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Time-to-event modeling of hypertension

reveals the nonexistence of true controls
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Center for Research on Genomics and Global Health, National Human Genome
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Abstract Given a lifetime risk of ~90% by the ninth decade of life, it is unknown if there are true
controls for hypertension in epidemiological and genetic studies. Here, we compared Bayesian
logistic and time-to-event approaches to modeling hypertension. The median age at hypertension
was approximately a decade earlier in African Americans than in European Americans or Mexican
Americans. The probability of being free of hypertension at 85 years of age in African Americans
was less than half that in European Americans or Mexican Americans. In all groups, baseline hazard
rates increased until nearly 60 years of age and then decreased but did not reach zero. Taken
together, modeling of the baseline hazard function of hypertension suggests that there are no true
controls and that controls in logistic regression are cases with a late age of onset.

Introduction

Hypertension, or abnormally high blood pressure, is common in the US, affecting approximately
45% of adults (Centers for Disease Control and Prevention, National Center for Health Statistics,
2018). Hypertension is a risk factor for heart disease and stroke and causes or contributes to nearly
half a million deaths a year (Centers for Disease Control and Prevention, 2019). Globally, an esti-
mated 1.13 billion people have hypertension, and less than 20% of these people have their blood
pressure under control (World Health Organization, 2019).

Systolic blood pressure (SBP) has a general tendency to increase linearly with age, across sexes
and ethnic groups (Burt et al., 1995). Diastolic blood pressure (DBP) has a general tendency to
increase until the end of the fifth decade of life, after which DBP either stabilizes or decreases, again
across sexes and ethnic groups (Burt et al., 1995). In the Framingham Heart Study, an individual
who is normotensive at 55-65 years of age has an 80-90% residual lifetime risk of developing hyper-
tension, adjusted for competing causes of mortality (Vasan et al., 2002). Compared to age-matched
European Americans, hypertension in African Americans develops at an earlier age and is more prev-
alent (Chobanian et al., 2003; Cooper et al., 1996; Mozaffarian et al., 2016).

A common approach in genetic epidemiology studies of hypertension involves coding the out-
come as a binary variable representing cases and controls and proceeds with logistic regression.
Given that the lifetime risk is so high, we first investigated whether a proportional hazards model in
time-to-event analysis yields a better fit than logistic regression. Second, as time-to-event analysis
assumes that the event will occur, that is, that every individual will become hypertensive if they live
long enough, we investigated a proportional hazards model including a fraction of individuals that
will never become hypertensive and hence are true epidemiological controls. Third, using an agnos-
tic model screening approach, we explored the issue of what covariates to include and how much
variance they explain. We performed these analyses in an observational study of African Americans
and then replicated and extended our findings in a nationally representative study of African Ameri-
cans, European Americans, and Mexican Americans.
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Results

Time-to-event analysis
Across African Americans, European Americans, and Mexican Americans, median systolic blood
pressure increased with age, whereas median diastolic blood pressure increased and then decreased
(Figure 1). In time-to-event analysis, the probability of not having hypertension decreased across the
entire age range (Figure 2). However, in all three groups, there was an inflection point in middle
age after which the probability of having hypertension increased at a slower rate (Figure 2). Despite
this slowdown, the probability of not having hypertension was not zero, even by the middle of the
ninth decade (Figure 2). In the discovery study (HUFS), by 85 years of age, 12.2% (95% credible
interval (Cl) [5.1%, 20.6%]) of African Americans remained free of hypertension (Figure 2). In the rep-
lication study (NHANES), by 85 years of age, 8.4% (95% CI [5.4%, 11.6%]) of African Americans,
21.4% (95% CI1 [18.1%, 24.6%)]) of European Americans, and 20.6% (95% CI [13.6%, 27.3%)) of Mexi-
can Americans remained free of hypertension (Figure 2). The median age at which hypertension
occurred was 48 (95% CI [45, 50]) years for African Americans in HUFS and 42 (95% CI [40, 44]) years
for African Americans, 57 (95% ClI [55, 59]) years for European Americans, and 56 (95% CI [54, 58])
years for Mexican Americans in NHANES (Figure 2).

We next investigated seven distributions, six parametric, and one nonparametric, for the baseline
hazard function in a proportional hazards model. Generalized gamma, loglogistic, and exponential
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Figure 1. Blood pressure among normotensive and untreated individuals. The solid red horizontal line represents
the diagnostic threshold of 140 mm Hg and the solid blue horizontal line represents the diagnostic threshold of 90
mm Hg.
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Figure 2. Time-to-event curves.

distributions all yielded poor fits to the HUFS data (Figure 3). Log-normal, gamma, and Weibull dis-
tributions all yielded good fits to the HUFS data (Figure 3), with the log-normal distribution yielding
the highest likelihood of the six parametric distributions (Table 1). Overall, a nonparametric hazard
function yielded the highest likelihood (Table 1). However, we could not perform model comparison
between the log-normal distribution of the baseline hazard function and the nonparametric hazard
function in the frequentist framework because it is unclear how to measure the dimensionality of the
nonparametric hazard function.

Based on a Bayesian model in which the hazard rates were gamma distributed with a correlated
prior process, we estimated the underlying hazard rates. Across African Americans, European Ameri-
cans, and Mexican Americans, hazard rates increased and then decreased (Figure 4). The initial haz-
ard rate for African Americans (0.0123 (95% highest posterior density interval [0.0091, 0.0161])) was
larger than the initial hazard rate for both European Americans (0.0028 (95% highest posterior den-
sity interval [0.0013, 0.0044])) and Mexican Americans (0.0036 (95% highest posterior density interval
[0.0019, 0.0052])). The maximum hazard rate for African Americans (0.0630 (95% highest posterior
density interval [0.0341, 0.0940])) was trending larger than the maximum hazard rate for European
Americans (0.0368 (95% highest posterior density interval [0.0200, 0.0546])) and Mexican Americans
(0.0417 (95% highest posterior density interval [0.0219, 0.0635])). The age of maximum hazard was
55 (95% ClI [43, 72]) years in HUFS and 58 (95% CI [48, 67]) years in African Americans, 60 (95% ClI
[52, 70]) years in European Americans, and 58 (95% CI [48, 69]) years in Mexican Americans in
NHANES (Figure 4).
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Figure 3. Parametric hazard functions.

Proportional hazards vs. logistic models

Using the HUFS data, we found that logistic regression yielded a better fit than the proportional haz-
ards model based on the DIC, provided that both age and age? were included as covariates in the
logistic regression model (Table 2). Using logistic regression, the addition of age to the reduced
(intercept-only) model resulted in a substantially lower DIC (Table 2), with a linear effect of age
explaining 27.8% of the variance at the cost of one additional parameter. The addition of age? fur-
ther decreased the DIC (Table 2), explaining an additional 0.8% of the variance at the cost of one
additional parameter. With smoothing, the effective dimensionality of the proportional hazards
model was 3.3, comparable to the dimensionality of 3.0 for the logistic model adjusted for age and
age2 (Table 2). We also found that inclusion of a permanent stayer fraction increased the DIC of the
proportional hazards model, indicating that inclusion of a permanent stayer fraction was not sup-
ported (Table 2).

