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Study Populations 
 
The Amish Complex Disease Research Program (Amish): The Amish study includes a set of 
large community-based studies focused largely on cardiometabolic health carried out in the Old 
Order Amish (OOA) community of Lancaster County, Pennsylvania, where over 7,000 Amish 
have been recruited to date.  The Amish cohort participating in the Trans-Omics for Precision 
Medicine (TOPMed) Consortium comprises 1,120 subjects ≥ 18 years of age from large 
multigenerational families who were recruited for specific protocols between 2001 and 2006 [1]. 
BP was measured at baseline in triplicate using a standard sphygmomanometer, with the average 
of the second and third measurement being used for analysis. The current study includes 947 
participants (3 aTRH cases, 29 treatment responsive controls, and 915 normotensive controls). 
 
Atherosclerosis Risk in Communities (ARIC) Study: The ARIC study is a population-based 
prospective cohort study of cardiovascular disease sponsored by the National Heart, Lung, and 
Blood Institute (NHLBI). ARIC included 15,792 individuals, predominantly European American 
and African American, aged 45-64 years at baseline (1987-89), chosen by probability sampling 
from four US communities. Cohort members completed three additional triennial follow-up 
examinations, a fifth exam in 2011-2013, a sixth exam in 2016-2017, and a seventh exam in 
2018-2019. The ARIC study has been described in detail previously [2]. BP was measured using 
a standardized Hawksley random-zero mercury column sphygmomanometer with participants in 



 
a sitting position after a resting period of 5 minutes. The size of the cuff was chosen according to 
the arm circumference. Three sequential recordings for systolic and diastolic BP were obtained 
from the baseline exam, where the mean of the last two measurements was used in this study. BP 
lowering medication use was recorded from the medication history at the baseline exam. In this 
study, 6,311 participants (18% African ancestry; 82% European ancestry) were included with 
relevant phenotype information. 
 
The Mount Sinai BioMe Biobank (BioMe): BioMe Biobank is an ongoing, prospective, 
hospital- and outpatient- based population research program operated by The Charles Bronfman 
Institute for Personalized Medicine at Mount Sinai. BioMe enrolled over 50,000 participants 
between September 2007 and July 2019. BioMe is an Electronic Medical Record (EMR)-linked 
biobank that integrates research data and clinical care information for consented patients at The 
Mount Sinai Medical Center, which serves diverse local communities of upper Manhattan with 
broad health disparities. BioMe populations include African ancestry, Hispanic Latino ancestry, 
White European ancestry, as well as other ancestries. Information on anthropometrics, 
demographics, BP and use of BP-lowering medication was derived from participants’ EMR. Full 
genetic and phenotype data for 4,254 was utilized in this study. 
 
The Cleveland Family Study (CFS): The CFS is a family-based cohort study that aims to 
examine the genetic and familial basis of sleep apnea [3]. The total cohort consists of 2,534 
African- and European-American individuals from 356 families. 275 index probands with 
confirmed sleep apnea diagnoses were recruited from northern Ohio sleep centers. Neighborhood 
control probands with at least two living relatives available for study were also selected at 
random from a list provided by the index family. The spouses and relatives of the cases and 
controls were also recruited if available. Data was collected from up to four visits made from 
1990 to 2006, and a final laboratory visit at a clinical research center between 2000 and 2006. 
Blood samples were obtained from individuals who participated in the final two exam cycles, 
and DNA was extracted from samples that passed quality control. Two to three measurements of 
systolic and diastolic BP were obtained from the last available examination for each participant. 
BP measurements were taken in the sitting or supine positions following standardized guidelines 
and using a calibrated sphygmomanometer. The average of two BP measures were used in the 
current analyses. When three BP measures were available for a study participant, the first 
measure was discarded, and the final two measures were averaged. Medication information was 
obtained via a standardized questionnaire during exam visits. In the current study, 641 
participants (16 cases, 57 treatment responsive controls, 568 normotensive controls) were 
included.  
 
