, total blood cholesterol, and proteinuria, and the dependent variable was the development of POAG. Familial risk before and after controlling for lifestyle factors was examined in order to determine the contribution of environmental factors on familial aggregation. Familial risk was first adjusted for age and sex by using a Cox model, which was thereafter adjusted again for lifestyle factors in another Cox model. We also assessed the association of environmental factors on the risk of POAG separately in familial and non-familial groups. Age- and sex-specific familial risks were calculated by comparing the incidences of POAG among individuals with and without affected parents in each age group and gender. Both age- and sex-specific familial risks were calculated for each familial relationship, namely affected father, mother, or both.
We calculated the combined risk of family history and hypertension/hyperglycemia and assessed interactions according to whether the combined risk was greater than the sum of their individual risks. Four disjoint categories, with each category coded as a dichotomous variable, were created for the combinations of family history and each lifestyle risk factor of POAG. HRs for family history (with versus without affected parents) and for hypertension or hyperglycemia (with versus without hypertension/hyperglycemia) were calculated separately. We calculated HRs of individuals exposed to both risks and the combined effect of two factors was compared to a reference group consisting of individuals without a positive family history nor hypertension/hyperglycemia. Based on the assumption that genetic and environmental factors are independent of one another in the underlying population, we investigated their interactions on an additive scale. The difference in HRs of family history and a given lifestyle factor was represented by relative excess risk due to interaction (RERI). RERI = 0 indicates that there is no interaction between two exposures, while any deviation suggests an interactive relationship.
We used Stata 15.0 in the execution of all statistical analyses. All statistical tests were two-sided and we considered a P-value of ≤ 0.05 as significant. This study was approved by the Korea University Institutional Review Board (IRB-2020-0310).


Results
Demographics of risk population and risk factors
Using the study database, we identified 6,217,057 individuals with biological mother and father who underwent the NHSP medical examination. During the 16-year study period, 64,522 patients developed POAG. 75,017 individuals (51,232 males and 23,785 females) had affected parents and 6,142,040 had unaffected parents. The demographic variables and lifestyle factors of individuals with and without affected parents are summarized in Table 1. With regards to the distribution of demographic variables, a higher proportion of males had affected parents and no significant differences were observed between the two groups in terms of blood pressure, BMI, blood sugar, smoking, alcohol consumption or cholesterol.
Table 1. Demographic Data of the Total Study Population and their Association with Lifestyle Risk Factors in Primary Open-Angle Glaucoma
		With affected parents
	Without affected parents
	Standardized Difference
	n	%	n	%
	Total	75,017	100	6,142,040	100	
	Sex					
	Male	51,232	68.3	3,904,326	63.6	
	Female	23,785	31.7	2,237,714	36.4	0.10
	Blood Pressure (mmHg)					
	SBP <120 & DBP <80	30,995	41.3	2,798,315	45.6	0.12
	SBP 120-129 & DBP <80	8,548	11.4	731,753	11.9	
	SBP 130-139 or DBP 80-89	25,673	34.2	2,013,878	32.8	
	SBP 140-179 or DBP 90-119	9,624	12.8	587,151	9.6	
	SBP ≥ 180 & DBP ≥ 120	177	0.2	10,867	0.2	
	Fasting Blood Glucose (mg/dL)					
	<100	69,062	92.1	5,770,576	93.9	0.08
	100-125	3,777	5.0	248,471	4.1	
	≥126	2,175	2.9	122,768	2.0	
	Body Mass Index (kg/m2)					
	<18.5	4,630	6.2	450,663	7.3	0.09
	18.5-22.9	32,124	42.8	2,813,973	45.8	
	23.0-24.9	15,997	21.3	1,209,842	19.7	
	≥25.0	22,266	30.0	1,667,562	27.2	
	Cholesterol (mg/dL)					
	<200	48,899	65.2	4,243,115	69.1	0.16
	200-239	19,082	25.4	1,329,630	21.7	
	≥240	5,853	7.8	361,982	5.9	
	Smoking (pack/year)					
	Non-smoker	39,454	52.6	3,346,815	54.5	0.20
	<10	16,837	22.4	1,575,464	25.7	
	10-19	11,301	15.1	661,843	10.8	
	20-29	3,766	5.0	197,362	3.2	
	30-39	1,159	1.5	52,539	0.9	
	≥40	362	0.5	17,331	0.3	
	Physical activity					
	1-2/week	62,207	82.9	5,002,974	81.5	0.11
	≥3/week	10,908	14.5	863,657	14.1	
	Alcohol consumption (drinks/week)					
	Non-drinker	26,311	35.1	2,039,222	33.2	0.18
	<1	18,887	25.2	1,204,447	19.6	
	≥1	9,281	12.4	873,684	14.2	