Table 1. Likelihoods for several parametric and nonparametric baseline hazard functions.

Distribution -In(Likelihood)
Nonparametric 553.690
Log-normal 580.417
Gamma 580.589
Weibull 582.688
Exponential 624.069
Loglogistic 625.762
Generalgamma 638.588
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Figure 4. Nonparametric baseline hazard functions.

Model selection

We used forward-backward regression to perform model selection on a set of 38 potential covari-
ates. In the HUFS data set, the final model included six of these covariates: chloride, insulin, low-den-
sity lipoprotein cholesterol, potassium, uric acid, and weight. Compared to the logistic model with
age and age?, these six covariates improved the fit (p=2.01 x 107"°) and explained an additional
8.1% of the variance, for a total of 36.7% of variance explained. Each of these six covariates were
replicated (p-values from 2.81 x 1072 to 1.83 x 1073 and directionally consistent in NHANES Afri-
can Americans (Table 3). Furthermore, chloride, low-density lipoprotein cholesterol, potassium, uric
acid, and weight, but not insulin, were significant covariates in NHANES European Americans,
whereas chloride, insulin, low-density lipoprotein cholesterol, uric acid, and weight, but not

Table 2. Effective dimensionality of logistic and proportional hazards models.

Model Parameters DIC pD
Logistic intercept 1406.6 1.0
Logistic intercept, age 1171.2 2.0
Logistic intercept, age, age? 1165.3 3.0
Proportional hazards o, B, Aot 1166.5 3.3
Proportional hazards o, B, Aolt), 1167.3 4.0
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Table 3. Replication of covariates from model selection in African Americans.

HUFS ( = 1,014) NHANES ( = 5,135)
Variable Estimate SE p-Value Estimate SE p-Value
Chloride (mmol/L) —0.0253 0.0122 3.81E-02 —0.0241 0.0110 2.81E-02
Insulin (mIU/L) 0.0112 0.0054 3.61E-02 0.0115 0.0044 9.04E-03
LDL cholesterol (mg/dL) —0.0031 0.0013 1.75E-02 —0.0018 0.0008 3.04E-02
Potassium (mmol/L) —0.2553 0.1016 1.20E-02 —0.5695 0.0930 9.30E-10
Uric acid (mg/dL) 0.1713 0.0351 1.04E-06 0.1283 0.0227 1.66E-08
Weight (lbs.) 0.0033 0.0011 2.36E-03 0.0106 0.0015 1.83E-12

potassium, were significant covariates in NHANES Mexican Americans (Table 4). The borderline
non-significance of potassium in NHANES Mexican Americans reflected a smaller sample variance, a
smaller effect size estimate, and a larger standard error for the effect size, which could be compen-
sated for by increasing the sample size by 20%. In NHANES, the variance explained by age, age?,
chloride, low-density lipoprotein cholesterol, uric acid, and weight was 40.9% in African Americans,
34.8% in European Americans, and 28.3% in Mexican Americans.

We further investigated two unexpected results of the model selection. One, sex was not
selected in the final model. Of the selected covariates, three showed sex dimorphisms in HUFS by
Welch's t-test, with uric acid and weight higher in males and low-density lipoprotein cholesterol
higher in females (Table 5). Second, across African Americans, European Americans, and Mexican
Americans, increasing low-density lipoprotein cholesterol was associated with decreased risk of
hypertension (Tables 3 and 4). As the direction of this effect was unexpected, we reanalyzed the
HUFS African Americans accounting for lipids medications. Self-reported use of any lipid medication
(coded as yes/no) was associated with increased risk of hypertension (p=1.25 x 10%) but increasing
low-density lipoprotein cholesterol remained associated with decreased risk of hypertension
(p=4.46 x 107?). Of the individuals in this sub-analysis, 8.3% reported use of any lipid medication, all
instances of which involved statins, so drug class was not a confounder.

To investigate the possibility of time-dependent covariates, we added interaction terms to the
full logistic model (with age, age? and the selected covariates). For each of the selected covariates,
the Akaike information criterion was larger for the model containing a term that interacted with age
(Table 6). Thus, the evidence does not support time-dependence for any of the selected covariates.

2017 revised classification of hypertension

We reanalyzed the HUFS data based on the 2017 reclassification of hypertension as SBP >130 mm
Hg or DBP >80 mm Hg (Whelton et al., 2018). Under these more stringent thresholds, the preva-
lence of hypertension increased from 48.3% to 66.1%, the median time to hypertension decreased
to 36 years (95% CI [33, 39]), the age at maximum hazard increased to 57 (95% CI [33, 72]) years,
and the lifetime risk at 85 years of age increased to 95.8% (95% CI[90.3%, 99.2%)]). The 95% highest
posterior density interval of the permanent stayer fraction included zero.

Table 4. Covariates from model

selection in European Americans and Mexican Americans.

European Americans ( = 10,023) Mexican Americans ( = 5,040)
Variable Estimate SE p-Value Estimate SE p-Value
Chloride (mmol/L) —0.0656 0.0077 1.99E-17 —0.0534 0.0153 4.85E-04
Insulin (mIU/L) 0.0022 0.0051 6.76E-01 0.0111 0.0039 5.05E-03
LDL cholesterol (mg/dL) —0.0023 0.0006 1.38E-04 —0.0049 0.0013 1.88E-04
Potassium (mmol/L) —0.3524 0.0683 2.49E-07 —0.2331 0.1298 7.25E-02
Uric acid (mg/dL) 0.1391 0.0165 3.16E-17 0.0833 0.0315 8.28E-03
Weight (lbs.) 0.0150 0.0016 5.61E-21 0.0164 0.0027 2.72E-09
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Table 5. Sexual dimorphism among covariates in HUFS.

Variable Male ( = 414) Female ( = 600) p-Value
Chloride (mmol/L) 101.4 (4.4) 101.1 (5.3) 0.482
Insulin (mIU/L) 10.9 (15.3) 12.0 (11.9) 0.228
LDL cholesterol (mg/dL) 111.3 (38.0) 117.9 (38.7) 7.28E-03
Potassium (mmol/L) 45(0.7) 4.4 (1.3) 0.052
Uric acid (mg/dL) 6.3 (1.5) 5.0 (1.5) 6.36E-35
Weight (lbs.) 194.4 (52.2) 186.1 (52.5) 0.014
Discussion

Time-to-event analysis of hypertension with a primary focus on modeling the baseline hazard func-
tion recapitulated three known health disparities. One, at the earliest ages, the baseline hazard rate
was higher in African Americans compared to European Americans and Mexican Americans. Two,
the median age when hypertension occurred was approximately a decade earlier for African Ameri-
cans compared to European Americans and Mexican Americans. Three, by the middle of the ninth
decade of life, the probability of African Americans remaining free of hypertension was less than half
the probability for European Americans and Mexican Americans.