The Cardiovascular Health Study (CHS): The CHS is a population-based cohort study of risk 
factors for coronary heart disease and stroke in adults ≥65 years conducted across four field 
centers [4]. The original cohort of 5,201 predominately European persons was recruited in 1989-
1990 from random samples of the Medicare eligibility lists; subsequently, an additional 
predominantly African American cohort of 687 persons was enrolled for a total sample of 5,888. 
A subset of 3,622 CHS participants were selected for the TOPMed sequencing program. Blood 
samples were drawn from all participants at their baseline examination and DNA was 
subsequently extracted from available samples. Research staff with central training in BP 
measurement assessed two right-arm systolic and diastolic BP levels at baseline with a Hawksley 



 
random-zero sphygmomanometer. Measures were taken after five minutes of seated rest, with 
BP measurements taken one minute apart. Means of the two repeated BP measurements from the 
baseline examination were used for the analyses. Antihypertensive (AHT) use was assessed by 
medication inventory. [5] A total of 1,712 CHS participants were included in the current aTRH 
study. 
 
Genetic Epidemiology Network of Arteriopathy (GENOA): The GENOA study consists of 
hypertensive sibships that were recruited for linkage and association studies in order to identify 
genes that influence BP and its target organ damage[6, 7]. In Phase I (1996-2001), all members 
of sibships containing two or more individuals with essential hypertension clinically diagnosed 
before age 60 were invited to participate, including both hypertensive and normotensive siblings. 
A total of 1,583 non-Hispanic whites from Rochester, MN, and 1,854 African Americans from 
Jackson, MS, were examined. Sitting systolic and diastolic BP (mmHg) were measured three 
times with a random zero sphygmomanometer. The average of the last two measurements at 
Phase I was used in this study. A physician specializing in hypertension reviewed all medications 
and made the final determination of whether a medication was considered an AHT. Only African 
Americans were sequenced through the TOPMed project, and participants who were also in the 
ARIC or Jackson Heart Study (JHS) were excluded from analysis. A total of 577 African 
American participants were included in the current analysis. 
 
 
Genetic Epidemiology Network of Salt-Sensitivity (GenSalt): The GenSalt study is a family 
feeding-study designed to examine the interaction between genes and dietary sodium and 
potassium intake on BP [8]. Briefly, 3,142 participants from 633 Han families from rural, north 
China were ascertained through a proband with untreated pre-hypertension or stage-1 
hypertension identified from a population-based BP screening. A total of 1,818 GenSalt 
probands took part in the TOPMed WGS program. All BP readings were measured by trained 
and certified observers using a random–zero sphygmomanometer and a standard protocol. BP 
was measured with the participant in the sitting position after 5 minutes of rest. Systolic and 
diastolic BP measures were taken in triplicate during each day of a three-day baseline 
observation. After throwing out the first measure, the subsequent two measures obtained on the 
first day of baseline observation were averaged and used in this analysis. 1,608 GenSalt 
participants were utilized as normotensive controls. 
 
Hypertension Genetic Epidemiology Network (HyperGEN): The HyperGEN study is one of 
the four networks in the Family Blood Pressure Program (FBPP) supported by the NHLBI to 
identify genetic contributors to hypertension [9]. HyperGEN is a family‐based study with a sib‐
pair design.  African American sibships with hypertension were recruited from Forsyth County, 
NC and from the community‐at‐large in Birmingham, AL from 1995 to 2000, where sib‐pairs 
with hypertension onset before age 60 were recruited in Phase I. Demographic information, 
current medications, co-morbid conditions, and clinical measures were collected during the study 
visit. The study was subsequently extended to siblings and the offspring of the hypertensive 
probands who were unmedicated adults. BP was measured with an automated oscillometric 
device using a standard protocol. After a 5‐minute resting period, BP was measured six times, 
with each BP measurement taken two minutes apart. The average of the second and third BP 



 
measurements was averaged and used in this analysis. A total of 911 HyperGEN participants 
were included in the current analysis. 
 
 
Jackson Heart Study (JHS): The JHS is a large, population‐based observational study 
evaluating the etiology of cardiovascular, renal, and respiratory diseases among African 
Americans residing in the three counties that make up the Jackson, Mississippi metropolitan area 
[10]. Data, including medical history, and biologic materials have been collected from 5306 
participants, including biochemical measures and diagnostic procedures during a baseline 
examination (2000‐2004) and two follow‐up examinations (2005‐2008 and 2009‐2012). 
Participants presented all medications used within two weeks whether prescriptions or over the 
counter during the clinical visit. The Medi-Span® therapeutic classification system was used to 
identify medication. Samples for genomic DNA were collected during the first two examinations 
and WGS data are available for 3,307 participants. SBP and DBP were measured twice after the 
participant had been seated for 5 minutes. BP was measured using a Hawksley random‐zero 
sphygmomanometer and the average of the two BP measures were used for the current analysis. 
There were 1,853 JHS participants, including 168 aTRH cases, included in the current study. 
 
