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ABSTRACT

Objective To identify patients with hypertension with
resistant and controlled blood pressure (BP) using
electronic health records (EHRs) in order to elucidate
practices in the real-world clinical treatment of
hypertension and to enable future genetic studies.
Design Using EHRs, we developed and validated
algorithms to identify patients with resistant and controlled
hypertension.

Setting An academic medical centre in Nashville,
Tennessee.

Population European-American (EA) and African-
American (AA) patients with hypertension.

Main outcome measures Demographic characteristics:
race, age, gender, body mass index, outpatient BPs and the
history of diabetes mellitus, chronic kidney disease stage
3, ischaemic heart disease, transient ischaemic attack,
atrial fibrillation and sleep apnoea.

Medication treatment All antihypertensive medication
classes prescribed to a patient at the time of classification
and ever prescribed following classification.

Results The algorithms had performance metrics
exceeding 92%. The prevalence of resistant hypertension
in the total hypertensive population was 7.3% in EA and
10.5% in AA. At diagnosis, AA were younger, heavier,

more often female and had a higher incidence of type

2 diabetes and higher BPs than EA. AA with resistant
hypertension were more likely to be treated with
vasodilators, dihydropyridine calcium channel blockers and
alpha-2 agonists while EA were more likely to be treated
with angiotensin receptor blockers, renin inhibitors and
beta blockers. Mineralocorticoid receptor antagonists use
was increased in patients treated with more than four
antihypertensive medications compared with patients
treated with three (12.4% vs 2.6% in EA, p<0.001; 12.3%
vs 2.8% in AA, p<0.001). The number of patients treated
with a mineralocorticoid receptor antagonist increased

10 37.4% in EA and 41.2% in AA over a mean follow-up
period of 7.4 and 8.7 years, respectively.

Conclusions Clinical treatment of resistant hypertension
differs in EA and AA patients. These results demonstrate

Strengths and limitations of this study

» A strength of this study was the accuracy of the
electronic algorithms for the identification of resis-
tant hypertension.

» The use of stringent definitions to phenotype resis-
tant and controlled hypertension in the electronic
health record will permit future genetic studies us-
ing large-scale electronic health records with linked
genetic data.

» The inclusion of a large number of European
(n=13 541) and African (n=3541) Americans with
resistant hypertension allowed us to compare the
treatment of hypertension in these two groups.

» The limitations of the study include the inability to
confirm medication compliance or track use of over-
the-counter medications that affect blood pressure
(BP) response, and the lack of ambulatory BP mea-
sures in the electronic medical records reviewed.

the feasibility of identifying resistant hypertension using
an EHR.

INTRODUCTION

Patients with resistant hypertension, defined
as persistently elevated blood pressure
(BP) despite concurrent treatment with three
or more different antihypertensive medica-
tions including a thiazide diuretic, are at an
elevated risk of chronic kidney disease (CKD)
and a 47% higher risk of cardiovascular events
compared with patients with controlled
hypertension.' * The estimated prevalence of
resistant hypertension ranges from 8.4% to
50% of all treated patients with hypertension
in clinical trials and epidemiological studies
due to varying definitions of resistant hyper-
tension and methods of BP assessment.”"
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A meta-analysis by Achelrod et al estimated a prevalence
of resistant hypertension of 13.72% in 20 observational
studies and 16.32% in 4 randomised control trials."”
These rates are consistent with a separate meta-analysis
of North American and European studies that reported a
resistant hypertensive prevalence rate of 14.8% in treated
patients with hypertension.” These rates may be inflated
because the studies did not assess adequacy of drug treat-
ment or medication non-adherence.

The rates of inadequate drug treatment or medication
non-adherence are not known precisely for the popula-
tion. In a study by Egan et al, half of the patients with
uncontrolled BP on greater than three antihypertensive
medications were prescribed optimal treatment and
patients with greater cardiovascular risk were more often
prescribed optimal treatment."” Medication non-adher-
ence, in particular, may lead to overestimation of the
prevalence of resistant hypertension. Studies assessing
medication adherence using blood and urine levels to
measure antihypertensive medication intake estimate the
rate of non-adherence, including partial and complete
non-adherence, to be approximately 50% in resistant
patients with hypertension and 25% in patients with
hypertension with uncontrolled BP.'*'® These condi-
tions may contribute to uncontrolled BP in some but
not all patients with resistant hypertension. The molec-
ular mechanisms underlying resistant hypertension in
the remaining population remain unknown. Therefore,
understanding the genetic underpinning of resistant
hypertension versus readily controlled hypertension is of
great value.