Abbreviations: N: number of individuals, SBP: systolic blood pressure, DBP: diastolic blood pressure


Figure 1 shows the association between risk factors and POAG development in the entire study population. Overall, we found that hyperglycemia was associated with an increased risk of disease, with an HR of 1.48 (95% CI 1.28 –1.71) for fasting blood sugar >126 (mg/dL), relative to fasting blood sugar <100 (mg/dL). Blood pressure, BMI, alcohol consumption and cholesterol were not significantly associated with disease development.
[image: Fig. 1.]
Fig. 1. Abbreviations: N: number of individuals, SBP: systolic blood pressure, DBP: diastolic blood pressure, HR: hazard ratio, CI: confidence interval


Familial risk analysis
Table 2 demonstrates that among individuals with affected parents, 225 cases developed POAG during the study period with an incidence of 1.88 (95% CI 1.65 –2.15) per 10,000 person-years. Among individuals without affected parents, 4,297 cases developed POAG with an incidence of 0.44 (95% CI 0.43 –0.45) per 10,000 person-years. The age- and sex-adjusted HR (95% CI) of developing POAG for individuals with versus without affected parents was 3.13 (95% CI 2.74 –3.58). Risk was higher for individuals with affected father compared to mother, with corresponding HRs of 3.50 (95% CI 2.85 –4.29) and 2.87 (95% CI 2.40 –3.43). Individuals with both affected parents were at a very high risk of disease, with an HR of 4.88 (95% CI 1.83 –13.00).
Table 2. Familial Risk of Primary Open-Angle Glaucoma among Offspring of Affected Parents
		With affected parents
	Without affected parents

	Father
	Mother
	Both parents
	Total
	
	n	n	n	n	n
	Number of people at risk	30,320	43,915	782	75,017	6,142,040
	Male	20,324	30,351	557	51,232	3,904,326
	Female	9,996	13,564	225	23,785	2,237,714
	Number of cases	95	126	4	225	4,297
	Person-years	483,092	699,709	12,391	1,195,192	98,061,108
	Incidence/10,000 person-years (95% CI)	1.97 (1.61-2.40)	1.80 (1.51-2.14)	3.23 (1.21-8.60)	1.88 (1.65-2.15)	0.44 (0.43-0.45)
	HRs (95% CI) adjusted for age and sex	3.50 (2.85-4.29)	2.87 (2.40-3.43)	4.88 (1.83-13.00)	3.13 (2.74-3.58)	1
	HRs (95% CI) adjusted for age, sex, and lifestyle factors	3.51 (2.86-4.30)	2.88 (2.41-3.44)	4.87 (1.83-12.98)	3.14 (2.74-3.59)	1


Abbreviations: N: number of individuals, HR: hazard ratio, Cl: confidence interval



Age- and sex-specific familial risk
Figure 2 displays the familial risk of POAG according to age groups and sex. We found that the familial risk was age-dependent, as the respective HRs for each age group decreased with advancing age. For individuals with affected mother, the HRs were 5.52 (95% CI 3.85 –7.67) among the 20 –30 year age group, 2.92 (95% CI 1.88 –4.33) for the 30 –40 year age group, and 2.20 (95% CI 1.38 –3.32) among individuals older than 50 years. Similar trends were observed across age groups of individuals with affected father.
[image: Fig. 2.]
Fig. 2. Abbreviations: HR: hazard ratio, CI: confidence interval

According to sex, females with an affected parent had a higher risk of disease compared to males, with HRs of 5.31 (95% CI 4.34 –6.51) and 2.97 (95% CI 2.48 –3.55), respectively. Females with an affected father or mother showed HRs of 4.87 (95% CI 3.53 –6.72) and 5.53 (95% CI 4.27 –7.16), respectively. Males with affected father or mother had HRs of 3.62 (95% CI 2.79 –4.71) and 2.55 (95% CI 2.00 –3.25), respectively.

