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Abstract

Background
Improving hypertension control is a public health priority. However, consistent identification of uncontrolled hypertension using computable definitions
in electronic health records (EHR) across health systems remains uncertain.

Methods
In this retrospective cohort study, we applied two computable definitions to the EHR data to identify patients with controlled and uncontrolled
hypertension and to evaluate differences in characteristics, treatment, and clinical outcomes between these patient populations. We included adult
patients (≥ 18 years) with hypertension receiving ambulatory care within Yale-New Haven Health System (YNHHS; a large US health system) and
OneFlorida Clinical Research Consortium (OneFlorida; a Clinical Research Network comprised of 16 health systems) between October 2015 and
December 2018. We identified patients with controlled and uncontrolled hypertension based on either a single blood pressure (BP) measurement from a
randomly selected visit or all BP measurements recorded between hypertension identification and the randomly selected visit).

Results
Overall, 253,207 and 182,827 adults at YNHHS and OneFlorida were identified as having hypertension. Of these patients, 83.1% at YNHHS and 76.8% at
OneFlorida were identified using ICD-10-CM codes, whereas 16.9% and 23.2%, respectively, were identified using elevated BP measurements (≥ 140/90
mmHg). Uncontrolled hypertension was observed among 32.5% and 43.7% of patients at YNHHS and OneFlorida, respectively. Uncontrolled
hypertension was disproportionately higher among Black patients when compared with White patients (38.9% versus 31.5% in YNHHS; p < 0.001; 49.7%
versus 41.2% in OneFlorida; p < 0.001). Medication prescription for hypertension management was more common in patients with uncontrolled
hypertension when compared with those with controlled hypertension (overall treatment rate: 39.3% versus 37.3% in YNHHS; p = 0.04; 42.2% versus
34.8% in OneFlorida; p < 0.001). Patients with controlled and uncontrolled hypertension had similar rates of short-term (at 3 and 6 months) and long-
term (at 12 and 24 months) clinical outcomes. The two computable definitions generated consistent results.

Conclusions
Our findings illustrate the potential of leveraging EHR data, employing computable definitions, to conduct effective digital population surveillance in the
realm of hypertension management.

Clinical Perspective
What is new? 

In this retrospective study that included 253,207 and 182,827 hypertensive adults at Yale-New Haven Health System and OneFlorida Clinical
Research Consortium, we applied two computable definitions to identify patients with uncontrolled hypertension. 

The two computable definitions generated consistent results and showed that approximately 30-40% of hypertensive patients have uncontrolled
hypertension, of whom 60% were untreated or undertreated. 

 

What are the clinical implications? 

Our findings illustrate the potential of leveraging electronic health record data and employing computable definitions for effective digital
population surveillance in hypertension management, showing promise in identifying patients who might benefit from additional medical
interventions.
 

INTRODUCTION
Improving hypertension control is a public health priority in the US.1 Approximately half of US adults have hypertension, but fewer than half have their
blood pressure (BP) controlled.2 Uncontrolled BP increases the risk of severe health issues such as stroke, heart attack, kidney disease, heart failure,
and cognitive decline.3 Understanding individuals with uncontrolled hypertension, their treatments, and outcomes is essential for public health and
healthcare system interventions. Electronic health record (EHR) data offer a unique opportunity to study uncontrolled hypertension due to their access
to extensive, long-term clinical information compared to other sources.4,5
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However, consistent identification of uncontrolled hypertension through EHRs across health systems remains challenging. There is no specific code for
uncontrolled hypertension, making diagnosis reliant on numerous observations over time. Utilizing computable definitions that incorporate various EHR
data elements to identify patients with the condition can be beneficial.6–8 Despite clinical guidelines providing a basic definition of uncontrolled
hypertension,3,9 few studies have created computable definitions based on structured diagnosis codes, vital signs, and common data models for
clinical research and practice. Additionally, EHR data can be configured differently in terms of frequency, context, and time, making it unclear how
different definitions affect patient identification. This knowledge is vital for identifying individuals needing more intensive management and assessing
their care quality and outcomes.

Accordingly, the objective of this study is to develop and apply two computable definitions to consistently identify patients with controlled and
uncontrolled hypertension using EHR data from two large health system networks. We also aimed to compare characteristics, treatment patterns, and
clinical outcomes of patients with controlled and uncontrolled hypertension.

METHODS

Project Origination
The National Evaluation System for health Technology Coordinating Center (NESTcc) is an organization established through grant funding to the
Medical Device Innovation Consortium by the US Food and Drug Administration in 2016 to promote the development of robust real-world evidence for
regulatory decision-making.10 NESTcc currently includes 19 Network Collaborators (health care providers, academic research institutions, payers, and
professional registries) that collect, curate, and analyze real-world evidence that may be used for regulatory decision-making.

This study was proposed to NESTcc by Medtronic Inc, which is currently studying its Symplicity™ Renal Denervation System in patients with
hypertension in a series of sham-controlled and real-world studies intended to support a premarket approval application in the USA.11,12 After an
independent review of the study concept and subsequent proposal, NESTcc funded the project. Among its Network Collaborators, NESTcc identified a
large health system and a clinical research network interested in pursuing the proposed project, each of which had extensive experience with EHR data
analysis: Yale-New Haven Health System (YNHHS) and the OneFlorida Clinical Research Consortium (OneFlorida). Medtronic and the two NESTcc
Network Collaborators, with YNHHS serving as the lead, developed a full research plan that was approved by NESTcc. Institutional Review Board
approval was obtained at Yale University and University of Florida. The study followed the guidelines for cohort studies, described in the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) Statement: guidelines for reporting observational studies.

Data Sources
The data sources for this study consisted of EHR data from YNHHS and OneFlorida. YNHHS is a large academic health system consisting of five
distinct hospital delivery networks and associated ambulatory clinics located in Connecticut and Rhode Island. The system provides services for
approximately two million patients annually. OneFlorida is a statewide clinical research network including 16 partner health systems providing services
for 40% of Florida’s population.

