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Abstract

Essential hypertension, characterized by pathological blood pressure elevation, affects globally one
billion individuals and constitutes one of the most important risk factors for cardiovascular diseases. In
most cases, this condition can be controlled trough pharmacological therapy. Due to advances in DNA
analysis technologies and data analysis methodologies the genetics of hypertension can be explored.

The objective of this thesis is the analysis of a HeartGenetics’ genetic panel associated with essential
hypertension. For this, a genetic risk score model for hypertension and a discriminative model for pa-
tients with treatment-resistant hypertension were developed using this panel. This study was supported
by a bibliographic revision relative to the association between genetic variants and hypertension.

In a cohort with 417 individuals a logistic regression classifier was used to calculate the risk for hy-
pertension whose performance was evaluated by the area under the curve (AUC = 0.568). Additionally,
a univariate analysis was performed from which six genetic variants associated with hypertension were
identified. Additionally, using a cohort with 322 individuals it was possible to discriminate patients with
treatment-resistant hypertension (p-value = 0.003). The bibliographic revision lead to the suggestion
of inclusion of four genetic variants to the HeartGenetics’ genetic panel.

The results of this thesis suggest that genetic risk prediction of essential hypertension is complex
and requires an extensive genetic panel to obtain results with a clear clinical applicability. Nonetheless,
in the context of treatment-resistant hypertension, the results suggest that there is potential for the
development of a genetic test for this condition with clinical applicability.
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1. Introduction

Cardiovascular diseases (CVDs) are the global
leading cause of death. It is estimated that 17 mil-
lion people die from CVDs each year, corresponding
to 30% of all global deaths [1]. Most CVDs can be
prevented by addressing risk factors that contribute
to their development.

Arterial hypertension is a medical condition that
affects almost 1 billion individuals worldwide and
constitutes one of the most important risk fac-
tors for the development of CVDs such as coronary
artery disease, myocardial infarction and heart fail-
ure [2].

The development of hypertension involves the
complex interplay of both non-genetic and genetic
factors. The underlying genetic factors involved in
the development of hypertension and in the thera-
peutic response to antihypertensive drugs have been
highlighted in several clinical studies [3, 4, 5, 6].
The most common strategy used for the discovery
and validation of these genetic factors is based on
association studies. These studies test the asso-
ciation between genetic markers, usually involved

in metabolic pathways related with blood pressure
control, and the phenotype under study.

Although a plethora of antihypertensive drugs
such as diuretics, β-blockers, angiotensin convert-
ing enzyme inhibitors, calcium channel blockers,
and angiotensin receptor blockers are used for blood
pressure control, approximately 40% of all hyper-
tensive patients under treatment do not have hy-
pertension under control [7].

Considering the genetic factors underlying hyper-
tension, the development of a genetic test for this
condition with a well-defined clinical utility, using
a personalized medicine approach, may contribute
to the management and treatment of hypertension
which can lead ultimately to a decrease on cardio-
vascular events and to the sustainability of health-
care systems.

The HeartGenetics project, funded by Portu-
gal2020, in cooperation with the Coimbra Hospi-
tal and Universitary Centre (CHUC), and the work
developed in this thesis had as main objective the
validation of the clinical utility of the HeartGenet-
ics DNArterial genetic test for the identification of
the genetic risk for essential hypertension and the
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response to hypertensive drugs.

In more detail, the aim of this thesis was to per-
form a clinical validation study of the DNArterial
genetic panel on two components of the test: risk
prediction and pharmacogenetic-guided therapy for
hypertension. To evaluate the risk prediction com-
ponent of the test a genetic association study of
hypertension was performed. The objectives of this
analysis consisted on the identification of genetic
variants from the DNArterial genetic panel with
statistical significant associations with hypertension
and on the construction of a genetic risk score for
this condition. To evaluate the pharmacogenetic
component of the test an analysis of the genetic in-
fluence of pharmacogenetic variants on treatment-
resistant hypertension was performed. Addition-
ally, a literature search with the objective of sug-
gesting the addition of additional pharmacogenetic
variants to be included in the DNArterial genetic
panel was performed.

