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Abstract

BACKGROUND

A limited number of studies have been conducted to test the magnitudes of the
association between apparent treatment resistant hypertension (aTRH) and risk of
cardiovascular disease (CVD).

AIM
To investigate the association between aTRH and risk of CVD and examine
whether sex and age modify this association.

METHODS

We applied an observational analysis study design using data from the United
States Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack
Trial (ALLHAT). ALLHAT recruited participants (n = 25516) from 625 primary
care settings throughout the United States, Canada, Puerto Rico, and United
States Virgin Islands, aged 55 and older with hypertension and at least one
additional risk factor for heart disease. aTRH was assessed from the year 2 visit.
CVD event was defined as one of the following from the year 2 follow-up visit:
Fatal or non-fatal myocardial infarction, coronary revascularization, angina,
stroke, heart failure, or peripheral artery disease. Cox proportional hazards
regression was used to examine the effect of aTRH on CVD risk. Potential
modifications of sex and age on this association were examined on the multi-
plicative scale by interaction term and additive scale by joint effects and relative
excess risk for interaction.

RESULTS

Of the total study participants (n = 25516), 5030 experienced a CVD event during a
mean of 4.7 years follow-up. aTRH was associated with a 30% increase in risk of
CVD compared to non-aTRH [hazards ratio (HR) = 1.3, 95%Cl: 1.19-1.42]. Sex and
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age modified this relationship on both multiplicative and additive scales independently. Stratified
by sex, aTRH was associated with a 64% increase in risk of CVD (HR = 1.64, 95%CI: 1.43-1.88) in
women, and a 13% increase in risk of CVD (HR = 1.13, 95%CI: 1.01-1.27) in men. Stratified by age,
aTRH had a stronger impact on the risk of CVD in participants aged < 65 (HR = 1.53, 95%Cl:
1.32-1.77) than it did in those aged = 65 (HR = 1.18, 95%CI: 1.05-1.32). Significant two-way
interactions of sex and aTRH, and age and aTRH on risk of CVD were observed (P < 0.05). The
observed joint effect of aTRH and ages > 65 years (HR = 1.85, 95%CI: 1.22-2.48) in males was less
than what was expected for both additive and multiplicative models (HR = 4.10, 95%CI: 3.63-4.57
and 4.88, 95%Cl: 3.66-6.31), although three-way interaction of sex, age, and aTRH on the risk of
CVD and coronary heart disease did not reach a statistical significance (P > 0.05).

CONCLUSION
aTRH was significantly associated with an increased risk of CVD and this association was
modified by both sex and age. Further studies are warranted to test these mechanisms.

Key Words: Apparent treatment resistant hypertension; Cardiovascular disease outcomes; Chronic kidney
disease; Sex; Age

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Apparent treatment resistant hypertension (aTRH) increased the risk of a cardiovascular event by
30%. This association varied by sex and age, with a stronger impact in women and in younger adults.
These findings highlight the importance of controlling aTRH among those with excess risk of
cardiovascular disease.

Citation: Nelson JT, Liu L. Pharmacoepidemiologic study of association between apparent treatment resistant
hypertension, cardiovascular disease and interaction effect by sex and age. World J Cardiol 2023; 15(5): 262-272
URL: https://www.wjgnet.com/1949-8462/full/v15/i5/262.htm

DOI: https://dx.doi.org/10.4330/wjc.v15.15.262

INTRODUCTION

Hypertension has long been a serious public health concern. Its impact on cardiovascular health and
long-term outcomes has been well studied[1]. In the United States approximately 121.5 million (47.3%)
adults suffer from hypertension leading to an added economic burden costing up to $51.1 billion per
year[2]. One of the significant challenges in control of hypertension is the appearance of treatment
resistant hypertension.