The Bayesian model of the hazard rates revealed an inflection point, consistent with the log-nor-
mal parametric distribution yielding the best fit among the parametric distributions we explored. A
decrease in hazard rates implies that the number of events decreases or that the number of individu-
als at risk increases. We suggest that the simplest explanation for the inflection point in hazard rates
is the change in trajectory of DBP, with the decrease in DBP leading to a decreased hazard of hyper-
tension and consequently a reduced number of events. We cannot rule out the possibility that there
are individuals who are at less risk, although the finding that the hazard rate does not reach zero (by
85 years of age) indicates the continued presence of risk. It is also possible that mortality due to
comorbidities begins to subside by around 60 years of age, leading to reduced hazard rates of
hypertension in older ages.

To enable model comparison between logistic regression and proportional hazards analysis, we
used the DIC, which is based on an estimate of dimensionality. The existence of the inflection point
in the baseline hazard function implies an approximately quadratic effect of age, which in logistic
regression is captured by an age? term with a negative regression coefficient. Our results indicated
that the proportional hazards model we used, which incorporated smoothing to prevent over-param-
eterization, and logistic regression with age and age?, provide comparable fits. Therefore, we rec-
ommend that studies of hypertension using a case-control design should always include a logistic
regression adjustment for both linear and quadratic effects of age.

In addition to non-zero hazard rates, evidence for the lack of existence of true controls comes
from the modeling of a permanent stayer fraction. We found that the permanent stayer fraction
essentially corresponded to the fraction of individuals who had not yet become hypertensive at the
last observed age. As the permanent stayer fraction did not capture any additional information,
models including the permanent stayer fraction had a worse fit compared to models without that

Table 6. Time-dependence for selected covariates in HUFS.

Interaction term AIC

None 1096.053
Age x chloride 1096.695
Age x insulin 1097.190
Age x low-density lipoprotein cholesterol 1097.748
Age x potassium 1097.956
Age x uric acid 1097.919
Age x weight 1097.013
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additional parameter. A major implication for proportional hazards analysis is that the assumption
that the event will occur for every individual at some point in time, unless the individual dies first, is
valid. A major implication for logistic regression is that controls should be interpreted as individuals
that have not yet become hypertensive, rather than as individuals who will not become hypertensive.

Traditional risk factors for hypertension include excess body weight, excess dietary sodium intake,
reduced physical activity, deficiency of potassium, and excess alcohol intake (Chobanian et al.,
2003). Our results have three implications regarding these risk factors. One, we confirmed that
excess weight and low potassium, but not excess sodium, were risk factors in our multiple regression
model. It is possible that the inclusion of chloride could account for the effects of sodium. We found
that chloride was negatively associated with hypertension. Although high dietary intake of chloride is
a risk factor for hypertension, lower serum chloride levels have been associated with higher risks of
hypertension and cardiovascular disease and higher all-cause and cause-specific mortality among
hypertensives (McCallum et al., 2013; Taylor et al., 2007). Two, longitudinal analysis of 30 years of
follow-up in the Framingham Heart Study showed that the incidence rate of hypertension increased
faster in females than in males, with females having lower incidence under 50 years of age and
higher incidence over 50 years of age (Dannenberg et al., 1988). In contrast, we found that sex was
not a significant covariate, although low-density lipoprotein cholesterol, uric acid, and weight
showed sex dimorphisms. Three, we did not have data on birth weight, but our findings regarding
hazard rates at early ages are consistent with low birth weight being a risk factor for hypertension
(Lackland et al., 2003) and African Americans having lower birth weight than European Americans
(David and Collins, 1997).

Low-density lipoprotein cholesterol has been reported to be positively associated with hyperten-
sion, but this association generally does not remain significant after covariate adjustment
(Haffner et al., 1992; Laaksonen et al., 2008; Otsuka et al., 2016; Sesso et al., 2005;
Wildman et al., 2004). In contrast, we found that low-density lipoprotein cholesterol was negatively
associated with hypertension, across African Americans, European Americans, and Mexican Ameri-
cans. The explanation for this discrepancy is unclear, but we present evidence against three possibili-
ties. We obtained a negative association in both single and multiple regression models, suggesting
that the opposite direction of effect was not due to other (known) covariates. We also found that the
opposite direction of effect was not due to a time-dependent effect. Furthermore, the opposite
direction of effect was not due to confounding by self-reported use of medication (i.e. statins). Stud-
ies of the relationship between low-density lipoprotein cholesterol and healthy aging have led to
conflicting conclusions, with some studies reporting a negative association (Barzilai et al., 2001,
Postmus et al., 2015) and other studies reporting a positive association (Lv et al., 2015; Lv et al.,
2019; Rantanen et al., 2015). One possible explanation for this discrepancy is survival bias, if indi-
viduals with higher low-density lipoprotein cholesterol disproportionately experience mortality prior
to the onset of hypertension. Given that both data sets in our study were observational, we lack fol-
low-up data to model all-cause or cause-specific mortality as a competing risk.

Uric acid is associated with hypertension, but whether this association is causal remains unestab-
lished. Mendelian randomization (MR) studies have provided conflicting evidence regarding the cau-
sality of uric acid for hypertension, with evidence for no effect (Palmer et al., 2013), protection
(Sedaghat et al., 2014), and risk (Parsa et al., 2012). MR studies have reported that uric acid is not
causal for adiposity, chronic kidney disease, triglycerides, type 2 diabetes, or obesity (Jordan et al.,
2019; Kleber et al., 2015; Lyngdoh et al., 2012; Rasheed et al., 2014). In contrast, higher adipos-
ity, higher body mass index, lower high-density lipoprotein cholesterol, and higher triglycerides are
causally associated with increased uric acid (Lyngdoh et al., 2012, Palmer et al., 2013,
Rasheed et al., 2014; Yu et al., 2019). The association of uric acid with hypertension may reflect
pleiotropy through linked metabolic pathways, perhaps those involving lipid metabolism (Li et al.,
2019).