To date, however, the identification of novel genetic
underpinnings of population-wide hypertension has met
with limited success. Genome-Wide Association Studies
(GWAS) can analyse up to millions of genetic variants
from across the human genome in an effort to identify
genetic risk factors of disease. GWAS studies of BP and
hypertension have identified a number of variants that
associate with BP and hypertension.'”*! The contribution
of these variants to the overall heritability of hypertension,
however, has been relatively small.”*** Conversely, studies
of Mendelian forms of hypertension have identified
novel rare variants with large effect size that contribute to
hypertension.” ®* These findings have provided mech-
anistic insight into the aetiology of hypertension. Rese-
quencing efforts in the Framingham Heart Study have
further supported the role for some of these rare vari-
ants in BP regulation.”” Because much is still left to learn
about the genetic contributions to hypertension, there is
a need to study more severe hypertension in large data-
sets for which clinical and medication data are available.
Electronic health records (EHRs) linked with genetic
material provides a robust resource to do just that.”*!

We hypothesised that we could use the EHR to develop
algorithms to identify patients within a clinical population
who hadresistanthypertension or controlled hypertension
for use in future genetic studies. Resistant hypertensive
cases were defined as patients with BP >140/90mm Hg

despite concurrent use of three or more antihypertensive
medications including a thiazide, thiazide-like diuretic or
a dihydropyridine calcium channel blocker (DHP CCB)
or those taking four or more antihypertensive medica-
tions including a thiazide, thiazide-like diuretic or DHP
CCB. Controls with controlled hypertension were defined
as patients with BP <135/90 mm Hg on one and only ever
one medication. Our case and control definitions were
designed to be stringent, excluding secondary causes of
hypertension and CKD stages 4 and 5, to select a more
homogeneous population for use in genetic studies. The
accuracy of the algorithms was validated by chart review.
In developing the method, we observed differences in the
patterns of prescribing of antihypertensive medications
between African-American (AA) and European-American
(EA) patients with resistant hypertension. We describe
here the characteristics and medication treatment of AA
versus EA patients with resistant hypertension at a large
academic health centre.

METHODS

Electronic health record

We used the Vanderbilt University Medical Center
(VUMC) Synthetic Derivative (SD) for this research. The
SD is a de-identified copy of the VUMC EHR system with
Health Insurance Portability and Accountability Act iden-
tifiers removed by established de-identification software
as well as custom algorithms.”® The institutional review
board reviewed this project and deemed it exempt as
non-human subjects research in accordance with 45 code
of federal regulations (CFR) 46. To date the SD contains
approximately 2.5 million records and approximately one
million of these records contain detailed longitudinal
data. The SD contains almost all available clinical data
including basic demographics, such as race and sex, text
from clinical care notes, laboratory values, inpatient and
outpatient medication data, International Classification
of Disease (ICD) and Current Procedural Terminology
(CPT) codes, and other diagnostic reports.

Resistant hypertension algorithm development
To identify patients with resistant hypertension (cases)
and patients with controlled hypertension (controls) in
the VUMC SD, we developed the following algorithms,
updated and modified from a previously published algo-
rithm to define resistant hypertension within the Elec-
tronic Medical Records and Genomics network.” *
Resistant hypertension was defined by one of two
possible case definitions. Case type I identified patients
with elevated BP despite simultaneous treatment with at
least three different classes of antihypertensive medica-
tions, including a thiazide diuretic, amlodipine or other
DHP CCB (figure 1). Because thiazide-induced hypona-
traemia is a relatively common clinical condition and clin-
ical guidelines suggest thiazide or CCB use, we allowed for
the replacement of thiazide diuretics with DHP CCBs.**
Antihypertensive medication classes were ACE inhibitors,
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Hypertensive patients with blood pressure
uncontrolled on one antihypertensive
medication

patients with blood pressure controlled on

Total Hypertensive Population

European Americans (n=186,015)
or African Americans (n=33,576)
Other (n=27,829)

two or three simultaneous antihypertensive
classes

European Americans (n=156,159) <
African Americans (n=25,298)
Other (n=25,060)

v

v

Control Algorithm
Hypertensive patients controlled by one and
never more than one antihypertensive
medication

Case Type I Algorithm
Hypertensive patients on three simultaneous
antihypertensive classes with uncontrolled blood
pressure defined as SBP > 140 or DBP > 90

Case Type II Algorithm
Hypertensive patients on > four simultaneous
antihypertensive classes

Inclusion criteria

Patients with an ICD9 or ICD10 HTN code
prior to the start of an antihypertensive
medication, never more than one
antihypertensive class, and no outpatient BPs
>135/90 mmHg in the three months after
starting the antihypertensive

European Americans (n=7,350)
African Americans (n=955)
Other (n=1,525)

Patients on three simultaneous antihypertensive
classes with either an ICD9 or ICD10 HTN code
or elevated blood pressure prior to meeting the
medication criteria with a mean outpatient SBP >
140 mmHg or DBP > 90 mmHg, respectively, in
the six months following

European Americans (n=14,034)
African Americans (n=4,240)
Other (n=763)