Treatment resistant hypertension is defined as having blood pressure (BP) that remains uncontrolled
[systolic BP (SBP) = 140 mmHg or diastolic BP (DBP) = 90 mmHg] while a patient is on > 3 different
antihypertensive medications. Additionally, those who are on 4 or more different classes of antihyper-
tensive medications, regardless of BP are also classified as treatment resistant hypertension. Individuals
with diabetes or chronic kidney disease (CKD) have an altered definition, these patients with SBP/DBP
> 130/80 mmHg are classified as treatment resistant hypertension[3-5]. In addition to the number of
antihypertensive medications and BP readings, ideally at least one of the medications should be a
diuretic[6]. Apparent treatment resistant hypertension (aTRH) is used to define observed treatment
resistant hypertension when factors relating to pseudoresistance (adherence to regimen, sufficient dose
for therapy, efc.) are unknown[7].

It is estimated that 19.7% of patients on antihypertensive medication have aTRH, a 2% increase within
the recent decade[3-5]. While it is known that treatment of hypertension can reduce the risk of
cardiovascular events and mortality, little research has been done on outcomes of those with resistant
hypertension[3,8]. Several cross-sectional studies have found relationships between aTRH and
cardiovascular disease (CVD), however, longitudinal studies remain sparse[3,9]. What has been
observed is that aTRH is associated with higher rates of cardiovascular and renal diseases, including;:
Coronary heart disease (CHD), peripheral artery disease (PAD), stroke, heart failure (HF), end-stage
renal disease, and all-cause mortality. Of particular note is that aTRH increased the risk of CHD by 44%
and the risk of death by 30% compared to non-aTRH[9,10].

Men and women experience differing rates of hypertension and CVD[11,12]. However, findings of
sex-specific aTRH studies remain inconsistent[3,5,13-15]. Women experience an increase in risk of
hypertension post-menopause indicating a possible impact of sex and age on the risk of aTRH and CVD
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outcomes[12].

Of the many risk factors for CVD, age is one of the most important factors as age is an independent
risk factor for the development of atherosclerosis[5,11,16,17]. However, the degree of this effect does not
impact men and women in the same way neither in the risk of incident hypertension nor in the progress
of hypertension in clinical treatment[11,18]. Several studies have observed that age is significantly and
independently associated with risk of aTRH[3-5,14]. However, studies of the potential modification
effects of sex and age on the association between aTRH and risk of CVD are limited. In this study, we
hypothesized that sex and age play an important role both independently and together in the risk of
aTRH for CVD outcomes. To test this hypothesis, we examined the independent and additive effects of
sex and age on aTRH and risk of CVD, and whether sex and age modify the association between aTRH
and CVD risk.

MATERIALS AND METHODS

Study sample
We analyzed data from the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack
Trial (ALLHAT). In ALLHAT, a total of 42418 participants aged 55 and older were recruited from 625
primary care settings throughout the United States, Canada, Puerto Rico, and United States Virgin
Islands. Participants were randomly assigned into four groups and then received one of four antihyper-
tensive treatment arms: Chlorthalidone, amlodipine, lisinopril, and doxazosin. Participants who
received doxazosin are excluded in the analysis because this group was discontinued early. All
participants had hypertension and at least one additional risk factor for CHD. Participants were
followed for an average of 6 years[19-21]. The study design and process of ALLHAT have been
published in detail elsewhere[21].

This study, using de-identified data from the National Heart, Lung, and Blood Institute, has been
approved by Drexel University Institutional Review Board (# 1608004781).

Measures

Exposure (aTRH): In ALLHAT the recruited participants were initially randomized to one of 4 first-line
antihypertensive drugs. Additional anti-hypertensive medications were added on to therapy over the
course of follow-up visits, thus, aTRH was determined at the year 2 visit to allow time for additional
medications to be added, consistent with follow-up studies[10,21]. aTRH was defined as BP > 140/90
while on 3 antihypertensive medications, or being on 4 antihypertensive medications regardless of BP at
the year 2 visit. For subjects with either type II diabetes or CKD (assessed by glomerular filtration rate,
epidermal growth factor receptor (eGFR) < 60 mL/min), the cut-offs of SBP/DBP were set at = 130/80
mmHg. Due to subjects being randomized to first-line anti-hypersensitive treatment, the condition that
one medication be a diuretic for aTRH classification could not be applicable in the study.