Both YNHHS and OneFlorida conformed data to the National Patient-Centered Clinical Research Network (PCORnet) common data model via
extract/transform/load software,13,14 ensuring data elements were standardized and consistent across the two sites. Both sites conducted data quality
assessments in a standardized fashion. Data quality was assessed by performing domain value validation checks periodically, assessing for data
relevance, reliability, and robustness. Cross-validation was performed on the various data sources to assess for any data gaps and to ensure data
completeness. In addition to internal quality checks at each site, the Yale team and the OneFlorida team met regularly to resolve issues regarding the
validity and robustness of the results. For this analysis, we used a versioned extract of the PCORnet common data model from October 1, 2015, when
International Classification of Diseases-10th Edition-Clinical Modification (ICD-10-CM) diagnosis was introduced, through December 31, 2018.

Study Population
The study population included adult patients (≥ 18 years) who met the clinical criteria of hypertension between October 1, 2015 and December 31,
2018 if (1) they had an ICD-10-CM diagnosis code for hypertension (I10, I11, I12, I13, I15, I16) associated with at least one ambulatory visit, or (2) in the
absence of a diagnosis, they had at least two elevated BP measurements (systolic BP [SBP] ≥ 140 mmHg or diastolic BP [DBP] ≥ 90 mmHg) recorded
in the EHR at two separate ambulatory visits occurring at least one day apart within a 6-month period at any time between October 1, 2015 and
December 31, 2018. Numerous studies in the literature have supported the validity of using these methods for identifying patients with hypertension
(with a median area under the receiver operator characteristic curve of 0.95).15,16 We used BP ≥ 140/90 mmHg as the cutoff for hypertension because
this was the definition of hypertension at the time from which most of the data were extracted.9

We excluded patients with fewer than 3 months follow-up time, female patients with diagnostic or procedural evidence of pregnancy (ICD-10-CM [Z33,
Z34, O80, O82, O00, O01, O02, O03, O04, O07, O08]) and patients receiving dialysis (ICD-10-CM [Z99.2]). We also included only those BP measurements
recorded at ambulatory visits, excluding BP measurements from inpatient and emergency department (ED) encounters because BP measurements in
those encounters could be elevated due acute conditions. For any visit with multiple BP measurements recorded, the lowest SBP measurement and
lowest DBP measurement were used to ascertain hypertension status. We extended our observation period until the end of 2019 to ensure at least 12-
month follow-up for patients.
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Definitions of Controlled and Uncontrolled Hypertension
As there are multiple ways in which the EHR data elements are assembled in terms of frequency, clinical context, and time, we tested two different
approaches to operationalize the definitions of controlled and uncontrolled hypertension. Specifically, we randomly selected one ambulatory encounter
with a BP measurement occurring at least 3 months after hypertension identification and between October 1, 2015 and December 31, 2018 as the index
encounter, then applied two approaches to define controlled/uncontrolled hypertension. Our rationale for selecting a random date to minimize selection
bias. If we had chosen the most recent encounter as the index date, our sample would have been biased toward patients with shorter follow-up times,
making it less likely for them to achieve blood pressure control. Conversely, if we had selected the earliest encounter, our sample would have been
biased towards patients with longer follow-up times, offering more opportunity for the patients to achieve blood pressure control (and experience poor
clinical outcomes). By randomly selecting a date, we ensured that the follow-up times for our sample would be more balanced overall. In addition, we
required patients to have at least 3 months after hypertension identification before being included in the study. This allowed for a sufficient period for
treatment to take effect, and it ensured that patients had a fair chance to achieve blood pressure control regardless of when the index date was
selected. To ensure accuracy and reliability of the data, we only included encounters where a BP measurement was documented at the time of the visit.

In approach 1, hypertensive patients were considered to have controlled hypertension if more than 50% of their SBP measurements were < 140 mmHg
and DBP measurements were < 90 mmHg among the measured BPs on all ambulatory encounters from the identification date up to and including the
index encounter. Hypertensive patients were considered to have uncontrolled hypertension if 50% or more of SBPs were ≥ 140 mmHg or DBPs were ≥ 
90 mmHg among the measured BPs on all encounters from the identification date up to and including the index encounter (Fig. 1). In approach 2,
hypertensive patients were considered to have controlled hypertension when both SBP < 140 mmHg and DBP < 90 mmHg at the index encounter.
Hypertensive patients were considered to have uncontrolled hypertension when either the SBP was ≥ 140 mmHg or the DBP was ≥ 90 mmHg at the
index encounter. Since approach 1 used multiple BP measurements over time, it comprises the primary analysis while approach 2 is the sensitivity
analysis. The National Quality Forum BP measure defined control of hypertension based on a BP reading of < 140/90 mmHg at the most recent
healthcare encounter. This measure is based on a BP reading from a single encounter, which was consistent with approach 2 of the study. We
performed two sensitivity analyses to assess the robustness of our results. In the first analysis, we defined controlled hypertension as having more than
50% of SBP measurements below 130 mmHg and DBP measurements below 80 mmHg among all measured BPs recorded during ambulatory
encounters, starting from the identification date and continuing up to and including the index encounter. This threshold was chosen based on
established clinical guidelines. In the second sensitivity analysis, we employed a different threshold. Here, controlled hypertension was defined as
having more than 75% of SBP measurements below 140 mmHg and DBP measurements below 90 mmHg among all measured blood pressures
recorded during ambulatory encounters, starting from the identification date and continuing up to and including the index encounter. This threshold
aligns with alternative clinical recommendations.

Baseline Characteristics
Baseline demographic and clinical characteristics of patients included age, race, ethnicity, sex, health insurance type, smoking status, body mass index
[BMI] and comorbidities. Race was categorized as Black, White, other(s), and unknown. Ethnicity was categorized as Hispanic, non-Hispanic, and
unknown. Comorbidities included heart failure, diabetes mellitus, history of acute myocardial infarction, coronary artery disease, cerebrovascular
disease, stroke, atrial fibrillation or flutter, chronic kidney disease, chronic obstructive pulmonary disease, dyslipidemia, peripheral arterial disease,
angina, depression, dementia, hypertensive retinopathy, and substance use disorder.

Characteristics using a set time point such as age were defined based on the index encounter. If data for a specific characteristic were not available
from the index encounter (e.g., smoking status), we used the most recent data available prior to the index date. Characteristics such as insurance
status, which may change across encounters, were defined based on the index encounter. Comorbidities were defined using ICD-10-CM codes based on
the 1-year period prior to the index date (see details in Supplemental Table S1).