The African Americans in HUFS were all recruited and enrolled in Washington, D.C. The fact that
neither the last completed grade of education nor income were significant predictors during model
selection may reflect homogeneity of study participants within one city. In contrast, the African
Americans in NHANES were recruited nationwide. All covariates that were significant during model
selection in HUFS replicated in NHANES African Americans, indicating that the findings in HUFS
were generalizable to the national level.
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In summary, by Bayesian modeling of the baseline hazard function in time-to-event analysis of
hypertension, we found that logistic regression, if adjusted for both linear and quadratic effects of
age, yielded a fit comparable to proportional hazards regression. We found no evidence to support
the existence of true controls, suggesting that if an individual lives long enough, hypertension is
inevitable. Finally, we found that the combination of chloride, low-density lipoprotein cholesterol,
uric acid, and weight, in addition to age and age?, accounted for 40.9% of the variance of hyperten-
sion in African Americans, 34.8% in European Americans, and 28.3% in Mexican Americans, simulta-
neously consistent with common risk factors among the groups and heterogeneity across the
groups.

Materials and methods

(species) or Source or Additional
resource Designation reference Identifiers information
Software, R Project for R Project for RRID:SCR_001905
algorithm Statistical Statistical

Computing Computing

Discovery study

The Howard University Family Study (HUFS) is a population-based observational study of African
American families and unrelated individuals from Washington, D.C. (Adeyemo et al., 2009). Ethics
approval for the Howard University Family Study (HUFS) was obtained from the Howard University
Institutional Review Board (protocol number IRB-06-GSAS-32-A) and written informed consent was
obtained from each participant. All clinical investigation was conducted according to the principles
expressed in the Declaration of Helsinki. Families and individuals were not ascertained based on any
phenotype. Weight was measured on an electronic scale to the nearest 0.1 kg. Height was measured
on a stadiometer to the nearest 0.1 cm. Body mass index (BMI) was calculated as weight divided by
the square of height (kg/m?). Waist circumference was measured to the nearest 0.1 cm at the nar-
rowest part of the torso. Hip circumference was measured to the nearest 0.1 cm at the widest part
of the buttocks. The waist-hip ratio was calculated as waist circumference in cm divided by hip cir-
cumference in cm. Fat mass and fat-free mass were estimated using bioelectrical impedance analysis
with a validated population-specific equation as previously described (Luke et al., 1997). Percent fat
mass was defined as fat mass divided by weight x100. Blood pressure was measured while seated
using an oscillometric device (Omron Healthcare, Inc, Bannockburn, lllinois). Three readings were
taken at 10 min intervals. Reported readings were the averages of the second and third readings.
Hypertension was defined as SBP >140 mm Hg, DBP >90 mm Hg, or treatment with anti-hyperten-
sive medication. Blood was drawn after an overnight fast of at least 8 hr and all collected samples
were stored at —80°C pending biochemical assay. Creatinine, total cholesterol, high-density lipopro-
tein cholesterol, low-density lipoprotein cholesterol, triglycerides, fructosamine, glucose, alkaline
phosphatase, alanine aminotransferase, total bilirubin, sodium, potassium, chloride, calcium, uric
acid, urea, C-reactive protein, albumin, bicarbonate, and total protein were measured using COBAS
INTEGRA tests (Roche Diagnostics, Indianapolis, Indiana). Cortisol and insulin were measured using
Elecsys assays (Roche Diagnostics). Creatinine clearance was calculated using the Cockcroft-Gault
equation and the estimated glomerular filtration rate (eGFR) was calculated using the four-variable
Modification of Diet in Renal Disease Study equation (National Kidney Foundation, 2002;
Levey et al., 1999). T2D case status was defined as fasting plasma glucose level >126 mg/dL or
treatment with anti-diabetic medication. T2D control status was defined as fasting plasma
glucose <100 mg/dL and no treatment with anti-diabetic medication. The last completed grade of
education and income were self-reported on a questionnaire. The proportions of African and Euro-
pean ancestry were estimated as described previously (Shriner et al., 2011). We extracted a subset
of 1014 unrelated individuals.
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Bayesian logistic regression and time-to-event analysis
Let T represent the time of an event and S(r) = Pr(T>t) represent the survival function, that is, the
probability of being event-free as a function of observation time 7. With cross-sectional data, there is
a single observation for each individual. If the individual has not yet experienced the event, then the
event time is right censored, because the event is presumed to occur some unknown time after
observation. If the individual has already experienced the event, then the event time is left censored,
because the event occurred at some unknown time prior to observation. The combination of left and
right censored data is known as interval censored data. We performed interval censored propor-
tional hazards analysis using the R package icenReg.

To perform Bayesian modeling, we used WinBUGS, version 1.4 with the R package R2WinBUGS.
For the it individual, we modeled logistic regression as:

yi~Bernoulli(6;)
logit(0;) =

a~Norma1(O, 106).

In this reduced model, the prior distribution for the intercept a follows a diffuse normal distribu-
tion with mean 0 and variance 10°. We ran three chains of 10,000 iterations, with a burn-in of 2500
iterations and thinning of 10, yielding a posterior sample based on 2250 iterations. We assessed con-
vergence using the potential scale reduction factor Rhat, which should equal 1 at convergence for all
monitored parameters. We assessed model fit using the deviance information criterion (DIC). We
then added age to the reduced model and ran three chains of 10,000 iterations, with a burn-in of
2500 iterations and thinning of 10, yielding a posterior sample of 2250 iterations. Next, we added
age and age2 to the reduced model and ran three chains of 100,000 iterations, with a burn-in of
10,000 and thinning of 50, yielding a posterior sample of 5400 iterations. In all instances, effect sizes
followed a diffuse normal prior distribution with mean 0 and variance 10°.

We performed time-to-event analysis using a proportional hazards model (Congdon, 2003). The
hazard function h(r) defines the instantaneous risk of the event at time 7, conditional on being event-
free at that time:

Pr(t<T<t+ AT >1)
Ar—0 At

Given the hazard function h(r), the cumulative hazard function H(#) and the survival function S(z)
are defined as follows:

H(t) = / h()du

0
S(t)=Pr(T>1)=e "0

In Cox’s proportional hazards model (Cox, 1972), the hazard function A(¢|z) is given by Ao (¢)e, in
which Ay(#) is the baseline hazard function and z is a covariate with coefficient B. In the absence of
covariates, the hazard function is equivalent to the baseline hazard function, A(f) =A(r). We mod-
eled the hazard rates as gamma-distributed with a correlated prior process (Arjas and Gasbarra,
1994; Congdon, 2006). Specifically, the hazard rates were:

Ao(t=0)~Gamma(a,B)

Xo(t+ 1)~Gamma(a,/\i(t))

a~Uniform(10, 100)
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B~Uniform(0.001,0.01).

In this model, the expected value of (¢ + 1) equals A(#) and hence the hazard function is a mar-
tingale. We divided time into intervals of one year and assumed that the baseline hazard was con-
stant within intervals.