Outcome (CVD): Subjects were classified as having had a CVD event if they experienced one of the
following after the year 2 follow-up visit: Fatal or non-fatal myocardial infarction (MI), coronary
revascularization, angina, stroke, HF, or PAD. These events were ascertained from follow-up visits and
medical recording during the course of the trial[10].

Covariates: Covariates were selected based on their independent associations with both the exposure
(aTRH) and outcome (CVD), existing literature, and use of a directed acyclic graph[10]. All covariates
were measured at baseline of ALLHAT. They included: Race (white, African American, American
Indian/ Alaskan Native, Asian/Pacific Islander, other), ethnicity (Hispanic), geographic region (East,
Midwest, South, West, Canada, Puerto Rico/Virgin Islands), measures of GFR, SBP and DBP at baseline,
and history of CHD, history of MI or stroke, history of coronary revascularization, previous use of BP
medication, smoking status (current, former, never), history of left ventricular hypertrophy, estrogen
use (in women subgroup analysis only), aspirin use, and enrollment in concurrent lipid lowering trial.

Statistics

Univariate analysis was conducted to describe the baseline characteristics of participants by aTRH
status. Student’s t test was used to examine mean difference in continuous variables, and Chi-square
tests to examine rate and proportion differences in categorical variables. We used Cox Proportional
Hazards regression models to examine the association between aTRH and CVD risk with adjusting
covariates. Assumptions of the proportional hazards in Cox model were tested graphically by log-log
survival curves. To test potential modification effects of sex (men vs women) and age (< 65 vs 2 65) on
the association between aTRH and CVD risk, we assessed potential multiplicative interaction (e.g.,
aTRH*modifier) on CVD risk. We also assessed potential additive interaction effects on CVD risk by
estimating the joint effects and calculating the relative excess risk for interaction (RERI)[22]. If the RERI
# 0 then there is evidence that the observed additive risk of our exposures is different (more or less
depending on the direction of the RERI) than what was expected. The methods of the calculations and
hypothesis tests for the RERI have been discussed and published in detail elsewhere[23]. To test the
overall interaction effect of sex and age and aTRH on CVD risk, we tested three-way interaction through

WJC | https://www.wjgnet.com 264 May 26,2023 | Volume1l5 | Issue5 |



Jaishideng®

Nelson JT et al. Resistant hypertension; cardiovascular risk

a product interaction term (e.g., aTRH*sex*age) in Cox models. Observed joint effects were compared to
expected for both additive and multiplicative models to determine presence of effect modification and
subgroup analyses were performed.

Sensitivity analyses: To avoid overfitting attributable to multiple control covariates, we applied a
propensity score analysis technique[24]. A propensity score for the probability of aTRH was estimated
utilizing all confounders and created using the boosted CART method in the “twang” package in R
software[25-27]. Extreme weights were trimmed and inverse probability weighting was used to weight
observations by the propensity score[24,28]. Second, in the ALLHAT study, missing data in BP
measures occurred at year 2 visit. We conducted a sensitivity analysis using Markov Chain Monte Carlo
method for multiple imputation based on the randomness of the missing values[29]. Third, because of
the pathophysiologic differences between hemorrhagic and ischemic stroke, we conducted a subgroup
of CVD analysis by strokes and CHD (fatal CHD or nonfatal MI, coronary revascularization, or hospit-
alized angina). Fourth, to control the effects attributable to the conclusion of patients who had
uncontrolled hypertension (BP = 140/90) but with < 3 medications (n = 11223), on the estimate of
hazards ratio (HR) for CVD risk, we excluded this group of patients in the final sensitivity analysis.

Data analyses were conducted using SAS software (Version 9.4, SAS Institute Inc., Cary, NC, United
States). Statistical significance as set up at a two-sided P < 0.05.