Classification of Antihypertensive Medications
To properly classify EHR-based prescription drug data into antihypertensive therapeutic indication and antihypertensive drug classes, we used a
previously developed antihypertensive drug classification system based off RxNorm Concept Unique Identifiers (RxCUIs).17 We included only oral
formulations, with the exception of transdermal clonidine patches. We classified antihypertensive medications into major drug classes, including
angiotensin-converting enzyme inhibitors (ACEI), angiotensin receptor blockers (ARB), beta blockers, calcium channel blockers (CCB), thiazide or
thiazide-like diuretics, and other antihypertensive drugs. For combination drugs, we classified them into the multiple component classes of the
combination drugs. The list of drug ingredient in each antihypertensive drug class was presented in Supplemental Table S2.

Short-term and Long-term Outcomes
We examined pre-specified short-term outcomes at 3 and 6 months and long-term outcomes at 12 and 24 months after the index date. The short-term
and long-term outcomes were the same, including clinical outcomes (the composite of death and non-fatal cardiovascular disease [CVD] events) and
healthcare utilization (ED visits and hospitalizations for any cause; ambulatory visits for any cause). Non-fatal CVD events were defined as any
diagnosis of a specified hypertension-related disease, including acute myocardial infarction (AMI), heart failure, atrial fibrillation/flutter, aortic
dissection, renal disease, hemorrhagic stroke, ischemic stroke, or hypertensive crisis at an ED or inpatient visit. Of note, we included only acute event
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codes, including both primary and secondary diagnosis codes, for outcome ascertainment. We excluded CVD events reported at ambulatory encounters
because of the inability to reliably distinguish patients with acute CVD events from those with history of prior CVD. Death was identified through a
combination of reported death records in the EHR, a death diagnosis at any visit, and encounters with a discharge status of expired. Social Security
Death Master File were also used to identify mortality data. ICD-10-CM diagnosis codes for clinical outcomes are listed in Supplemental Table S3.18 As
longer follow-up periods are likely required to comprehensively assess the complete range of outcomes associated with hypertension, it is important to
note that our examination of long-term outcomes at 24 months is conducted as an exploratory analysis within this study.

Statistical Analyses
We first calculated the prevalence of controlled and uncontrolled hypertension among all patients with hypertension, respectively. We described the
demographic and clinical characteristics of the hypertensive population overall and by controlled vs. uncontrolled status.

We then described the number and class of antihypertensive medications prescribed both in the year prior to the index date and on the index date
among overall hypertensive patients and by controlled vs. uncontrolled status. We also described the three most prescribed antihypertensive
medications among patients using 1, 2, and 3 or more antihypertensive medications. Finally, we described the frequency and percentage of patient
outcomes and healthcare utilization at 3, 6, 12 and 24 months among overall hypertensive patients and by controlled vs. uncontrolled status. For the
analysis of patient characteristics, antihypertensive medication prescriptions, and outcomes at 3, 6, and 12 months, we included individuals with a
follow-up period of more than three months but less than 24 months. However, we did not include them in the analysis of outcomes at 24 months due
to insufficient follow-up data. To mitigate the concern of potential censoring, we excluded patients from our analysis who had less than 3 months of
follow-up time. Moreover, we employed a time-to-event analysis methodology that effectively addressed the variable durations of follow-up among
patients when assessing clinical outcomes. Patients were not censored solely due to the absence of documented interactions with the healthcare
system at specific time intervals. Instead, their follow-up time was truncated at the most recent recorded visit or appointment in the EHR, ensuring that
their data were included up until the last known contact.

Comparisons between uncontrolled and controlled hypertensive patients for characteristics, treatment, and outcomes were performed using appropriate
tests, including Pearson’s chi-square test for normally distributed continuous variables, the Wilcoxon signed rank test for non-normally distributed
continuous variables, the McNemar test for 2*2 categorical variables and the generalized Mantel-Haenszel test for 2*n categoric variables (where n > 2).
All analyses were conducted individually at each site using a decentralized model;19 summary results were shared across researchers from the two
sites, with no patient-level data shared. All statistical analyses were performed using SAS software version 9.4 (SAS institute, Cary, NC, USA) and
Statistical package R version 3.6.

RESULTS
In total, our study included 514,687 adult patients from YNHHS and 1,075,204 adult patients from OneFlorida who had at least one ambulatory visit
with recorded BP data between October 1, 2015, and December 31, 2018, as depicted in Fig. 2. At OneFlorida, 224,534 patients were diagnosed with
hypertension based on diagnosis codes, and 135,230 patients were identified through elevated BP measurements. Removing 63,890 overlapping
patients, 295,874 individuals were classified as having hypertension. Similarly, at YNHHS, hypertension was identified in 346,994 patients based on
diagnosis codes and in 167,694 patients through elevated BP measurements. Removing 99,889 overlapping patients, 414,799 individuals were
classified as having hypertension. Subsequent exclusions for patients with less than three months of follow-up, female patients with pregnancy-related
diagnostic evidence, and patients receiving dialysis reduced the final analysis cohorts to 253,207 patients with hypertension from YNHHS and 359,764
from OneFlorida (Supplemental Table S4). At YNHHS, the mean age of patients was 65.0 years (SD = 14.6) years and 47.8% of patients were men;
12.6% of patients were Black, 76.2% were White, and 9.0% were Hispanic. At OneFlorida, the mean age of patients was 61.0 years (SD: 14.7) years and
44.8% of patients were men; 25.2% of patients were Black, 47.7% were White, and 15.4% were Hispanic. Using approaches 1 and 2, we identified a
significantly overlapping population. These methods resulted in an 86.4% overlap of the population at YNHHS and an 86.8% overlap at OneFlorida
(Supplemental Table S5).

