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Aims Apparent treatment-resistant hypertension (aRH), wherein blood pressure elevation requires treatment with multiple med-
ications, is associated with adverse cardiovascular events over the short-term. We sought to evaluate the degree of excess
risk associated with aRH across the lifespan.

Methods We identified all individuals with hypertension who were prescribed at least one anti-hypertensive medication from the
and results FinnGen Study, a cohort of randomly selected individuals across Finland. We then identified the maximum number of con-
currently prescribed anti-hypertensive medication classes prior to age 55 and classified those co-prescribed >4 anti-hyper-
tensive medication classes as aRH. Using multivariable adjusted Cox proportional hazards models, we assessed the
association of aRH well as the number of co-prescribed anti-hypertensive classes with cardiorenal outcomes across the life-
span. Among 48 721 hypertensive individuals, 5715 (11.7%) met the aRH criteria. Compared to those prescribed only one
anti-hypertensive medication class, the lifetime risk of renal failure increased with the addition of each additional medication
class, beginning with the second, while the risk of heart failure and ischaemic stroke increased after addition of the third drug
class. Similarly, those with aRH suffered increased risk of renal failure (hazard ratio 2.30, 95% Cl 2.00-2.65), intracranial
haemorrhage (1.50, 1.08-2.05), heart failure (1.40, 1.24-1.63) cardiac death (1.79, 1.45-2.21), and all-cause death (1.76,
1.52-2.04).

Conclusion Among individuals with hypertension, aRH that develops prior to mid-life is associated with substantially elevated cardior-
enal disease risk across the lifespan.

Lay summary  Examination of medical records from over 48 000 Finnish individuals found that the risk of future adverse medical events
increased with a need for greater number of blood pressure medications in middle age.

e Using the number of blood pressure medications simultaneously prescribed before age 55, the risk of kidney problems
increased with the addition of each antihypertensive medication, starting after the first, while the risk of heart failure and
stroke increased with the addition of two more blood pressure medications.

e |ndividuals with very difficult to treat high blood pressure (needing at least four medications) had greater risk of nearly all
assessed clinical outcomes, including death. These findings indicate that needing more medications to treat blood pres-
sure in mid-life is associated with worse clinical outcomes. The most important goal for such patients should be to im-
prove their blood pressure control early in life.
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The risk of cardiorenal events increases with the addition of greater number of antihypertensive medications and is highest among patients with

apparent treatment-resistant hypertension.

Introduction

Awareness of resistant hypertension, defined as blood pressure above
goal despite the use of at least three antihypertensive medications
or achieving target blood pressure with four or more medications,
has increased in recent years, due in part to reductions in goal blood
pressure targets for large portions of the population. Numerous non-
biological factors, such as medication non-adherence, white coat effect,
and submaximal drug dosing, should be excluded prior to diagnosing re-
sistant hypertension. When such conditions cannot be excluded, the
term apparent treatment-resistant hypertension (aRH) is utilized,
a criterion met by an estimated 12—15% of treated antihypertensive pa-
tients."™”

Limited short-term analyses, over the course of less than 5 years,
demonstrate that patients with resistant hypertension are nearly 50%
more likely to suffer myocardial infarction, stroke, heart failure, kidney
disease, or death than individuals with essential hypertension.®
Importantly, hypertension attributed cardiovascular risk is experienced
over the entire lifespan, not only the short time frames examined in
prior studies. As such, it remains unknown if, and to what degree, ele-
vated cardiovascular risk attributed to resistant hypertension persists
or if the cumulative effect of essential hypertension closes this gap over-
time. As such, we sought to address this gap by evaluating the develop-
ment of adverse cardiovascular outcomes across the lifespan between
hypertensive patients with and without aRH.

Methods

The Finnish Biobank data can be accessed through the Fingenious® services
(https:/site.fingenious.fi/en/) managed by the FINBB.