2. Materials and Methods

2.1. Data characterization

Genotype data used in this thesis was collected
from the HeartGenetics biobank. Subjects with
cardiovascular disease and/or traditional cardiovas-
cular risk factors, individuals with family history
of heart failure and/or traditional cardiovascular
risk factors and centenaries with no hereditary dis-
eases or cardiovascular diseases were included in the
HeartGenetics biobank. Excluded subjects had ei-
ther congenital heart disease, myocardiopathy, au-
toimmune disease, hypothyroidism, diabetes mel-
litus, renal insufficiency and chronic liver disease
or were under therapeutics with either anticon-
vulsants, antipsychotics, immunosuppressors or an-
tiretrovirals.

Two cohorts were used for this study. The first,
from now on referred as HTN cohort, includes
187 hypertensive (cases) and 230 healthy (controls)
individuals, from which genotype data of 53 ge-
netic variants involved in blood pressure pathways
was gathered. The second, from now on referred
as PHARMA cohort, includes 13 individuals with
treatment-resistant hypertension (cases) and 309
healthy or hypertensive individuals (controls), from
which genotype data of 24 genetic variants known
to have pharmacogenetic associations with antihy-
pertensive drugs was gathered. All of the analysed
genetic variants, in both cohorts, are currently in-
cluded in the genetic panel of the DNArterial test.

Two different types of searches were made on
PharmGKB to identify genetic variants known to be
associated with a drug phenotype: a search per vari-
ant in which were considered the 24 pharmacoge-
netic variants of the DNArterial test genetic panel;

and a search per drug or class of drug in which
were considered 58 antihypertensive drugs and 5
drug classes identified as relevant drugs used for hy-
pertension treatment in the most recent guidelines
from the American Heart Association [8]. From this
search, only pharmacogenetic associations between
genetic variants and drugs used for hypertension or
other cardiovascular conditions treatment were se-
lected. As a result, a total of 396 pharmacogenetic
associations involving a total of 203 genetic variants
and 82 drugs and 5 classes of drugs were included.

2.2. Genotype data quality control

For the two datasets, HTN and PHARMA, a data
quality control was performed. At a first stage, the
minor allele frequencies for each variant was com-
puted. Then, it was tested if all the genetic vari-
ants were under Hardy-Weinberg equilibrium in the
control population. For this, the HWExact function
from the HardyWeinberg R package which performs
an exact Fisher test for HWE was used.

After this analysis, genetic variants with MAF
smaller than 5% were removed. Additionally, ge-
netic markers for which there was a deviation from
the Hardy-Weinberg equilibrium were flagged for
future analyses if proven to have a significant asso-
ciation with the traits studied in this work. This
approach was considered, as an alternative of re-
moving these variants, because deviations from the
HWE occur frequently mostly due to the fact that
this concept is based on multiple assumptions that
are not always verified.

Another data quality control procedure is the
analysis for population stratification. The approach
used in this thesis for this analysis consists of a prin-
cipal component analysis (PCA) followed by a k-
means clustering. For this, the eigenstrat function
from the AssocTests R package and the function
kmeans from the Stats R package were used to per-
form the PCA and the k-means, respectively.

2.3. Univariate association analysis for the iden-
tification of genetic variants associated with
hypertension

The association with the hypertension trait was
studied for each one of the genetic variants, not re-
moved during the quality control procedure, con-
sidered in the HTN cohort. For this, three fisher
exact tests were performed per variant, one for each
genetic model used (dominant, recessive, and addi-
tive), using the function fisher.test from the package
Stats of the R software. A chi-squared test could
also have been used, however this method relies on
an approximation while the fisher test is exact. In
addition, the chi-squared test is not the most ap-
propriate in this case because of the small num-
ber of samples used. Therefore, despite being more
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computationally expensive, the fisher exact test was
chosen.

For each association test an adjusted p-value of
0.001 computed using the Bonferroni correction was
considered as statistically significant for rejecting
the null hypothesis that cases and controls are in-
dependent of the genotype class.

2.4. Construction of a genetic risk score for hyper-
tension

A logistic regression was used to build a ge-
netic risk model and, consequently, compute the
genetic risk score for hypertension for each individ-
ual. For this, it was used the function glm from
the package Stats of the R software. To validate
this model built a leave-one-out cross-validation was
performed. This process is an iterative method in
which for each k iterate ((kε {1, n}), where n is the
number of samples) is defined a validation dataset
with the k sample and a training dataset with the
remaining samples. Then, for each iteration the
validation dataset is tested against the model build
with the training dataset.To evaluate the perfor-
mance of the model the receiver operating charac-
teristic curve (ROC curve)and its respective area
under the curve (AUC) were used.