A major assumption of time-to-event analysis is that the event will occur for every individual at
some point in time, although the individual may die before the event would have occurred. This
assumption can be relaxed by incorporating a permanent stayer or cured fraction, that is, a fraction
of individuals who will never experience the event. In our context, this fraction represents individuals
who never develop hypertension and hence are true epidemiological controls. Let 7 represent the
permanent stayer fraction. Then, the survival function for the entire population S,(7) is the two-com-
ponent mixture model S,(¢t) = 7+ (1 — m)S(r) (Gu et al., 2011). We assigned to 7 the prior distribu-
tion Uniform(0, 1).

Model selection

We tested 38 covariates for inclusion in the model: sex; weight, height, hip circumference, waist cir-
cumference, waist-hip ratio, body mass index; fat mass, fat-free mass, percent fat mass; type 2 dia-
betes status, fasting glucose, fasting insulin, fructosamine; triglycerides, high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol, total cholesterol; creatinine, creatinine clearance,
estimated glomerular filtration rate; alkaline phosphatase, alanine aminotransferase, total bilirubin;
last grade of education completed, income; percent African ancestry; calcium, chloride, potassium,
sodium; albumin, carbon dioxide, C-reactive protein, total protein, uric acid, urea, and cortisol. We
used a four-step forward-backward regression procedure to perform model selection. First, we fit a
single regression model for each covariate. Second, we fit a multiple regression model with all signif-
icant predictors from step 1 and used backward selection to remove nonsignificant predictors. Third,
starting with the final model from step 2, we reconsidered each nonsignificant covariate from step 1
using forward selection. Fourth, we performed a final pruning step on the final model from step 3.
For every test, we declared a significance level of 0.05. Pseudo-r? values were estimated using the

Dy —Dy

%, in which D is the deviance, Dy is the null deviance, and n is the sample size
(Nagelkerke, 1991). Finally, we added age, agez, and selected covariates to the Bayesian logistic
regression model described above and ran three chains of 1,000,000 iterations, with a burn-in of
100,000 iterations and thinning of 1,000, yielding a posterior sample of 2700 iterations. Effect sizes

formula r? =

for all covariates followed a diffuse normal prior distribution with mean 0 and variance 10°.

Replication study

The National Center for Health Statistics of the US Centers for Disease Control and Prevention con-
ducts the ongoing National Health and Nutrition Examination Survey (NHANES). The survey com-
prises an in-home interview and a clinical examination by a mobile examination center. We retrieved
16 years of examination data (from 1999 to 2014) from the CDC portal (http://wwwn.cdc.gov/Nchs/
Nhanes). We downloaded the variables BMXWT, BPQ020, BPQO40A, BPXDI1, BPXDI2, BPXDI3,
BPXDI4, BPXSY1, BPXSY2, BPXSY3, BPXSY4, LBDLDL, LBXIN, LBXSCLSI, LBXSKSI, LBXSUA, RIDA-
GEEX, RIAGENDR, RIDRETH1, SDVMVPSU, SDMVSTRA, and WTSAF2YR. SBP was defined as the
average of BPXSY1, BPXSY2, BPXSY3, and BPXSY4. DBP was defined as the average of BPXDI1,
BPXDI2, BPXDI3, and BPXDI4. Hypertension was defined as SBP > 140 mm Hg, DBP > 90 mm Hg,
treatment with anti-hypertensive medication, or having ever been diagnosed by a doctor. Strata,
clusters, and weights were designed to make statistical estimates representative of the non-institu-
tionalized, civilian US population. We included the strata variable SDMVSTRA as a factor with 118
levels. The factor SDMVPSU defined clusters nested within strata. There were up to three levels of
cluster within each stratum, yielding a total of 241 combinations of stratum and cluster. Individuals
with fasting samples represented less than half of the individuals assessed by interview or the mobile
examination center, such that some clusters and some strata were empty or sparse. Consequently,
we omitted the cluster factor. To account for eight survey cycles, we multiplied the weights WTSA-
F2YR equally by 1/8. For each value of RIDRETH, we rescaled the weights by dividing by the mean.
For the survey cycle 2013-2014, we recalibrated insulin to account for changes in the protocol:
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Insulinggiq_gge = 10(0-9765" logy (Insulings2014+0.07832)) (https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/
INS_H.htm). Across the eight survey cycles, we retrieved data for a total of 23,628 participants,
including 5146 African Americans (‘'non-Hispanic Blacks’), 10,023 European Americans (‘'non-Hispanic
Whites'), and 5059 Mexican Americans.

Code availability
WinBUGS code is available at https://github.com/dshriner/Time-to-event (Shriner, 2020).

Acknowledgements

The contents of this publication are solely the responsibility of the authors and do not necessarily
represent the official view of the National Institutes of Health. This research was supported by the
Intramural Research Program of the Center for Research on Genomics and Global Health (CRGGH).
The CRGGH is supported by the National Human Genome Research Institute, the National Institute
of Diabetes and Digestive and Kidney Diseases, the Center for Information Technology, and the
Office of the Director at the National Institutes of Health (1ZIAHG200362).

Additional information

Funding
Funder Grant reference number  Author
National Human Genome Re-  1ZIAHG200362 Charles N Rotimi

search Institute

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Daniel Shriner, Conceptualization, Software, Formal analysis, Investigation, Visualization, Methodol-
ogy, Writing - original draft, Writing - review and editing; Amy R Bentley, Data curation, Writing -
review and editing; Jie Zhou, Data curation, Investigation; Kenneth Ekoru, Methodology, Writing -
review and editing; Ayo P Doumatey, Guanjie Chen, Adebowale Adeyemo, Investigation, Writing -
review and editing; Charles N Rotimi, Resources, Funding acquisition, Investigation, Project adminis-
tration, Writing - review and editing

Author ORCIDs
Daniel Shriner () https://orcid.org/0000-0003-1928-5520

Ethics

Human subjects: Ethics approval for the Howard University Family Study (HUFS) was obtained from
the Howard University Institutional Review Board (protocol number IRB-06-GSAS-32-A) and written
informed consent was obtained from each participant. All clinical investigation was conducted
according to the principles expressed in the Declaration of Helsinki.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.62998 sal
Author response https://doi.org/10.7554/elife.62998.5a2

Additional files

Supplementary files
 Supplementary file 1. Source data for the Howard University Family Study.

 Supplementary file 2. Source data for the National Health and Nutrition Examination Survey.

Shriner et al. eLife 2020;9:62998. DOI: https://doi.org/10.7554/eLife.62998 12 of 15


https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/INS_H.htm
https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/INS_H.htm
https://github.com/dshriner/Time-to-event
https://orcid.org/0000-0003-1928-5520
https://doi.org/10.7554/eLife.62998.sa1
https://doi.org/10.7554/eLife.62998.sa2
https://doi.org/10.7554/eLife.62998

e Llfe Research article

Epidemiology and Global Health

« Transparent reporting form

Data availability
Raw source data files have been de-identified and made available for both discovery and replication
data sets.