Study sample

Our study sample was drawn from the FinnGen Data Freeze 8, which con-
sists of randomly selected participants from Finnish cohort studies and pa-
tients from Finland’s national hospital biobanks.” Briefly, FinnGen
represents a public—private partnership that longitudinally collects and man-
ages anonymous nationwide health information from across Finland includ-
ing diagnoses, medications, clinical events, health registry, and genomic data.
From this sample, we identified patients with a diagnosis of hypertension
and prescription of at least one antihypertensive medication prior to
55 years of age. Participants with a history of any of the outcomes of inter-
est prior to age 55 were excluded. These outcomes include coronary heart
disease (CHD), ischaemic stroke, haemorrhagic stroke, heart failure, renal
failure, and a cardiovascular disease (CVD) composite outcome consisting
of CHD and ischaemic and haemorrhagic stroke. We also assessed for car-
diovascular death and all-cause mortality. Outcomes were identified based
on International Classification of Diseases (ICD) codes (see Supplementary
material online, Table S7). All participants provided written informed con-
sent. This study protocol was approved by the coordinating ethical commit-
tee of the Hospital District of Helsinki and Uusimaa, as described in the
Supplementary material online, Methods.

Exposure definition

Clinical diagnoses were identified from ICD codes from the nationwide
hospital discharge, causes-of-death, drug reimbursement, and drug pur-
chase registers and linked by personal nationwide identification codes.
These ICD code-based diagnoses are made by the attending physician
and are listed in the Supplementary material online, Table S7. The accuracy
of these codes is robust and has been described in detail previously.'® A
priori selected covariates included sex (inferred from genetic data), dia-
betes, obesity, and hypercholesterolaemia. Covariate data for the main ana-
lysis were complete. Disease variables were defined based on the presence
or absence of events in appropriate registries, and the FinnGen core analysis
excludes individuals with ambiguous sex.
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Apparent treatment-resistant hypertension

Antihypertensive medication prescription was defined by the Anatomical
Therapeutic Chemical (ATC) codes via the drug purchase register (available
from 1992 to 2019). Antihypertensive medications were divided into six
classes: diuretics, angiotensin-converting enzyme (ACE) inhibitors, angio-
tensin Il receptor blockers, calcium channel blockers, beta blockers, and
other medications (see Supplementary material online, Table S2). Loop
diuretics were excluded from the analysis to avoid confounding from un-
documented chronic kidney disease or heart failure, for which this class
of medications is typically used."" For each individual, we determined the
maximum number of different antihypertensive classes prescribed during
any 3-month period before age 55, corresponding with the maximum
3-month supply that can be reimbursed at one transaction by the Finnish phar-
macies. To guarantee that exposure variables were derived from the time per-
iod prior to outcome events, we included only purchases prior to 55 years age.
We then divided participants into discrete hypertensive subgroups of interest
including mild hypertension (one drug class) and apparent treatment resistant
hypertension (four or more drug classes). We used a conservative definition
of apparent treatment resistant hypertension, requiring prescription at least
four drug classes, as we were unable to determine blood pressure control
to meet lower prescription thresholds.? Further, as has been done by others,
we excluded the requirement for use of a diuretic, as intolerance or electro-
lyte abnormalities may preclude their use.®

Statistical analyses

We used Cox proportional hazards model to assess the association
between the maximal number antihypertensive medication classes and out-
comes. Maximal prescription of one antihypertensive drug class within
3 months was used as the reference category. The follow-up spanned
from 1992 to 2019, and participants were censored at the end of follow-up,
death, or at the time of the outcome event. We used age as timescale and
sex, diabetes, obesity, and hypercholesterolaemia as covariates in all mod-
els. Covariate data were available from 1969 to 2019. We validated assump-
tions for the Cox model by visual inspection of graphs: proportional hazards
assumption by log-minus-log plots, goodness of fit by Cox—Snell residuals,
influential observations by DFBETAS, and linearity by martingales. We
used R v.4.1.2 for all analyses.