Prevalence and characteristics of uncontrolled hypertension
In our primary analysis using approach 1, we discovered that uncontrolled hypertension was prevalent, affecting 32.5% of patients at YNHHS and
43.7% at OneFlorida. We observed that patients with uncontrolled hypertension typically belonged to younger age groups and were more likely to be
male and of Black race. Additionally, a higher proportion of these patients preferred speaking Spanish or other non-English languages. Notably, these
patients also exhibited higher rates of obesity and smoking compared to those with controlled hypertension (P < 0.01; refer to Table 1 for detailed
statistics). Interestingly, despite these risk factors, patients with uncontrolled hypertension presented with fewer comorbidities overall. 
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Table 1
Baseline characteristics of patients with hypertension at the index encounter

Characteristics YNHHS OneFlorida

All patients
with
hypertension

N = 253,207

Patients
with
uncontrolled
hypertension

N = 82,216

Patients
with
controlled
hypertension

N = 170,991

P value for
controlled
vs.
uncontrolled
hypertension

All patients
with
hypertension

N = 182,827

Patients
with
uncontrolled
hypertension

N = 79,935

Patients
with
controlled
hypertension

N = 102,892

P value for
controlled
vs.
uncontrolled
hypertension

Age, yrs., mean
(SD)

65.0 (14.6) 64.8 (14.6) 65.2 (14.6) < 0.001 61.0 (14.7) 61.1 (14.6) 60.8 (14.7) < 0.001

Age group, N (%)                

18–44 years 21,380 (8.4) 7,207 (8.8) 14,173 (8.3) < 0.001 24,340
(13.3)

10,538
(13.2)

13,802
(13.4)

0.15

45–64 years 97,410
(38.5)

32,147
(39.1)

65,263
(38.2)

< 0.001 82,474
(45.1)

36,070
(45.1)

46,404
(45.1)

0.92

>=65 years 134,417
(53.1)

42,862
(52.1)

91,555
(53.5)

< 0.001 76,013
(41.6)

33,327
(41.7)

42,686
(41.5)

0.38

Sex, N (%)                

Female 132,176
(52.2)

42,018
(51.1)

90,158
(52.7)

< 0.001 101,006
(55.2)

44,298
(55.4)

56,708
(55.1)

0.20

Male 121,030
(47.8)

40,198
(48.9)

80,832
(47.3)

< 0.001 81,821
(44.8)

35,637
(44.6)

46,184
(44.9)

0.20

Other/Unknown 1 (0.0) 0 (0.0) 1 (0.0) NA 0 (0.0) 0 (0.0) 0 (0.0) NA

Race, N (%)                

Black 31,847
(12.6)

12,402
(15.1)

19,445
(11.4)

< 0.001 46,068
(25.2)

22,917
(28.7)

23,151
(22.5)

< 0.001

White 193,058
(76.2)

60,773
(73.9)

132,285
(77.4)

< 0.001 87,118
(47.7)

35,908
(44.9)

51,210
(49.8)

< 0.001

Others 24,397 (9.6) 7,780 (9.5) 16,617 (9.7) 0.04 46,337
(25.3)

19,647
(24.6)

26,690
(25.9)

< 0.001

Unknown 3,905 (1.5) 1,261 (1.5) 2,644 (1.5) 0.82 3,304 (1.8) 1,463 (1.8) 1,841 (1.8) 0.53

Ethnicity, N (%)                

Hispanic 22,680 (9.0) 7,254 (8.8) 15,426 (9.0) 0.10 28,201
(15.4)

11,884
(14.9)

16,317
(15.9)

< 0.001

Non-Hispanic 222,494
(87.9)

72,359
(88.0)

150,135
(87.8)

0.14 150,092
(82.1)

66,017
(82.6)

84,075
(81.7)

< 0.001

Other/Unknown 8,033 (3.2) 2,603 (3.2) 5,430 (3.2) 0.91 4,534 (2.5) 2,034 (2.5) 2,500 (2.4) 0.12

Insurance type,
N (%)

               

Public (Medicare
or Medicaid)

152,866
(60.4)

49,152
(59.8)

103,714
(60.7)

< 0.001 92,077
(50.4)

40,652
(50.9)

51,425
(50.0)

< 0.001

Private 92,613
(36.6)

30,391
(37.0)

62,222
(36.4)

0.005 72,434
(39.6)

31,416
(39.3)

41,018
(39.9)

0.02

Military 1,191 (0.5) 411 (0.5) 780 (0.5) 0.14 547 (0.3) 203 (0.3) 344 (0.3) 0.002

None 3,231 (1.3) 1,248 (1.5) 1,983 (1.2) < 0.001 4,876 (2.7) 2,527 (3.2) 2,349 (2.3) < 0.001

Others/Unknown 3,306 (1.3) 1,014 (1.2) 2,292 (1.3) 0.03 12,893 (7.1) 5,137 (6.4) 7,756 (7.5) < 0.001

Preferred
language, N (%)

               

English 238,291
(94.1)

77,142
(93.8)

161,149
(94.2)

< 0.001 163,694
(89.5)

71,574
(89.5)

92,120
(89.5)

0.95

Spanish 9,448 (3.7) 3,194 (3.9) 6,254 (3.7) 0.005 16,402 (9.0) 7,082 (8.9) 9,320 (9.1) 0.14

Others 4,447 (1.8) 1,542 (1.9) 2,905 (1.7) 0.002 2,513 (1.4) 1,161 (1.5) 1,352 (1.3) 0.01
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Characteristics YNHHS OneFlorida

All patients
with
hypertension

N = 253,207

Patients
with
uncontrolled
hypertension

N = 82,216

Patients
with
controlled
hypertension

N = 170,991

P value for
controlled
vs.
uncontrolled
hypertension

All patients
with
hypertension

N = 182,827

Patients
with
uncontrolled
hypertension

N = 79,935

Patients
with
controlled
hypertension

N = 102,892

P value for
controlled
vs.
uncontrolled
hypertension

Unknown 1,021 (0.4) 338 (0.4) 683 (0.4) 0.69 218 (0.1) 118 (0.1) 100 (0.1) 0.002

BMI category, N
(%)

               

≥ 30 kg/m2 113,301
(44.7)

38,650
(47.0)

74,651
(43.7)

< 0.001 85,937
(47.0)

39,006
(48.8)

46,931
(45.6)

< 0.001

25-<30 kg/m2 83,316
(32.9)

26,443
(32.2)

56,873
(33.3)

< 0.001 55,261
(30.2)

23,497
(29.4)

31,764
(30.9)

< 0.001

< 25 kg/m2 52,487
(20.7)

15,500
(18.9)

36,987
(21.6)

< 0.001 35,761
(19.6)

14,695
(18.4)

21,066
(20.5)

< 0.001

Unknown 4,103 (1.6) 1,623 (2.0) 2,480 (1.5) < 0.001 5,868 (3.2) 2,737 (3.4) 3,131 (3.0) < 0.001

Smoking status,
N (%)

               

Current smoker 8,649 (3.4) 2,911 (3.5) 5,738 (3.4) 0.02 19,605
(10.7)