Multi-ethnic Study of Atherosclerosis (MESA): MESA is a study of the characteristics of 
subclinical cardiovascular disease and the risk factors that predict progression to clinically overt 
cardiovascular disease or progression of the subclinical disease [11]. MESA consisted of a 
diverse (African, European, Hispanic, and Asian), community‐based sample of 6,814 men and 
women aged 45‐84 without known clinical cardiovascular disease, recruited from six field 
centers across the United States. During clinic visits, BP was measured after a 5‐minute rest, and  
was measured three times at one-minute intervals using a Dinamap PRO 100 automated 
oscillometric device (Critikon, Tampa, FL) with the subject in seated. The average of the second 
and third BP measurements was recorded for each visit. Antihypertensive medication use was 
recorded. A total of 3,535 MESA participants with available WGS and BP data were included in 
the current analysis. 
 
Taiwan Study of Hypertension using Rare Variants (THRV): The THRV-TOPMed study 
consists of three participating cohorts: The SAPPHIRe Family Cohort, Tri-Service General 
Hospital (TSGH, a hospital-based cohort), and the Taichung Veterans General Hospital 
(TCVGH, a hospital-based cohort), all based in Taiwan. THRV proposed to identify rare and low 
frequency genetic variants for BP and hypertension through whole exome sequencing of a subset 
of highly enriched Taiwan Chinese hypertensive families (N=1,200) previously recruited as part 
of the NHLBI-sponsored SAPPHIRe Network and matched controls. The SAPPHIRe families 
were recruited to have multiple hypertensive sibs and/or one normotensive/hypotensive sib [12]. 
For SAPPHIRe, eligible families were sent detailed questionnaires beforehand on medical 
history, family history, age, sex, physical activity and drinking habits. The TSHG and TCVGH 
hospital-based cohorts were recruited following comparable inclusion/exclusion criteria and 
matched SAPPHIRe participants for age, sex, and BMI category. TCVGH utilized extensive 
electronic medical records (EMR) for information regarding medical history, while TSGH 
recruited their participants as a traditional study and utilized standardized questionnaires. Resting 
BP was measured in triplicate using a standard protocol and automated DINAMAP device. The 



 
average of the second and third BP readings were averaged and used in the current analysis. In 
the current study, 548 THRV participants had relevant phenotype and WGS data. 
 
WHI (Women’s Health Initiative): WHI is a national health study that focuses on strategies for  
preventing common diseases such as heart disease, cancer and fracture in postmenopausal 
women. A total of 161,808 women aged 50–79 years old were recruited from 40 clinical centers 
in the US between 1993 and 1998 [13, 14]. The WHI contribution of TOPMed was designed as a 
case‐control study of stroke and venous thromboembolism (VTE). Approximately 5,000 stroke 
and 1,000 VTE cases and 5,000 controls were selected for WGS. The controls were selected to 
frequency match the cases by age at recruitment, ethnicity, and membership in the WHI hormone 
therapy trial. Self‐reported medications were collected using standardized questionnaires at the 
screening visit and BP was measured in a clinical visit by certified staff using standardized 
procedures and instruments. Two BP measures were recorded after 5 minutes rest using a 
mercury sphygmomanometer. The average of the two measurements, obtained 30 seconds apart, 
was used in analyses. A total of 6,311 WHI participants with WGS and relevant BP data were 
included in the current analysis. 