Relative contribution of risk factors
The HR adjusted for risk factors increased slightly from 3.13 to 3.14 (95% CI 2.74 –3.59), demonstrating that the attenuation was not significant and therefore the impact of lifestyle factors on the familial aggregation of POAG may be limited (Table 2). Familial risk according to family relationship similarly altered only slightly after the adjustment, with corresponding HRs of 3.51 (95% CI 2.86 –4.30) for father and 2.88 (95% CI 2.41 –3.44) for mother.

Evaluation of the combined effect of familial risk and hypertension/hyperglycemia
Our assessment of the combined risk of either hypertension or hyperglycemia and family history of POAG is presented in Figure 3. Individuals with a positive family history and either hypertension or hyperglycemia had a markedly increased risk of POAG, with corresponding HRs of 3.42 (95% CI 2.49 –4.69) and 3.27 (95% CI 2.15 –4.97), respectively, compared to the general population. In the interaction analysis, the combined effect of a positive family history and hypertension was higher than the sum of their individual effects (HR 3.42 vs 3.04), but was statistically insignificant (RERI 0.38 95% CI –0.78 to –1.55). For hyperglycemia, its combined effect with a family history was similar to the sum of their individual effects (HR 3.27 vs 3.38), which was also statistically insignificant (RERI –-0.11 95% CI –1.55 to –1.33). The association of lifestyle factors was assessed separately among familial and non-familial groups (Table 3). The magnitude of the risk estimate for hypertension (SBP ≥ 180 or DBP ≥ 120) was higher in the familial compared to the non-familial group, with HRs of 2.36 (95% CI 0.32 – 17.30) and 0.99 (95% CI 0.57 – 1.71), respectively. For hyperglycemia, the magnitude of its effect was similar in the familial compared to non-familial group, with HRs of 1.48 (95% CI 0.77 – 2.84) and 1.48 (95% CI 1.27 – 1.72), respectively.
[image: Fig. 3.]
Fig. 3. Abbreviations: POAG: primary open-angle glaucoma, RERI: relative excess risk due to interactionLifestyle factors: hypertension, hyperglycemiaa Reference: persons without a family history of POAG or lifestyle factorsb Individual effect of a given lifestyle risk factor: persons with vs without hypertension or hyperglycemiac Individual effect of family history: persons with vs without positive family history of POAGd Combined effect of family history and a given lifestyle risk factor: persons with both family history and either hypertension or hyperglycemia vs reference group

Table 3. Lifestyle Risk Factor Analyses on Primary Open-Angle Glaucoma in Familial and Non-Familial Groups
	Risk factors	With affected parents
	Without affected parents