In this analysis an additive, a dominant, and a
recessive model were considered for the genotype
data of the HTN dataset. In addition, a mix genetic
model in which each genetic variant is encoded by a
different genetic model was used to encode the HTN
dataset used in the logistic regression. For this, in
each iteration of the leave-one-out cross-validation,
a different mix model dataset was constructed us-
ing the training data in which each genetic variant
was encoded with the most adequate genetic model
(additive, recessive or dominant). For the identifi-
cation of the best-fitting genetic model, three Fisher
exact tests per variant were performed. The ge-
netic model that achieved the smallest p-value was
selected.

2.5. Criteria for the selection of relevant genetic
variants with pharmacogenetic associations

After extracting 396 pharmacogenetic associa-
tions from the PharmGKB, different criteria were
used to select the most relevant genetic variants
that should be included in a genetic panel for a
pharmacogenetic test for hypertension.

Firstly, genetic variants with at least one pharma-
cogenetic association with a level of evidence equal
or lower than 2 were selected. Those levels of ev-
idence 1 and 2 correspond, respectively, to a high
and a moderate level of evidence. In the first level
are included variant-drug associations for which the
majority of evidence confirms the association. In
addition, these associations are replicated in differ-

ent studies that presented a significant p-value and
strong effect size. By comparison, the second level
of evidence includes associations that are replicated
in different studies although some studies may not
show statistical significance or present a small effect
size.

Then, from the list of pharmacogenetic associa-
tions identified it were selected genetic variants with
a FDA drug label containing pharmacogenetic in-
formation approved by the FDA [9].

Additionally, a third criterion was considered, it
were also selected genetic variants with at least one
pharmacogenetic association with a p-value smaller
than 0.001. This threshold was used because it
was defined that it was preferable to have a ge-
netic panel with genetic variants whose pharma-
cogenetic associations had a strong statistical sig-
nificance than including genetic variants with as-
sociations with weaker statistical significance. To
conclude, given the high risk of complications in
patients with treatment-resistant hypertension and
the fact that optimization of medical treatment still
remains an important concern, it were also selected
genetic variants with known pharmacogenetic asso-
ciations identified in cohorts whose individuals had
treatment-resistant hypertension.

2.6. Analysis of the genetic influence on
treatment-resistant hypertension

The PHARMA cohort was used to assess the un-
derlying genetic background of treatment-resistant
hypertension. Firstly, it was computed a genetic
risk score for each individual to compare cases and
controls for all the 24 genetic variants with known
pharmacogenetic association with antihypertensive
drugs. For this analysis three different genetic mod-
els were considered (additive, dominant and reces-
sive models). The genetic risk score for each indi-
vidual was computed using an unweighted approach
in which the score is the direct sum of the num-
ber of risk alleles. Additionally, it was also used
a mix genetic model in which each genetic variant
was encoded with its most adequate genetic model
to compute the genetic risk score.

The genetic risk score of each cohort subject was
then used to compare the controls with the cases.
For this, a MannWhitney U test was used to com-
pare the distribution of genetic risks scores between
the two groups by testing the null hypotheses that
is equally likely that a random observation, in this
case the genetic risk score, in one group will be less
or greater than a random observation of the second
group. A p-value of 0.05 was considered statistical
significant.

Aditionally, associations tests for each of the 24
genetic variants considered in the PHARMA cohort
to study its association with the treatment-resistant
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hypertension trait was also performed. For this,
three fisher exact tests were performed per variant,
one for each genetic model used (dominant, reces-
sive, and additive).

3. Results

3.1. Genetic variants associated with hypertension

An univariate analysis was performed on the
HTN cohort to identify genetic variants associated
with the hypertension trait. However, firstly are
presented the results obtain from the quality con-
trol analyses preformed. Of the 53 genetic vari-
ants analysed, 4 had a minor allele frequency less
than the considered threshold of 5% (rs75770792,
rs111253292, rs5063, and rs5068). As a result, these
variants were excluded from the posterior analy-
ses performed on the HTN cohort. In addition, 2
genetic variants were not in Hardy-Weinberg equi-
librium (rs11091046 and rs1403543). By doing a
PCA and a k-means it was possible to verify that,
in both cohorts, only one cluster is present and con-
sequently there is no population stratification.