RESULTS

From the original sample of 42418 subjects in ALLHAT, those on the doxazosin treatment arm (9061)
were removed early for safety reasons. After excluding subjects with CVD events or death prior to year
2, and those missing year 2 visit information we had an analytic study sample of 25516. During the
follow-up (average 4.7 years), 5030 (19.7%) participants had a CVD event. Table 1 shows baseline
characteristics of the participants.

Overall subjects were more likely male (53.3%), from the South (41.6%), white (60.3%), and previously
treated for hypertension (90.3%). Over a third (35.2%) had type 2 diabetes (T2DM), and 40.7% were
former smokers. While over 40% of subjects were obese, the average body mass index (BMI) was 29.7
(SD 5.92). The average age was 66 years, and average GFR 78 mL/min. The rate of aTRH was 9.1% (n =
2329) in the total sample, 9.8% in men, 8.4% % in women, and 9.1% in those aged 65 and older. Subjects
with aTRH were predominantly more likely to be African American, male, BMI > 30 kg/m? and T2DM
than their corresponding counterparts.

Table 2 shows that after adjustment for covariates, aTRH remained significantly associated with risk
of CVD (HR =1.30, 95%CI: 1.19-1.42, P < 0.0001).

Sensitivity analyses of propensity score for adjusting multi-covariates and multiple imputation for
estimates of missing values produced similar results as did the analysis involving exclusion of
participants with uncontrolled BP on < 3 medications. When CHD was examined as the endpoint
instead of CVD, the overall risk associated with aTRH was stronger (HR = 1.56, 95%Cl: 1.29-1.89).

Table 3 shows individual and joint effects. Among women, aTRH was associated with a 64% increase
in risk of CVD event (95%CI: 1.43-1.88), and a 13% increase in risk of CVD (95%CI: 1.01-1.27) among
men. aTRH had a stronger impact on risk of CVD among younger subjects than it did among older (HR
=153, 95%CI: 1.32-1.77 In those aged < 65, and HR = 1.18, 95%CI: 1.05-1.32 in those aged 65 and older).
All HRs were statistically significant and the two-way multiplicative interaction terms of sex*aTRH, and
age*aTRH and RERIs on risk of CVD were statistically significant (P < 0.05).

Results stratified by aTRH, age, and sex can be found in Table 4 and Figure 1. Females aged 65 and
older with aTRH had the highest risk of CVD (HR = 2.61, 95%CI 2.20-3.01), followed by men < 65 years
with aTRH (HR = 2.17, 95%CI: 1.76-2.58). The observed joint effect (HR = 1.85, 95%CI: 1.22-2.48) was
less than expected for both additive and multiplicative models (HR = 4.10, 95%CI: 3.63-4.57 and HR =
4.88, 95%Cl: 3.66-6.31 respectively). However, the three-way interaction term for sex, age and aTRH was
not significant for CVD (P = 0.28), and CHD (P = 0.42).

DISCUSSION

The overall findings of the present study indicate that there is a positive association between aTRH and
risk of CVD. Based on statistically significant two-way interactions of sex with aTRH, and age with
aTRH, heterogeneous strata results, statistically significant RERIs, and differing observed and expected
joint effects, this study highlights that the association between aTRH and risk of CVD is modified
independently by sex and age on both the additive and multiplicative scales.

Although it appeared there was a potential three-way interaction such that sex may modify the
interaction of age and aTRH, and vice versa that age may modify the interaction of sex and aTRH on
CVD risk, testing for these three-way interactions were not statistically significant. The results suggest
that the interaction of sex and aTRH, or of age and aTRH did not depend on the third factor. This
finding adds new insights into the body of the literature, that sex and age independently modify the
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Table 1 Baseline characteristics overall and by apparent treatment resistant hypertension status, n (%)