Sensitivity analyses

We performed sensitivity analyses as follows: (i) dividing diuretics to thia-
zides/thiazide-like diuretics and potassium-sparing diuretics, (ii) including
Fine and Gray sub-distribution models to account for death, and (jii) includ-
ing educational level, smoking, and alcohol abuse as a covariate in those with
available data. Educational level (25% missing) and smoking (42% missing)
were excluded from the main analysis due to the high missingness.

Results

A total of 342499 Finnish individuals were identified in the FinnGen
Data Freeze 8, of whom 48 721 (14.2%) had diagnosis of hypertension,
prescription of at least 1 antihypertensive medication, and no history of
any of the outcomes prior to the age of 55. Of this cohort, the average
age was 48.1 & 6.7 years, with 25 315 (52.0%) women, 10 616 (21.8%)
suffering from diabetes, 4160 (8.5%) from obesity, and 16 425 (33.7%)
from hypercholesterolaemia. The most frequent antihypertensive
medication class during a 3-month period was beta blockers (n=
36,975, 33.2%; Supplementary material online, Table S3). The preva-
lence of diabetes, obesity, and hypercholesterolaemia, as well as most
clinical outcomes, increased with the number of medication classes pre-
scribed. As the number of medication classes prescribed increased, the
proportion of individuals with at least a bachelor’s degree declined,
while the proportion who smoked or with documented alcohol abuse
increased (see Supplementary material online, Table S4). A total of 5715
(11.7%) individuals met the criteria for apparent treatment resistant
hypertension, with prescription of four or more antihypertensive medi-
cation classes (Table 7). Among those with aRH, the average age at the
first time of maximal number of co-prescribed medications was 48.1 +
6.4, and 41.4% were female; the most common comorbidity was hyper-
cholesterolaemia (54.2%).

Outcomes

The most common individual cardiorenal outcome across the entire
population was CHD (10.9%), followed by heart failure (6.8%), and is-
chaemic stroke (5.7%). The composite of CHD, ischaemic stroke, and
haemorrhagic stroke occurred in 7166 (14.7%) individuals. A total of
2763 (5.7%) deaths occurred during follow-up, with 1388 (2.8%) suffer-
ing cardiac death (Table 2). While females represented a majority of the
cohort population (52.0%), they comprised less than half of events
across all measured outcomes, with the highest proportion of women
appreciated for haemorrhagic stroke (46.7%). Smoking was the most
common comorbid condition among each outcome. Frequency of
each outcome decreased with increasing levels of educational
attainment.

Risk of outcomes by number of
antihypertensive medication classes and
apparent treatment-resistant

hypertension status

The risk of experiencing each of the pre-specified outcomes of interest
generally increased as the number of antihypertensive medications pre-
scribed increased. Compared to hypertensive patients receiving a max-
imum of one antihypertensive class, the lifetime risk of renal failure and
death increased with the addition of each successive medication class,
beginning with the second, while the risk of heart failure and ischaemic
stroke started to increase after the addition of the third drug class.
Significant elevations in risk of CHD and CVD were not appreciated un-
til the addition of the 5th medication class. There was a trend towards
increased risk of haemorrhagic stroke with increasing medication
classes, but this did not reach statistical significance (Table 3, Figure 1,
and Supplementary material online, Figure S1). Overall, a trend of in-
creased risk for heart failure (hazard ratio 1.1, 95% confidence interval
1.06-1.14), renal failure (1.32, 1.27-1.37), ischaemic stroke (1.06, 1.02—
1.10), CVD (1.03, 1.00-1.05), death (1.19, 1.14—1.24), and cardiac death
(1.21, 1.15-1.28) occurred with the addition of each new medication
class.

Examination of risk among individuals with aRH demonstrated simi-
lar findings. Specifically, the lifetime risk of heart failure, renal failure, is-
chaemic stroke, haemorrhagic stroke, and CVD was all increased
among aRH patients, with the largest risk appreciated for renal failure
(2.3, 2.0-2.65), followed by cardiac death (1.79, 1.45-2.21), death
(1.76, 1.52-2.04), intracranial haemorrhage (1.5, 1.08-2.05), and heart
failure (1.4, 1.24-1.63) (Table 3; Figure 2, Supplementary material online,
Figure $2).