Patients taking more than four simultaneous
antihypertensive classes with either an ICD9
or ICD10 HTN code or elevated blood
pressure prior to meeting medication criteria

European Americans (n=8,472)
African Americans (n=2,783)
Other (n=481)

1

Exclusion criteria

l

Did not meet exclusion criteria

European Americans (n=6,933)
African Americans (n=891)
Other (n=1,455)

Did not meet exclusion criteria

European Americans (n=8,417)
African Americans (n=2,059)
Other (n=538)

Did not meet exclusion criteria

European Americans (n=5,124)
African Americans (n=1,482)
Other (n=321)

Figure 1

Diagram of the algorithms for the identification of patients with resistant (cases) and controlled (control) hypertension

in Vanderbilt University Medical Center’s Synthetic Derivative of the electronic health record. BPs, blood pressures; DBP,
diastolic blood pressure; HTN, hypertension; ICD-9, International Classification of Disease, Ninth Revision; SBP, systolic blood

pressure.

angiotensin receptor blockers (ARBs), beta blockers
(BBs), alpha-2 agonists, CCBs, thiazide and thiazide-like
diuretics, aldosterone antagonists, other non-thiazide
diuretics, direct-acting vasodilators, alpha antagonists,
renin inhibitors and miscellaneous antihypertensives
(online supplementary table 1). In the case of combina-
tion therapies, each component antihypertensive medi-
cation was counted separately. Simultaneous treatment
with three different classes of antihypertensive medica-
tion was confirmed by documentation in the EHR on two
occasions separated by more than 1 month. Uncontrolled
hypertension was defined by at least two recorded outpa-
tient measurements of systolic BP (SBP) greater than
140 mm Hg or diastolic BP (DBP) greater than 90 mm Hg
at least 1 month after medication criteria were met, as well
as by a mean outpatient SBP or DBP calculated as greater
than 140/90 mm Hg during the 6 months after the medi-
cation criteria were met.

The case type II definition of resistant hypertension
identified patients who were treated simultaneously with

four or more classes of antihypertensive medication,
including a thiazide-type diuretic, amlodipine or other
DHP CCB, as documented on at least two occasions more
than 1 month apart, regardless of BP. Patients who met
the criteria for case type I but subsequently met the defi-
nition of case type II by virtue of having a new medication
class added were considered to meet the definition of
case type II resistant hypertension for all analyses.
Controls, patients with controlled hypertension, were
defined as patients who had been assigned an ICD-9 or
ICD-10 code for hypertension (401.* and I10, respec-
tively) and who were treated with a single antihyperten-
sive medication. The control definition required that
at least one BP be recorded in the month following the
initiation of the antihypertensive medication and that all
recorded SBP and DBP in the month were less than 135
and 90mm Hg, respectively. In addition, these patients
never received concurrent treatment with more than one
antihypertensive class at any time in the EHR. There-
fore, control patients could never be classified as a case
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at a different time in the EHR. Because we excluded
the majority of treated patients with hypertension,
for example, patients who achieve control on two or three
antihypertensive medications, our controls do not reflect
all patients with controlled hypertension; however, we
choose a stringent control definition to facilitate future
genetic studies using the identified population.

For all three algorithms, drug exposure to antihyper-
tensive medications was identified in the VUMC SD by
electronic-prescribing tools and by using MedEx,”™ a
natural-language processing tool that recognises medica-
tion names and information including drug dose, route,
frequency and duration from unstructured clinical docu-
ments. We required the presence of at least one of the
following identifiers—drug dose, route, frequency or
duration—for a MedEx-identified drug to be counted.
The utility of these tools for extracting medication data
from the EHR has been shown previously.™ *’

All patient characteristics—age, gender, body mass
index (BMI), BPs and history of type two diabetes
mellitus (T2DM), sleep apnoea, ischaemic heart disease
(IHD), transient ischaemic attack (TTA), congestive heart
failure, atrial fibrillation/flutter and CKD stage 3—were
extracted from the VUMC SD using a combination of
ICD-9 and ICD-10 codes, CPT codes, laboratory measures,
and natural-language processing. For each patient, age
and BMI at the earliest time point for which a patient
met case or control inclusion criteria, that is the decision
date, is reported. All outpatient SBP and DBP collected
during the 6months following the decision date were
obtained for each patient and individual means were
calculated. History of CKD stage 3 was determined by an
estimated glomerular filtration rate >30 mL/min/1.73 m?
and <60mL/min/1.73 m? calculated using the Modi-
fication of Diet in Renal Disease formula*' at any point
before case/control identification or within 6 months of
identification. Patient race was administratively assigned
in the SD based on either patient or physician report.
Previous work has shown that self-identified race is highly
correlated with genetic ancestry* * and administratively
assigned race in the VUMC SD is sufficient for many
genetic association analyses** and correlates tightly with
genetic ancestry.”