References

Adeyemo A, Gerry N, Chen G, Herbert A, Doumatey A, Huang H, Zhou J, Lashley K, Chen Y, Christman M,
Rotimi C. 2009. A genome-wide association study of hypertension and blood pressure in African Americans.
PLOS Genetics 5:e1000564. DOI: https://doi.org/10.1371/journal.pgen.1000564, PMID: 19609347

Arjas E, Gasbarra D. 1994. Nonparametric Bayesian inference from right censored survival data, using the Gibbs
sampler. Statistica Sinica 4:505-524.

Barzilai N, Gabriely |, Gabriely M, lankowitz N, Sorkin JD. 2001. Offspring of centenarians have a favorable lipid
profile. Journal of the American Geriatrics Society 49:76-79. DOI: https://doi.org/10.1046/j.1532-5415.2001.
49013.x, PMID: 11207846

Burt VL, Whelton P, Roccella EJ, Brown C, Cutler JA, Higgins M, Horan MJ, Labarthe D. 1995. Prevalence of
hypertension in the US adult population results from the third National Health and
Nutrition Examination Survey, 1988-1991. Hypertension 25:305-313. DOI: https://doi.org/10.1161/01.hyp.25.3.
305, PMID: 7875754

Centers for Disease Control and Prevention. 2019. Hypertension Cascade: Hypertension Prevalence, Treatment
and Control Estimates Among US Adults Aged 18 Years and Older Applying the Criteria From the American
College of Cardiology and American Heart Association’s 2017 Hypertension Guideline-NHANES 2013-2016:
Centers for Disease Control and Prevention.

Centers for Disease Control and Prevention, National Center for Health Statistics. 2018. Underlying Causes
of Death, 1999-2017: CDC WONDER Online Database. https://wonder.cdc.gov/wonder/help/ucd.html.

Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL, Jones DW, Materson BJ, Oparil S, Wright
JT, Roccella EJ Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood
Pressure. National Heart, Lung, and Blood Institute, National High Blood Pressure Education Program
Coordinating Committee. 2003. Seventh report of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure. Hypertension 42:1206-1252. DOI: https://doi.org/10.1161/
01.HYP.0000107251.49515.c2, PMID: 14656957

Congdon P. 2003. Applied Bayesian Modelling. England: John Wiley & Sons Ltd.

Congdon P. 2006. Second ed. Bayesian Statistical Modelling. England: John Wiley and Sons Ltd.

Cooper RS, Liao Y, Rotimi C. 1996. Is hypertension more severe among U.S. blacks, or is severe hypertension
more common? Annals of Epidemiology 6:173-180. DOI: https://doi.org/10.1016/1047-2797(96)00009-9,
PMID: 8827151

Cox DR. 1972. Regression models and life-tables. Journal of the Royal Statistical Society: Series B 34:187-202.

Dannenberg AL, Garrison RJ, Kannel WB. 1988. Incidence of hypertension in the Framingham Study. American
Journal of Public Health 78:676-679. DOI: https://doi.org/10.2105/AJPH.78.6.676, PMID: 3259405

David RJ, Collins JW. 1997. Differing birth weight among infants of U.S.-born blacks, African-born blacks, and U.
S.-born whites. New England Journal of Medicine 337:1209-1214. DOI: https://doi.org/10.1056/
NEJM199710233371706, PMID: 9337381

Gu Y, Sinha D, Banerjee S. 2011. Analysis of cure rate survival data under proportional odds model. Lifetime Data
Analysis 17:123-134. DOI: https://doi.org/10.1007/s10985-010-9171-z, PMID: 20521166

Haffner SM, Ferrannini E, Hazuda HP, Stern MP. 1992. Clustering of cardiovascular risk factors in confirmed
prehypertensive individuals. Hypertension 20:38-45. DOI: https://doi.org/10.1161/01.HYP.20.1.38, PMID: 161
8551

Jordan DM, Choi HK, Verbanck M, Topless R, Won HH, Nadkarni G, Merriman TR, Do R. 2019. No causal effects
of serum urate levels on the risk of chronic kidney disease: a Mendelian randomization study. PLOS Medicine
16:€1002725. DOI: https://doi.org/10.1371/journal.pmed.1002725, PMID: 30645594

Kleber ME, Delgado G, Grammer TB, Silbernagel G, Huang J, Krémer BK, Ritz E, M&rz W. 2015. Uric acid and
cardiovascular events: a Mendelian randomization study. Journal of the American Society of Nephrology 26:
2831-2838. DOI: https://doi.org/10.1681/ASN.2014070660, PMID: 25788527

Laaksonen DE, Niskanen L, Nyyssdnen K, Lakka TA, Laukkanen JA, Salonen JT. 2008. Dyslipidaemia as a
predictor of hypertension in middle-aged men. European Heart Journal 29:2561-2568. DOI: https://doi.org/10.
1093/eurheartj/ehn061, PMID: 18308688

Lackland DT, Egan BM, Ferguson PL. 2003. Low birth weight as a risk factor for hypertension. The Journal of
Clinical Hypertension 5:133-136. DOI: https://doi.org/10.1111/].1524-6175.2003.01353.x

Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. 1999. A more accurate method to estimate
glomerular filtration rate from serum creatinine: a new prediction equation. Modification of Diet in
Renal Disease study group. Annals of Internal Medicine 130:461-470. DOI: https://doi.org/10.7326/0003-4819-
130-6-199903160-00002, PMID: 10075613

Shriner et al. eLife 2020;9:62998. DOI: https://doi.org/10.7554/eLife.62998 13 0of 15


https://doi.org/10.1371/journal.pgen.1000564
http://www.ncbi.nlm.nih.gov/pubmed/19609347
https://doi.org/10.1046/j.1532-5415.2001.49013.x
https://doi.org/10.1046/j.1532-5415.2001.49013.x
http://www.ncbi.nlm.nih.gov/pubmed/11207846
https://doi.org/10.1161/01.hyp.25.3.305
https://doi.org/10.1161/01.hyp.25.3.305
http://www.ncbi.nlm.nih.gov/pubmed/7875754
https://wonder.cdc.gov/wonder/help/ucd.html
https://doi.org/10.1161/01.HYP.0000107251.49515.c2
https://doi.org/10.1161/01.HYP.0000107251.49515.c2
http://www.ncbi.nlm.nih.gov/pubmed/14656957
https://doi.org/10.1016/1047-2797(96)00009-9
http://www.ncbi.nlm.nih.gov/pubmed/8827151
https://doi.org/10.2105/AJPH.78.6.676
http://www.ncbi.nlm.nih.gov/pubmed/3259405
https://doi.org/10.1056/NEJM199710233371706
https://doi.org/10.1056/NEJM199710233371706
http://www.ncbi.nlm.nih.gov/pubmed/9337381
https://doi.org/10.1007/s10985-010-9171-z
http://www.ncbi.nlm.nih.gov/pubmed/20521166
https://doi.org/10.1161/01.HYP.20.1.38
http://www.ncbi.nlm.nih.gov/pubmed/1618551
http://www.ncbi.nlm.nih.gov/pubmed/1618551
https://doi.org/10.1371/journal.pmed.1002725
http://www.ncbi.nlm.nih.gov/pubmed/30645594
https://doi.org/10.1681/ASN.2014070660
http://www.ncbi.nlm.nih.gov/pubmed/25788527
https://doi.org/10.1093/eurheartj/ehn061
https://doi.org/10.1093/eurheartj/ehn061
http://www.ncbi.nlm.nih.gov/pubmed/18308688
https://doi.org/10.1111/j.1524-6175.2003.01353.x
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
http://www.ncbi.nlm.nih.gov/pubmed/10075613
https://doi.org/10.7554/eLife.62998