Sensitivity analyses

For renal failure, heart failure, death, and cardiac death results from all
sensitivity analysis were similar to the main analysis (see Supplementary
material online, Tables S5-S7), though both ischaemic and haemor-
rhagic stroke risks were no longer significant following the inclusion
of socioeconomic variables into the model. Furthermore, when death
was considered as a competing risk, or additional covariates added,
the risks of CHD and CVD were not significant.

Discussion

Our findings demonstrate that among an unselected cohort of adults
with early onset hypertension, apparent treatment resistant hyperten-
sion is associated with increased cardiovascular risk across the lifespan.
In particular, compared with hypertensive individuals receiving max-
imally one concurrent antihypertensive medication class prior to the
age of 55, those with early onset aRH are at increased risk of suffering
heart and renal failure, as well as ischaemic and haemorrhagic stroke,
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Table 1

Characteristics of hypertensive individuals by maximal number of co-prescribed antihypertensive medication

classes and apparent treatment-resistant hypertension status. Mild hypertension includes individuals with a diagnosis of
hypertension receiving maximally one antihypertensive medication class, while apparent treatment-resistant hypertension
requires four or more medication classes. Differences in prevalence between individuals with mild hypertension and resistant

hypertension were tested by the chi-square test

1 (mild 2 3
hypertension)
Characteristics
n 15045 16339 11622
Female 8140 (54.1%) 8844 (54.1%) 5964 (51.3%)
Diabetes mellitus 2052 (13.6%) 3101 (19.0%) 3169 (27.3%)
Obesity 690 (4.6%) 1232 (7.5%) 1332 (11.5%)
Hypercholesterolaemia 3295 (21.9%) 5136 (31.4%) 4898 (42.1%)

Outcomes

Cardiovascular 2892 (23.2%) 2288 (18.6%)
composite”
Coronary heart disease 2119 (16.7%)
1277 (9.7%)
1101 (9.0%)

234 (2.0%)

1674 (13.3%) (
1066 (8.1%) 648 (7.5%)
885 (7.1%) 549 (6.5%)
190 (1.6%) 104 (1.3%)
646 (7.3%)

(6.4%)

(3.6%)

Heart failure
Ischaemic stroke

Haemorrhagic stroke

Renal failure 838 (6.3%) 826 (6.2%)
Death 1019 (7.7%) 881 (6.5%) 580 (6.4%
Cardiac death 484 (3.6%) 432 3.2%) 324 (3.6%

1379 (17.2%)

1017 (12.2%)

4 5+ Apparent P-value
treatment-resistant
hypertension (four or more
medication classes)
4893 822 5715 —
2094 (42.8%) 273 (33.2%) 2367 (41.4%) <0.001
1836 (37.5%) 458 (55.7%) 2294 (40.1%) <0.001
755 (15.4%) 151 (18.4%) 906 (15.9%) <0.001
2559 (52.3%) 537 (65.3%) 3096 (54.2%) <0.001
516 (16.6%) 91 (20.1%) 607 (17.0%) <0.001
410 (12.7%) 74 (154%) 484 (13.0%) <0.001
278 (8.3%) 32 (6.7%) 310 (8.1%) 0.002
201 (6.1%) 30 (6.0%) 231 (6.1%) <0.001
46 (1.5%) 8 (1.7%) 54 (1.5%) 0.044
318 (9.2%) 49 (10.0%) 367 (9.3%) <0.001
244 (6.7%) 39 (7.0%) 283 (6.8%) 0.053
127 (3.5%) 17 3.1%) 144 (3.4%) 0.56

Cardiovascular outcomes represent a composite of coronary heart disease, ischaemic stroke, and haemorrhagic stroke.

and both cardiac and all-cause death, with results robust to multivari-
able adjustment.