Online supplementary table 2 lists exclusion criteria
for both cases and controls. Exclusion criteria included
recorded ICD-9 and ICD-10 codes for conditions known
to cause secondary hypertension. For both case types as
well as controls, patients were also excluded if they had
left ventricular dysfunction defined as an ejection frac-
tion <35%. Patients with CKD stages 4 and 5, defined
by an estimated glomerular filtration rate <30mL/min
1.73m?, were also excluded.

After the algorithms were iteratively refined, a blinded
review of randomly chosen, never overlapping, individual
electronic medical records were performed to deter-
mine electronic algorithm efficacy. Based on a popula-
tion size of 24 906, all cases and controls regardless of
race, review of 138 records would allow us to estimate a

misclassification rate of 10% with a margin of error of
5%. We, therefore, chose to review 150 records to deter-
mine algorithm efficacy. Two of three reviewers were not
affiliated with the development of the electronic algo-
rithms. Each review drew patient records from the SD
that had not been previously reviewed. The algorithms
were refined until a negative predictive value (NPV),
positive predictive value (PPV), sensitivity and specificity
greater than 90% was achieved based on the review of 150
records subdivided equally among the two case types and
controls (50 each). The final version of the algorithm is
available at Phenotype KnowledgeBase.*

Statistical methods

Data are presented as frequencies for categorical vari-
ables and median and IQR for continuous variables.
Between-group comparisons were made using Pearson
test for categorical variables and the Wilcoxon test for
continuous variables. The false discovery rate-adjusted p
values are reported for the multiple comparisons in medi-
cation use. Analyses were conducted for the total group
and also within EA or AA. Multivariable logistic regression
models for medication use in resistant hypertensive cases
were fit for race, age, gender and history of T2DM, sleep
apnoea, IHD, TIA, atrial fibrillation/flutter, congestive
heart failure with preserved ejection fraction (HFpEF)
and CKD stage 3. All statistical analyses were run using
the SPSS software V.24 (SPSS) or R V.3.3.0.%°

Patient and public involvement

Because this study involved the use of a de-identified SD
of the EHR, patients were not recruited and there was
no intervention. Patients were not specifically involved
in the development of the research question or design
of the study; however, there has been extensive patient
and community engagement in the establishment of the
Vanderbilt biobank that includes the SD. A community
advisory board within the Vanderbilt Institute for Clin-
ical and Translational Research reviews programmes
including the SD. Results of the study will be disseminated
to patients through local reporting of the publication.

RESULTS

Algorithm validation

NPV, PPV, sensitivity and specificity of the algorithms
for resistant hypertension (case type I and type II) and
controlled hypertension (control) were determined after
a blinded chart review of 150 patients. The algorithm for
case type II had the highest PPV and specificity at 96%
and 98%, respectively (table 1). The NPV and sensitivity
were each 100% for case type I and control.

Identification of patients with resistant hypertension and
controlled hypertension

Using the occurrence of an ICD-9 or ICD-10 code for
hypertension, as well as the presence of a SBP or DBP
greater than 140 or 90mm Hg prior to or at ICD-9 or
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Table 1 Algorithm validation metrics following blinded chart review

Resistant hypertension

Case type |

Case type Il Control

Positive predictive value
Negative predictive value

94 (83 to 98)
100 (95 to 100)
97 (91 to 99)
100 (91 to 100)

Specificity
Sensitivity

96 (85 to 99)

99 (94 to 100)
98 (92 to 100)
98 (88 to 100)

92 (80 to 97)
100 (95 to 100)
96 (90 to 99)
100 (90 to 100)

Data are presented as % (95% Cl).

ICD-10 occurrence, we estimated the total number of
patients with hypertension in the VUMC SD to be 247 420
(22.2% of the adult patients in the SD with an available
BP measurement), of whom 186015 were EA (75.2%)
and 33576 were AA (13.6%). A total of 5024 potential
EA cases and 2139 potential AA cases were excluded
for secondary causes of hypertension. After excluding
secondary causes of hypertension, 16.5% of the remaining
potential AA cases (n=806) and 11.4% of the potential
EA cases (n=1993) were excluded by the algorithm due
to the presence of CKD stages 4 and 5. An additional 10
AA cases and 21 EA cases were excluded because of a left
ventricular ejection fraction (LVEF) <35% within a year
of meeting medication criteria. In total, in the SD after
algorithm execution we identified 13 541 EA patients who
met one or both of the case definitions for resistant hyper-
tension and 6933 who met the definition for controlled
hypertension. We likewise identified 3541 AA cases and
891 AA controls (figure 1). Based on these estimates,
we determined the prevalence of resistant hypertension
among patients without CKD stages 4 and 5 in the VUMC
SD to be 7.3% for EAs and 10.5% for AAs.