Of the set of genetic variants considered, a
total of 6 variants showed a trend for as-
sociation with hypertension (p-value ≤ 0.05):
rs4646994 (ACE), rs3918226 (NOS3), rs5065
(NPPA), rs6693954(REN), rs880054 (WNK1), and
rs72811418 (CYBA). However, of the 49 genetic
variants analysed, considering as significant a p-
value ≤ 0.001 (Bonferroni adjusted p), none showed
a statistical significant association with hyperten-
sion.

3.2. Genetic risk score model evaluation for essen-
tial hypertension

Logistic regression was used to create a genetic
risk score to evaluate the impact of the combina-
tion of all 49 genetic variants considered in the HTN
cohort on hypertension risk. An additive, a domi-
nant, a recessive and mix genetic model were con-
sidered for this analysis. The discriminative power
of the logistic regression of each model considered
was measured by the AUC of the ROC curve. Fig-
ure 1 presents the 4 ROC curves obtained and the
respective AUCs. Although being higher when us-
ing a mix model (AUC = 0.568), the AUCs showed
that the logistic regression achieved a modest result
using the 49 genetic variants.

3.3. Genetic variants with relevant pharmacoge-
netic associations

From a total of 396 pharmacogenetic associa-
tions involving 203 genetic variants and 87 drugs
or classes of drugs, were selected 33 genetic vari-
ants with relevant pharmacogenetic associations
(detailed information relative to these genetic vari-
ants is presented in confidential appendices). Of

Figure 1: Receiver operator characteristics (ROC)
curves of the logistic regressions used for hyperten-
sion discrimination using different genetic models.

these 33 genetic variants, 6 variants (rs1799752,
rs4961, rs1801253, rs5051, rs13306673) are present
in the current genetic panel of the HeartGenetics
test for hypertension.

Considering the first criterion in which are in-
cluded genetic variants with at least one pharmaco-
genetic association with level of evidence less thant
or equal to 2, 17 genetic variants were selected from
a total of 6 different genes. The remaining genetic
variants selected had pharmacogenetic associations
with weak levels of evidence (level 3), from which 9
were labelled by the FDA as relevant pharmacoge-
netic variants and 2 had a pharmacogenetic associa-
tion verified in individuals with treatment-resistant
hypertension.

3.4. Genetic risk score model evaluation for
treatment-resistant hypertension

The genetic risk score was computed for each sub-
ject of the PHARMA cohort. Its distribution be-
tween individuals with treatment-resistant hyper-
tension and controls was compared using a Mann-
Whitney test. Figure 2 displays, using boxplots, the
genetic risk scores, for the additive model, of cases
and controls and the respective p-value computed
using the Mann-Whitney test.

For the first analysis, in each were considered all
24 pharmacogenetic variants, it was found a statis-
tical difference in the risk score between the controls
group and the cases group for all the genetic mod-
els used. When an additive model was considered it
was achieved a higher statistical difference between
groups with a p-value = 0.003. Considering this
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genetic model, the upper quartile of the controls
group is equal to median and lower quartile of the
cases group which means that 75% of the individu-
als in this group had a higher genetic risk score for
treatment-resistant hypertension than 75% of the
controls.

An identical second analysis was performed by
considering from the HeartGenetics pharmacoge-
netic panel a total of 6 genetic variants (rs1799752,
rs4961, rs1801253, rs5051, rs13306673) identified as
relevant pharmacogenetic variants in section 3.3.
It was found a statistical difference in the risk
score between the controls group and the cases
group for the additive, recessive, and mix models.
Considering these models, 50% of the cases had a
higher genetic risk score than 75% of the controls.
When an recessive model model was considered it
was achieved a higher statistical difference between
groups with a p-value = 0.029. Under a dominant
model the non-significant p-value of 0.214 was ob-
tained.

Overall, when all variants were considered versus
the 6 selected variants a better discrimination be-
tween cases and controls with lower p-values was
achieved.

Regarding the univariate analysis performed on
this cohort to identify genetic variants associated
with the treatment-resistant hypertension trait, of
the 24 genetic variants considered, a total of 8 vari-
ants showed a trend for association with treatment-
resistant hypertension (rs1801252 (ADRB1), rs699
(AGT), rs5186 (AGTR1), rs1048101 (ADRA1A),
rs1801253 (ADRB1), rs5051 (AGT), rs1799722
(BDKRB2), and rs2228576 (SCNN1A)). However,
of the 24 genetic variants analysed, considered as
significant a p-value≤ 0.002 (Bonferroni adjusted
p), none showed a statistical significant association
with treatment-resistant hypertension.