Resistant hypertension

Overall
Yes No P value
Total 25516 2329 (9.1) 23187 (90.9)
Treatment group <0.001
Chlorthalidone 11808 (46.3) 853 (36.6) 10955 (47.3)
Amlodipine 6955 (27.3) 554 (23.8) 6401 (27.6)
Lisinopril 6753 (26.5) 922 (39.6) 5831 (25.2)
Race <0.001
White 15397 (60.3) 1272 (54.6) 14125 (60.9)
African American 8808 (34.5) 953 (40.9) 7855 (33.9)
Am. Indian/ Alaskan Native 58 (0.2) 3(0.1) 55(0.2)
Asian/Pacific Islander 312 (1.2) 26 (1.1) 286 (1.2)
Other 941 (3.7) 75 (3.2) 866 (3.7)
Hispanic 4485 (17.6) 204 (8.8) 4281 (18.5) <0.001
Sex <0.001
Male 13597 (53.3) 1333 (57.2) 12264 (52.9)
Female 11919 (46.7) 996 (42.8) 10923 (47.1)
Geographic region <0.001
East 3917 (15.4) 337 (14.5) 3580 (15.4)
Midwest 4736 (18.6) 449 (19.3) 4287 (18.5)
South 10603 (41.6) 1165 (50.0) 9438 (40.7)
West 2635 (10.3) 254 (10.9) 2381 (10.3)
Canada 461 (1.8) 33 (1.4) 428 (1.9)
PR/VI 3164 (12.4) 91 (3.9) 3073 (13.3)
Preventive HTN treat 23033 (90.3) 2242 (96.3) 20791 (89.7) <0.001
Obese 10604 (41.6) 1085 (46.6) 9519 (41.1) <0.001
History of MI or stroke 5499 (21.6) 498 (21.4) 5001 (21.6) 0.84
History of coronary revascularization 3016 (11.8) 327 (14.0) 2689 (11.6) <0.001
Type 2 diabetes 8975 (35.2) 1061 (45.6) 7914 (34.1) <0.001
left ventricular hypertrophy 5110 (20.0) 551 (23.7) 4559 (19.7) <0.001
History of CHD 5981 (23.6) 534 (23.2) 5447 (23.7) 0.61
Smoking status <0.001
Current 5491 (21.5) 423 (18.2) 5068 (21.9)
Past 10394 (40.7) 992 (42.6) 9402 (40.6)
Never 9631 (37.7) 914 (39.2) 8717 (37.6)
Aspirin use 9084 (35.6) 922 (39.6) 8162 (35.2) <0.001
Estrogen use (in women) 2230 (18.7) 182 (18.3) 2048 (18.8) 0.84
Age (years) (mean * SD) 66.6+7.5 67+7.5 6775 0.78
BMI (kg/m?) (mean * SD) 29.7+59 30+5.9 30+5.9 <0.001
SBP (mm Hg) (mean * SD) 146.0 +15.6 152 +15.1 145 +15.5 <0.001
DBP (mm Hg) (mean * SD) 84.0+£10.0 85+10.6 84+9.9 0.001
Cholesterol (mean * SD) 215.7 +42.5 216 +44.8 216 +42.2 0.79
WJC | https://www.wjgnet.com 266 May 26,2023 | Volume15 | Issue5

Jaishideng®



Nelson JT ef al. Resistant hypertension; cardiovascular risk

GFR 78.0+19.3 75£20.6 78+£19.2 <0.001

HTN: Hypertension; MI: Myocardial infarction; CHD: Coronary heart disease; BMI: Body mass index; SBP: Systolic blood pressure; DBP: Diastolic blood
pressure; GFR: Growth factor receptor; PR: Puerto Rico; VI: United States Virgin Islands.