Demographics of the algorithm-identified cases and controls
Regardless of race, patients with resistant hypertension
were significantly older, heavier and more likely to have
T2DM, sleep apnoea, atrial fibrillation, a history of TIA,
IHD or CKD stage 3 compared with controls (table 2).
There were significantly more female controls than cases
among EAs, but not among AAs.

Compared with EAs, AA cases and controls were signifi-
cantly younger, heavier, predominately female and had
higher prevalence of T2DM at diagnosis (table 2). The
prevalences of atrial fibrillation, IHD and CKD stage 3
were higher in EA compared with AA cases and controls.
The prevalence of HFpEF was significantly higher in AA
cases compared with EA cases. The prevalences of sleep
apnoea and history of TIA were not significantly different
between AA and EA patients.

BP and medication use in patients with resistant hypertension
and controlled hypertensive controls

By definition, SBP and DBP were significantly higher in
patients with resistant hypertension compared with those
with controlled hypertension (table 2). Also by definition,
all patients with resistant hypertension were prescribed
either a thiazide type diuretic or a CCB (amlodipine or

other DHP CCB) (table 3). Patients with resistant hyper-
tension were significantly more likely to be prescribed
every class of antihypertensive compared with controls
except for miscellaneous antihypertensives.

SBP and DBP were significantly higher in AA compared
with EA whether within the resistant hypertensive group
or within the controlled hypertensive group (table 2).
Among patients with resistant hypertension, AA were
more likely to be prescribed the non-thiazide diuretics,
CCBs, alpha-2 agonists, ACE inhibitors and direct-acting
vasodilators (minoxidil and hydralazine specifically) than
EA patients and less likely to be prescribed ARBs, BBs,
torsemide or renin inhibitors (table 3). In multivariable
logistic regression models including age, race, gender and
history of T2DM, sleep apnoea, atrial fibrillation, TIA,
IHD, HFpEF and CKD stage 3, race remained a signif-
icant independent predictor of torsemide (p=0.002),
ARB (p<0.001), BB (p<0.001), CCB (p<0.001), DHP
CCB (p<0.001), alpha-2 agonist (p<0.001), direct-acting
vasodilator (p<0.001), minoxidil (p<0.001), hydralazine
(p<0.001) and renin inhibitor (p<0.001) use.

To better understand prescribing patterns and patient
characteristics, we compared patients with resistant hyper-
tension defined by case definition case type I (uncon-
trolled hypertension despite treatment with three classes
of antihypertensive medications) versus those defined by
case type II (patients with hypertension prescribed four
or more classes of antihypertensive medications). Patients
defined by case type II were heavier, more often male and
more likely to have T2DM, IHD, CKD stage 3, HFpEF and
sleep apnoea than those defined by the case type I defi-
nition (online supplementary table 3). Among EA, case
type II patients were more likely to have atrial fibrillation
than case type I patients (online supplementary table 3).
Among AA, case type II patients were significantly older
than case type I patients (online supplementary table
3). DBP and SBP were significantly higher in case type I
patients than case type II patients (online supplementary
table 3) in both racial groups.

Consistent with the case type I algorithm, all patients
were prescribed three simultaneous antihypertensive
medication classes. All classes of medications were
prescribed more frequently in patients who met the case
type II definition versus the case type I definition except
for thiazide diuretics and ethacrynic acid (in both EA and
AA), and miscellaneous antihypertensives, amlodipine
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Table 3 Medication use in EA and AA patients with resistant hypertension (cases) and controlled hypertension (controls)