4. Discussion and Conclusions

The main objective of this thesis was to develop
a genetic test for hypertension with a clear clinical
value. For this, two different approaches were con-
sidered. Firstly, it was evaluated the feasibility of
having a genetic test with the aim of predicting hy-
pertension genetic risk. Then, it was considered a
second approach in which it was evaluated the clini-
cal validity of a genetic test with the aim of offering
a pharmacogenetic-guided treatment.

Using an in-house genetic dataset, from a total of
53 genetic variants, the variants rs4646994 (ACE ),
rs3918226 (NOS3 ), rs5065 (NPPA), rs6693954
(REN ), rs880054 (WNK1 ), and rs72811418
(CYBA) showed a trend for association with
the hypertension trait. However, none achieved
statistical significance.

The ACE polymorphism, rs4646994 (also re-

ferred as rs1799752), has been previously mentioned
in different studies in which a positive correlation
of the del allele with hypertension was verified in a
Indian and Chinese population, however this find-
ing was not verified in juveline American, Turkish
or Sardinian populations [10]. These findings, in
line with the results obtained in this thesis, show
that the association between this ACE polymor-
phism and hypertension is not robust.

Although, the results of this work show a trend
for correlation with hypertension for the locus
rs880054, previously reported associations of this
SNP with hypertension were not replicated in the
British Genetics of Hypertension (BRIGHT) study
[A6].

From the remaining six genetic variants men-
tioned previously, the loci rs3918226 (allele T),
rs5065 (allele T), and rs6693954 (allele A) have
been associated with hypertension with OR = 1.54
(95% CI: 1.37-1.73), OR = 0.94 (95% CI: 0.88-1.00),
and OR = 1.98 (95% CI: 1.40-2.80), respectively
[11, 12, 13]. Lastly, the polymorphism rs72811418
of CYBA gene was shown to be associated with hy-
pertension by Moreno et al., however the findings
were not replicated in a different cohort [14].

The differences observed between the results ob-
tained in this work and current evidence may be the
consequence of using a cohort with a small sample
size, at least in comparison with the sample sizes
currently used in genome-wide association studies.

Regarding the genetic risk score model created to
predict hypertension risk, it can be said that it did
achieved a modest result which is confirmed by the
AUCs of the 4 models created using an additive, a
dominant, a recessive and mix genetic model. How-
ever, the results obtained seem to be in line with
the state of the art. Held et al. compared the
performance of the logistic regression method to
predict the risk of hypertension using non-genetic
factors alone and in combination with genetic data
[15]. Reported AUCs were 0.785 and 0.778 for the
model considering non-genetic factors alone and the
model considering both genetic and non-genetic fac-
tors, respectively. Although, were only considered
10 causal genes for the genetic component of the
model used in this study, the results reported point
that the inclusion of genotype data for risk predic-
tion may not improve substantially the prediction
ability of these models. Additionally, these results
clearly show, as discussed previously in this work,
that non-genetic factors play a crucial role in hyper-
tension development which also limits the accuracy
of a genetic test for hypertension risk that uses only
genotype data.

As mentioned previously, the analysis of the UK
biobank dataset shows that the genetic factors in-
fluencing hypertension include a broad number of
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(a) 24 genetic variants (b) 6 genetic variants

Figure 2: Boxplot of the genetic risk scores calculated using an additive model for the cases and controls
groups. (a) p-value = 0.003, (b) p-value = 0.035.

genetic variants, each with small effect size. These
results in line with the results obtained in this work
point that it is not clear that developing a genetic
test with the aim of predicting hypertension risk is
feasible and therefore its clinical value may not be
sufficient to be adopted by clinical practitioners.

A total of 33 genetic variants with relevant phar-
macogenetic associations were selected with the aim
of evaluating if they could guide hypertension treat-
ment by considering the underlying interactions be-
tween the genotype and the response to antihyper-
tensive drugs.

Different criteria were used for the selection of
genetic variants with interesting pharmacogenetic
associations. As a result, the selected genetic vari-
ants have pharmacogenetic associations with differ-
ent levels of evidence, from which only a few present
pharmacogenetic associations with a good level of
evidence i.e. a level of evidence smaller than or
equal to 2.