9,006 (11.3) 10,599
(10.3)

< 0.001

Former smoker 42,557
(16.8)

12,613
(15.3)

29,944
(17.5)

< 0.001 38,659
(21.1)

16,395
(20.5)

22,264
(21.6)

< 0.001

Never smoker 8,125 (3.2) 2,170 (2.6) 5,955 (3.5) < 0.001 66,811
(36.5)

29,790
(37.3)

37,021
(36.0)

< 0.001

Unknown 193,876
(76.6)

64,522
(78.5)

129,354
(75.6)

< 0.001 57,644
(31.5)

24,705
(30.9)

32,939
(32.0)

< 0.001

Comorbidities, N
(%)

               

Heart failure 23,406 (9.2) 5,601 (6.8) 17,805
(10.4)

< 0.001 17,356 (9.5) 6,410 (8.0) 10,946
(10.6)

< 0.001

Diabetes
mellitus

60,627
(23.9)

18,541
(22.6)

42,086
(24.6)

< 0.001 54,696
(29.9)

23,406
(29.3)

31,290
(30.4)

< 0.001

Dyslipidemia 112,082
(44.3)

33,132
(40.3)

78,950
(46.2)

< 0.001 85,650
(46.8)

34,602
(43.3)

51,048
(49.6)

< 0.001

Acute
myocardial
infarction

5,579 (2.2) 1,396 (1.7) 4,183 (2.4) < 0.001 2,834 (1.6) 1,058 (1.3) 1,776 (1.7) < 0.001

Coronary artery
disease

43,469
(17.2)

11,362
(13.8)

32,107
(18.8)

< 0.001 27,162
(14.9)

9,949 (12.4) 17,213
(16.7)

< 0.001

Cerebrovascular
disease

3,759 (1.5) 1,104 (1.3) 2,655 (1.6) < 0.001 3,845 (2.1) 1,695 (2.1) 2,150 (2.1) 0.66

Atrial
fibrillation/Atrial
flutter

30,781
(12.2)

7,605 (9.3) 23,176
(13.6)

< 0.001 14,951 (8.2) 5,137 (6.4) 9,814 (9.5) < 0.001

Chronic kidney
disease

20,684 (8.2) 6,477 (7.9) 14,207 (8.3) < 0.001 20,326
(11.1)

8,493 (10.6) 11,833
(11.5)

< 0.001

Chronic
obstructive
pulmonary
disease

18,566 (7.3) 4,820 (5.9) 13,746 (8.0) < 0.001 14,677 (8.0) 5,682 (7.1) 8,995 (8.7) < 0.001

Peripheral
arterial disease

11,272 (4.5) 3,411 (4.1) 7,861 (4.6) < 0.001 9,765 (5.3) 4,077 (5.1) 5,688 (5.5) < 0.001

Angina 4,074 (1.6) 994 (1.2) 3,080 (1.8) < 0.001 7,309 (4.0) 2,803 (3.5) 4,506 (4.4) < 0.001

Hemorrhagic
stroke

1,421 (0.6) 425 (0.5) 996 (0.6) 0.04 791 (0.4) 321 (0.4) 470 (0.5) 0.08

Ischemic stroke 7,989 (3.2) 2,472 (3.0) 5,517 (3.2) 0.003 6,172 (3.4) 2,717 (3.4) 3,455 (3.4) 0.64
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Characteristics YNHHS OneFlorida

All patients
with
hypertension

N = 253,207

Patients
with
uncontrolled
hypertension

N = 82,216

Patients
with
controlled
hypertension

N = 170,991

P value for
controlled
vs.
uncontrolled
hypertension

All patients
with
hypertension

N = 182,827

Patients
with
uncontrolled
hypertension

N = 79,935

Patients
with
controlled
hypertension

N = 102,892

P value for
controlled
vs.
uncontrolled
hypertension

Depression 29,166
(11.5)

7,773 (9.5) 21,393
(12.5)

< 0.001 23,189
(12.7)

8,848 (11.1) 14,341
(13.9)

< 0.001

Dementia 7,713 (3.0) 2,131 (2.6) 5,582 (3.3) < 0.001 3,649 (2.0) 1,475 (1.8) 2,174 (2.1) < 0.001

Hypertensive
retinopathy

487 (0.2) 195 (0.2) 292 (0.2) < 0.001 3,242 (1.8) 1,590 (2.0) 1,652 (1.6) < 0.001

Substance use
disorder

29,933
(11.8)

9,872 (12.0) 20,061
(11.7)

0.05 25,697
(14.1)

11,368
(14.2)

14,329
(13.9)

0.07

Medication prescription patterns
At YNHHS, 62.1% of patients with hypertension, including 60.7% of those with uncontrolled hypertension and 62.7% of those with controlled
hypertension (p = 0.56), were not prescribed any antihypertensive drugs in the year prior to the index date (Table 2). Among all patients with
hypertension, ACEIs or ARBs were prescribed in 19.8% of the patients in the year prior to the index date, followed by beta-blockers (15.3%) and CCBs
(11.6%). At OneFlorida, 62.0% of patients with hypertension, including 57.8% of those with uncontrolled hypertension and 65.2% of those with
controlled hypertension (p < 0.001), were not prescribed any antihypertensive drugs in the year prior to the index date. Among all patients with
hypertension, ACEIs or ARBs were prescribed in 22.7% of the patients in the year prior to the index date, followed by CCBs (12.9%) and thiazide or
thiazide-like diuretics (12.3%). A total of 5.3% of all patients with hypertension at both YNHHS and OneFlorida sites were prescribed single-pill
combination antihypertensive drugs. 