Prior short-term studies with selected patient samples have de-
scribed increased cardiovascular risk associated with aRH. Among
the largest of these, the Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial (ALLHAT) found a 44%
increased risk of CHD, 88% increased risk of heart failure, and 95%
increased risk of renal failure among apparent treatment resistant
hypertensive patients with underlying kidney disease.”® Similar
findings were appreciated among participants of the Chronic
Renal Insufficiency and REGARDS Cohorts, among others.'*"¢
Importantly, follow-up of such studies is limited, with most providing
far less than 10 years of follow-up data. Far greater is known regarding
the lifetime risk of undifferentiated forms of hypertension (combined
essential and resistant forms), with well-documented risk of myocar-
dial infarction, heart failure, and stroke.”” 2" Our study expands on
this, first by examining a relatively young population, free from CVD.
Such individuals represent a cohort that is yet to experience the se-
quela of long-term hypertension and may benefit from interventions
to mitigate their risk. These include education on the importance of
healthy lifestyle, medication adherence, and targeted evaluation for
secondary forms of hypertension. Second, our results demonstrate
that the elevated risk of adverse cardiovascular events associated
with aRH persists overtime, above and beyond the cumulative risk as-
sociated with a lifetime of essential hypertension. In effect, those with
essential hypertension do not ‘catch up’ to those with resistant hyper-
tension with the risk of cardiovascular events remaining elevated for
this population across the lifespan.

The greatest risk associated with aRH was appreciated for renal fail-
ure, with a hazard more than double that of those with hypertension on
one medication class. This large increase in risk is notable and potential-
ly reflective of the degree of renal parenchymal damage sustained from

resistant disease. The association may also reflect the need for an in-
creasing number of antihypertensive medications as renal disease pro-
gresses, representing a vicious cycle in which hypertension begets
worsening renal function, which begets worsening hypertension.
Importantly, hypertension remains one of the largest recognized risk
factors for the development of renal failure and controlling blood pres-
sure early in life represents one of the most cost-effective manners to
prevent progression to end-stage kidney disease.”>* As such, an early
focus on aRH patients, particularly those under the age of 55, may help
to reduce the burden of progressive kidney disease.

Hypertension also represents one of the largest risk factors for
stroke, with attributable excess risk reaching as high as 76%.%° Prior
work has identified a 14% increase risk of stroke among resistant hyper-
tensive compared with non-resistant hypertensive patients overa 5-year
follow-up period.'® Our results indicate that this risk may be even higher,
reaching 21% for ischaemic stroke and nearly 50% for haemorrhagic
stroke over the lifespan. Given the devastating effects of these events
on longevity and quality of life, efforts at improving blood pressure con-
trol and minimizing other stroke risk factors is vitally important, particu-
larly among those with apparent treatment resistant hypertension.

Interestingly, we did not appreciate a significant increase in CHD risk
among those with aRH. As noted, resistant hypertension associated risk
was lowest for the short-term development of CHD in the ALLHAT
Study. Given the well-recognized association between hypertension
and the development of coronary artery disease, a few factors may ex-
plain the lack of increased risk associated with resistant hypertension.
First, CHD was the most common outcome of interest, reflective of
its high prevalence in the population. Further, numerous other factors
including family history, smoking, and lifestyle behaviours also contrib-
ute to the development of CHD, making detection of a resistant hyper-
tension mediated association more difficult. Similarly, pluripotent
effects of antihypertensive therapy may reduce CHD risk more than
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Figure 1 Cox proportional hazard models for adverse cardiovascular events over the lifespan, by number of antihypertensive medication classes.
Hard cardiovascular outcomes (CVD) represent a composite of coronary heart disease, ischaemic stroke, haemorrhagic stroke, death, and cardiac
death. CVD, hard cardiovascular outcomes; CHD, coronary heart disease. Follow-up and risk of events begins at age 55 year for all participants.
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vascular outcomes; CHD, coronary heart disease. Follow-up and risk of events begins at age 55 year for all participants.
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for other outcomes of interest. Finally, individuals with resistant hyper-
tension may die from other conditions such as stroke or renal failure
prior to the development of CHD, representing a survivor bias.