This is the case of the association between the
CYP2D6 polymorphisms and the β-blocker meto-
prolol. It has been shown in multiple studies
that these polymorphism may lead to a decreased
metabolism or clearance of metoprolol [16, 17, 18].
Despite the reported differences in metoprolol phar-
macokinetics in individuals carrying these polymor-
phisms, this may not translate into differences in
adverse event rate. In fact, it was shown that
there is no evidence for association between the
variable pharmacokinetics of metoprolol, a result of
the differences in CYP2D6 metabolic activity, and
a higher rate of adverse events or a lower efficacy in

patients with hypertension [17].

In opposition, it has been shown that patients
carrying an insertion of an Alu element, a short
stretch of repetitive DNA, in the ACE polymor-
phism rs1799752 may have a decrease response to
captopril treatment. This result have been ob-
served in patients with heart failure, chronic ob-
structive pulmonary disease or diabetes mellitus
type 2 [19, 20, 21, 22].

Regarding the rs4961 ADD1 polymorphism, it
was verified in patients with liver cirrhosis that in-
dividuals carrying allele T are more likely to have a
bad response (OR = 2.89, 95% CI: 1.28-2.81) to
diuretic treatment using furosemide and spirono-
lactone than those carrying allele G [23]. Despite
these interesting results, this association was only
verified in patients with liver cirrhosis in which di-
uretics were used for the treatment of ascites and
not as an antihypertensive therapy. In other stud-
ies, the association between this polymorphism and
diuretics has been found in hypertensive patients
however with contradictory results. Turner et al.
have shown in a cohort of 259 hypertensive adults
that allele T of this polymorphism is not related to
hydrochlorothiazide response [24]. In opposition, in
a study with similar sample size it was observed a
higher reduction in SBP and DBP in hypertensive
patients carrying allele T of the rs4961 genetic vari-
ant [25].

Another polymorphism with a pharmacogenetic
association whose level of evidence is at least 2 is
the rs4149601 from the gene NEDD4L. In white pa-
tients carrying the AA genotype it was observed
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a poorer response to hydrochlorothiazide therapy
[26]. However, in individuals with Asian ances-
try, the opposite result was observed, at a lower
level of evidence, in which allele A was associated
with increased blood pressure reduction [27]. A de-
creased response to hydrochlorothiazide it was also
reported for hypertensive patients carrying allele T
of the rs7297610 polymorphism (YEATS4 ) and pa-
tients carrying allele G of the rs16960228 polymor-
phims (PRKCA). The association between this di-
uretic and each of these polymorphisms, rs7297610
and rs16960228, was observed in a European cohort
and in a cohort with black individuals, respectively
[28, 29, 30, 27, 31].

Concerning the genetic variants with FDA
labelled pharmacogenetic associations, NAT2
polymorphisms have been correlated with ad-
verse effects after hydralazine therapy in pa-
tients with treatment-resistant hypertension
[32] and the rs1057910 and CYP2D6 polymor-
phisms (CYP2D6*1, CYP2D6*10, CYP2D6*4,
CYP2D6*5) have been associated with decreased
clearance of losartan and carvedilol, respectively
[33, 34, 35]. Despite having an FDA label, these
associations were observed in a small number of
studies with a small study size. Given this, a level
of evidence 3 was attributed to these associations
by the PharmGKB which indicates that the re-
ported pharmacogenetic associations may need to
be replicated in different studies. The same applies
to the remaining genetic variants selected in this
work with pharmacogenetic associations whose
level of evidence is smaller than 2.

The pharmacogenetic associations involving
these last genetic variants may indicate that these
polymorphisms can have a relevant role in the phar-
macokinetics and pharmacodynamics of antihyper-
tensive drugs. Additionally, it could also be hy-
pothesized that the selected genetic variants may be
involved in some underlying genetic factors respon-
sible for the development of treatment-resistant hy-
pertension.