Table 2 Hazard ratios of apparent treatment resistant hypertension for cardiovascular disease risk and sensitivity analyses

Model 1 Model 2 Model 3
HR 95%ClI HR 95%ClI HR 95%Cl
aTRH 1.51 1.39 1.64 1.49 137 1.62 13 1.19 1.42

Sensitivity analyses

Propensity score 1.33 1.20 1.48
Multiple imputation sensitivity analysis 1.24 1.16 1.33
CHD 1.56 1.29 1.89
Without uncontrolled on < 3 drugs 13 1.18 1.44

aTRH: Apparent treatment resistant hypertension; HR: Hazards ratio; Model 1: Crude; Model 2: Adjusted for age and sex; Model 3: Adjusted for age, sex,
region, race, body mass index, diabetes; GFR: Growth factor receptor, history of CHD, history of myocardial infarction (MI)/Stroke, history of coronary
revascularization, baseline systolic blood pressure (BP), baseline diastolic BP, left ventricular hypertrophy, smoking status, baseline BP medication use,
aspirin, lipid lowering trial. Propensity score weighting sensitivity analysis (model 3). Multiple imputation sensitivity analysis (model 3); CHD: Coronary
heart disease-outcome CHD (fatal CHD or nonfatal MI, coronary revascularization, or hospitalized angina) (model 3).

Table 3 Joint effects for interaction of sex and apparent treatment resistant hypertension, and age and apparent treatment resistant

hypertension on cardiovascular disease risk

aTRH (No) aTRH (Yes)
HR (95%Cl) HR (95%Cl) HR (95%Cl) by sex
Sex Female Reference 1.67 (1.45,1.91) 1.64 (1.43,1.88)
Male 1.25 (1.16,1.34) 1.39 (1.12,1.56) 1.13 (1.01, 1.27)
HR (95%CI) (M vs F) 1.25 (1.16,1.35) 0.80 (0.66, 0.97)
RERI (95%CI) -0.52 (-0.75, 0.25)

Interaction of sex and aTRH on CVD: P < 0.0001

HR (95%ClI) by age
Age <65 Reference 1.56 (1.42,1.71) 1.53 (1.32,1.77)
265 1.38 (1.31, 1.45) 1.61 (1.48,1.73) 1.18 (1.05,1.32)
265 vs < 65 1.37 (1.28,1.47) 1.05 (0.87,1.27)
RERI (95%CTI) -0.339 (-0.61, 0.06)

Interaction of age and aTRH on CVD: P = 0.0326

CVD: Cardiovascular disease; HR: Hazards ratio; aTRH: Apparent treatment resistant hypertension; F: Female; M: Male; RERI: Relative excess risk for
interaction.

association between aTRH and CVD.

Treating BP becomes more difficult as a patient ages and is complicated by differing BP goals by age
and a possible U-shaped relationship between BP and mortality among the elderly. Among this
population also exists the risk of over-correcting and lowering BP too much which can cause other
health concerns including dizziness and falls[2,30,31]. However, 2017 ACC/AHA changes to the
guidelines no longer specify a different target BP for those > 60 and the SPRINT study of older
Americans indicated better health outcomes among those with more aggressive BP lowering targets
(SBP 120 vs 140 mmHg)[32,33]. This area remains a topic of debate with more research needed on this
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Table 4 Joint impact of age, sex, and apparent treatment resistant hypertension on cardiovascular disease and coronary heart disease

risk

Sex Age HR (95%Cl)
Risk for CVD
aTRH
No Female <65 Reference
No Male <65 1.55 (1.43-1.67)
No Female 65+ 1.68 (1.56-1.79)
No Male 65+ 1.95 1.70-2.20)
Yes Male 65+ 1.85 (1.22-2.48)
Yes Female <65 1.88 (1.64-2.11)
Yes Male <65 2.17 (1.76-2.58)
Yes Female 65+ 2.61 (2.20-3.01)

Three-way interaction of sex, age, and aTRH on CVD, P = 0.2841

Risk for CHD

aTRH

No Female <65 Reference

No Male <65 1.72 (1.57-1.86)
No Female 65+ 1.59 (1.44-1.74)
No Male 65+ 21 (1.77-2.42)
Yes Male 65+ 212 (1.28-2.97)
Yes Female <65 1.79 (1.47-2.11)
Yes Male <65 2.37 (1.82-2.92)
Yes Female 65+ 2.53 (1.98-3.08)

Three-way interaction of sex, age, and aTRH on CHD, P = 0.4246

CVD: Cardiovascular disease; HR: Hazards ratio; aTRH: Apparent treatment resistant hypertension; CHD: Coronary heart disease.