EA AA EA versus AA
Control Control Case P  Control P

Variable Case (n=13541) (n=6933) P values Case (n=3541) (n=891) P values values values
Thiazide/CCB, n (%) 13541 (100%) 1167 (16.8%) <0.001 3541 (100%) 292 (32.8%) <0.001 1.0 <0.001
ACE inhibitor, n (%) 6999 (51.7%) 2439 (35.2%) <0.001 1916 (54.1%) 264 (29.6%) <0.001 0.02 0.003
ARB, n (%) 5178 (38.2%) 728 (10.5%) <0.001 1161 (32.8%) 54 (6.1%)  <0.001 <0.001 <0.001
BB, n (%) 8697 (64.2%) 1803 (26.0%) <0.001 1996 (56.4%) 152 (17.1%) <0.001 <0.001 <0.001
Alpha-2 agonist, n (%) 1921 (14.2%) 140 (2.0%) <0.001 736 (20.8%) 29(3.3%)  <0.001 <0.001 0.04
CCB, n (%) 9272 (68.5%) 615 (8.9%) <0.001 2625 (74.1%) 144 (16.2%) <0.001 <0.001 <0.001
Amlodipine, n (%) 6759 (49.9%) 318 (4.6%) <0.001 1749 (49.4%) 90 (10.1%) <0.001 0.74 <0.001
DHP CCB, n (%) 1508 (11.1%) 75 (1.1%) <0.001 585 (16.5%) 27 (3.0%)  <0.001 <0.001 <0.001
Non-DHP CCB, n (%) 1005 (7.4%) 222 (3.2%) <0.001 291 (8.2%) 27 (3.0%)  <0.001 0.18 0.84
Thiazide Diuretic, n (%) 8812 (65.1%) 774 (11.2%)  <0.001 2319 (65.5%) 175(19.6%) <0.001 0.76 <0.001
Aldosterone antagonist, n (%) 854 (6.3%) 57 (0.8%) <0.001 240 (6.8%) 8(0.9%) <0.001 0.43 0.85
Non-thiazide Diuretic, n (%) 4271 (31.5%) 326 (4.7%) <0.001 1190 (33.6%) 56 (6.3%)  <0.001 0.04 0.08
Furosemide, n (%) 3114 (23.0%) 254 (3.7%) <0.001 874 24.7%) 44 (4.9%) <0.001 0.07 0.10
Triamterene, n (%) 1155 (8.5%) 45 (0.7%) <0.001 352 (9.9%) 11 (1.2%)  <0.001 0.02 0.09
Torsemide, n (%) 176 (1.3%) 17 (0.2%) <0.001 23 (0.7%) 1(0.1%) 0.06 0.004 0.57
Bumetanide, n (%) 141 (1.0%) 8(0.1%) <0.001 28 (0.8%) 0(0.0%) 0.01 0.28 0.43
Amiloride, n (%) 32 (0.2%) 1(0.0%) <0.001 10 (0.3%) 0 (0.0%) 0.12 0.75 0.79
Ethacrynic acid, n (%) 11 (0.1%) 1(0.0%) 7 (0.2%) 0 (0.0%) 0.19 0.10 0.79
Vasodilator, n (%) 903 (6.7%) 17 (0.3%) <0.001 422 (11.9%) 2(0.2%) <0.001 <0.001 0.93
Minoxidil, n (%) 161 (1.2%) 2 (0.0%) <0.001 101 (2.9%) 0(0.0%) <0.001 <0.001 0.75
Hydralazine, n (%) 742 (5.5%) 15 (0.2%) <0.001 321 (9.1%) 2(0.2%) <0.001 <0.001 0.96
Alpha antagonist, n (%) 626 (4.6%) 33 (0.5%) <0.001 139 (3.9%) 7(0.8%) <0.001 0.12 0.33
Renin inhibitor, n (%) 275 (2.0%) 1(0.0%) <0.001 43 (1.2%) 0 (0.0%) 0.001 0.004 0.79
Misc antihtn, n (%) 3(0.0%) 0(0.0%) 0 (0.0%) 0(0.0%) 1.0 0.51 1.0

P values were adjusted to control for false discovery rate.

AA, African-American; ARB, angiotensin Il receptor blocker; BB, beta blocker; CCB, calcium channel blocker; DHP, dihydropyridine; EA,

European-American; Misc antihtn, miscellaneous antihypertensive.

and amiloride (in AA). In particular, spironolactone use
was increased from 2.6% to 12.4% in EA and 2.8% to
12.3% in AA. Among AA, direct-acting vasodilator use was
increased from 4.7% to 22.0%, and among EA from 2.8%
to 13.0% (table 4).

Among EA case type II patients, 3385 patients (66.1%)
were prescribed four different classes of antihyperten-
sive medications, 1373 (26.8%) were prescribed five and
366 (7.1%) were prescribed six. Among AA case type
IT patients, 935 patients (63.1%) were prescribed four
different classes, 416 (28.1%) were prescribed five and
131 (8.8%) were prescribed six different classes of antihy-
pertensive medications.

Online supplementary table 4 lists the number of case
type II patients prescribed specific medication classes at
initial diagnosis and at any point following their iden-
tification. There was an increase in prescription rate
for all classes when the time frame was extended to
include any point in the SD following initial identifica-
tion of resistant hypertension. 37.4% of EA and 41.2%
of AA case type II patients were eventually prescribed an

aldosterone antagonist. While less than half (46.6%) of
EA case type II patients were ever prescribed an alpha-2
agonists such as clonidine, more than half (56.4%) of
AA case type II patients were ever prescribed an alpha-2
agonist.