Given this, a final analysis was performed in
which using the PHARMA cohort it was studied if
genetic variants with known pharmacogenetic asso-
ciations could predict the risk of treatment-resistant
hypertension. Using 24 pharmacogenetic variants
from the HeartGenetics genetic panel it was possible
to discriminate with statistical significance individ-
uals with treatment-resistant hypertension (p-value
= 0.003, additive model). A worse result, despite
being statistical significant, was achieved using a
subset of those initial genetic variants with relevant
pharmacogenetic associations identified in section
?? (p-value = 0.035, additive model). These results
support the idea that there are underlying genetic
factors involved in the development of treatment-

resistant hypertension [36]. Of the 24 genetic vari-
ants analysed, 8 showed a trend for association with
the treatment-resistant hypertension trait. How-
ever, none reached statistical significance. Of these
polymorphisms the SNPs rs5051 and rs699 have
been previously associated with resistant hyperten-
sion. In the GenHAT study, a study with 2203
treatment resistant cases and 2354 controls, it was
found that carries of the T allele of rs699 and carri-
ers of the G allele of rs5051 were associated with re-
sistant hypertension with OR = 1.27(95% CI: 1.12-
1.44, p-value = 0.0001) and OR = 1.36 (95% CI:
1.20-1.53, p-value < 0.0001), respectively [37].

Given this, it can be hypothesized that these re-
sults may indicate that an individual carrying risk
alleles of these genetic variants may have a worse re-
sponse to treatment or could have a higher risk for
treatment-resistant hypertension. Therefore, this
information can assist the clinician in the definition
of the most adequate pharmacological approach for
hypertension treatment for each individual.

Different limitations were present in the analyses
performed in this thesis. Firstly, the lack of posi-
tive results from the association tests performed us-
ing th data from the HTN and PHARMA cohorts
and the logistic regression done using the data from
the HTN cohort may be a consequence of the small
sample size of the cohorts. Hong et al. mentioned
that for testing a single genetic marker it would be
required at least 248 samples, under the assump-
tion of a 5% MAF, equal ratio of cases and con-
trols, and a 5% error rate during genotyping, to
achieve an adequate statistical power [38]. By com-
parison with the sample size used in this thesis, it
is clear that the small number of samples may have
contributed for the differences between the results
obtained and current evidence. These same anal-
yses may have also been limited by the fact that
it were only considered genetic variants from the
HeartGenetics genetic panel. Additionally, in the
logistic regression it were considered as variables
all genetic markers. An equivalent approach could
have been taken if only genetic variants with statis-
tical associations with the hypertension trait were
considered. By doing this, it could be evaluated if
a genetic risk model constructed using only genetic
variants correlated with the given trait would have
better results than a genetic risk model constructed
using all of the genetic variants under study.

Concerning the selection of relevant pharmacoge-
netic variants thought the information on the Phar-
mGKB repositiory, it can be said that the crite-
ria used for the selection of genetic variants may
have been too strict. After selecting genetic vari-
ants with level of evidence smaller than or equal to
2 or variants with a FDA label, polymorphisms with
at least one pharmacogenetic association with a p-
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value ≤0.001 were selected as relevant. By adopt-
ing this threshold for the p-value, genetic variants
with important pharmacogenetic associations and
significant p-values reported in several studies may
have been not considered. However, this limitation
was mitigated by the fact that for all variant/drug
association pairs analysed the level of evidence was
taken into consideration. Given this, if these genetic
variants were not selected under the first inclusion
criteria (level of evidence ≤2) it can be hypothe-
sized that the pharmacogenetic associations involv-
ing these polymorphisms still lack a strong sup-
porting evidence. Regarding the PHARMA cohort
used to discriminate treatment-resistant hyperten-
sion patients, the small percentage of cases used
was not ideal. It can be hypothesized that a more
balanced cohort could have achieved higher discrim-
inative power however further studies are needed to
prove this hypothesis.

The results from this thesis are preliminary and
would benefit, considering an academic point of
view, from further studies involving a larger co-
hort of patients with hypertension and treatment-
resistant hypertension so that it could be performed
new association tests with a stronger statistical
power. In addition, it would be also interesting to
perform a study using a large cohort of individuals
with treatment-resistant hypertension under anti-
hypertensive therapy to understand the underlying
genetic factors involved in this condition and in the
response to antyhypertensive treatment.

Overall, the results obtained point that a genetic
test has a modest capacity for predicting hyperten-
sion using only genetic data, mostly because hy-
pertension is a complex condition involving a vari-
ety of non-genetic and genetic factors. Given the
results obtained in the pharmacogenetic analyses
performed, it may be interesting to develop a test
with the aim of offering a pharmacogenetic-guided
treatment. Therefore, despite the modest capac-
ity for predicting the genetic risk for hypertension,
the genetic panel used demonstrates the potential
for identifying patients with treatment-resistant hy-
pertension.
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