e Llfe Research article

Epidemiology and Global Health

Li X, Meng X, He Y, Spiliopoulou A, Timofeeva M, Wei WQ, Gifford A, Yang T, Varley T, Tzoulaki I, Joshi P,
Denny JC, Mckeigue P, Campbell H, Theodoratou E. 2019. Genetically determined serum urate levels and
cardiovascular and other diseases in UK biobank cohort: a phenome-wide Mendelian randomization study.
PLOS Medicine 16:€1002937. DOI: https://doi.org/10.1371/journal.pmed.1002937, PMID: 31626644

Luke A, Durazo-Arvizu R, Rotimi C, Prewitt TE, Forrester T, Wilks R, Ogunbiyi OJ, Schoeller DA, McGee D,
Cooper RS. 1997. Relation between body mass index and body fat in black population samples from Nigeria,
Jamaica, and the United States. American Journal of Epidemiology 145:620-628. DOI: https://doi.org/10.1093/
oxfordjournals.aje.a009159, PMID: 9098179

Lv YB, Yin ZX, Chei CL, Qian HZ, Kraus VB, Zhang J, Brasher MS, Shi XM, Matchar DB, Zeng Y. 2015. Low-density
lipoprotein cholesterol was inversely associated with 3-year all-cause mortality among Chinese oldest old: data
from the Chinese Longitudinal Healthy Longevity Survey. Atherosclerosis 239:137-142. DOI: https://doi.org/10.
1016/j.atherosclerosis.2015.01.002, PMID: 25602855

Lv Y, Mao C, Yin Z, Li F, Wu X, Shi X. 2019. Healthy Ageing and Biomarkers Cohort Study (HABCS): a cohort
profile. BMJ Open 9:€026513. DOI: https://doi.org/10.1136/bmjopen-2018-026513, PMID: 31601581

Lyngdoh T, Vuistiner P, Marques-Vidal P, Rousson V, Waeber G, Vollenweider P, Bochud M. 2012. Serum uric
acid and adiposity: deciphering causality using a bidirectional Mendelian randomization approach. PLOS ONE
7:39321. DOI: https://doi.org/10.1371/journal.pone.0039321, PMID: 22723994

McCallum L, Jeemon P, Hastie CE, Patel RK, Williamson C, Redzuan AM, Dawson J, Sloan W, Muir S, Morrison
D, Mclnnes GT, Freel EM, Walters M, Dominiczak AF, Sattar N, Padmanabhan S. 2013. Serum chloride is an
independent predictor of mortality in hypertensive patients. Hypertension 62:836-843. DOI: https://doi.org/10.
1161/HYPERTENSIONAHA.113.01793, PMID: 23980073

Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, Das SR, de Ferranti S, Després JP,
Fullerton HJ, Howard VJ, Huffman MD, Isasi CR, Jiménez MC, Judd SE, Kissela BM, Lichtman JH, Lisabeth LD,
Liu S, Mackey RH, et al. 2016. Heart Disease and Stroke Statistics-2016 update: a report from the
American Heart Association. Circulation 133:e38-e360. DOI: https://doi.org/10.1161/CIR.0000000000000350,
PMID: 26673558

Nagelkerke NJD. 1991. A note on a general definition of the coefficient of determination. Biometrika 78:691-
692. DOI: https://doi.org/10.1093/biomet/78.3.691

National Kidney Foundation. 2002. K/DOQI clinical practice guidelines for chronic kidney disease: evaluation,
classification, and stratification. American Journal of Kidney Diseases 39:51-5266. PMID: 11904577

Otsuka T, Takada H, Nishiyama Y, Kodani E, Saiki Y, Kato K, Kawada T. 2016. Dyslipidemia and the risk of
developing hypertension in a working-age male population. Journal of the American Heart Association 5:
e003053. DOI: https://doi.org/10.1161/JAHA.115.003053, PMID: 27016576

Palmer TM, Nordestgaard BG, Benn M, Tybjeaerg-Hansen A, Davey Smith G, Lawlor DA, Timpson NJ. 2013.
Association of plasma uric acid with ischaemic heart disease and blood pressure: Mendelian randomisation
analysis of two large cohorts. BMJ 347:f4262. DOI: https://doi.org/10.1136/bm|.f4262, PMID: 23869090

Parsa A, Brown E, Weir MR, Fink JC, Shuldiner AR, Mitchell BD, McArdle PF. 2012. Genotype-based changes in
serum uric acid affect blood pressure. Kidney International 81:502-507. DOI: https://doi.org/10.1038/ki.2011.
414, PMID: 22189840

Postmus |, Deelen J, Sedaghat S, Trompet S, de Craen AJ, Heijmans BT, Franco OH, Hofman A, Dehghan A,
Slagboom PE, Westendorp RG, Jukema JW. 2015. LDL cholesterol still a problem in old age? A Mendelian
randomization study. International Journal of Epidemiology 44:604-612. DOI: https://doi.org/10.1093/ije/
dyv031, PMID: 25855712

Rantanen KK, Strandberg TE, Stenholm SS, Strandberg AY, Pitksld KH, Salomaa VV, Tilvis RS. 2015. Clinical and
laboratory characteristics of active and healthy aging (AHA) in octogenarian men. Aging Clinical and
Experimental Research 27:581-587. DOI: https://doi.org/10.1007/s40520-015-0329-0, PMID: 25725634

Rasheed H, Hughes K, Flynn TJ, Merriman TR. 2014. Mendelian randomization provides no evidence for a causal
role of serum urate in increasing serum triglyceride levels. Circulation: Cardiovascular Genetics 7:830-837.
DOI: https://doi.org/10.1161/CIRCGENETICS.114.000556, PMID: 25249548

Sedaghat S, Pazoki R, Uitterlinden AG, Hofman A, Stricker BH, lkram MA, Franco OH, Dehghan A. 2014.
Association of uric acid genetic risk score with blood pressure: the Rotterdam study. Hypertension 64:1061-
1066. DOI: https://doi.org/10.1161/HYPERTENSIONAHA.114.03757, PMID: 25185132