Table 2
Antihypertensive medication classes prescribed for patients with hypertension in the year prior to the index date

Medication class YNHHS OneFlorida

All patients
with
hypertension

N = 253,207

Patients with
uncontrolled
hypertension

N = 82,216

Patients with
controlled
hypertension

N = 170,991

All patients
with
hypertension

N = 182,827

Patients with
uncontrolled
hypertension

N = 79,935

Patients with
controlled
hypertension

N = 102,892

Angiotensin-converting
enzyme inhibitor
(ACEI)

27,803 (11.0) 9,566 (10.7) 18,237 (10.7) 26,677 (14.6) 13,070 (16.4) 13,607 (13.2)

Angiotensin receptor
blocker (ARB)

23,439 (9.3) 8,610 (10.5) 14,829 (8.7) 15,950 (8.7) 8,324 (10.4) 7,626 (7.4)

ACEI or ARB 50,246 (19.8) 17,777 (21.6) 32,469 (19.0) 41,528 (22.7) 20,714 (25.9) 20,814 (20.2)

Calcium channel
blocker (CCB)

29,293 (11.6) 11,926 (14.5) 17,367 (10.2) 23,587 (12.9) 13,402 (16.8) 10,185 (9.9)

Beta-blocker 38,757 (15.3) 12,135 (14.8) 26,622 (15.6) 21,901 (12.0) 10,484 (13.1) 11,417 (11.1)

Thiazide or thiazide-
like diuretic

23,552 (9.3) 9,059 (11.0) 14,493 (8.5) 22,409 (12.3) 11,749 (14.7) 10,660 (10.4)

Other antihypertensive
drug classes

20,562 (8.1) 5,922 (7.2) 14,640 (8.6) 13,442 (7.4) 6,430 (8.0) 7,012 (6.8)

Combination
antihypertensive drug

13,530 (5.3) 4,654 (5.7) 8,876 (5.2) 9,722 (5.3) 4,801 (6.0) 4,921 (4.8)

None 157,169
(62.1)

49,942 (60.7) 107,227 (62.7) 113,336
(62.0)

46,232 (57.8) 67,104 (65.2)

Similarly, over 50% of patients with hypertension were not prescribed any antihypertensive drugs on the index date. This was consistent across age, sex,
and controlled/uncontrolled hypertension subgroups at both YNHHS and OneFlorida sites (Table 3). Among patients prescribed at least one
antihypertensive drug, 40–50% of patients at YNHHS and 50%-60% of patients at OneFlorida were prescribed one drug class, 20–30% at YNHHS and
OneFlorida were prescribed drugs from two drug classes and 10–20% at YNHHS and OneFlorida were prescribed three or more drug classes.
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Table 3
Number of antihypertensive medication classes prescribed on the index date among patients with hypertension, according to age and sex 

(A) YNHHS
Number of
medication
classes

Patients with uncontrolled hypertension Patients with controlled hypertension

Men Women Men Women

18–44
years

45–64
years

65 + 
years

18–44
years

45–64
years

65 + 
years

18–44
years

45–64
years

65 + 
years

18–44
years

45–64
years

65 + 
years

0 2,556
(60.9)

9,665
(55.3)

11,117

(60.0)

1,939
(64.5)

8,829
(60.2)

14,392

(59.1)

5,037
(73.1)

19,538

(62.0)

25,857

(61.0)

5,527
(75.9)

22,765

(67.5)

30,870

(62.8)

1 938
(22.3)

3,948
(22.6)

3,869
(20.9)

643
(21.4)

3,107
(21.2)

5,088
(20.9)

1,146
(16.6)

6,851
(21.7)

9,462
(22.3)

1,212
(16.7)

6,467
(19.2)

10,365
(21.1)

(21.1)

2 492
(11.7)

2,461
(14.1)

2,202
(11.9)

287
(9.5)

1,777
(12.1)

3,113
(12.8)

505
(7.3)

3,630
(11.5)

4,723
(11.1)

408
(5.6)

3,308
(9.8)

5,372
(10.9)

>=3 214
(5.1)

1,401
(8.0)

1,335
(7.2)

138
(4.6)

959
(6.5)

1,746
(7.2)

207
(3.0)

1,512
(4.8)

2,364
(5.6)

131
(1.8)

1,191
(3.5)

2,542
(5.2)

Among adults prescribed one antihypertensive medication class on the index date, ACEI or ARBs was the most prescribed class at both YNHHS and
OneFlorida (34.3% at YNHHS and 40.5% at OneFlorida; Table 4). For YNHHS, the second most prescribed medication class was beta-blockers (28.4%)
followed by CCBs (18.9%). For OneFlorida, the second most prescribed medication class was CCBs (19.8%) followed by beta blockers (18.8%). Among
adults prescribed two antihypertensive drug classes, ACEI or ARB and thiazide diuretic were most common (25.8% at YNHHS and 33.1% at OneFlorida).
Among patients using three or more antihypertensive drug classes, ACEI or ARB, CCB and thiazide diuretic were most common (16.9% at YNHHS and
20.9% at OneFlorida).

Table 4. Top three commonly prescribed antihypertensive medication classes on the index date among treated patients with hypertension 

(A) YNHHS
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  All patients with
hypertension

N=253,207

Patients with uncontrolled
hypertension

N=82,216

Patients with controlled
hypertension

N=170,991

Among adults using one medication class      

ACEI or ARB* 18,216 (34.3) 6,353 (36.1) 11,863 (33.4)

Beta blocker  15,086 (28.4) 4,191 (23.8) 10,895 (30.7)

CCB 10,037 (18.9) 4,077 (23.2) 5,960 (16.8)

Total 53,097 17,593 35,504

Among adults using two medication classes      

ACEI or ARB and Thiazide diuretic 7,307 (25.8) 2,729 (26.4) 4,578 (25.5)

ACEI or ARB and Beta blocker 3,421 (18.5) 1,698 (16.4) 3,541 (19.7)

ACEI or ARB and CCB 3,142 (16.2) 2,016 (19.5) 2,557 (14.2)

Total 28,278 10,332 17,946

Among adults using three or more medication
classes

     

ACEI or ARB and CCB and Thiazide diuretic 2,321 (16.9) 1,140 (19.7) 1,181 (14.9)

ACEI or ARB and Beta Blocker and Thiazide
diuretic

1,913 (13.9) 1,137 (14.3) 776 (13.4)

ACEI or ARB and Beta Blocker and CCB 1,722 (12.5) 786 (13.6) 936 (11.8)

Total 13,740 5,793 7,947

(B) OneFlorida

  All patients with
hypertension

N=182,827

Patients with uncontrolled
hypertension

N=79,935

Patients with controlled
hypertension

N=102,892

Among adults using one medication class      

ACEI or ARB 11,638 (40.5) 5,597 (40.5) 6,041 (40.5)

CCB 5,703 (19.8) 3,140 (22.7) 2,563 (17.2)

Beta Blocker 5,406 (18.8) 2,292 (16.6) 3,114 (20.9)