	HR (95% CI)	HR (95% CI)
	Blood pressure (mmHg)		
	SBP < 120 & DBP < 80 (reference)	1.00	1.00
	SBP 120-129 & DBP < 80	1.00 (0.62-1.61)	1.02 (0.92-1.13)
	SBP 130-139 or DBP 80-89	1.18 (0.85-1.63)	0.98 (0.91-1.05)
	SBP 140-179 or DBP 90-119	1.51 (0.99-2.31)	0.95 (0.85-1.05)
	SBP ≥ 180 or DBP ≥ 120	2.36 (0.32-17.3)	0.99 (0.57-1.71)
	Fasting Blood sugar (mg/dL)		
	< 100 (reference)	1.00	1.00
	100-125	1.05 (0.58-1.90)	1.01 (0.88-1.16)
	≥126	1.48 (0.77-2.84)	1.48 (1.27-1.72)
	Body mass Index (kg/m2)		
	< 18.5 (reference)	1.00	1.00
	18.5-22.9	2.45 (1.58-3.82)	1.09 (0.97-1.23)
	23-24.9	1.63 (1.13-2.33)	0.99 (0.91-1.07)
	25	1.38 (0.96-1.98)	0.98 (0.91-1.06)
	Total cholesterol (mg/dL)		
	< 200 (reference)	1.00	1.00
	200-239	1.15 (0.85-1.55)	1.09 (1.01-1.17)
	≥ 240	0.78 (0.45-1.35)	1.05 (0.93-1.17)
	Smoking (pack/year)		
	Non-smoker (reference)	1.00	1.00
	<10	1.04 (0.70-1.55)	0.83 (0.76-0.91)
	2025-10-19	0.78 (0.49-1.25)	0.69 (0.62-0.77)
	20-29	0.87 (0.43-1.77)	0.67 (0.57-0.80)
	30-39	0.73 (0.23-2.35)	0.74 (0.58-0.94)
	≥40	-	0.91 (0.66-1.26)
	Physical activity		
	<2 times/week (reference)	1.00	1.00
	≥3 times/week	0.70 (0.46-1.08)	1.02 (0.93-1.10)
	Alcohol consumption (drink/week)		
	Non-drinker (reference)	1.00	1.00
	<1	0.96 (0.67-1.39)	0.90 (0.82-0.98)
	≥1	0.32 (0.15-0.67)	0.93 (0.84-1.04)


Abbreviations: HR: hazards ratio, CI: confidence interval, SBP: systolic blood pressure, DBP: diastolic blood pressure