DISCUSSION

We developed algorithms to identify patients with resis-
tant hypertension and with controlled hypertension
using the EHR. Electronic support has been shown to
improve accuracy of clinical data acquisition and to
improve control of major cardiovascular risk factors.*’
The algorithms exhibited high accuracy with PPVs, NPVs,
sensitivity and specificity measures all exceeding 92%.
We found that the characteristics of patients with resis-
tant hypertension identified through EHR were similar
to those reported previously in observational studies. We
identified significant differences in the pharmacological
treatment of resistant hypertension in patients of Euro-
pean and African ancestry.
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Table 4 Medication use in EA and AA patients with resistant hypertension based on case type definition

EA AA EA versus AA
Casel Caselll Casel Caselll CaselP CasellP

Variable (n=8417) (n=5124) P values (n=2059) (n=1482) P values values values
Thiazide/CCB, n (%) 8417 (100%) 5124 (100%) 1.0 2059 (100%) 1482 (100%) 1.0 1.0 1.0
ACE inhibitor, n (%) 4051 (48.1%) 2948 (57.5%) <0.001 1037 (50.4%) 879 (59.3%) <0.001 0.14 0.32
ARB, n (%) 2861 (34.0%) 2317 (45.2%) <0.001 571 (27.7%) 590 (39.8%) <0.001  <0.001  <0.001
BB, n (%) 4718 (56.1%) 3979 (77.7%)  <0.001 934 (45.4%) 1062 (71.7%) <0.001  <0.001  <0.001
Alpha-2 agonist, n (%) 544 (6.5%) 1377 (26.9%) <0.001 237 (11.5%) 499 (33.7%) <0.001  <0.001  <0.001
CCB, n (%) 5297 (62.9%) 3975 (77.6%) <0.001 1433 (69.6%) 1192 (80.4%) <0.001  <0.001 0.05
Amlodipine, n (%) 4027 (47.8%) 2732 (53.3%) <0.001 1000 (48.6%) 749 (50.5%) 0.26 0.64 0.13
DHP CCB, n (%) 752 (8.9%) 756 (14.8%) <0.001 293 (14.2%) 292 (19.7%) <0.001 <0.001 <0.001
Non-DHP CCB, n (%) 518 (6.2%) 487 (9.5%)  <0.001 140 (6.8%) 151 (10.2%) <0.001 0.39 0.52
Thiazide diuretic, n (%) 5448 (64.7%) 3364 (65.7%)  0.28 1363 (66.2%) 956 (64.5%)  0.30 0.31 0.52
Aldosterone antagonist, n (%) 219 (2.6%) 635 (12.4%)  <0.001 58 (2.8%) 182 (12.3%) <0.001 0.64 0.91
Non-thiazide Diuretic, n (%) 1643 (19.5%) 2628 (51.3%) <0.001 397 (19.3%) 793 (53.5%) <0.001 0.84 0.24
Furosemide, n (%) 1074 (12.8%) 2040 (39.8%) <0.001 241 (11.7%) 633 (42.7%) <0.001 0.31 0.11
Triamterene, n (%) 599 (7.1%) 556 (10.9%) <0.001 171 (8.3%) 181 (12.2%) <0.001 0.13 0.25
Torsemide, n (%) 43 (0.55) 133 (2.6%) <0.001 4 (0.2%) 19 (1.3%) <0.001 0.12 0.01
Bumetanide, n (%) 47 (0.6%) 94 (1.8%)  <0.001 8 (0.4%) 20 (1.3%) 0.002 0.46 0.31
Amiloride, n (%) 5 (0.15) 27 (0.5%)  <0.001 3(0.1%) 7 (0.5%) 0.08 0.31 0.84
Ethacrynic acid, n (%) 4 (0.0%) 7 (0.1%) 0.09 2 (0.1%) 5 (0.3%) 0.12 0.51 0.21
Vasodilator, n (%) 236 (2.8%) 667 (13.0%)  <0.001 96 (4.7%) 326 (22.0%) <0.001 <0.001  <0.001
Minoxidil, n (%) 27 (0.3%) 134 (2.6%)  <0.001 7 (0.3%) 94 (6.3%)  <0.001 0.91 <0.001
Hydralazine, n (%) 209 (2.5%) 533 (10.4%) <0.001 89 (4.3%) 232 (15.7%) <0.001 <0.001 <0.001
Alpha antagonist, n (%) 159 (1.9%) 467 9.1%)  <0.001 35 (1.7%) 104 (7.0%)  <0.001 0.64 0.03
Renin inhibitor, n (%) 58 (0.7%) 217 (4.2%) <0.001 11 (0.5%) 32 (2.2%) <0.001 0.52 <0.001
Misc antihypertensive, n (%) 0 (0.0%) 3(0.1%) 0.03 0 (0.0%) 0 (0.0%) 1.0 1.0 0.47

P values were adjusted to control for false discovery rate.

AA, African-American; ARB, angiotensin receptor blocker; BB, beta blocker; CCB, calcium channel blocker; DHP, dihydropyridine; EA,

European-American; Misc antihtn, miscellaneous antihypertensive.