Total 28,750 (100) 13,817 (100) 14,933 (100)

Among adults using two medication classes      

ACEI or ARB and Thiazide diuretic 5,046 (33.1) 2,443 (31.4) 2,603 (34.8)

ACEI or ARB and CCB 2,753 (18) 1,600 (20.6) 1,153 (15.4)

ACEI or ARB and Beta Blocker 2,182 (14.3) 1,041 (13.4) 1,141 (15.2)

Total 15,259 (100) 7,776 (100) 7,483 (100)

Among adults using three or more medication
classes

     

ACEI or ARB and CCB and Thiazide diuretic 1,629 (20.9) 1,050 (22.3) 579 (18.8)

ACEI or ARB and Beta Blocker and Thiazide
diuretic

985 (12.6) 530 (11.2) 455 (14.8)

ACEI or ARB and Beta Blocker and CCB 763 (9.8) 460 (9.8) 303 (9.9)

Total 7,788 (100) 4,712 (100) 3,076 (100)

*ACEI: Angiotensin-converting enzyme inhibitor; ARB: Angiotensin receptor blocker; CCB: Calcium channel blocker.

Short-term and long-term outcomes
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Overall, the composite of death and CVD event rates among patients with hypertension at 3, 6, 12 and 24 months were 3.3%, 5.4%, 5.4% and 8.6% at
YNHHS; the rates were 1.9%, 2.9%, 4.3% and 6.0% at OneFlorida (Table 5). The proportion of patients who had ED or inpatient visits for any cause at 3,
6, 12 and 24 months were 12.8%, 19.8%, 19.9% and 29.7% at YNHHS; the proportions were 10.7%, 15.8%, 22.7% and 29.6% at OneFlorida. The
proportion of patients who had ambulatory visits for any cause at 3, 6, 12 and 24 months were 75.4%, 87.0%, 88.7% and 95.2% at YNHHS; the
proportions were 50.8%, 68.1%, 79.6% and 84.6% at OneFlorida. Patients with controlled and uncontrolled hypertension had similar rates of short-term
(at 3 and 6 months) and long-term (at 12 and 24 months) clinical outcomes and healthcare utilizations.

Table 5. Rates of death, non-fatal CVD events, and healthcare utilization, among patients with uncontrolled and controlled hypertension at two health
systems at 3, 6, 12, 24 months after the index date

*All clinical outcomes include the composite of death and non-fatal CVD events.

The results of sensitivity analysis using approach 2 where we defined controlled and uncontrolled hypertension based on a single BP measurement at
the index visit were reported in Supplemental Tables S6-S10. The sensitivity analysis showed results consistent with the main analysis.

DISCUSSION
Our study applied two computable definitions to EHR data from two large clinical research networks, YNHHS and OneFlorida, to identify and
characterize patient populations with controlled and uncontrolled hypertension. The two computable definitions generated consistent results.
Approximately 30–40% of hypertensive patients receiving ambulatory care within both health system networks have uncontrolled hypertension, of
whom 60% were untreated. We were also able to characterize short-term and long-term outcomes among patients with both controlled and uncontrolled
hypertension. These findings lay a foundation for more sophisticated analyses to assess the quality of care and outcomes for patients with
hypertension in future studies.

A strength of this study was the successful use of a decentralized model for clinical research. Both YNHHS and OneFlorida retained their data behind
their individual firewalls, but data were managed using common definitions and data models that enabled harmonized research using federated
analytics. Conducting clinical research using federated models enables aggregation of observations across multiple health systems, thereby examining
a much larger and diverse population size of patients than when using data from a single health system. The consistent overall results that we found
across both YNHHS and OneFlorida suggest that a reusable infrastructure can be created for digital population health surveillance and identification of
people with hypertension who would benefit from more aggressive management.

Several challenges were encountered during the study, as well as insights that have led us to conclude that they are all addressable. An overall
challenge was accurately defining and identifying a condition-specific population, in this case patients with uncontrolled hypertension. To use EHR data
to perform high-quality clinical research, construction of accurate patient cohorts is vital. This is particularly important for uncontrolled hypertension,
for which there is no specific diagnostic code and identification usually requires many observations over time. Clinical guidelines have established a
fundamental definition of uncontrolled hypertension based on BP thresholds.3,9 For instance, the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC-8) defined uncontrolled hypertension as a BP level greater than or equal to 140/90 mmHg. In
contrast, the 2017 hypertension guideline recommended a lower BP threshold for defining uncontrolled hypertension, specifically, a BP level greater
than or equal to 130/80 mmHg. This study represents additional work to develop computable phenotypes for uncontrolled hypertension based on
ICD10-CM codes, BP measurements, and using common data models (in this case the PCORnet common data model) for use in clinical research and
practice.
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Importantly, previous studies have shown that diagnosis codes used in isolation generally do not have sufficient accuracy for cohort identification. Even
for a straightforward diagnosis such as hypertension, approximately 30% of the people identified with hypertension by BP measurements recorded in
the EHR were missing the associated diagnostic code.20,21 We found a similar proportion of hypertensive patients did not have associated diagnostic
code. One solution to improve the robustness of results, as we showed in this study, is to develop different operational definitions of uncontrolled
hypertension and evaluate how these definitions may influence cohort identification. With the increasing emphasis on ambulatory and home BP
monitoring,22,23 additional data sources may be available to better understand the management of hypertension when these data are integrated with
the EHR.