Discussion
Since the importance of hereditary glaucoma was first noted by von Graefe in 1869 [22], numerous studies have been conducted to investigate the familial risk of POAG. We identified a total of 24 studies that examined the familial aggregation of POAG, 13 of which systematically reported familial risk estimates, including case-control reports such as the Rotterdam study (n = 48; risk ratio (RR): 9.2, 95% CI, 1.2 – 73.9) [6], the Baltimore Eye Survey (n = 161; odds ratio (OR): 2.85, 1.82 – 4.46) [23], a prospective study from Shanghai (n = 113; OR 8.77, 3.73 – 20.62) [24], a French report (n = 175; OR 7.67, 3.25 – 18.1) [13] and a hospital-based Hong Kong study (n = 32; OR 20.2, 2.18 – 187) [25]. Population-based studies from Sweden [15] and Utah [16] estimated POAG familial risk as a standardized incidence ratio of 2.75 (95% CI 2.69 – 2.80) and RR of 6.25 (95% CI 3.94 – 9.90), respectively. Although the familial risk in our study is lower than these estimates, it should be taken into consideration that the risk estimates of case-control studies are often higher than cohort studies even though their cases and controls are similar. Moreover, these previous studies typically recruited participants from medical centres or hospitals [12,24,26], and consequently may have included more selective cases than in the general population. Existing population-based studies acquired data from hospital discharge databases, which may not be representative of the general population.
Cross-sectional studies from Melbourne (n = 187; OR 3.1, 95% CI 1.6 –5.3) [8], Tasmania (n = 1700; OR 4.1, 3.2 –5.2) [12], Blue Mountains (n = 3654; OR 3.2, 1.8 –5.6) [27] and Harbin (n = 4956; OR 14.58, 6.05 –35.15) [28] have also investigated the familial aggregation of POAG. Additionally, cohort studies such as the Beaver Dam Eye Study (n = 5,924) [9] reported a heritability estimate of 0.36 for increased IOP, the Nottingham Family Glaucoma Screening Study (n = 271) [26] observed a sibling prevalence of 11.8% (95% CI 8.0% –15.7%) and the Barbados Eye Study (n = 3,222) [10] described an RR of 2.40 (1.30 –4.60).
Three of these studies were strengthened by their use of ophthalmic exam to detect glaucoma among the family of patients [6,12,24]. However, several prior studies used questionnaires or interviews in acquiring information on family relationships and disease diagnosis [8,12,23], which may be prone to selective recall. We obtained information on family relationships from NHI beneficiary data and POAG cases were diagnosed by an ophthalmologist based on ICD-10 codes and most clinics use IOP measurements to accurately diagnose POAG. Moreover, most previous case-control and cohort studies included up to a few hundred or thousand participants, respectively, and therefore did not yield the statistical power necessary to calculate precise familial risk estimates. Our study, on the other hand, included six million individuals and provided the time-related HR as a familial risk estimate by following-up the FDR of POAG patients after their diagnosis, as well as POAG-unaffected FDR. It should also be taken into consideration that our study included the offspring of affected parents rather than siblings, who are known to have a higher risk of disease compared to parent-offspring relationships [23].
We observed age-dependence for familial risk of POAG, as higher HRs in younger age groups declined when age increased. In line with findings from other diseases, such early disease onset is characteristic of genetically predisposed diseases. It has been suggested that genetically determined disease features are more sensitive to environmental factors in adult-onset POAG due to disruption of normal physiologic homeostatic mechanisms [29].
The overall sex-specific familial risk of POAG was higher in females compared to males (HR 5.31 vs 2.97), though the background incidence was lower in females. We also found that according to family relationship, females with affected father and mother were at a higher risk than males. For the underlying mechanism, a genetic predisposition that is unique to women may be considered, which is supported by X-chromosome mediation of innate immune response and immune tolerance.
Our findings indicate that disease risk among hypertensive or hyperglycemic individuals with a positive family history is higher than the general population, and among persons with just one factor (i.e. with hypertension/hyperglycemia without a family history or vice versa). The combined effect of hypertension with a family history was higher than the sum of their individual effects, although this was statistically insignificant, and for hyperglycemia, its combined effect was similar to the sum of its individual effects. Our statistically non-significant results indicate that these factors may independently influence the development of POAG rather than potentiating each other. Our study suggests that individuals with a positive family history who are either hypertensive or hyperglycemic may be considered a high-risk group and should be advised to undergo genetic counseling. Glaucoma screening for these high-risk individuals may also be considered.
Genome-wide association studies have implicated up to 74 loci involved in the pathogenesis of POAG [30,31], such as CAV1/CAV2, CDKN2B-AS1, SIX1/SIX6, NTM and CNTNAP4 genes [32]. Well-established SNPs include those from CDKN2B-AS1, ATOH7, CDC7-TGFBR3 and TMCO1[31]. Although a limited number of gene-environment studies have been performed on POAG, a few studies have identified an interactive relationship between POAG-associated genes and lifestyle factors [33-37]. For instance, one genetic study found that TT homozygotes carriers for nitric oxide synthase 3 (NOS3) T-786C SNP with hypertension had an increased risk of disease compared to those without hypertension [17] and studies have reported evidence for a gene-environment interaction between glaucoma metabolism and type II diabetes mellitus [29].
It is possible that the genetic variants related to the biological pathways induced by hypertension and hyperglycemia are also engaged in the pathogenesis of POAG, such as lipid metabolism (ABCA1, CAV1/CAV2, ARHGEF12), cytokine signalling (CDKN2BAS, TGFBR2, FNDC3B), fucose and mannose metabolism (GMDs, PMM2), and oxidative stress/inflammation [38]. Future studies are needed to investigate the genes involved in hypertension/hyperglycemia in order to assess their potential interactions.
While our findings represent the ‘average’ effects of these POAG-related genes, genes may have a varying relationship with lifestyle factors and we cannot rule out the existence of interactions between specific genes and hypertension or hyperglycemia. Consequently, further gene-environment interaction studies are needed in order to assess the interactive relationship between POAG-related genes and hypertension and hyperglycemia, especially at the genome-wide level.
One limitation of our study is the use of administrative data, which may raise concerns regarding the validity of the POAG diagnosis. It is also possible that a number of cases were not included in our study, since POAG is a silent disease that is not diagnosed until screening or the onset of severe symptoms. However, because glaucoma screening using IOP measurement is widespread and easily accessible in South Korea, the number of undiagnosed cases missed by our study is likely to be low.

Conclusion
Our population-based study found a 3.13-fold increased familial risk of POAG and our findings suggest that genetic contribution is the predominant driver in the familial aggregation. Individuals with a positive family history and either hypertension or hyperglycemia should be considered a high-risk group and be considered for glaucoma screening.
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