Several limitations of this study merit consideration. First, the ad-
ministrative nature of the data necessitates reliance on ICD codes
for the diagnosis of hypertension and outcomes of interest.
Fortunately, coding in FinnGen has been found to be robust and re-
flective of true clinical events.'® Further, the prescription of antihyper-
tensive medications also relies on administrative data, which do not
include information on medication adherence or white coat effect.
For this reason, we categorize our findings in the context of apparent
treatment resistant and refractory hypertension, as delineated by cur-
rent guidelines. While the FinnGen dataset represents an unselected
cohort of the Finnish population, this group does not necessarily re-
flect the degree of racial and ethnic heterogeneity seen in other coun-
tries. Further, antihypertensive therapy guidelines contemporary to
enrolment of most of our cohort participants prior to age 55 vary
from current guidelines in regard to their recommendations for first
line antihypertensive therapy.’®*’ Specifically, beta blockers were
highly recommended and combination therapy much less common.
To harmonize our analysis with enrolment era guidelines, we included
beta blockers for this reason. To counter the risk of non-
hypertension reasons for drug prescription, we excluded individuals
with cardiovascular disease at the time of enrolment, minimizing con-
founding by reason for prescription. Finally, we are unable to deter-
mine blood pressure control, comorbid disease severity, or
antihypertensive medication adherence, limiting our ability to classify
individuals as apparent treatment refractory of resistant hypertensives
at lower medication class counts. To address this, we used conserva-
tive definitions, requiring higher medication class counts for each def-
inition. Since blood pressure control, a key component of
cardiovascular risk modification, cannot be verified, it is possible
that those prescribed greater numbers of antihypertensive medica-
tions fail to achieve blood pressure targets to a greater extent than
those on less complex regimens. As such, our results should serve
to re-enforce the importance of appropriately tailoring antihyperten-
sive therapies to achieve blood pressure control as a key factor in
minimizing cardiovascular risk, particularly in early age.

In conclusion, the results from this large, unselected national dataset
demonstrate that the risk of adverse cardiovascular events, particularly
heart and renal failure, associated with aRH and refractory hyperten-
sion persists across the lifespan. Expanding on prior short-term studies,
these findings demonstrate that even with lifetime exposure, hyperten-
sive patients on fewer antihypertensive medications do not experience
the amount of risk as those requiring more medications for hyperten-
sion management.

The association between aRH and risk of adverse cardiovascular
events has been studied over short periods; however, little has been
known about the associated risk across the lifespan. Our results indi-
cate that compared to hypertensive individuals receiving maximally
one concurrent antihypertensive medication, those with aRH remained
at elevated risk of adverse events throughout their life course, with risk
typically increasing with the addition of each subsequent medication.
The greatest increase in risk was appreciated for renal failure, with
those with aRH experiencing approximately twice the risk as those
on only one antihypertensive medication. Importantly, this risk was ap-
preciated even among a relatively young, healthy cohort, indicating that
interventions aimed at controlling blood pressure, while minimizing the
need for a greater number of antihypertensive agents early in life, may
be beneficial. Whether this association reflects progressive end-organ
dysfunction, particularly renal failure, necessitating more intense antihy-
pertensive regimens, or individual differences in vascular biology with
variable resistance to pharmacotherapy, requires future investigation.
Clinicians should be mindful of patients suffering from aRH, focused
not only of achieving blood pressure control, but to the use of non-

pharmacologic interventions such as counselling on appropriate diet
and exercise, to minimize the number of antihypertensive medications
required to obtain that target.

Supplementary material

Supplementary material is available at European Journal of Preventive
Cardiology online.
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