Second, using health system data to classify antihypertensive medications and examine patterns of medication prescription has challenges. This is
because many medications have multiple indications and dosage forms, and the existing therapeutic classification systems generally group
medications in ways that may only partially correlate with intended use. For example, timolol is a beta-blocker that has both oral and ophthalmic
dosage forms. The oral form is used to treat hypertension, whereas the ophthalmic form is used to treat glaucoma.24,25 Therefore, just the presence of
a drug entity in the prescription records may not be sufficient to accurately classify medications being used for hypertension treatment. A solution is to
use a set of standardized drug codes and names for use in querying EHR data for antihypertensive medication prescriptions.17 This approach allowed
us to properly identify antihypertensive medications, assign each medication to a medication class, and apply consistent definitions across multiple
health systems. Of note, we found over 50% of patients with controlled hypertension were not on antihypertensive medications. Likely, these individuals
were able to achieve their BP goals through non-pharmacologic means. Lifestyle modifications, such as adopting a healthy diet, engaging in regular
physical activity, and reducing stress, have been shown to have a positive impact on BP management. It is also possible that these patients were
effectively treating and managing underlying medical conditions that contribute to elevated BP, such as obstructive sleep apnea, chronic kidney
disease, or hormonal disorders. In addition, the distribution of prescribed antihypertensive medications varied across health systems, as the specific
selection of medication depends on multiple factors. For instance, diuretics may be favored for hypertensive patients experiencing fluid retention, while
beta-blockers might be more suitable for those with a history of heart disease or arrhythmia. Similarly, hypertensive patients with diabetes or chronic
kidney disease may prefer ACE inhibitors or ARBs due to their additional renal protective effects. Moreover, the choice of antihypertensive medication
can be influenced by the preferences and familiarity of the prescribing physician with different medication classes. Some physicians may possess
greater expertise in certain medications or prefer those with fewer side effects and better tolerability profiles.

Third, there were pros and cons of using the primary discharge diagnosis codes versus secondary diagnosis codes to identify the outcomes of interest
across health systems. Using primary discharge diagnosis codes for hospitalizations for CVD events like stroke may be less likely to have
misclassification than codes from ambulatory visits. However, some events may be missed by reliance solely on primary diagnosis codes, particularly
when there are concurrent diagnoses. On the other hand, including secondary diagnoses may lead to greater capture of events, but it may lead to too
much noise resulting from the inability to distinguish patients with acute strokes from those with history of prior stroke. The approach we used in this
study was to include only acute event codes – whether or not they were in the primary diagnosis position – for outcome ascertainment. Another
common solution for improving accuracy of outcome ascertainment is to validate the diagnosis codes against manual chart review, as showed in prior
EHR studies.26 While our study did not perform chart review due to the limited scope of work, comparing the diagnostic codes or algorithms with
clinician review of EHRs to determine extent of concordance between codes and clinical judgement may be necessary to evaluate and improve the
validity of codes or algorithms. There is also a critical need to ensure that these methods are consistent across different sites within the distributed
research model. Of note, it is crucial to recognize that the present study adopts a descriptive design and does not aim to evaluate the association
between hypertension control and clinical outcomes. As a result, the controlled and uncontrolled hypertension groups may exhibit different
demographic or clinical characteristics that were not accounted for in the outcome analysis. The controlled hypertension group might have been
composed of individuals who were more proactive in managing their condition and adhering to treatment regimens. This self-selection bias could
indicate that these patients were generally more engaged in their health, leading to higher healthcare utilization and subsequent identification of clinical
events. Another plausible explanation is that patients with more severe or complicated health conditions were prioritized for intensive treatment and
achieved controlled hypertension. Therefore, the higher clinical outcomes observed in this group could be attributed to their underlying medical
complexity rather than the effect of blood pressure control itself. Finally, it is possible that unmeasured or unknown confounders influenced both the
choice of treatment strategy and the clinical outcomes.

Limitations
There are several limitations in this study. First, there may be variations in methods and devices used to measure BP across and within the two health
systems. Measurement of BP in a clinical practice setting may not mirror that of a trial or be performed per best practices. Second, we only used
prescribing data to evaluate antihypertensive medications and do not have information on whether the prescriptions were filled or taken by the patients.
Third, we used ED or inpatient encounters in the EHR to define clinical outcomes, which presumes that patients were hospitalized at the given health
system of interest. For acute events such as myocardial infraction and stroke, patients are often taken by ambulance to the nearest hospital, which may
not always be within the YNHHS or OneFlorida network. Thus, there may be incomplete ascertainment of acute events in EHRs. There is also a
possibility of misclassification of events, as we employed diagnosis codes in any position and encompassed a wide range of outcomes in our analysis.
Fourth, we performed only simple descriptive analyses to evaluate clinical outcomes in this study and did not apply risk adjustment. Fifth, we defined
patients’ comorbid conditions by utilizing ICD-10 codes that were recorded within the past year. The purpose of this approach was to capture the
patient's current clinical status. However, we acknowledge that this method may overlook comorbidities that have not been actively managed or
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diagnosed within the past year, yet still hold the potential to pose future cardiovascular risk. Finally, our findings may not be generalizable to other
health systems. This may be due to data limitations (e.g., lack of a common data model) or differences in population and practice patterns. This has
potential implications for the scalability of a real-world hypertension surveillance program. Finally, we assessed the antihypertensive medications
prescribed to patients with hypertension during the year preceding and including the index date. However, some patients might have been prescribed
medications after the index date. Our approach potentially leads to an underestimation of the overall treatment rate in patients with hypertension.
Future studies could benefit from a more comprehensive tracking of medication prescriptions, potentially including a post-index date period, to provide
a fuller picture of hypertension treatment patterns.

Conclusions
This study underscores the promising role of real-world health system data, gathered during routine clinical care, for use in clinical research. Our
findings illustrate the potential of leveraging EHR data, employing computable definitions, to conduct effective digital population surveillance in the
realm of hypertension management. This approach shows promise in identifying patients with uncontrolled hypertension who might benefit from
additional medical interventions. Furthermore, our research brings to light the inherent challenges associated with utilizing health system data for
research purposes, and outlines strategies to navigate these challenges effectively. These insights contribute significantly to the evolving field of real-
world data application, offering a foundation for generating high-quality evidence that can inform decisions by regulators, clinicians, and patients.
While our study indicates the feasibility and utility of these computational definitions in EHR data, future validation studies are needed to confirm their
accuracy and reliability comprehensively.
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Figures

Figure 1

Cohort Definitions for Controlled and Uncontrolled Hypertension.
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Footnote: The red dot on the graph indicates an ambulatory encounter selected randomly at least three months after hypertension identification and
between October 1, 2015, and December 31, 2018, serving as the index encounter. We employed two different approaches to determine controlled
hypertension among the hypertensive patients. In approach 1, controlled hypertension was defined as having more than 50% of systolic blood pressure
(SBP) measurements below 140 mmHg and diastolic blood pressure (DBP) measurements below 90 mmHg across all ambulatory encounters, from the
identification date up to and including the index encounter. In approach 2, controlled hypertension was defined as having both SBP < 140 mmHg and
DBP < 90 mmHg at the index encounter.

Figure 2

Diagram for study population selection.
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