We observed a prevalence of resistant hypertension of
7.3% in EA and 10.6% in AA, at the lower end of preva-
lence estimates of 8.4%-50% from previous epidemiolog-
ical studies and clinical trials.”"! The exclusion of patients
with CKD stages 4 and 5,"" as well as of patients with
secondary causes of hypertension likely accounts for the
lower prevalence rates. Consistent with prior studies, the
prevalence of resistant hypertension was greater among
AA compared with EA, and patients with resistant hyper-
tension were significantly older, heavier, more likely to
have CKD stage 3, and had a higher incidence of T2DM
than patients with controlled hypertension.' **°! While
the prevalence of sleep apnoea was higher in patients
with resistant hypertension compared with patients with
controlled hypertension, the prevalence among resistant
hypertensive patients in the current study, in which sleep
apnoea was diagnosed by ICD-9 or ICD-10 code, is lower
than that reported in previous studies in which sleep
apnoea was defined prospectively,”*”* suggesting the
need for more rigorous diagnostic approaches to sleep
apnoea in the clinical setting. The prevalence of CKD

stage 3 was increased in EA compared with AA among
both cases and controls. This unexpected finding likely
resulted from the exclusion of glomerulonephritis, as
a secondary cause of hypertension.”” *® In addition, a
higher proportion of AA with resistant hypertension was
excluded for CKD stages 4 and 5 compared with EA.* "%

Importantly, we found that prescribing trends differed
in EA and AA patients with resistant hypertension. AA
patients were more likely to be treated with direct-acting
vasodilators, hydralazine and minoxidil and less likely to
receive an ARB or renin inhibitor compared with EA. The
prevalence of saltsensitive hypertension is increased in
AA compared with EA patients with hypertension, and
thiazide-type diuretics and vasodilators are most effective
in saltsensitive hypertension.”®" Hydralazine has also
been shown to reduce mortality in AA treated for heart
failure® and awareness of this may account for increased
use.” ®* The lower use of ARBs and renin inhibitors in
AA may reflect clinician awareness of reduced efficacy of
drugs that interrupt the renin-angiotensin—aldosterone
system (RAAS) in studies of AA.®% Thiazide diuretics
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or DHP CCBs, used by definition in all patients classified
as having resistant hypertension, enhance the response
to RAAS interrupting drugs in AA, however.”® Similarly
aliskiren may decrease BP in patients with resistant hyper-
tension who do not respond to spironolactone.” For these
reasons, the decreased use of ARBs and renin inhibitors
in AA with resistant hypertension prescribed a thiazide
diuretic or DHP CCB is surprising. Whether differences
in patterns of drug treatment in AA and EA patients with
resistant hypertension reflect personalised prescribing or
prescribing bias requires further study.

We also evaluated trends in the escalation of antihyper-
tensive treatment in resistant hypertension by comparing
medication use between case types I and II. The efficacy
of spironolactone as an add-on therapy for BP lowering in
patients with resistant hypertension has been supported
by many studies and is suggested as a fourth-line treatment
by various international guidelines.”” " In the present
clinical population aldosterone antagonist use increased
with the addition of a fourth med with a prescription rate
of approximately 3% in case type I patients compared
with 12% in case type II patients, regardless of race. With
extended follow-up of patients who met the case type II
definition, use of an aldosterone antagonist increased to
37.4% in EA and to 41.2% in AA.

The identification of the resistant hypertensive popu-
lation using the EHR is not without limitations. First,
patients may not adhere to prescribed medication. The
true prevalence of medication non-adherence in the resis-
tant hypertensive population is unknown and the esti-
mates from various studies range from as low as 16% up
to 53%."" " While we could confirm that patients with
resistant hypertension were prescribed three or more anti-
hypertensive medication classes simultaneously in their
EHR, without directly measuring the medication or its
metabolites in a patient’s plasma or urine we are unable to
confirm adherence. Using a pharmacy fill rate of <80% to
exclude patients who were non-adherent with antihyper-
tensive medications, Pimienta and Calhoun reported an
incidence of true resistant hypertension of 1.9%.” We
recently reported a rigorous adherence rate of 58.8%,
among hypertensive patients in an emergency depart-
ment prescribed three or more antihypertensive medi-
cations based on the detection of drugs in the plasma.'*
Second, we used outpatient office BP measurements to
define resistant hypertension in the EHR, but ambulatory
measurements would be necessary to distinguish between
apparent resistant and true resistant hypertension.” Lastly,
itis possible that offsite prescriptions or discontinuations
of antihypertensive medications were not captured in the
EHR; we overcame this potential limitation by requiring
repeated documentation of a medication over more
than a month in the study algorithms. Nevertheless, in
summary, we demonstrate the feasibility of identifying a
large number of patients with resistant hypertension and
controlled hypertension using an EHR. Using the meth-
odology, we replicated findings previously reported in
population studies,' ? * and identified differing patterns

of antihypertensive medication use in AA and EA with
resistant hypertension. Because our data are from a real-
world clinical population, the findings are more gener-
alisable to other clinical populations. Future research
using these algorithms has the potential to provide larger
patient populations than have been studied previously for
the evaluation of outcome studies as well as genetic asso-
ciations in any system where the EHRs are linked to DNA.
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