Risk for CVD Risk for CHD OaTRH-
Hazards ratio DaTRH+
3 -
2 =
1 -
! ! !  — ’ ! !
aTRH+
0 7 aTRH-
F M F M . F M F M
< 65 > 65 . < 65 > 65
OaTRH- 1 1.55 1.68 1.95 1 1.72 1.59 21
OaTRH+ 1.88 2.17 2.61 1.85 1.79 237 2.53 2.12

DOI: 10.4330/wjc.v15.i5.262 Copyright ©The Author(s) 2023.

Figure 1 Joint effects of sex and age on the risk of cardiovascular disease and coronary heart disease by apparent treatment resistant
hypertension status. CVD: Cardiovascular disease; CHD: Coronary heart disease; aTRH: Apparent treatment resistant hypertension; F: Female; M: Male.

unique population.

Research has shown that older women are more likely to adhere to medications and more likely to
have their BP taken regularly, yet they appear to experience higher rates of uncontrolled hypertension
[15]. Multiple mechanisms are believed to contribute to this increase in hypertension and uncontrolled
hypertension in aging women including: Activation of the renin angiotensin system, obesity, activation

Boishiengs WIC | https://www.wjgnet.com 268 May 26,2023 | Volume15 | Issue5 |



Jaishideng®

Nelson JT et al. Resistant hypertension; cardiovascular risk

of sympathetic nervous system, and decline in estrogen levels[15,17,34]. Stress on the body due to
hypertension is believed to be more severe in women than in men[35]. Coupled with gender biases in
treatment and management of CVD symptoms and events, we can envision how uncontrolled
hypertension and aTRH would lead to more adverse health outcomes in women than men, especially in
an aging population[36,37]. The pathophysiology of aTRH is believed to be linked to blood volume and
salt, and salt-sensitive hypertension increases in women post-menopause thus we would expect aTRH
to be more prevalent among post-menopausal women[18,38,39].

Very few studies have examined potential effect modifiers on the relationship between aTRH and
CVD. Our findings are consistent with existing research in that aTRH is positively associated with CVD
and both sex and age independently can modify the association between aTRH and CVDI[3-5,9,10].
However, these studies only examined relative measures of association. Our study both confirmed
presence of two-way interaction on the multiplicative scale and also identified that this modification is
present on the additive scale. Epidemiologists have noted that additive interaction is most important for
public health as it indicates an absolute number of cases which would be prevented if the modifier were
removed[22,40].

No study to date has examined potential three-way interaction with aTRH. With health effects of sex
and age linked it is important to examine how these gender disparities in cardiovascular outcomes of
patients with aTRH differ between subgroups of age[11,12]. Public health programs aimed at improving
awareness of aTRH should make specific effort to target women and informing them of the dangerous
health consequences associated. This study suggests that physicians should take special note in their
treatment considerations when female patients are experiencing uncontrolled hypertension and
understand the serious cardiovascular risks associated with developing aTRH. For example, because the
interaction of age and aTRH on CVD did not change by sex, we would still endorse applying these
recommendations to vigorously control aTRH in women of all ages instead of focusing on the older
group only.

This study has several strengths. ALLHAT provides us with one of the largest datasets to test the
impact of aTRH on CVD risk. Sample size is particularly important when analyzing effect modification
as it utilizes subgroup analyses. We also deployed two methods (propensity score weighting and
multiple imputation) to conserve power in our analyses. Similar findings from our original analysis and
both sensitivity analyses indicate our study is adequately powered. Another strength provided by use of
ALLHAT is in our classification of aTRH. BP was taken twice from a seated position and averaged for
each study visit, medication adherence was maintained through pill counts at each study visit, and
doses of antihypertensive medications were appropriately titrated up to the maximum tolerated dose
prior to adding on an additional medication. All of these factors allow for accurate ascertainment of
aTRH status and reduce the likelihood of false positives due to pseudoresistance[2-5].