Replication 
BioVU: The BioVU DNA Repository is a deidentified database of EMR that are linked to 
patient DNA samples at Vanderbilt University Medical Center. A detailed description of the 
database and how it is maintained is described elsewhere. [15] DNA samples were genotyped on 
a custom Illumina Multi-Ethnic Genotyping Array (Illumina Inc., San Diego, CA) and samples 
were excluded with missingness rates above 2%, if consent was revoked, sample was duplicated, 
or failed sex concordance checks. The genotyped data was imputed on the Michigan Imputation 
Server to the TOPMed r2 reference panel [16] using Minimac4. Among BioVU participants, 
unrelated self-reported non-Hispanic Black and White individuals ≥18 were selected. A 
previously published definition of aTRH was utilized and all data was extracted prior to August 
of 2019 [17]. Briefly, aTRH status was defined through presence of an HTN ICD-9 or ICD-10 
code, treatment with an AHT, or having two outpatient, non-emergency department SBP >140 
mmHg and/or two DBP measures >90 mmHg. Patients with aTRH were identified based on 
failure to achieve controlled BP on three AHT, including a thiazide diuretic or prescribed four or 
more medications regardless of achieving control. The comparison group of hypertensive 
patients who achieved BP control on one or two medications, excluding participants with chronic 
kidney disease (stage 4 and 5), or those with secondary causes of HTN. A second control group 
consisted of individuals without HTN as defined above. Data were stratified by reported race. 
Across each stratum, logistic regression models analyzing additive variant associations were 
performed, adjusting for age, age-squared, body mass index, sex, and top 10 genetic principal 
components. Inferences were limited to genotyped and imputed variants with info quality scores 
≥0.4, Hardy-Weinberg equilibrium p-values >5.00E-08, and minor allele counts of ≥20. For our 
analyses, BioVU provided a look-up of suggestive variants, from >61,000 participants, identified 
in Table 2. 
 
International Consortium of Antihypertensive Pharmacogenomic Studies (ICAPS): Cohorts 
that participated in ICAPS aTRH analyses included the Action to Control Cardiovascular Risk in 
Diabetes (ACCORD) trial, Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT), International 
Verapamil S-Trandolapril Study (INVEST), and the Genetics of Hypertension Associated 



 
Treatments (GenHAT) study, for a total of 10,801 participants (4,494 cases; ~25% non-
European). All cohorts excluded individuals with baseline estimated glomerular filtration rate 
<30 ml/min/1.73 m2. aTRH was defined as uncontrolled HTN using three or more AHTs from 
different classes (BP ≥140/90 mmHg) or controlled HTN on four or more AHT medications. 
Treatment responsive controls were individuals with controlled BP (<140/90) with the use of 
three or fewer AHTs. Quality control and analyses were performed at the cohort-level for the 
five randomized controlled clinical trials, and then meta-analyzed (combined and race-stratified). 
For each cohort, genotyped variants were imputed to the 1000 Genomes Phase 3 reference panel. 
The additive genetic model assessed examined variant main effect with logistic regression of the 
log(odds) of aTRH, adjusting for age, sex, BMI, and genetic principal components.  For our 
analyses, ICAPS provided a look-up of suggestive variants identified in Table 2.  

 
 
 
 
 
 
 



 
 
Supplementary Figures 
 
 
 

 
 

Supplemental Figure S1. Manhattan and QQ plot of aTRH versus normotensive controls in the multi-ethnic analysis.  
 
 
 
 
 
 



 
 
 
 
 
 

 
 

Supplemental Figure S2. Manhattan and QQ plot of aTRH versus treatment-responsive controls in the multi-ethnic analysis.  
 
 
 
 
 
 
 



 
 
 
 
 

 

 
 

Supplemental Figure S3. Manhattan and QQ plot of aTRH versus normotensive controls in the African-ancestry analysis. 
 
 
 
 
 
 
 



 
 
 

 
 

Supplemental Figure S4. Manhattan and QQ plot of aTRH versus treatment-responsive controls in the African-ancestry analysis. 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

 
 
 

 
 

Supplemental Figure S5. Manhattan and QQ plot of aTRH versus normotensive controls in the European-ancestry analysis. 
 
 

 
 
 



 
 
 
 
 
 
 

 
 
Supplemental Figure S6. Manhattan and QQ plot of aTRH versus treatment-responsive controls in the European-ancestry analysis. 
 
 
 
 
 



 
 

 
 
 
Supplemental Figure S7. Manhattan and QQ plot of meta-analysis for aTRH versus treatment-responsive controls. 
 
 
 
 
 
 



 
 
 
 
 

 
 
Supplemental Figure S8. Manhattan and QQ plot of meta-analysis for aTRH versus normotensive controls. 
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