Sesso HD, Buring JE, Chown MJ, Ridker PM, Gaziano JM. 2005. A prospective study of plasma lipid levels and
hypertension in women. Archives of Internal Medicine 165:2420-2427. DOI: https://doi.org/10.1001/archinte.
165.20.2420, PMID: 16287773

Shriner D, Adeyemo A, Rotimi CN. 2011. Joint ancestry and association testing in admixed individuals. PLOS
Computational Biology 7:€1002325. DOI: https://doi.org/10.1371/journal.pcbi.1002325, PMID: 22216000

Shriner D. 2020. WinBUGS (version 1.4) code for time-to-event analysis. GitHub. https://github.com/dshriner/
Time-to-event

Taylor EN, Forman JP, Farwell WR. 2007. Serum anion gap and blood pressure in the National Health and
Nutrition Examination Survey. Hypertension 50:320-324. DOI: https://doi.org/10.1161/HYPERTENSIONAHA.
107.092643, PMID: 17562979

Vasan RS, Beiser A, Seshadri S, Larson MG, Kannel WB, D'Agostino RB, Levy D. 2002. Residual lifetime risk for
developing hypertension in middle-aged women and men: the Framingham Heart Study. Jama 287:1003-1010.
DOI: https://doi.org/10.1001/jama.287.8.1003, PMID: 11866648

Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Dennison Himmelfarb C, DePalma SM, Gidding S,
Jamerson KA, Jones DW, MacLaughlin EJ, Muntner P, Ovbiagele B, Smith SC, Spencer CC, Stafford RS, Taler

Shriner et al. eLife 2020;9:62998. DOI: https://doi.org/10.7554/eLife.62998 14 of 15


https://doi.org/10.1371/journal.pmed.1002937
http://www.ncbi.nlm.nih.gov/pubmed/31626644
https://doi.org/10.1093/oxfordjournals.aje.a009159
https://doi.org/10.1093/oxfordjournals.aje.a009159
http://www.ncbi.nlm.nih.gov/pubmed/9098179
https://doi.org/10.1016/j.atherosclerosis.2015.01.002
https://doi.org/10.1016/j.atherosclerosis.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25602855
https://doi.org/10.1136/bmjopen-2018-026513
http://www.ncbi.nlm.nih.gov/pubmed/31601581
https://doi.org/10.1371/journal.pone.0039321
http://www.ncbi.nlm.nih.gov/pubmed/22723994
https://doi.org/10.1161/HYPERTENSIONAHA.113.01793
https://doi.org/10.1161/HYPERTENSIONAHA.113.01793
http://www.ncbi.nlm.nih.gov/pubmed/23980073
https://doi.org/10.1161/CIR.0000000000000350
http://www.ncbi.nlm.nih.gov/pubmed/26673558
https://doi.org/10.1093/biomet/78.3.691
http://www.ncbi.nlm.nih.gov/pubmed/11904577
https://doi.org/10.1161/JAHA.115.003053
http://www.ncbi.nlm.nih.gov/pubmed/27016576
https://doi.org/10.1136/bmj.f4262
http://www.ncbi.nlm.nih.gov/pubmed/23869090
https://doi.org/10.1038/ki.2011.414
https://doi.org/10.1038/ki.2011.414
http://www.ncbi.nlm.nih.gov/pubmed/22189840
https://doi.org/10.1093/ije/dyv031
https://doi.org/10.1093/ije/dyv031
http://www.ncbi.nlm.nih.gov/pubmed/25855712
https://doi.org/10.1007/s40520-015-0329-0
http://www.ncbi.nlm.nih.gov/pubmed/25725634
https://doi.org/10.1161/CIRCGENETICS.114.000556
http://www.ncbi.nlm.nih.gov/pubmed/25249548
https://doi.org/10.1161/HYPERTENSIONAHA.114.03757
http://www.ncbi.nlm.nih.gov/pubmed/25185132
https://doi.org/10.1001/archinte.165.20.2420
https://doi.org/10.1001/archinte.165.20.2420
http://www.ncbi.nlm.nih.gov/pubmed/16287773
https://doi.org/10.1371/journal.pcbi.1002325
http://www.ncbi.nlm.nih.gov/pubmed/22216000
https://github.com/dshriner/Time-to-event
https://github.com/dshriner/Time-to-event
https://doi.org/10.1161/HYPERTENSIONAHA.107.092643
https://doi.org/10.1161/HYPERTENSIONAHA.107.092643
http://www.ncbi.nlm.nih.gov/pubmed/17562979
https://doi.org/10.1001/jama.287.8.1003
http://www.ncbi.nlm.nih.gov/pubmed/11866648
https://doi.org/10.7554/eLife.62998

ELlfe Research article Epidemiology and Global Health

SJ, Thomas RJ, Williams KA, Williamson JD, et al. 2018. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/
ASPC/NMA/PCNA guideline for the prevention, detection, evaluation, and management of high blood
pressure in adults: a report of the American College of Cardiology/American Heart Association task force on
clinical practice guidelines. Hypertension 71:e13-e115. DOI: https://doi.org/10.1161/HYP.0000000000000065,
PMID: 29133356

Wildman RP, Sutton-Tyrrell K, Newman AB, Bostom A, Brockwell S, Kuller LH. 2004. Lipoprotein levels are
associated with incident hypertension in older adults. Journal of the American Geriatrics Society 52:916-921.
DOI: https://doi.org/10.1111/j.1532-5415.2004.52258.x, PMID: 15161455

World Health Organization. 2019. Hypertension. Fact Sheets: WHO. https://www.who.int/cardiovascular_
diseases/world-hypertension-day-2019/en/.

Yu X, Chen H, Huang S, Zeng P. 2019. Evaluation of the causal effects of blood lipid levels on gout with summary
level GWAS data: two-sample Mendelian randomization and mediation analysis. medRxiv. https://www.
medrxiv.org/content/10.1101/19006296v1.

Shriner et al. eLife 2020;9:€62998. DOI: https://doi.org/10.7554/eLife.62998 15 of 15


https://doi.org/10.1161/HYP.0000000000000065
http://www.ncbi.nlm.nih.gov/pubmed/29133356
https://doi.org/10.1111/j.1532-5415.2004.52258.x
http://www.ncbi.nlm.nih.gov/pubmed/15161455
https://www.who.int/cardiovascular_diseases/world-hypertension-day-2019/en/
https://www.who.int/cardiovascular_diseases/world-hypertension-day-2019/en/
https://www.medrxiv.org/content/10.1101/19006296v1
https://www.medrxiv.org/content/10.1101/19006296v1
https://doi.org/10.7554/eLife.62998