While a strong study, there are also several limitations. As this study is limited to its analysis of
variables collected in ALLHAT only, additional data could be included in the analysis. For example,
dietary salt intake was not measured in ALLHAT, thus we could not adjust for this in multivariate
models as it is suggested that aTRH is influenced by blood volume and salt intake[38,39]. However,
because ALLHAT is a randomized clinical trial, potential unmeasured factors are balanced among the
participants. The clinical trial nature of our data source, while a strength for validity of aTRH classi-
fication, is also a limitation as subjects were selected based on pre-determined criteria best fit for the
goals of ALLHAT and thus further studies are needed to confirm the results among different study
populations. The study participants consisted of older adults (= 55) and thus findings of the study in
women should also be evaluated in women aged 55 and older, instead of interpretating the results to
those aged < 55. Additionally, the impact of pseudoresistance can never be completely removed and
“white coat” effect is always a possibility when examining BP readings.

aTRH increases the risk of CVD in patients with hypertension and this relationship is modified by age
and sex independently on both the relative (multiplicative) and absolute (additive) scales. More research
is needed to shed further light on these gender differences, especially with regard to women both pre
and post menopause. Future research should focus on these sex and age differences and how it might
impact treatment and control of aTRH as there is still much unknown about this specific relationship.
Management of aTRH should take a patient’s age and sex into consideration and more preventive
interventions should be aimed at aging women as they represent the subgroup of aTRH patients with
the highest combined risk of CVD.

CONCLUSION

aTRH was significantly associated with an increased risk of CVD and this association was modified by
both sex and age. Further studies are warranted to test these mechanisms.
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ARTICLE HIGHLIGHTS

Research background
A Limited number of studies have been conducted to test the magnitudes of the association between
apparent treatment resistant hypertension (aTRH) and risk of cardiovascular disease (CVD).

Research motivation

aTRH is significantly associated with the risk of CVD. It is important to understand whether age and sex
significantly modify this association. Findings of the study could add new evidence to the body of
literature, and provide new insights into further mechanism studies.

Research objectives
To investigate the association between aTRH and risk of CVD and examine whether sex and age modify
this association.

Research methods

We applied an observational analysis study design using data from the United States Antihypertensive
and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT). ALLHAT recruited par-
ticipants (n = 25516) from 625 primary care settings throughout the United States, Canada, Puerto Rico,
and United States Virgin Islands, aged 55 and older with hypertension and at least one additional risk
factor for heart disease. aTRH was assessed from the year 2 visit. CVD event was defined as one of the
following from the year 2 follow-up visit: Fatal or non-fatal myocardial infarction, coronary revascular-
ization, angina, stroke, heart failure, or peripheral artery disease. Cox proportional hazards regression
was used to examine the effect of aTRH on CVD risk. Potential modifications of sex and age on this
association were examined on the multiplicative scale by interaction term and additive scale by joint
effects and relative excess risk for interaction.

Research results

Of the total study participants, 5030 experienced a CVD event during a mean of 4.7 years follow-up.
aTRH was associated with a 30% increase in risk of CVD compared to non-aTRH [hazards ratio (HR) =
1.3]. Sex and age modified this relationship on both multiplicative and additive scales independently.
Stratified by sex, aTRH was associated with a 64% increase in risk of CVD in women, and a 13% increase
in risk of CVD in men. Stratified by age, aTRH had a stronger impact on the risk of CVD in participants
aged < 65 than it did in those aged > 65. Significant two-way interactions of sex and aTRH, and age and
aTRH on risk of CVD were observed (P < 0.05). The observed joint effect of aTRH and ages > 65 years in
males was less than what was expected for both additive and multiplicative models, although three-way
interaction of sex, age, and aTRH on the risk of CVD and CHD did not reach a statistical significance (P
> 0.05).

Research conclusions
aTRH was significantly associated with an increased risk of CVD and this association was modified by
both sex and age.

Research perspectives
Further studies are warranted to test these mechanisms.
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